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Preface

We are pleased to bring you this collection of papers for the Ninth International
Conference on Conceptual Structures (ICCS), representing continued excellence
in conceptual structures research. We have adopted the title “Broadening the
Base,” acknowledging the importance of contributions from scholars in many
research areas. The first ICCS meetings focused primarily on Sowa’s conceptual
graphs; in recent years, however, the ICCS conference series has intentionally
widened its scope to stimulate research across domain boundaries. We hope that
this stimulation is further enhanced by ICCS 2001 continuing the long tradition
of lively conferences about Conceptual Structures.

We wish to express our appreciation to all the authors of submitted papers,
to the general chair, to the members of the editorial board and the program
committee, and to the additional reviewers for making ICCS 2001 a valuable
contribution to the knowledge processing research field. We would also like to
acknowledge the leadership of Guy Mineau and Bernhard Ganter in providing a
solid framework for an open and effective reviewing process. Very special thanks
go to the local organizers for making the conference possible and, furthermore,
an enjoyable and inspiring event. We are grateful to the University of Alabama
in Huntsville, and the University of Karlsruhe for their generous support.

May 2001 Harry Delugach
Gerd Stumme
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A Peircean ontology of language

Janos Sarbo and Jo6zsef Farkas

University of Nijmegen, The Netherlands
janos@cs.kun.nl

Abstract. Formal models of natural language often suffer from exces-
sive complexity. A reason for this, we think, may be due to the underlying
approach itself. In this paper we introduce a novel, semiotic based model
of language which provides us with a simple algorithm for language pro-
cessing.

1 Introduction

Formal models of natural language often suffer from excessive complexity which,
in our opinion, may be due to the underlying approach itself. Their formal char-
acter implies that they are doomed to reflect what is ‘natural’ in language in an
ad hoc fashion only.

In this paper we introduce — on the bias of logic — an alternative model
of language which is built on the assumptions that (1) language symbols are
signs, (2) the meaning of a sign emerges via mediation, and (3) signs arise from
a dichotomous relation of perceived qualities. We argue that on the basis of
these assumptions and the properties of signs, a simple parsing algorithm can
be defined.

2 Sign and perception

In our analysis we follow the principles of Peirce’s semiotic ([5], [7]). Accord-
ingly, a sign signifies its object to an agent in some sense, which is called the
interpretant of the sign. The inseparable relation of sign, object and interpretant
(each of which is a sign, recursively) is called the triadic relation of sign. In this
paper we start from the observation that the ground for any sign is a contrast in
the ‘real’ world. Because sign and object are the primary representation of such
contrast, sign and object must be differ from each other.

How can we know about signs? We have discussed this problem in [3] and
here we will only recapitulate the main results. Following cognition theory ([4]),
the recognition of any sign must begin with the sensation of the physical input.
Physical stimuli enter the human receiver via the senses which transform the
raw data into internal sensation continuously. The output of the senses, a bio-
electric signal, is processed by the brain in percepts. The generation of such a
percept is triggered by a change in the input, typically, or by the duration of
some sampling time, e.g. in the case of visual perception.

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAI 2120, pp. I—E, 2001.
© Springer-Verlag Berlin Heidelberg 2001



2 J. Sarbo and J. Farkas

The brain compares the current percept with the previous one, and this
enables it to distinguish between two sorts of input qualities: one, which was
there and remained there, something stable, which we will call a continuant;
and another, which, though it was not there, is there now (or the other way
round), something changing, which we will call an occurrent. The collections of
continuants and occurrents, which are inherently related to each other, form the
basis for our perception of a phenomenon as a sign. We also assume that, by
means of selective attention, we recognise in these collections coherent sets of
qualities: the qualities of the observed and those of the complementary part of
the phenomenon. We will refer to these sets collectively as the input.

2.1 The variety of signs

In Peirce’s view, the most complete signs are the icon, index, and symbol which
represent their object on the basis of, respectively, similarity, causality and ar-
bitrary consensus. Besides this taxonomy, Peirce also distinguishes signs, re-
spectively, according to the categorical status of the sign, and according to the
relationship between object and interpretant. From a categorical perspective,
signs can be qualisigns, sinsigns or legisigns, which correspond, respectively, to
firstness, secondness and thirdness. In other words, a sign can be a quality, an
actual event, or a rule. Seen from the perspective of the relationship between
object and interpretant, a sign may be a rheme, a dicent or an argument. In
other words a sign may signify a qualitative possibility, an actual existence, or
a proposition. Thus we obtain nine kinds of sign which may be arranged in a
matrix as shown in fig. 1 (the meaning of the horizontal lines and directed edges
will be explained later). Although Peirce defined more complex systems of signs,
we hold that his ’simple’ classification is the most practical.

Here, the expressions ‘class of a sign’ or ‘type of a sign’ will be used inter-
changeably. In our specification of logical and language signs we will make use of
Peirce’s classes. A comparison between our use of them and his definitions may
be found in ([3]).

Phenome- mediation formal Onto-
. (thirdness) (thirdness) .
nological logical
type indexicality relational type
(secondness) argume:lt (secondness)
uality dicent symbol ;
g ) presentational
(irsmess) AN PN (firstness)
rheme index legisign
NN e
icon sinsign
qualisign

Fig. 1. Peirce’s classification of signs
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3 Logic and semiosis

We argue that semiosis begins with our experience of the input collections (which
are qualities themselves) as signs. Such signs, which are called in Peirce’s termi-
nology a qualisign, are special signs for which we have no denotation. Although
qualisigns are coherent, by definition, we experience them as independent signs.
In order to be able to refer to the qualisigns, we will make use of logical symbols
which are the most general of that type of sign. Logical symbols are signs from
the logical point of view ([2]). We will represent such signs as logical functions
on two variables A and B, respectively, for the continuants and the occurrents,
over two values 0 and 1, for the complementary and the observed part.

How do complex signs emerge? Again, we refer to [3] where we introduced
a semiotic model of signs and elaborated it for logical signs. Briefly, that model
is based on a process in which trichotomic relations are generated recursively
revealing gradually more accurate and clear approzimations of the full richness
of a sign of an observed phenomenon. Accordingly, in this paper we argue that the
proposition of the input as a sign arises from the input qualisigns via a number
of signs. By virtue of the fast and continuous nature of cognition we may assume
that such signs are not recognised isolatedly, but only as ‘temporary’ signs. Such
signs, which are approximations of the final assertion, are re-presentations of the
input qualisigns. Their classes are identical to those defined by Peirce. We will
argue that language is based on a similar mechanism.

The qualisigns form the ground for our semiosis. Because such signs are
perceived as independent signs, but it is their unity that signifies the contrast
as a whole, we may assume that there exists a need for the representation of the
full richness of the relation of the qualisigns, eventually as a proposition. We will
argue that this ‘representational need’ also appears in language in the form of
the relational need of symbols.

The sign mediates between object and interpretant. In the case of logical
signs, the interpretant is defined as the application of sign to object, both of
which are logical functions. Here, the notion ‘application’ is used in a broad
sense. In the particular case we allow that sign and object ‘merge’ as a result
of such operation. Therefore, this form of semiosis will be called an interaction;
sign and object will be referred to as its constituents.

A derivation of those ‘temporary’ signs, and, eventually, the proposition of
the input as a sign proceeds as follows ([3]). We denote the signs of the collections
of the observed part by the functions A and B (and those of the complementary
part as =A and —B). These collections are similar to the input and appear
simultaneously, by definition. Something which is similar to something else can
be a sign of it (icon). Such a sign, A or B, must refer to an object which includes
both A and B (sinsign). The interpretant of such a sign and object can refer
either to their common origin (via the complementary signs), which is called the
contezrt (index), or, to their relative difference. The latter provides us with a
representation of the input collections independent of each other, the ‘abstract’
continuants (rheme), and how they co-occur, the ‘abstract’ occurrents (legisign).
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The index can be represented by the Shéffer and Peirce functions, the rheme and
the legisign, respectively, by the inhibition and exclusive-or functions.

The application of the index to the rheme and to the legisign yields the
complementation of those abstract signs by the context, i.e. the actual con-
stituent ‘parts’ of the input (dicent), and, the ‘property’ characterising their
co-occurrence (symbol). Dicent and symbol can be represented, respectively, by
the implication and the equivalence functions. Finally, by merging this property
(as sign) with the sign of those actual parts (as object) we get a proposition of
the input as a sign (argument) which can be represented by a syllogism (degen-
erately).

A,B syllogism AB
/ S\ e N
A+~B,~A+B A*B+~A*~B A B
e N VRN PN PN
A*~B,~A*B ~A+~B,~A*~B  A*~B+~A*B A AB B
NS NS N SN S
A+B A*B A B
~ - N e
0.1. A.B.~A~B AB

Fig. 2. The classification of logical signs

The logical representation of the qualisign can be completed with two more
functions: 0 (‘not valid input’), and 1 (‘valid input’). As a result, we can conclude
that in the semiosis of logical signs all Boolean functions (on two variables) can
emerge. The resulting classification is depicted in fig. 2 (on the left-hand side).

Notice that in the derivations of the logical signs the interpretant always
emerges from neighbouring sign and object (in the sense of the triadic relation).
Such signs are connected in fig. 1 by a horizontal line. By virtue of the fundamen-
tal character of logic it may be conceived that semiosis can always be explained
in a similar vein.

4 Language

We will argue that language is logic, sequentially. In this section we will show
that by means of this single condition a model of language can be derived which
is isomorphic to the one of logic. Language signs are symbols which are subject
to syntactic and semantic rules. In this paper we will consider only syntactic
rules, and restrict language to syntax ([6]).

‘Sequential’ means that the input signs appear one after the other as qual-
isigns. Earlier we have pointed out that the qualisigns are the (first) represen-
tation of a contrast. In our cognitive model we defined such a contrast between
continuant and occurrent. Because language symbols are about ‘real’ world phe-
nomena (typically), we may assume that an underlying contrast, analogous to
the one of cognition, does exist in language, too. The language equivalent of
continuant and occurrent is identified, respectively, in the aspects ‘thing’ and
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‘change’; typically represented by nominals and verbs. Because language signs
are inherently related to memory, a ‘change’ can also refer to an ‘appearing’
new fact, which is a relative change of some thing or event (i.e. an alteration),
typically represented by adjectives and adverbs.

In what follows, we will refer by a sign class to the classification of syntactic
symbols. In as much as the logical equivalent of the sign of a collection of ‘things’
and ‘changes’ must be the functions A and B, respectively, we will use the logical
and syntactic names of the qualisigns interchangeably.

4.1 A preliminary classification

We will derive a model of language by transforming our specification of logical
signs to a sequential one. Such a derivation is partly technical. In order not to get
drown in the details, we make a preliminary attempt at a semiotic classification
of the main syntactic concepts.

The argument, which is a proposition, must correspond to the notion of a
sentence in as much as both are expressive of a statement. Hence, the dicent
must be subject, and the symbol predicate. By virtue of its factual meaning (cf.
‘modification’) the index can be an adjective, an adverb, or a complemented
preposition (in short, prep-compl). A rheme is a possible for the subject, for
example, a noun; a legisign is an actual event in the syntactic sense, that is, a
‘structure’ event defined as a rule, e.g. a verb(-complement).

4.2 Towards a sequential version of logic

Qualisigns are the representation of a contrast. In the sequential case when
each qualisign consists of a single symbol, also the contrast itself will appear
sequentially. Accordingly, a qualisign will have either the aspect of a ‘thing’
(logically A), or a ‘change’ (logically B). From this it follows that in language
we cannot distinguish between asserted and negated signs (at least not at this
level), and this implies that language phenomena must include their own context.
Hence, a part of the input may have to be devoted to the representation of the
context as a sign. Akin to the general case of signs, we can have access to memory
knowledge, e.g. a lexicon, but such knowledge is not related to the perceived
input in any way.

Syntactic qualisigns consist of a single symbol and define a unique universe,
therefore different qualisigns cannot be merged. Because input symbols appear
continuously (i) ‘place’ has to be created for the appearing next qualisign.

What can be done with the previous qualisign? The answer is simple, we
have to re-present it by another sign. Following our classification of logic, such
a sign can be an icon or a sinsign.

We mentioned that in the case of language (ii) a qualisign is either A or B,
but not both. Because a sinsign is a representation of an event, it must include
the aspect of a ‘change’. Accordingly, the re-presentation of a qualisign which
is B can be a sinsign, hence the one which is A must be an icon. Such a re-
presentation involves the generation of a new sign, the denotation of which is
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identical to the one of the qualisign. From the bottom-up ‘nature’ of our logical
model it follows that the new sign will include the older one degenerately (in the
semiotic sense).

Icon and sinsign are different representations of the same qualisigns. Because
of (ii) and the uniqueness of signs®, it follows that icon and sinsign symbols typ-
ically will not be adjacent, therefore (iii) icon and sinsign implement a ‘sorting’
re-presentation of qualisigns. In particular, an icon and a sinsign can define a
shared universe, for example, in the case of compound (multi-word) symbols,
and idiomatic expressions.

By virtue of (i), we have to represent the previous qualisign by a new sign,
which is an icon or a sinsign. The appearance of this new sign, in turn, may
force us to do the same for the previous icon or sinsign and, eventually, signs
may have to be generated in any class. In sum, the conclusion can be drawn that
in the sequential model of logic there is sign generation by need.

4.3 Sign generation by need

The logical interpretant is defined as the application of sign to object. In lan-
guage, such application will be called a ‘binding’. Due to the sequential nature
of language signs, we will also have to consider two degenerate variants of such
interaction which are the following.

a) Accumulation: in which case an existing sign is combined with another
sign of the same type. Such an interaction assigns the same meaning to both
constituents thereby rendering them indistinguishable.

b) Coercion: in which case a new sign is generated for the denotation of an
existing sign (which is said ‘coerced’). Coercion applies if the signs, which are
to interact, are incapable for accumulation or binding.

Accumulation is possible in any class, except for the qualisign. For example,
a series of adjectives can be merged to a single sign via accumulation. Coercion
is applicable in any class, except for the argument. In this form of an interaction
we refer by the ‘constituent’ to the sign triggering the interaction.

Coercions play an important role in syntactic sign recognition, more specif-
ically, in what we call as, the default scheme. This type of semiosis can be
characterised as follows. By virtue of (i), signs are generated by need. The coer-
cion of a qualisign, A or B, yields either an icon or a sinsign. Due to subsequent
applications of (i), such an icon or sinsign is coerced, respectively, to a rheme
or a legisign, and eventually to a dicent or a symbol. An index cannot emerge
this way, because there are no negated signs (so far). By virtue of the appearing
different kinds of qualisigns, in the end, we may have a dicent and a symbol sign
which are adjacent and generate the argument sign (the sentence as a sign).

Notice that also a dicent or a symbol can be coerced to an argument, but
such a sign will be a degenerate one, semiotically, because an argument must

! Lexical ambiguity of a symbol is treated by introducing a unique denotation for each
meaning.
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represent the observed phenomenon in its character ([5]) and has to include both
A and B. Such signs of the input as a whole, are the dicent and the symbol signs.

In as much as the argument arises from dicent and symbol (subject and
predicate), we may conclude that, in the default case, only subject and predicate
are recognised and their relation represented as a sentence. It will be argued that
language sign recognition always follows this scheme and any deviation from it
may only occur if otherwise a successful parse cannot be found. Such a case will
be described in the next section.

4.4 The genesis of the context

In language we are burdened by the task of the recognition of the entire string of
input symbols as a single sign. Although, in some cases, the sign generation op-
erations (coercion, accumulation and binding) may be unsatisfactory, the above
goal can yet be achieved if we allow for a sign, which is potentially subject or
predicate, to be represented degenerately (in the semiotic sense). Such signs de-
fine, what we called as, the context. The degenerate representation of symbols
also plays an important role in the ‘stepwise’ construction of signs.

Sign degeneration (]) can be explicated by the phenomenological and on-
tological types of signs indicated in fig. 1 as follows: dicent|index if subject
meaning is not present ‘formally’; symbol|index if predicate meaning is not
present ‘mediationally’; dicent|rheme if subject meaning is unfinished ‘index-
ically’; symbol]legisign if predicate meaning is unfinished ‘relationally’.

Sample context signs are, for example, dicent|index in Mary, John likes (the
potential subject Mary becomes a context sign for likes); symbol|index in Mary
with flowers (the potential property with flowers is represented degenerately as a
context sign for Mary).

The existence of degenerate signs is related to our ability of analysing a
segment of input symbols (nested input) independently from the rest of the
input. When such a segment is recognised, its meaning relative to the input as
a whole is represented degenerately. Because of this degeneration such a symbol
will not appear as an isolatedly recognised sign. The semiosis of such nested signs
is implemented by a recursive application of the sign recognition ‘machinery’ (for
example, in the case of coordination, subordination etc.).

In certain cases we can know in advance if a sign eventually will become a
context sign. If a nested sign consists of a single input symbol, the recursive anal-
ysis may be replaced by a coercion. For example, an index sign can be directly
generated by coercion from such an icon or sinsign. This kind of optimisation
is typical for adjective, adverb and prep-compl symbols and it is lexically spec-
ified as their syntactic property. The ‘stepwise’ construction of a sign can be
optimised by the immediate generation of the degenerate representation of the
interpretant. For example, the interaction of such rheme and index can be di-
rectly represented as a rheme or an index sign, without explicitly generating its
meaning as a dicent sign.

The representation of logical signs in the sequential case is depicted in fig. 2
(on the right-hand side). Although the same denotations, A and B, appear many
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times, each of the occurrences has a different meaning. A language implementa-
tion of these signs involves the mapping of the logical functions to their syntactic
equivalent. The definition of such a mapping is the subject of the next section.

4.5 Relational need

The requirement that all symbols have to be ‘merged’ to a single sign and sin-
gle universe is in conflict with their individual character and unique universe
property. How can such symbols be combined?

An answer can be found in the properties of syntactic qualisigns. Such sym-
bols are representations of one ‘half’ of a contrast. Because we can only reason
about a contrast if both of its ‘parts’ are known, syntactic symbols can be said
to be ‘longing’ for finding their complementary part. This inherent property of
syntactic symbols is the language equivalent of the ‘representational need’ of
signs introduced in sect. 3. This interaction ‘potential’ forms the ground of the
relational properties of syntactic signs. In as much as the ‘parts’ of a contrast are
different, syntactic sign interactions always arise between symbols of a different
type of relational properties.

If, as we argued, logical and language signs are analogous, this must also
apply to syntactic symbols. We map continuant and occurrent (via ‘thing’ and
‘change’), respectively, to the relational types ‘passive’ (p) and ‘active’ (a). For-
mally, we define the type ‘neutral’ (n). The logical qualisigns, A and B, are
mapped to a syntactic relational need, or valency, represented as a pair consist-
ing of a relational type and a set of relational qualities (or, syntactic properties).
In this paper it will be assumed that the set of such qualities is finite.

Because any sign is a re-presentation of the qualisigns, the relational qualities
may contribute to different relational properties in each class. These qualities,
which are lexically defined, will be omitted in the specification. Accordingly, we
will refer to the relational need of any sign by its type only (and call it an a-, p-
and n-need, ambiguously). A sign, which has an n-need, is finished (relationally).
Such a sign cannot take part in any interaction, except for a coercion and, vice
versa, only such a sign can be subject to a coercion (typically).

The above mapping defines an initial representation of the relational need
of signs in the various classes. By virtue of the properties of logical signs, this
mapping has to be further developed as follows. Notice that each modification
amounts to an adjustment of the definition of the qualisigns.

We introduce an n-need in the qualisign, icon, sinsign and argument classes.
Indeed, qualisigns are independent signs which cannot interact; icon and sinsign
symbols typically do not establish a relation; and finally, the argument which is
the sentence as a sign, must be ‘complete’ (and neutral, relationally). Because
icon, index and symbol do function as sign, in the sense of the triadic relation,
we introduce an (optional) p-need for each class which functions as object (e.g.
for the legisign class). Finally, when sign and object, respectively, are initially
assigned to a p- and an a-need, their relational needs are exchanged in the
mapping. The reason for this modification can be explained as follows.
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The predicate of the sentence can arise from a legisign (a verb) via the com-
plementation of an index. Traditionally, such complement is lexically specified
in the verb’s entry. Semiotically, however, it is the complement that points to
the verb and selects its actual meaning. This interpretation is conform with the
default scheme of sign recognition, according to which, verbs only function as a
sign in the predication symbol interaction. Because also adjectives, adverbs etc.
function as sign (in the sense of the triadic relation), in our model of language
the concept of ‘modifier’ and ‘complement’ amalgamate.

In sum, the relational need of a qualisign can be defined as a set, an element
of which is a reference to a class in which the qualities of the input symbol can
contribute to a relational need (of a sign) via re-presentation. For example, the
valency of a transitive verb can be defined as {legisign,symbol} referring to an
a-need, respectively, for the complement and the subject. A p-need, which is
optional (typically) is omitted (also in the examples).

We demand that a relational need is always satisfied. In particular, a binding
satisfies a pair of a- and a p-needs by resolving them; an accumulation merges a
pair of needs to a single one; a sign generated by coercion inherits the valency
of the sign coerced. In as much as a p-need is optional, when such a need is not
present, it is equivalent to an n-need.

Because the index sign does not partake in the default scheme of syntactic
sign recognition, the generation of such signs is subject to special conditions.
We demand that a symbol can become an index having a p-need, either if any
other analysis of that symbol eventually fails, or, if there is an existing a-need
of a symbol in the legisign class.

4.6 A Peircean model of language

In this section we will specify language signs and their valency. Instead of using
a set representation, we directly refer to the classes of fig. 1. With respect to the
lexical denotation of language signs we will refer to the types of speech.

Syntactic qualisigns are defined as follows: A=noun; B=verb, adjective, ad-
verb, prep(-compl), where ‘compl’ can be a noun, verb, adjective or adverb.
Formally, we also define 0=‘no input’ and 1=‘end of input’. The latter can rep-
resent the ‘dot’ symbol which is considered an A and B sign, having an a-need in
any class, but incompatible with any sign except for itself. Hence, the dot symbol
is capable of ‘forcing’ the realisation of pending interactions. In the examples we
will assume that the input is closed by a finite number of dots. The specification
is depicted in fig. 3 (on the left-hand side). An occurrence of a p-need may also
denote an n-need, except for the dicent sign class (cf. subject).

4.7 Morphology

We argue that morphology can be modelled analogously to syntax and logic. Due
to space, we can only run through the essential ideas behind such a specification.
We characterise morphological symbols as follows (now we refer by a sign class
to the Peircean classification of morphological signs).
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Dicent and symbol signs are finished morphologically and represent only a
sorting of signs. This is justified by the different syntactic properties of the
signs of these classes. A symbol, for example, an adjective, is a sign which,
syntactically, requires a complement adjacent to it in the input (on ‘surface’
level). A dicent, for example, a noun or a verb, does not have such a property.

Rheme, index and legisign, respectively, represent a qualitative possibility, a
factuality (e.g. definiteness), and something rule-like (e.g. argument-structure).
These signs are involved in the creation of the syntactic relational needs, passive
and active (N.B. such a need should not be mixed up with the signs’ morphologi-
cal valency which, akin to syntax, determine the morphological sign interactions).
Finally, icon and sinsign are either sorting, alike to syntax, or, when they are
adjacent, are generating a new syntactic property, e.g. an adjective from a verb
(such signs represent the same phenomenon and have a shared universe).

Morphological signs and their morphological relational needs are displayed
in fig. 3 (on the right-hand side). The dicent sign is defined as a coerced rheme,
or a rheme-index interaction, whereas the symbol as a coerced legisign, or an
index-legisign interaction. The morphological argument sign coincides with the
syntactic qualisign.

sentence argument
N ~
(p)noun (a)verb (n)dicent (n)symbol
7 N(moun N ;
(pnoun  (adj,adv, (a,p)verb (p)noun (P),no_ur},adjl,a(_ivl (n)adj,adv
prep-compl (a)prep(-compl) verb (a)article,particle, (a)prep
P N e N verb(aux) =
(p)noun (n,a)adj,adv,verb, (p)noun,adj (n,a)prep,article,
N s prep(-compl) adv,verb particle, (a)affix
qualisign qualisign

Fig. 3. Classification of syntactic and morphological symbols

Morphological qualisigns are defined as follows: A=noun, verb, adjective,
adverb, coordinator; B=preposition, article, particle, affix. Formally, we also
define 0=‘no input’ and 1=‘separation’. The latter can represent the ‘space’
symbol which is considered an A and B sign, incompatible for any interaction,
except for accumulation (with any sign triggering the interaction). Hence, the
space symbol can ‘sweep’ out the morphologically finished signs. Dot symbols
are treated similarly as in the case of syntax.

4.8 Formal definition

We specify a recogniser for our model as a pushdown automaton. Formally, the
automaton is defined as a 8-tuple M = (K,C,I, T, p,s, F, A) where K is a finite
set of states, C'is a finite set of sign classes, I is a finite set of input symbols, I" is
a finite set of stack symbols, p is a function defining the relational need of input
symbols, s is the initial state, F' C K is a set of final states, A is a transition
relation consisting of is a finite set of transition rules.
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A transition rule is a mapping (p,u, 3) — (q,y) where p,q € K are, respec-
tively, the states before and after the transition, v € I'* are the symbols to be
read, and 3,y € I'* are the symbols to be popped and pushed. There is a single
transition rule for reading the next input symbol onto the stack, all other rules
are ‘internal’ transition rules which operate only on the stack. Such rules will be
used for the specification of the syntactic sign interactions as follows.

Because such rules always refer to the set C', in the definitions we will replace
p and ¢ by C, but we will specify only those classes of C' (by listing them) which
are involved in the transition. A further simplification is possible due to the
observation that the stack is used in ‘frames’. Such a frame (3) has a finite
number of locations for each element of C. The first two of these locations
will be called the next and the existing sign of a class, all others are temporary
locations. A temporary location can be necessary, for example, for the evaluation
of a condition. The specification of such computations may require a number of
internal rules which we alternatively define as a (logical) expression. Accordingly,
the temporary locations are removed from the transition rules.

The value of a next and existing sign can be an input symbol (only in the
qualisign class), or a relational need r = (¢,y) where t C C and y is a finite set
(of syntactic properties). The logical type of r is defined by the function 7 as
follows: 7((t,y)) = A if t =), and B, otherwise.

Nondeterminism is assumed to be implemented by backtracking ([1]). In the
definition of A we will allow a reference to the current value of the evaluation
mode, forward(‘f’) or backward(‘b’), via the function mode. Finally, we will
make use of a graph G = (C, E) where E= E;U E}, and Ey4, Ej, C C x C are,
respectively, the set of directed edges and horizontal lines (undirected edges) as
shown in fig. 1 (a formal definition is omitted). The successors and neighbours
of a class are defined, respectively, by the functions succ(c) = {|(¢,c) € Eq4}
and adj(c) = {d|(c,c/) € Ep}. An element of succ(c) and adj(c) is denoted,
respectively, as ¢® and c,.

In a transition rule, state and stack will be merged. The stack is read non-
destructively (y=0'8 where 8’ and § are, respectively, the next and the current
frame). Because input symbols (u) are only related to the qualisign class of C,
the treatment of these symbols is specified by a separate rule (as mentioned
earlier) in which w is defined to appear in the next sign location of the qualisign
class. In sum, we will refer to triples (¢, s, s’) where c is a class, and s and s’ are,
respectively, its next and existing signs (any of s and s’ may not be specified, in
which case, it is denoted by a “_” symbol). The triples on the left- and right-hand
side of a rule, respectively, refer to the current and next frame on the top of the
stack. In the rules below (and also in the examples) the names of the sign classes
are abbreviated; € denotes the empty value.

input :
(qual,u,e) —  (qual, e, p(u)).
(qual,e,r), (icon,e, ) —  (qual,e,€), (icon,r,) IF 7(r) = A.
(qual,e,r), (sins,e,-) —  (qual,e,¢), (sins,r,.) IF 7(r) = B.
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The internal rules will be given by rule schemes for the class variable X
(X € C\qualisign). The class of a symbol generated by binding is denoted
as X’ Because of space, the specification of degeneration is omitted and X°
is restricted to X*® (in general, X® € {X, X,, X*}). In virtue of the special
conditions required by the index class, the triple corresponding to the legisign
class is explicitly defined in some of the rule schemes. We will make use of the
functions cmpacc and empbind which, respectively, yield true if their arguments
can syntactically accumulate and bind in the class specified. Furthermore, we
will refer to the functions acc, coerce and bind which, respectively, determine the
relational need of the symbols yielded by accumulation, coercion and binding.
The function condixz checks if the special conditions of the index class hold.

accumulation :
(X,r,r") — (X,e,acc(X,r,7")) IF empace(X,r,r").
coerciony :
(X,r,7"),(Xa,¢,€), (X%, ¢, ), (legi, ,\) — (X, e,7), (X% ¢, ))
IF {p,X} €t A =cmpacc(X,r,r") A condiz(X®,r°, X)
WHERE r¢ = coerce(X,r', X*), ' = (¢',y).
coercions :
(X,e,7"), (Xa,7a,€), (X%,¢,2), (legi, ., \) — (X, ¢,¢),(Xa,&,7a), (X°,7°,2)
IF {p,X} €t A —cmpbind(X,r", Xa,7q) N condiz(X®,r° X)
WHERE r¢ = coerce(X,r', X*®), r' = (t',y).
binding :
(X,7,1"), (Xa,e,70), (X", ), (legi, o, N) = (X e,7), (Xase,), (X007, )
IF (pet' AX, €th) A empbind(X, 7, Xa,7h) A condiz(X®, % )
WHERE r° = bind(X®, 7', r%), v’ = (t',y), rh = (th,y5).
condiz(X, (t,y), (ti,y)) :
X =indt N ((pet A (mode=‘D V legi €t;)) V X €t) v TRUE.

A parser can be defined by using temporary locations. Such a location may
contain an input symbol, or, one or two constants which are used as pointers to
locations of the previous frame.

4.9 Example

In this section we show the analysis of the sentence Mary eats pizza with a fork.
The sign matrix will be represented in a tabular form. A column corresponds to
a sign class, and a row to the recognition of an input symbol. The treatment of
space and dot symbols is omitted. The final step of sign recognition (the gen-
eration of an argument sign) is not displayed. The accumulation of symbols is
denoted by a “/” sign. Rule names are abbreviated as follows: input(i), accumu-
lation(a), coerce;(c1), coerces(cy) and binding(b); degeneration is indicated by
a subscript ‘d’.

The morphological analysis is depicted in table 1. In step 8, the index sign
‘a’ binds to the rheme ‘fork’ and complements it with the property of ‘definite-
ness’. The morphological sign ‘a fork’ is represented degenerately as an index
which, then, complements the legisign ‘with’. Their interaction yields the sign
‘with a fork’ (a prep-compl) having adjective- or adverb-like syntactic properties.
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Table 1. Morphological analysis

nr. | qual icon | sins | rhme | indx | legi | dent | symb| rule

0 |Mary(M) i

1 |eat(e) M i, ¢1

2 |-s e M i, c1, C1

3 | pizza(p) e | -s M i, c1

4 | with(w) P e-s M i, ¢1, b, 1
5 |a(a) w p e-s i, c1, c1, €1
6 | fork(f) a p w | es i, c1, C1

7 f a w P c1, €1, C1, C1
8 f a w P ba

9 a-f | w p b, ¢1

10 w-a-f| ¢

The final output is (Mary)(eats)(pizza)(with a fork) where an item enclosed in
parentheses denotes an argument sign generated.

For the syntactic analysis, the relational needs are defined as follows: ‘eats’=
{legisign,symbol}, ‘with a fork’={index}. The parses are displayed in table 2 and
table 3 (in the latter only the steps deviating from the first analysis are given).
Notice that, due to the sequentiality of the model, the reference of a sign is fixed
when the sign of its object appears.

Table 2. Syntactic analysis (alternative #1)

nr. | qual icon | sins | rhme | indx | legi | dent | symb | rule

0 |Mary(M) i

1 |eats(e) M i, ¢1

2 | pizza(p) e M i, c1, c2
3 | with a fork(wat) | P M e i, c1, c2
4 Waf M P e C1, bd
5 M | wat | ep c1

6 Wat |e-p| M b

7 M |e-p-wa| b

Because a prep(-compl) can have an a-need in the legisign class (but only if
it is accumulated with a verb), there is a third analysis possible, in which, eats
and with a fork combine to a single legisign representing a common meaning, e.g.
‘with-a-fork-eating’. This analysis (‘with a fork’={legisign}) is shown in table 4.
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Table 3. Syntactic analysis (alternative #2)
nr. | qual ‘ icon ‘ sins ‘ rhme ‘ indx ‘ legi ‘ dent ‘ symb ‘ rule
3’ | with a fork(wat) | p e i, ca, C1
4 Wat | P e M c1
5 P Waf e M ba
6’ pP-Wat | € M b
7 M |e-p-wat| b
Table 4. Syntactic analysis (alternative #3)
nr. ‘ qual icon ‘ sins ‘ rhme ‘ indx ‘ legi ‘ dent ‘ symb ‘ rule
37 | with a fork(wat) | p M e i, co
4”7 Wat | M P e Ci, a
5”7 M p |e/was c1
6” P |e/wat| M b
777 M e/Waf—p b

Further research

The simplicity of the algorithm introduced in the paper allows the generation of
efficient parsers. In virtue of the simple ‘structure’ of its syntactic (and logical)
analyses, such parsers can be particularly suitable for text summarisation and
for handling incomplete sentences.
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Abstract. This is the third paper in a series of natural language
processing in term of knowledge graphs. A word is a basic unit in
natural language processing. This is why we study word graphs. Word
graphs were already built for prepositions and adwords (including
adjectives, adverbs and Chinese quantity words) in two other papers [2],
[3]. In this paper, we propose the concept of the logic word and classify
logic words into groups in terms of semantics and the way they are used
in describing reasoning processes.
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1 Introduction

Natural language is a kind of special symbol system that is used to express human
ideas and pass on information. Each natural language has evolved into a kind of
traditional symbol system which has its own word types and word structures, in
which different components have some relationship and these related components
play a role as a whole that has some meaning. In science a particularly important
part of the special symbol system is the set of words used in logic. It is therefore
necessary to study the logic phenomena in natural language and the common
rules in different languages in order to reveal and explain pure logical forms,
other logical structures and logical rules in sentences of a natural language text.

In particular in knowledge graph theory the meaning, which is considered
identical with the graph structure, of a sentence is a function of the meanings,
graph structures, of its various parts. Therefore, to understand the meaning of a
sentence one first needs to understand the meaning of each word that occurs in
the sentence thus gaining the meaning of the whole sentence from these words
and their order, one of the syntactical aspects of the sentence. Finally, combining
the sentence graphs we can obtain the meaning of the whole text. The goal of
this series of papers is to show that words can indeed be represented by graph
structures and that in quite different languages, like English and Chinese, the
same representational technique can be applied.
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In case the goal is reached the theory would give firm support to the theory of
conceptual graphs, as the words used in that theory can then all be represented
by graphs, using a simple, but rather basic, ontology. This may shed light on
some of the open problems in the theory of conceptual graphs. Also an alternative
theory of linguistic can then be developed, including an attempt to approach the
problem of translation completely in terms of graphs.

The paper will study the set of words called logic words, which have a logical
function in a sentence or even a paragraph. In Section 2 we first discuss some
ontological questions and take a stand from the point of view of knowledge
graph theory. Logic words are classified in Section 3. Combining the analysis of
linguistics with the analysis of logic, we try to reveal common properties of logic
words, that are independent of the particular language. In Section 4 we discuss
word graphs for logic words.

2 Ontological Aspects

Before starting our particular study, we should say something about the ontology
we are using. We refer to the papers of Hoede and Li [2] and of Hoede and Liu
[3] for general information on the ontology of knowledge graphs. We recall only
the most essential parts for our discussion.

The word graph ontology consists, up till now, of 8 types of binary relation-
ships and 4 types of n-ary relationships, also called frame relationships.

The eight binary types describe

Equality : EQU Causality 1 CAU
Subset relationship : SUB Ordering : ORD
Similarity of sets, alikeness : ALI Attribution : PAR
Disparateness : DIS Informational dependency : SKO.

They are seen as means, available to the mind, to structure the impressions
from the outer world, in terms of awarenesses of somethings, that are represented
by unlabeled vertices. This structure, a labeled directed graph in mathematical
terms, is called mind graph. Any part of this graph, can be framed and named.
Note that here WORDS come into play for the first time, the relationships were
considered to be on the sub-language level so to say, on the level of processing
of impressions by the brain, using different types of neural networks. The part
of the mind graph focused upon is the word graph of the chosen word.

Once a subgraph of the mind graph has been framed and named another type
of relationship comes in, that between the frame as a unit and its constituent
parts. The four n-ary frame-relationships are describing:

Focussing on a situation : FPAR Possibility of a situation : POSPAR
Negation of a situation : NEGPAR Necessity of a situation : NECPAR.

The situation is always to be seen as some subgraph of the mind graph. It
will already be clear that word graphs for logic words will mainly be constructed
using the second set of four n-ary relationships.
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Let us compare our ontology with two of the many ontologies proposed in
history. The first one is of course that of Aristotle. He distinguished:

e Quantity e Relation e Time e Substance e Doing
e Quality e Location e Position e Having e Being affected.

These ten basic notions clearly focus on the physical aspects of the impres-
sions, as do the first eight notions of word graph ontology. The focus there is on
the way the world is built.

The second ontology to consider is that of Kant, who distinguished twelve
basic notions:

QUANTITY QUALITY RELATION MODALITY

o Unity o Reality e Inherence e Possibility
e Plurality e Negation e Causality e Existence
e Totality e Limitation e Commonness o Necessity.

Note that Kant clearly focuses on the logical aspects, including modal logic
concepts like possibility and necessity. Of course negation is included as well.
Together with the and concept, which is simply two tokens framed together
in knowledge graph theory, the negation gives a functionally complete set of
logical operators, in terms of which first order propositional logic formulae can
be expressed. The possibility of describing all known systems of modal logics by
means of knowledge graphs was shown by van den Berg [1]. The importance of his
results lies in the fact that the formalism of logic is encompassed by knowledge
graph theory.

Here some remarks are due concerning the work of C.S. Peirce [5]. Describing
logic by graphs, called existential graphs by him, was introduced by him before
1900, starting with the idea of simply indicating and (A) and negation (=) by
two different types of frames. The work of van den Berg can be seen as a direct
continuation of this set up. It has often been said that Peirce was guided by
the ontology of Kant, who presented the twelve basic notions in four triples, see
above, when he introduced the notions of firstness, secondness and thirdness of
a concept. Peirce’s definitions are not very easy to understand. We quote from
Sowa, [6]

Firstness: The conception of being or existing independent of anything else.

Secondness: The conception of being relative to, the conception of reaction
with, something else.

Thirdness: The conception of mediation, whereby a first and a second are
brought into relation.

From the point of view of knowledge graph theory the following stand is
taken.
For any concept, token or (vertex) of a mind graph, we can distinguish:

— The token itself, which usually has an inner structure, the definition of the
concept.

— The token together with its neighbours, including a subgraph of the mind
graph, that we call the foreground knowledge about the concept.
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— The whole mind graph, considered in relation to the concept, also including
what we call the background knowledge about the concept.

In our view Kant’s triples do not correspond precisely to Peirce’s notions and
we have the idea that the triple of knowledge graph theory: concept, foreground
knowledge, background knowledge, is all that Peirce’s notions are about. What
is extra in our theory is the fact that the mind graph is not a fixed entity but de-
pends on the particular mind (human) and for one human even on the particular
circumstances in which the concept word is to be interpreted. Also the intension
of the concept, its definition, is often not uniquely determined, although it is
one of the major goals in science to get at least the definitions straight. The
variation in meaning, possible for a word, is an intrinsic and essential part of
knowledge graph theory.

3 Logic Words and Their Classification

The words mentioned in traditional logic should be logic words. For example,
“and”, “or”, “not”, “if ..... then .....” and “if and only if”, which are five words
describing connections in proposition logic, are typical logic words. Words like
“possible” | “necessary”, “ought” and “permitted” which are used in modal logic
and deontic logic are of course also logic words. But, many other words used
in natural language, such as “therefore”, “since”, “while”, “but”, “before”, etc.
are related to logical aspects of utterances as well. So the classification of logic
words might include two parts, which are pure logic words and other logic words.
The pure logic words are then, by definition, those words that are mentioned in
traditional logic (including proposition logic, predicate logic, tense logic, modal
logic, deontic logic and fuzzy logic). This class of words seems quite easy to
recognize. The other logic words are words that are somehow related to logical
aspects as well. This class turns out not to be as easy to define and to structure.
We are therefore in need of more precise classification criteria.

3.1 Classification Criteria

Before discussing possible classification criteria we should mention the objects
that we wanted to classify. A corpus of 2000 English words with the property
that they occurred most frequently in a set of 15 texts was established by Hofland
and Johansson [4]. Our main goal is to develop a system of structural parsing,
by means of which from a lexicon of word graphs the sentence graph of a given
sentence can be constructed. So first the sentence is taken apart, and then from
a representation of the parts, the words, a representation of the sentence is
constructed.

a) Subjective classification
As a start of the general lexicon these 2000 words should be included. For
that reason, and to have a natural restriction for the set of words, we con-
sidered these 2000 words and tried to classify them on a five point scale:
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definitely a logic word

clearly related to logic, but not basic

related to some form of logical reasoning

having a vague logical flavor

. no relation to logic.

As a result the two authors classified the words into classes C'11, C'12, C13,
C14, C15, C22, C23, C24, C25, C33, C34, C35, C44, C45 and C55. The two
indices indicate the scale values mentioned by the authors. We give only the
first class resulting from this subjective coding process, in order of frequency
of the words.

CUk L

C11: and, if, no, then, must, might, right, however, every, possible, difference,
cannot, necessary, therefore, probably, true, thus, nor, everything, else,
unless, truth, impossible, neither, doesn’t, wouldn’t, everyone, ought,
isn’t, possibly, nevertheless, possibility, existence, maybe, equal, equiv-
alent, necessarily, hence.

b) Classification by using Kant’s ontology
Another way of classifying would be to use Kant’s ontology and decide
whether a word belongs to one of his twelve categories, i.e. expresses some-
thing the main feature of which is one of these twelve concepts. As an ex-
ample, let us consider those words in the class C';; that we determined, that
would fall in the category of “possibility”. We would choose “might”, “pos-
sible”, “cannot”, “probably”, “impossible”, “possibly”, “possibility” and
“maybe” as elements of this class.
c¢) Classification by using knowledge graph theory ontology
Looking at these words in b) from the knowledge graph point of view we
discover that people, students in our case, making a word graph for those
words, use the POSPAR-frame in all cases. This prompts another way of
classifying, namely according to the occurrence of FPAR, NEGPAR, POSPAR
and NECPAR-frames in the word graphs of the word. Note that these frames
correspond to Kant’s categories existence, negation (seen as a quality by
Kant), possibility and necessity.

Definition 1. A logic word of the first kind is a word, the word graph of which
contains one of the four types of frames in the knowledge graph ontology.

The existence of two somethings, seen as two components of a frame, puts
them in an FPAR-relationship with the frame. That frame can be named “and”.
Similarly, something in a NEGPAR-frame is put in a NEGPAR-relationship with
that frame, that now can be named “not”. By functional completeness the other
connectives from propositional logic follow from equivalences like pV g < ~(TpA
7q), for the “or”connective.

When we consider something, say a situation S (German: Sachverhalt) in the
form of a graph a POSPAR-frame may be considered around it. We may describe
this by saying “S is a possibility”, “It is possible that S” or “Possibly we have
S”. In Chinese these three utterance are translated as
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“ke 3 neng 2 S”, literally “possible S”

“S shi 4 ke 3 neng 2 de”, literally “S is possible”
“you 3 ke 3 neng 2 S”, literally “have possible S”,
respectively.

We have chosen to give the Chinese sentences and words in this paper in
spelling form, Pin 1 Yin 1, followed by a number 1, 2, 3 or 4, indicating the
four intonation forms. The reader, who is not interested in the Chinese way of
expressing things, may just skip the corresponding text parts. We think that
they support our structural approach to language.

Subtle differences come forward due to the choice of the POSPAR-frame. Sup-
pose S is given by the following graph, in socalled total graph form in which the
arc is also described by a vertex,

5 [A}—~@D—{E)

A pPoSPAR-frame around the whole of S would describe “(There is) possibility
(that) A causes B”. A frame around , which by itself reads “cause
A”, would lead to a description of “A (is a) possible cause (of) B”. A frame
around would describe “A possibly causes B”. In English “possi-
ble” is an adjective and “possibly” an adverb. The decision which word to use
depends here on “cause” being a noun and “causes” a form of the verb “cause”.
In Chinese, the three sentences are translated

“A yin 3 qi 3 B shi 4 ke 3 neng 2 de”, literally “A cause B is possible of”,
“B ke 3 neng 2 you 2 A yin 3 qi 3”, literally “B possible have A cause”
“A ke 3 neng 2 yin 3 qi 3 B”, literally “A possible cause B”.

The reader should remark that the existential and universal quantifiers,
“there exists” and “for all”’, are not falling under Definition 1. In fact, Peirce
already pointed out that making the statement S on the paper of assertion (in
whatever form), is equivalent to existential quantification (for closed formulae).
That is why we put “There exists” between brackets in our example sentences.
The universal quantifier in knowledge graph theory is expressed by the SKO-loop
on a token, that should be read as “for all”.

SKO

Q _CAU
TALI TALI

DOG BARK

is to be read as “all dogs bark” or “for all dogs (holds) dog bark(s)”. So “all”
is not a logic word of the first kind according to Definition 1. We should note
here that “all” is falling in the category “totality” of Kant’s ontology. “Exist”
is a logic word of the first kind as its word graph is the “be”-frame, the empty
frame, filled with “something SUB world”. In the framing and naming process,
a subgraph of the mind graph is framed and in that way the definition of a
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(139

concept C' is given. The description is “C'is a ........... 7. Here “is” is a logic word
of the first kind too as it describes the FPAR-relationship between C and its frame
content. The famous “I1SA”-relationship, like in “A dog is a(n) animal”, expresses
the FPAR-relationship between “animal” (part of the definition of “dog”) and the
“dog”-frame. So here 1S in ISA is a logic word of the first kind too.

For the other logic words the classifying feature in their word graphs is chosen
to be one of the other eight types of, binary, relationships. An important example
is “causality”, basic in words like “cause” or “because”, which also is a category
of Kant’s ontology. In knowledge graph theory we would classify according to
the occurrence of a CAU-arc. The ALI-link, for “alike” concepts, corresponds to
concepts in the “commonness”-category of Kant’s ontology and determines a
set of words like “like”, “as ..... as”, etc. Other logic words, so words with one
of the eight binary relationships as dominant link in the word graph, are not
really expressing aspects of pure logic, but then pure logic is not the whole of
thinking, that we like to describe as “linking of somethings”. In expert systems
the question “why C?” can be answered if causations are known. If B is a possible
cause for C' and A a possible cause for B, then the answer may be “Possibly
because A”. If we analyse this thinking process, we see that we start with C', and

then notice that we know that p Ay ¢ and 4 Cay B - By linking these

data we obtain 4 _CAU_ B _CAU_ ¢ » and have found A as possible cause. This

process of linking is particularly interesting when the concepts are expanded, i.e.
they are replaced by the content, of their frame, that is embedded in the rest of
the graph considered. This replacement poses problems of its own, but we are
not interested in them here. The expansion process plays an important role in
thinking. Given some statements, say in mathematics, and the problem to prove
that some goal-statement G is true if the given statements are true, then the
way to find the proof may be the following. Expand all given statements as far
as possible, with available further knowledge, till a graph A is obtained that has
the graph G of the goal statement as a subgraph. The basic process of reasoning
is namely that whenever a graph is considered to be true, each of its subgraphs
must be true (under specific conditions on the structure of these subgraphs).

In trying to find the (answer) graph A one meets the difficulty of expanding
the graph in the right direction. From the given statements expansion, combining
of “true” graphs, may lead to many answer-graphs A that are all true, but none
of which contains the goal graph G as a subgraph.

Both in this general process of reasoning and in the case of expert systems,
a “rulebased” version can be given. “If a graph A is true then its subgraph G is
true” is the rule in the first case, but in natural language we would use the word
“s0” (which by the way turned up in class C12): “A so G”. “If A then B” and “If
B then C” are rule-versions for natural language descriptions like “B because of
A” and “C because of B”. It is for this reason of almost equivalence in description
that it makes sense to speak about other logic words. The rule-version has the
pure logical setting in which the pure logic words are used. The statements have
to be well-formed closed formulae. In natural language the thinking process is
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often described by not-well formed statements that nevertheless correspond to
certain mind graphs that can be used in the description of the expansion process.
We will see that this deviation from pure logic allows for dealing with some other
linguistic aspects as well.

Definition 2. Logic words of the second kind are words the word graph of which
contains one of the eight types of binary relationships of the knowledge graph
ontology as dominant link.

We have given a restriction here by demanding that the relationship, e.g. the
CAU-relationship, is a dominant link as otherwise all words would be logic words.
Meant are those words that describe the linking process in its basic form. Word
graphs with more than one type of binary relationship are to be excluded, unless
one link is clearly dominant. In the first paper in the series the 15 different word
graphs for the Chinese word for “in” were given. In them a SUB-link or a PAR-
link was clearly dominant. A preposition like “in” can therefore also be seen as a
logic word of the second kind, used often in thinking about structuring the world.
To determine which link is dominant we need some measure for dominance. In
graph theory measures have been developed for concepts like centrality. Similar
measures can be chosen for the concept of dominance and thus used to decide
whether a word can be called a logic word of the second kind or not.

Finally, some discussion is due on the words “truth” and “true”, definitely
words often used in logic. There are two ways of looking at these words. First
there is the comparison of a statement or proposition p with a model of the
situation expressed by p. The outcome of the comparison determines the truth
value of p, which in two-valued logic is “true” or “false”. For our knowledge
graph view, what is happening is comparison of two mind graphs, one for p and
one for the model. “Truth” can then be seen as equality of certain frames, one
for p and one for (a part of) the model, and hence is a logic word of the first
kind according to Definition 3. The truth values “true” and “false” are nothing
but instantiations of the outcome of the comparison that may be replaced by,
for example, the numbers 1 and 0, as is often done. These are not logic words.

A second way of looking at “truth” is as an attribute of a framed part of
the mind graph. That part may represent the content of a contemplation, or,
more close to what was said before, the model of a situation, as perceived. Such
a perceived situation may be held to be true or false, i.e. truth is attributed. No
comparison is made, there is only one frame, that may of course be described by
a statement p. One of the arguments in favor of this second way of looking at
truth is that both statement and model are parts of the mind graph. The model
is also held to be a correct description of the state of affairs, whether this state
of affairs is due to a presupposed “outer world”, as in physics, or due to ideas in
an “inner world”, as in mathematics, where e.g. axioms are simply considered
to be true. The statements describing axioms are not considered to be in need
of comparison.

The knowledge graph theory slogan “the structure is the meaning” is in line
with the second way of looking at truth. The statement “it is raining outside”, a
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standard example, does not need comparison with a model. The structure of the
part of the mind graph associated by the listener with the statement is all that
matters, as far as meaning attribution is concerned. The truth of the statement is
depending on the comparison, with the outer world. In socalled truth conditional
semantics this comparison is stressed. In our structural semantics, the outcome
of such a comparison is irrelevant. As a major consequence of our stand even
statements that are not well-formed also have a well-defined semantics as far as
the corresponding mind graph frames are well-defined. A statement like “z < 57
is considered to have no well-defined truth conditional semantics even when a
model is given, with proper domain and interpretations, because x is free. Any
knowledge graph constructed by a mind as corresponding to the statement is
the meaning of the statement in structural semantics.

3.2 Classifying Logic Words of the First Kind

Due to our chosen Definition 1 we would have to construct the word graph to
decide whether a word is a logic word of the first kind. We already discussed the
operators from proposition logic and the quantification operators. Also modal
logic operators were discussed. Of all these only the universal quantification did
not involve a frame, but was expressed by a SKO-loop and was therefore a logic
word of the second kind. The first set of logic words of the first kind corresponds
to the four frames themselves and is given in Table I.

Table I
WORD GRAPH| WORD |[PARAPHRASE|CHINESE WORD| LITERALLY
Frame Inherence |be with Gu 4 you 3 xing 4 |primitive have
gender
Negframe Negation |be not Fei 1 not
Posframe Possibility|be possible Ke 3 neng 2 xing 4|possible gender
Necframe Necessity |be necessary Bi 4 ran 2 xing 4 |necessary
gender

Remark first the use of the word xing 4, “gender”, which is used to describe
the occurrence of an alternative. Literally possibility is circumscribed by “possi-
ble male/female”, where male/female only functions to express the two values for
possibility, possible/impossible. Secondly, the word Fei 1, for “negation”, used
in the context of logic, literally must be translated as “not”.

We have chosen the words inherence and negation as these are two of Kant’s
categories. Note that the word “negation” has a subjective undertone. Similarly,
any subgraph that is framed and named gives a concept with the subgraph as
inherent property set. The word “inherence” clearly expresses more than just
“being”.

The second set of logic words of the first kind has graphs containing one of the
four frames next to other parts. Let a graph P, corresponding to a proposition p,
be contained in a frame, which may be described by “it is so that p”, or simply
by “being p” or even just “p”. In the knowledge graph formalism the graph

EQU ALI
P: p —— O <—— PROPOSITION
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would be given, or, simpler, . A frame containing the frames and is
the representation of p A ¢, or p AND ¢ in natural language. The word graph for
“and” , she 2, respectively “A”, yu 3, is

O O

without specifying the contents of the two inner frames, or tokens as they are
called. By functional completeness other connections in proposition logic are
expressable by the “and”-frame and the NEG-frame. Consider a NEG-frame con-
taining a proposition graph P, then it can be described by “it is not so that
p”, or simply by “negation p” or “not p”. Omitting p from the graph the word
graph for the word “not” results. In Chinese this is described by, “bu 1 shi 4 p”,
literally “not be p”. Likewise the POs-frame and the NEC-frame allow expressing
“possible p” respectively “necessary p”. Omitting p again the word graphs for
“possible”, ke 3 neng 2 de, and “necessary”, bi 4 ran 2 de, result as

POS NEC

and

Note that in Chinese the word de is used to express the fact that we are dealing
with an adjective.

The frame corresponding to "being” may contain the graph of something
considered to exist in the world, so essentially the graph

FPAR ALI
0 —— 0 <—— WORLD

describes the word ”existence”, cun 2 zai 4 xing 4, literally “existence gender”.
Further information on the ”"world ” considered, which may e.g. be a set of
numbers, may be added. We now have word graphs for the logic words of the
first kind describing logical operators, see Table II.

Table IT
LOGICAL WORDS CHINESE WORDS LITERALLY
OPERATOR
Proposition logic|And Yu 3 and
Not Fei 1 not
Or Huo 4 or
If .... then Ru2guo3..ze2 if ... then
If and only if |Dang 1 gie 3 jin 3 dang 1|when and only when
Predicate logic |Existence (of)|Cun 2 zai 4 exist
Modal logic Possible Ke 3 neng 2 de possible of
Necessary Bi4 ran 2 de necessary of
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Note that for “if”, the word “ru 2 guo 3”, is used in “if ... then”, whereas in
“if and only if”, the word “dang”, is used, literally meaning “when”.

Concluding, the logic words of the first kind are those mentioned in Table
I and II. For those words that have word graphs very close to those for these
pure logic words we take the stand that although frames are used, the essential
meaning is not expressed by the frame. One example should suffice here. The
word “both” is used in expressions like “both a and b are numbers”, meaning “a
is a number and b is a number”. “Number (a)A Number (b)” may be the formu-
lation in predicate logic. The essential meaning of “both” is that the predicate
holding for a and b is the same, the “and”-connective has the, different, mean-
ing of combining two propositions that may have no further commonness at all.
“Both” is therefore not considered to be a logic word of the first kind. Whether it
should be seen as a logic word of the second kind, because the EQU-relationship
is clearly present, will be discussed in the next section.

3.3 Classification of Logic Words of the Second Kind

For the logic words of the first kind the four frames in the ontology of knowl-
edge graph theory were chosen as defining entities. For the logic words of the
second kind we choose the eight binary relationships. We might call these words
structuring words as well.

The representation we choose is that of the total graph in which the arc is
also represented by a, labeled, vertex. The reason for this is that we can then
consider subgraphs of the graph

where the label TYPE may be one of the eight types we distinguish. Table III
gives the words corresponding to the whole graph of three vertices and the graph
in which an encompassing be-frame is considered as well. For the type EQU the
graph is considered to represent the word “equal”, whereas “being equal” is
considered to be a synonym of “equality”.

Table III
TYPE| WORD |WORD(+ BE)|CHINESE WORD|CHINESE WORD(+ BE)
EQU |Equal Equality Xiang 1 deng 3 Xiang 1 deng 3 xing 4
SuB |In Containment |Li 3 Bao 1 han 2 xing 4
ALIL Alike Community |Xiang 1 tiang 4 |Gong 4 xing 4
DIS Distinct |Disparateness [Bu 4 tong 2 Cha 1 yi 4 xing 4
ORD Ordering Shun 4 xu 4 Pai 2 xu 4
CAU |Causation|Causality Qi 3 ying 1 Yin 1 guo 3 xing 4
PAR Attribution Shu 3 xing 4
SKO Dependency |Ying 3 she 4 Yi 3 lai 4 xing 4

Some remarks are due here. First we could not determine an English or Chinese
word for the PAR-link. Secondly we notice that for the ORD-link, within a BE-
frame, in Chinese the alternative indicating word xing 4, “gender”, is not used.
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Thirdly the Chinese words tend to extend the description considerably, i.e. a
more complicated word graph is expressed. Bao 1 han 2, literally means “around
inside”, hence “containment”. This hints at the fact that also the English word
“containment” expresses more than just a SUB-link in a BE-frame. This explains
why the two columns for Chinese words given are so different apart from the
words for “equal” and “equality”. It is simply so that not every knowledge graph
has a precisely describing word. We might even have left more places open in
the table for “lack of words”.

Now let us consider the subgraphs of the form O and the corre-
sponding words, given in Table IV, and those of the form O, given

in Table V.

Table IV
TYPE WORD CHINESE WORD | LITERALLY
EQU
suB |Of ... ...deyi1bud4fen |...of one part
ALI
DIS
ORD |From Cong 2 from
CcAU |By You 2 ... ying 3 qi 3|have .... cause
PAR |Of ... de xing 4 zhi 4 |... of attribute
SKO |Dependent (on)|Yi 3 lai 4 depend on
Table V
TYPE WORD CHINESE WORD LITERALLY
EQU |Equal (to) Deng 3 yu 2 equal (to)
suB |With Judyould .. have ...
ALl |Similar (to) |Xiang 1 si 4 ya 2 similar to
pIs  |Distinct (from)|Bu 4 tong 2 yu 4 not equal to
OorD |To Dao 4 to
CAU |With Yu 4 guo 3 ... xing 4 zhi 4|have ... attribute
PAR
SKO

Note, as discussed in [2], that the mereological stand is that SUB, PAR and FPAR
are the three mereological relationships, mixed up in the English language by
the fact that the words “of” and “with” are used in all three cases, like in the
examples:

Part A of B, respectively B with part A,

Attribute A of B, respectively B with attribute A,

Property A of B, respectively B with property A,

or, more concretely:

The tail of the dog,

The beauty of the dog,
The barking of the dog;
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if barking is part of the definition of “dog”. Some people define a dog as
“something that barks and sniffs”.

The graphs O and O are worded “of” and “with”

too, but in Chinese the two graphs are described by “... de te 4 zheng 1”7 respec-
tively “yu 4 you 3 ... te 4 zheng”. We see that in Chinese strict distinction is
made for the three mereological relationships. Literally we have

... de yi 1 bu 4 fen : .... of one part of
... de xing 4 zhi 4 : ... of attribute
... de te 4 zheng 1 : ... of property,

where in English only the word “of” is used, and

judyou 3 .. : with have ...
judyou 3 ... xing 4 zhi 4 : with have ... attribute
ju 4 you 3 ... te 4 zheng 1 : with have ... property,

where in English only the word “with” is used.

It is quite remarkable that no fourth mereological relationship is used in
Chinese, which fact supports our choice of only three mereological relationships.
This was not apparent from English.

The EQU, ALI and Dis-relationships are symmetric. This is probably the rea-
son why in Table IV no words are given, which is due to the fact that they do
not seem to be present in language.

If y is a function of x,

_ALL 4 0 ALL 4 we say that y depends (is dependent)
on z. Special attention should be paid to the SKoO-loop that is considered, by
van den Berg and Willems, to represent the words “all” sou 3 you 3, “each” ,mei
3 ge, “every”, mei 3 ge, and “any”, ren 4 yi 4. The authors consider the four
words to be slightly different so that four different graphs should be presented,
although the sko0-loop, indicating something that is informationally dependent
only on itself and hence can be anything, clearly stands central. In Chinese three
different words are used.

Also note that the cAu-relationship, with chosen word “by” is somewhat
out of line with the other relationships that seem more basic as structuring
relationships. You 2 ... ying 3 qi 3, literally means “by .... cause”.

Of Kant’s categories we can, with some difficulty, recognize the following
six: Inherence, Negation, Possibility, Necessity, Limitation and Causality. “Exis-
tence” we consider as “being in the world”, so of less basic nature than “being”,
“Reality” in our subjectivistic theory is an assumption about correspondence
between our image in the mind and a presupposed outer world. We do not dis-
cuss the quantity categories of Kant: unity, plurality and totality. Rather, we
want to focus on commonness, that we take to be synonym with alikeness, and
that puts the ALI-link central.

The ALI-link might be called a primus inter pares as the process of concept
formation is seen to result from discovering similarity between a set of perceived
objects. A word evokes different subgraphs in different mind graphs, although
probably with great similarity.
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A further discussion, as well as word graphs for logic words, are available in
an extended version of this paper.
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Abstract. This paper deals with the modeling of time, aspect and ver-
bal meanings in natural language processing within Simple Conceptual
Graphs (SCG) by way of Semantico-Cognitive Schemes (SCS) and the
aspecto-temporal theory. The expression of a semantico-cognitive rep-
resentation within SCGs is automatically tractable. The SCS allows us
to build a representation of a text taking into account the information
about time and aspect. It allows us to represent fine subtleties of natural
language. On the other hand, the Conceptual Graphs formalism provides
a powerful inferential mechanism which makes it possible to reason from
texts. Our work bears on French texts. A text is represented by two
different structures both represented within the SCG model. The first
structure models the semantico-cognitive representation while the sec-
ond one is the temporal diagram representing the temporal constraints
between the situations described in the text. Linking these structures
leads us to slightly extend the original SCG model.

1 Introduction

Our interest here is to be able to use linguistic time in automatic reasoning pro-
cesses from representations associated with narratives French texts extracted
from a real corpus describing traffic accident reports. The following text (A) is
extracted from this corpus.

Text (A). (1)Etant arrété momentanément sur la file droite du Bd des Italiens,
(2)j’avais mis mon clignotant, (38)j’étais a Uarrét. (4)Le véhicule B arrivant sur ma
gauche (5)m’a serré de trop prés et (6)m’a abimé tout le coté avant gauche.
(1)Stopping momentarily on the right-hand lane of the Boulevard des Italiens, (2)I had
put my turn signal on and (3)I was stationary. (4)The other vehicle B arriving from

! In such reports, implied vehicles are denoted by the letter A or B
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my left-hand side (5)squeezed too close up against me and (6)damaged all my vehicle
front left side.

Defining automatic reasoning processes from such texts require being able to
draw inferences from information bearing on aspectual and temporal informa-
tion [5]. Two things appear to be particularly important to cope with this kind of
information: first, a fine linguistic description of lexical and grammatical knowl-
edge; second a well-suited knowledge representation language.

The Semantico-Cognitive Schemes [I1] and the aspectual theory [10] provide a
fine, linguistically well grounded system of semantic primitives and so we choose
it to comply with the first requirement. From these works, [4] worked on the
construction of the Semantico-Cognitive Representations (SCR) of such narra-
tive texts with the aim of building a corresponding pictures sequence.

For the second requirement, it seems relevant to use the Conceptual Graphs
formalism [24] [§] which offers a good compromise between inferential facilities
and capabilities grounded on formal properties.

Our proposal is a continuation of an earlier work [4] which bears on the construc-
tion of Semantico-Cognitive Representations (SCR) of such texts. We propose
here a system realizing the transformation of initial semantico-cognitive repre-
sentations of the texts of the corpus into their conceptual graph representations.
Section 2 is devoted to the linguistic background of our work. Two different
structures are associated with a text: the first structure is used to model the
semantico-cognitive representation of the text and the second one describes the
temporal organization of the text through a temporal diagram. Section 3 presents
the main principles governing the construction of those structures within Con-
ceptual Graphs (CG) formalism. Before concluding, we dedicate section 4 to a
comparative presentation of related works.

2 Linguistic Background

In linguistics and NLP, time and aspectual values are intricately entangled and
so are often denoted as aspecto-temporal values. Information helping in their de-
termination comes mainly from two sources : firstly, a lexical one extracted from
the verbal lexeme itself (meaning and some other lexical properties of the im-
plied verb)— secondly, a grammatical one which consists of the presence of some
specific linguistic markers determining what is usually denoted as the grammat-
ical aspect.

Desclés [10] proposed a general classification of aspecto-temporal values. His
study demarcates from the two most famous ones: from Reichenbach’s one [22]
mainly in that Desclés’s temporal entities are of interval type and not of punc-
tual type and from Kamp’s one [I5] particularly due to the fact that this last
one doesn’t propose a sufficiently deepened methodology for the computation
of fine aspectual values (note also in addition, that [15] distinguishes only two
aspectual values and this is certainly not independent of this lack of subtlety).

We present here the Semantico-Cognitive Schemes and the aspecto-temporal the-
ories, both introduced by Desclés [10] [11]. They provide the linguistic grounds
of this work and make it possible to approach the lexical meanings of verbs in a
very narrow adequacy with linguistic intuition. In our application domain, un-
derstanding and managing information extracted from car accident reports, the
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description of movements and temporal information are of prime importance. A
taxonomy of aspecto-temporal information of actions in terms of state event and
process has been built[10] and makes it possible to finely represent the situations
described in narrative texts.

2.1 Building the Semantico-Cognitive Representation of a
Proposition

The Semantico-Cognitive Schemes language expresses meanings through ab-
stract structured frames using semantico-cognitive units organized in a system
of semantic primitives. The latter are abstract units derived from a linguistic
analysis of grammatical and lexical categories occurring in texts but they
are not lexicalised anyway. A Scheme describe prototypical relations between
two locations or two situations. SCSs are expressed by A-typed expressions.
The French verb arriver (to come) for example, has the following representation:

Az Ay. CONTR (MOUVT or (eg(ex loc)y)(e(inloc)y))y.

It can be glossed as follows an entity y controls (CONTR) an orientated
movement (MOUVTor) between two static situations (Sitl and Sit2). In Sitl, y
is located (€y) to the outside (ex) of the location loc; in Sit2, y is located (o) at
the inside (in) of this last location.

An evaluation process where SCS parameters are instanciated with the
arguments of corresponding predicative relations transforms SCSs into
Semantico-Cognitive Representations (SCR) each of them being linked to a
proposition of the involved text. Let us illustrate this process through an
example. Consider the following propositions: (1)la wvoiture arrivait dans le
virage (the car was arriving at the bend) (2)j’avais mis mon clignotant (I had
put my turn signal on). The SCR of (1) is built from the underlying predicative
relation (PR)jarriver_dans, le_virage, la_voiture; and the linked SCS of arriver,
through the instanciation of the variables occurring in the SCS by the arguments
of PR (i.e. /le virage/ and /la voiture/). This results in the SCR (1’).

The building process similar for (2) is glossed by the entity ”je” controls
(CONTR) an oriented change (CHANGTor) of the entity le_clignotant between
two static situations Sit1 and Sit2. In Sitl, the entity le_clignotant is depicted as
being outside (relationship ”ex”) the location en_fonctionnement in the context
of an activity (€qct); whereas in Sit2, le_clignotant satisfies the relation inside
(in) for the same location. The associated SCR is (2').

(I"YCONTR(MOUVTor(ey(ex le _virage)la_voiture)
(eo(in le_virage)la_voiture))la _voiture
(2)YCONTR(CHANGT or (eqet(ex en_fonctionnement)le_clignotant)
(€act (in en_fonctionnement)le_clignotant))je

In (1) and (2) the involved entities are typed: la_voiture, le_clignotant
and je belong to the semantico-cognitive type "INDIVIDUAL” and the entities
le_virage and en_fonctionnement to the general semantico-cognitive type
LOCALIZATION. As illustrated on Figure [I] SCSs may belong to one of three
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types: static (implying a sole situation Sit without modification), cinematic
(in the case of a transition between two situations Sitl and Sit2) or dynamic
(similar to cinematic except that an entity controls the transition). SCSs are

Sit

ex.: j'étais dans le virage
(I was in the bend)

ex.: le vent soufflait

(the wind was blowing) ., - .
ex.:j’arrivais dans le virage

(I was arriving in the bend

Static SSC Cinematic SSC Dynamic SSC

Fig. 1. Static Cinematic and Dynamic SSC

associated with an aspecto-temporal representation taking the form of a set
(possibly a singleton) of temporal intervals [3]. For example, a static SCS is
associated with an open interval. In order to render relative temporal positions
(succession or concomitance) of different propositions of a text, the set of SCRs
associated with it has to be organized. So, a text representation relies on SCSs
and their corresponding intervals in a temporal diagram. This is obtained by
using linguistic indices associated with linguistic temporal knowledge like tenses
and grammatical aspectual information occurring in the text. This reflects the
discourse structure.

2.2 Aspecto-Temporal Values and Temporal Diagram of a Text

The aspecto-temporal grammatical level is the locus where contextual linguistic
indices are taken into account with the aim of associating the relevant aspectual
values, morphologically expressed in the tense of a verb. The computation of the
aspecto-temporal values is automatically carried out in accordance with a con-
textual exploration principle [12]. Possible aspectual values are STATE,EVENT
and (continous) PROCESS and this intuitively corresponds to different states
or modes of accomplishment of an action which could be static, accomplished
or in progress. For example, in the preceding sentences (1) and (2), actions
have processes and resulting state values, respectively. Figure [3 gives pictorial
representations associated with the different kinds of SCR according to their
type aspectual values. The temporal information and organization of a text is
rendered by temporal links between its associated propositions. These links fi-
nally characterize the chronology between states (represented by open intervals),
events (represented by closed intervals) and processes (represented by intervals
that are semi-opened to the right) corresponding to those propositionsE They
can then be taken into account in a reasoning process which uses a set of rules

2 refer to [10] for a more complete description of the representation of these aspec-
tual values in terms of topological intervals. Note also that, unlike those used by
Reichenbach[22] and Allen[I], they are typed intervals. This last point gives more
expressive capabilities to Desclés formalism.
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based on temporal connective markers [12] and a set of default rules [4] [3] which
renders it possible to state preferences, possibly re-evaluated further in the anal-
ysis process. Figure P gives the results of the building the semantico-cognitive
representation [3] and the temporal diagram [12] of text (A).

RSC| &) (et Stopping A) (e FR(rignt_hand_lane) A)
RSCy CONTR (CHANGTor P } 7
(eqet EX(In_working_order) signal(A)) (€a¢r IN(EN_FONCTIONNEMENT) signal(A)) A y . .
N 1
RSC3 | (eqe( Stopping A) P 1 [
RSCy CONTR (MOUVTor (e( EX(LEFT(A) B) (e FR(LEFT(A)B)) B 2} [—(
RSCs | CONTR (MOUVTor (4 (LOC A) B) (e FR(LOC A) B) ) B Ps | —]
RSCq | &2 (EI>E2) (CONTR (CHANGTor R —
(eq IN(E1 front_left_side (A)) (e IN(E2) front_left_side (A)) B)

Fig. 2. SCR and Temporal Diagram associated with text (A)

3 Computing Aspecto-Temporal Information within SCG
Formalism

An SCR represents a proposition of a text. Converting each SCR into an SCG
makes it possible to combine the SCGs: this process gives a unique representation
of the whole text. All inferences may be expressed in terms of graph operations.
This is the case for those based on lexical and grammatical knowledge that are
needed to get the SCG associated with the text. In this section, we present the
model of the SCGs used and the extension proposed to deal with the aspecto-
temporal information. We present the transformation of an SCR to an SCG and
how to build a complete SCG associated with a whole text.

3.1 The Basic Model

We restrict ourselves to simple conceptual graphs, or SCG, in the sense of [§]
and [20] from which we summarize what is needed here.

PROC* EVEN* STATE*
Process Event Resulting state Activity state
INEM / P
DYNA  ||ex.:je roulais vers Marseill ‘ai roulé jusqu'a roulé jusqua | ex..jétais en route pour
Marseille Marseille Marseille
1 was driving to Marseille | I drove to Marseille Thad driven to Marseille T was on the road to Marseille]
event Describing state Resulting state
STAT @ @O
ri. i habité cette maison | gx. - j'habitais cette maison ex.javais habité cette maison
Uived in this house Twas living in this house | [ had lived in this house
> indicates that an entity is perceived IN modifictaion or at the END OF a modification

@G focused situation depending on the aspectual value

lexically encoded situation

(O the situation is not lexically encoded (i.e. no description of the situation s provided with the verbal predicat description or with its
argument)

Fig. 3. Different cases of focused situation (Sit2, an intermediate situation, or a pos-
terior situation)
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Definition 1. A conceptual graph G = (R,C, E, Lab) is a bipartite labelled
graph, not necessarily connected. R and C denote the set of r-vertices (rela-
tion vertices) and c-vertices (conceptual vertices) respectively.

Each vertex © € RUC has a label Lab(z). The label of a c-vertex is a pair
(type(c), marker(c)) and the set of the labels of C is ordered by a lattice (T, <).
T, is the set concept types, marker(c) € I U {x} where I is the set of individual
markers and * the generic one. marker(c) must satisfy the conformity relation T
which assigns a concept type to each individual marker: type(c) = T(marker(c)).
If r € R then Lab(r) € Tr where Tg is an ordered set of relation types with a
partition: Tr = Tg, ... Tg, where Tg; is the set of j-arity relations, j /~ 0 Two
comparable relations must have the same arity. A signature is associated with
each relation type; it specifies the arity and the maximal concept types this rela-
tion can link.

E is the set of edges. The set of the edges adjacent to each r-vertex is numbered
from 1 to degree(r), and G;(r) denotes the i'h c-vertex adjacent to r.

The SCGs used in our application are in normal form: all c-vertices having the
same marker are merged into a unique c-vertex and all r-vertices with the same
type and having exactly the same i-th neighbors are replaced by a unique r-
vertice. This model is used to represent the temporal diagram (TD) and has
been adequately extended to cope with aspecto-temporal information occurring
in SCR and in the representation of the whole text.

3.2 Aspectual and Temporal Markers

We introduce a specific marker for temporal information. A concept node is then
labelled as a triple jtype,markerl,marker2; where type and marker! correspond
to type and marker respectively in the original definition above, and marker2 is
an aspecto-temporal marker. Note that marker2 is an individual marker of I”
(the set of markers of TD). In our application, this second marker is a bridge
between the temporal interval associated with a textual proposition in the SCG
of the temporal diagram and the aspectual values propagated in the SCR corre-
sponding to a textual proposition. Definition [l is then modified as follows:

Definition 2. New label of a c-vertex. The label of a c-vertex is a
triple (type(c), markeri(c), marker2(c)) where markerl(c) € I' U {x} and
marker2(c) € I". I' is the set of individual markers and I" is the set of in-
dividual markers of TD and I' N I" = {}. markeri(c) satisfies the conformity
relation.

Note that marker2(c) cannot be the generic marker. In our application,
marker2(c) represents a temporal marker: when this information is not instan-
ciated for a c-vertex, the marker € € I” is used by convention. That is to inhibit
the merging of two vertices having different marker2 but having the same type
and the same markerl or generic marker: we consider that the same object at
different moments in time must have different representations. The comparison
between two labels of two c-vertices is hence defined as follows:
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Definition 3. Let e = (t,m1,m2) and € = (t',m}, m}) be two labels of two
c-vertices, e < € if and only if t <t and (m}] = * or m; =m)) and my = m},

Definition 4. Fusion. Two vertices with labels e and €' are fusionnable if there
exists a vertez different from absurd type with label €’ such ase” < e ande” < ¢'.
The fusion of two vertices consists in identifying them in the single vertex which
s the lower bound of their labels.

With definitions [3] and @] basic operations onto our SCGs (maximal isojoin
and projection) are not modified from [§], [20] and [7]. Computing a maximal
isojoin between two SCG, G and H, consists in finding a bijection § between
two maximal sub-SCG G1 C G and H1 C H such as the underlying graphs of
G1 and H1 are isomorphic and for all s € G1, §(s) € H1, and s and d(s) are
fusionnable. The resulting SCG is obtained by merging each vertex s of G1 with

8(s).

Definition 5. Isojoin. Let G = (R,C, E, Label) and G' = (R, C’,U’, Label’)
two CG, a a bijection from A C R to A’ C R’ and 3 a bijection from B C C to
B’ C C'. The bijection pair v = (a, 3) is said to be compatible if:

1. Ve € B,c and 3(c) are fusionnable,

2. Vr € R, r and «(r) are fusionnable, G(r) C B, and Vi,1 <i < degree(r),
B(G;i(r)) = GL(r') and if v"is the relation vertex obtained by fusionning
r and a(r) then the vertices arguments of the relation r" must satisfy the
conditions given by the signature of the relation r'

G[AUB] and G'[A’UB'] are said to be isofusionnabld’. The associated fusion
is called isojoin between G and G’ according to .

3.3 Representing Intervals

The temporal intervals and relationships between them proposed by Allen [I]
are used in our work except that here intervals are typed one’s for represent-
ing aspectual information (see section 2.2). This leads us to the following CG
representations of typed intervals:

STATE: ]----[
type STATE(x) is [point]->(])->[interval: *x]->([)->[point]

EVENT: [--—-]
type EVENT(x) is [point]->([)->[interval: *x]->(])->[point]

PROCESS: [----[
type CONTI_PROC(x) is [point]->([)->[interval: *x]->(])->[point]

Note that the marker of a type concept interval is the temporal marker (marker2
in definition B) which is propagated into the corresponding SCR. It links semantic
informations and temporal informations of an action (see section 3.4). Allen’s
relations are defined in terms of conceptual relations, for instance(d

3 GJA U B] denotes the CG restricted to the vertices of AU B
* the type relation ’|" a super type of [ and ]’
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relation BEFORE(x,y) is [point:*pl]->(|)->[interval: *x]->(|)
->[point:*p2] ->(<)->[point*p3]->(|)->[interval: *yl->(|)->
[point:*p4]

relation MEETS(x,y) is [point:*pl]->(|)->[interval: *x]->(|)
->[point*p2]->(|)->[interval: x*y]->(|)->[point:*p3]

All these primitives allow us to represent the temporal diagram of the text. The
problems of disjunction or propagation constraints are not discussed here. Esch
and Nagle’s propositions [13] may be considered to treat these problems.

Lattice of concept types

Univ

//\\\

Entity Topol-Operator PrimitivePredicate Attribute Modificator Sit

/N N N

Stationary ~ TumSignal ~ ChangTor ~ MouvTor  MouvNor

Localization Individual Collective

Lattice of relations types

Univ
Transition Topo StaticRelator DynamicRelator Attribute Determination
Epsi0 EpsiAct Contr Doing

Fig. 4. Part of Lattices of Concepts and Relations

3.4 Our System

As an ontology, we adopt Desclés’s one (figure M) which can be finely tuned to
covers the set of semantics values needed by our application. The final represen-
tation of a text is processed thanks to three main modules which operate from
the SCR of each proposition of the text and the temporal diagram to produce
two SCGs representing aspecto-temporal data and the semantic information of
the text respectively.

From SCR to SCG. We have implemented a parser which recognizes an SCR
and generates an SCG. The grammar of SCS we used is given in Figure BlIt is a
context-free grammar. The terminal are given on figure 4. The generation of the
SCG corresponding to the SCR is processed during the recognition of the SCR
(Figure [6). This algorithm is implemented as a DCG rules system in Prolog.
The set of SCG obtained is the set of SCR at a lexical level. It does not contain
any aspecto-temporal information. This information is propagated by the second
component of the system.
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RSCO -> RSCDynamic | RSCCinematic | RSCStatic

RSCO -> &2 RSCO RSCO

RSCDynamic -> AGTV(MODIF(SIT SIT)) INDIVIDUAL

RSCCinematic->MODIF(SIT SIT)

RSCStatic->SIT

SIT->(StaticRelator Y X)

X -> ENTITY3

Y -> TopologicOperator (ENTITY2) | ENTITY1

ENTITY1-> ATTRIBUTE(INDIVIDUAL) | INDIVIDUAL|PrimitivePredicate
|PrimitivePredicate (INDIVIDUAL)

ENTITY2->PrimitivePredicate|PrimitivePredicate (INDIVIDUAL)

ENTITY3->ATTRIBUTE(INDIVIDUAL) | INDIVIDUAL

Fig. 5. SCR Grammar — RSCO is the axiom

RECOGNIZED ITEM ASSOCIATED ACTIONS
AGTV Create a RELATION node
MODIF Create a CONCEPT node C1
And create a ternary RELATION node TRANSITION which links the CONCEPT C1,
SIT1 and SIT2
SIT DEPENDING ON THE CASE :
1)StaticRelator 1)Create a RELATION node R1 (of type 'epsilon’)
2)Y=TopologicOperator(ENTITY?2) 2)Create a CONCEPT node C2 linked to a relation R2 (of type 'topo') linked
dependending on the case (of ENTITY?2)
2.1).PrimitivePredicate(INDIVIDUAL) 2.1).to a CONCEPT node PRIMITIVE linked to R1 and to a RELATION node
'DETERMINATION' linked to a CONCEPT node INDIVIDUAL
2.2).PrimitivePredicate 2.2).to a CONCEPT node PRIMITIVE linked to the R1
3)Y=ENTITY1 3)
3.1).Attribute(INDIVIDUAL) 3.1).Create a CONCEPT node ATTRIBUTE C3 linked to R1 and to a
RELATION node 'ATTRIBUTION' linked to a CONCEPT node INDIVIDUAL
3.2).INDIVIDUAL 3.2). Create a CONCEPT node INDIVIDUAL linked to R1
3.3).PrimitivePredicate(INDIVIDUAL) 3.3). Create a CONCEPT node PRIMITIVEPREDICATE C4 linked to R1 and to
a RELATION node 'DETERMINATION' linked to a CONCEPT INDIVIDUAL
3.4).PrimitivePredicate f).Create a CONCEPT node PRIMITIVE linked to R1
4)X=ENTITY3 4)
4.1) Attribute(INDIVIDUAL) 4.1).Create a CONCEPT node ATTRIBUT C5 linked to R1 and to a RELATION
node 'ATTRIBUTION' linked to a concept node INDIVIDUAL
4.2)INDIVIDUAL 4.2).Create a CONCEPT node INDIVIDUAL linked to R1

Fig. 6. Actions to carry out to build a SCG corresponding to a SCR

Propagating Temporal Markers. This component acts on the input com-
pound of the temporal diagram and the SCGs previously obtained in order to
include the temporal information. Remember that the temporal diagram repre-
sents the temporal constraints between the situations described in the text. The
goal of this module is to propagate the marker of the considered interval accord-
ing to the aspectual value of the action into the adequate part of the SCR/SCG.
For instance, if the aspectual value of an action is EVENT, the set of concepts
of the component called situation 2 is temporally marked by the marker of the
c-vertex corresponding to the process of the temporal diagram. Figure [l gives
the necessary rules to take into account each case described in Figure[3 It is the
third field of the label of the concept which is inserted. In so doing, we can find
the associated interval and its relationships to the other intervals. A strong link
between both structures is kept for future inferences.
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Type of SSC|Aspectual value Actions
STATIC State:
1) Consequent state|1) Not yet treated

2) Description state|2) Mark the set of concepts of SIT
STATIC Even Not yet treated

CIN / DYN [State
1) Resulting state |1) Mark the set of concepts of the situation SIT2
2) Activity state  |2) Mark the concept MODIF

CIN / DYN |Even Mark the set of concepts of the situation SIT2
CIN / DYN  |Process Mark the concept MODIF

Fig. 7. Rules to propagate temporal markers

Representing a Text with an Incremental Methodology. Semantic rep-
resentation of a text is obtained from the compositional principle. The operation
used is the maximal isojoin which is more powerful than the directed join pro-
posed by Fargues et al. [I4] since the maximal number of concepts to be joined
is searched by maximal isojoin. The algorithm corresponding to this operator we
use can be found in [7]. After propagating the temporal marker onto adequate

sit: sitl

changtor: m21

SIT 1:

fonctionnement: m24

SIT 2:

fonctionnement: m24

Fig. 8. The representation of I had put my turn signal on

clig: m25

in: m23

c-vertices, and in case of cinematic or dynamic SCR, the SCG associated with
the SCR (SCGg.r) and the graph corresponding to the concept Sitl (SCGg;t1)
and the one corresponding to the concept Sit2 (SCGgi2) have to be joined. It
consists in replacing the c-vertex Sitl from SCG,.- by SCGgi1 and the con-
cept Sit2 by SCGg2. A c-vertex of SCGg;¢1 must be found to be connected to
SCGger. It is done by searching what has changed between the two situations.
So a set of types difference is computed between the two SCGs: Sitl — Sit2 = ¢l
gives the root conceptual vertex of SCGg;41 and Sit2 — Sitl = ¢2 gives the
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root of SCGgja. ﬁ This operation is repeated for each SCG associated with an
SCR and then the representation of the text is obtained by the combination of
them using maximal isojoins. As an example Figure B] gives the representation
of the second proposition of the text (A) within SCG. Figure [ gives the full
text representation obtained by a succession of maximal isojoins.

individu: A ; ul

individu: B 2

-’®

individu: B ; us
1 2 <
individu: A ; uS loc: m52 ; u5

fonctionnement: m24

fonctionnement: m24 ; u2

2 1
in: m62 ; u6 topo €2:E2;u6
1

L ()
2
individu: A s u6 ! ° 2 tt_le_cote_avG: m63 ; u6

Fig. 9. Complete representation of text (A)

individu: A : u2

5 If c1 is not found then an heuristic is applied which searches the c-vertex origin of
¢2 corresponding to the other graph - and symetrically - (c1 or ¢2 is always found
because there is necessarily a modification between two situations).
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4 Related Works

Numerous works tackling the problem of time within the CG framework come
from domains related to Knowledge Representation or Natural Language Pro-
cessing. Depending on the nature of the involved domain, they focus either on
some general aspect of representing and managing temporal data, or on more
idiosyncratic representations of linguistic time in the case of textual data.
Esch’s and Nagle’s approach [13] belong to the first category and use an ontology
where time entities are ”interval shaped”. One of the most interesting aspects
of this work is that it proposes a solution to the combinatorial problem arising
from disjunction, which possibly occurs in the case of the composition of two
relations bearing on temporal intervals. In the context of temporal interval logic
and interval endpoint logic, Cyre [d] proposes a scheduling algorithm of which
the solution is a conceptual graph representation satisfying a temporal prob-
lem expressed through an event list corresponding schedule. The whole schedule
is obtained mainly on the basis of the join CG operation between conceptual
graphs corresponding to the timing diagrams associated with the problem. The
complexity of the task is tackled by minimizing the number of temporal rela-
tions being taken into account. Pursuing in the general framework of knowledge
representation, Sowa [26] studied the modeling of time within the CGs on some
different aspects of it such as the representation of process in Natural Language
Processing and in programming task modeling. Note here that, although this
research has no direct relation with linguistic representation of time, it is nev-
ertheless worth mentioning it here because of its description and computing of
relevant temporal relationships between temporal data.

Closest to our works, Sowa [24] [25] gives some bases for a treatment of time
in natural language using nested conceptual graphs. His proposition is somehow
similar to modal logic with modal operators occurring in CG representations
as temporal labels bearing on temporal intervals organized according to Allen’s
temporal interval relationships [1]. Regardless of the well-known problems aris-
ing from the use of some kinds of modal logic for the representation of linguistic
time [5], the major weakness of this approach is twofold: first, from a knowledge
representation point of view, time entities remain punctual and this appears
to be not suitable for linguistic temporal data, second, and from a linguistic
point of view, the number of tenses taken into account is too low (since only
three tenses, past, present and future) and aspectual values are neglected. For
a deeper analysis of the drawbacks of this approach, refer to Moulin and Coété
[I7] who note, in particular, the disparity of the allowed notations, the ambigu-
ity, the incompleteness of the specification of verbal tenses and the difficulty in
harmonizing the verbal tenses and the inter-graph temporal relations.

Closer to our concerns, with the aim of associating temporal conceptual graphs
(defined as states) with temporal intervals, [17] proposed a first extension of
the conceptual graphs model, for a natural language generation task. To express
the semantic value of verbal tenses, they based their approach on Reichenbach’s
model [22] and represented potential orderings between temporal intervals using
Allen’s relations. The remarkable points associated with temporal references of
an utterance by Reichenbach (i.e. the point of event E, the point of reference
R and point of speech S) are embodied in what is called a period, and three



Aspecto-Temporal Data and Lexical Representations in French 41

relations (MRQ-E, MRQ-R, MRQ-S), constitute their respective counterparts.
A period is defined as a triplet ju,binf,bsups; where u characterizes the temporal
granularity unit (such as second, minute...) and binf and bsup define respectively
the first and the last observation points of a state. In a second step, Moulin [18]
remarked that this first proposition was not well suited to express temporal
structure of a whole text and extended it by distinguishing three representation
levels. The new model drops Reichenbach’s theory and is partly based on De-
sclés’s work [T0] in particular for the taxonomy of situations (i.e. states, events
and processes). This allows him to specify the temporal structure of a discourse
which is made up of temporal situations, temporal intervals, and temporal rela-
tions. [19] describes an extension of this research with the aim of determining
verb tenses in a discourse of which the semantic representation uses the proposed
temporal model. Although we work on interpretation and not on generation as
Moulin does, our approach is similar and may be considered as a complementary
one.

For her part, Zablit [27] also proposed a modeling of time and aspect within CG
grounded on Reichenbach’s theory for a semantic analyzing task of French texts.
Even if an extension of punctual temporal entities is evoked, no hints are given
either as to how they could be included in the model or as to how they could
establish the links between given temporal relationships between intervals and
prepositional content of the involved text. Desclés [10] showed the inadequacy
of such type of model to cope with the complexity of all temporal phenomena
occurring in natural language.

5 Conclusion

We have presented here an original work which aims at representing the different
temporal data which could be extracted from texts. Our representation uses the
conceptual graph formalism with some relevant adjuncts to take into account
the very fine subtleties of linguistic time with adequacy. As an application, we
choose to work from a corpus, made up of accident car reports, in which solving
aspecto-temporal problems is of critical importance. Actually, our system is im-
plementated and takes a previously obtained semantico-cognitive representation
[B] of a text as its input and translates it into a sole simple conceptual graph.
So, this complete treatment from texts to conceptual representations opens the
possibility of reasoning from temporal data to a further stage. It is now possi-
ble to use the inference capacities of the SCG model to achieve fine deductions
bearing on the completion degree of actions described in a text in natural lan-
guage for example in the context of a questions-answering system. As another
perspective, for example, we envisage using temporal information so finely rep-
resented with the aim of testing coherence between two accident reports written
by those involved. In the context of accident report each party expresses its point
of view and by comparing the two resulting texts some incoherences may occur.
So following the methodology described in [6] we will be able to detect these
incoherences and then clarify the different points of view.
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Abstract. Automatically generating Conceptual Graphs (CGs) [D from natural
language sentences is a difficult task in using CG as a semantic (knowledge)
representation language for natural language information source. However, up
to now only few approaches have been proposed for this task and most of them
either are highly dependent on one domain or use manual rules. In this paper,
we propose a machine-learning based approach that can be trained for different
domains and requires almost no manual rules. We adopt a dependency grammar
— Link Grammar |2]] — for this purpose. The link structures of the grammar are
very similar to conceptual graphs. Based on the link structure, through the
word-conceptualization, concept-folding, link-folding and relationalization
operations, we can train the system to generate conceptual graphs from domain
specific sentences. An implementation system of the method is currently under
development with IBM China Research Lab.

1 Introduction

The first step of using Conceptual Graphs(CGs) in knowledge engineering, in most
cases, is to construct conceptual graphs to represent the knowledge contained in the
information source. Unfortunately, automating this step for Natural Language(NL)
source is a daunting task and often is done using handwritten rules. In this paper, we
propose a machine-learning based approach that can be trained for different domains
and requires almost no manual rules.

Conceptual graphs, when used to represent knowledge contained in natural
language sentences, are used as a semantic representation language. CGs from NL
sentences, thus, is a process of semantic analysis. Currently, automating this process
in general is infeasible for the set of all possible sentences. The method we proposed
in this paper is for domain specific sentences which are sentences that occur only in a
specific application domain. Though the sentences are limited in one domain, our
method itself is domain independent and the system can be trained for various
domains.

The paper is organized as follows. Section 1.1 introduces the concept of “Domain
Specific Sentences” used in this paper. Section 1.2 gives a brief introduction for link
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grammar. Section 2 outlines the whole approach by giving an overview. Section 3
presents the detailed operations that generate conceptual graphs from domain specific
sentences. Section 4 concludes our work by comparing related work.

1.1 Domain Specific Sentences

The set of sentences that occur only in one given application domain is called domain
specific sentences. We assume that domain specific sentences can be characterized as
following:

1. vocabulary set is limited

2. word usage patterns exist

3. semantic ambiguities are rare

4. terms and jargon of the domain appear frequently

The notion of sublanguage[BJ#] has been well discussed in the last decade. Domain
specific sentences actually can be seen as sentences in a domain sublanguage. As
previous study has shown, a common vocabulary set and some specific patterns of
word usage can be identified in a domain sublanguage . These results provide
ground for us to assume the above characteristics about domain specific sentences. In
the rest of this paper, we will show how characteristics 1 to 3 are employed in our
work. Terms and jargon will be dealt with in the following section by adding them to
the link grammar dictionary.

1.2 Link Grammar

Link Grammar is a dependency grammar system we employ in our work. The top
diagram in Fig.1 is a link grammar parse result for the example sentence “I go to
Shanghai”. The labelled arcs between words are called links. The labels are the types
of the links. For example, the “Sp*I” between “I” and “go” represents the type of
links between “I” and a plural verb form. “MVp” connects verb to its modifying
prepositional phrases. “Js” connects prepositions to their objects. In link grammar,
there is a finite set of such link types.

Each word in link grammar has a linking requirement stating what types of links it
can attach and how they are attached. The link requirements are stored in a link
grammar dictionary. The link grammar parse result is called a linkage or a link
structure. The link grammar parser is called a link parser. Currently, the link parser
from CMU has a dictionary of about 60000 words together with their linking
requirements. Although the CMU link parser still has difficulties in parsing complex
syntactic structures in real commercial environment, it is now ready for use in
relatively large prototypes. Applying link grammar to languages other than English
(e.g. Chinese [@ ) is also possible.

An important feature of link grammar is that the grammar is distributed among
words [@] There can be a separate grammar definition (linking requirement) for each
word. Thus, expressing the grammar of new words or words that have irregular usage
is relatively easy. We can just define the grammar for these words and add them to the
dictionary. This is how we deal with terms and jargon of a domain in our approach.
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Because the vocabulary set of a domain is limited (see section 1.1), we can add all
unknown words (including terms and jargon) to the current dictionary of link
grammar with affordable amount of work.

The most important reason that makes us adopt link grammar in our work is the
structure similarity between link grammar parse result and conceptual graph. Fig.1
shows this similarity by comparing the link grammar parse result, the typical parse
tree of constituent grammar and the conceptual graph for the same example sentence.
In fact, this similarity comes from the common foundation of both conceptual graph

The link grammar parse result:

e MV

I go to Shanghai

A typical parse tree of constituent grammar:

S

T

| T
PRO A% P
I g0 PREP I\|T

to Shanghai

The conceptual graph:

I 4—4— GO —> SHANGHAI

Fig. 1. The similarity between a link structure and a conceptual graph

and link grammar. Conceptual graph consists of concepts and relations. The relations
denote the semantic associations between concepts. Similarly, link structure consists
of words and links. The links directly connect syntactically and semantically related
words . Open Words (such as noun, adjective and verb) access concepts from the
catalog of conceptual types, while closed words[j] (such as prepositions) and links
help clarify the semantic relationships between the concepts [BF.)

Based on this similarity and restricted to a specific domain, we propose to
automatically generate CGs by learning the mapping from link structure to conceptual
graph.
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2 Overview of the Approach

Our approach of automaticly generating CG is a process consisting of two phases: the
training phase and the generating phase. Fig.2 is an overview of the approach.

Training Phase Generating Phase

- Domain
Training 5| Lk e  Specific CGIF
Corpora Parser Sentence
ink | link
tructure i structure
|
Training | CG
! Interface ' Generator
|
Domain 4
Knowledge \ 4
Engineer Domain context L
Mapping Ontology vector Classification
Operations
l v
Machine
Vector Training Learnin
Generator eaming
Vectors Engine

Fig. 2. Overview of the approach

In the training phase, given a link structure generated by the link parser for a
sentence in the training corpora, the domain knowledge engineer goes through four
steps to manually transform the link structure into a conceptual graph. In each step,
one kind of operation is performed. Each kind of operation maps certain part of the
syntactic structure into its corresponding semantic representation according to the
syntactic and semantic context. The concepts, schemataE] and relations contained in the
semantic representation are selected by the engineer from the domain ontology. Since
semantic ambiguities are rare in domain specific sentences (see section 1.1), it is
relatively easy for the engineer to perform these mapping operations (the process of
semantic analysis).

In order for computer to automatically perform these mapping operations later in
the generating phase, we convert the mapping into machine learning area so that it can
be learned by machine. The most studied task in machine learning area is inferring a
function that classifies a feature vector into one of a finite set of categories [D]. We
thus translate the mapping operation into classification operation by encoding the
operation as category and encoding the context in which the operation is performed as
feature vector. We call the feature vector context vector since it encodes the context
information of an operation. The vector generator in the left down corner of Fig.2 is

2 Schemata, as defined by Sowa in [1], is a set of conceptual graphs describing background
information in a domain.
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the component that executes this task. It converts mapping operations into context
vectors and corresponding categories.

After the training phase, a set of training vectors and categories can be obtained
and the system can enter into the generating phase. The core component in the
generating phase is the CG generator. Given a domain specific sentence, it performs
the following algorithm with the help of the machine learning engine and the link
parser to generate the conceptual graph.

1 get the link structure for the sentence from link parser.
2 generate an empty conceptual graph.

3 for (i = 1 to 4) { //perform the four kinds of operations
4 generate all possible context vectors from link

5 structure for the i-th kind of operation.

5 for (every context vector) {

6 if (an operation is needed for the vector) {

7 classify the vector using machine learning engine.
8 decode the classified category as an operation.

9 perform the operation on the link structure and
10 modify the conceptual graph according to the

11 operation result (using concepts, schemata and

12 relations from the domain ontology) .

13 }

14 }

15 }

16 do integration on the conceptual graph.
17 output the conceptual graph in CGIF format.

Algorithm 1. The algorithm of the CG Generator

This algorithm does not depend on any specific machine learning method. In the
current implementation, we are using IBL (Instance Based Learning) in the machine
learning engine. IBL makes it easy to determine whether an operation is needed for an
arbitrary vector in the above algorithm (line 6). IBL can return a distance value along
with the classification result. If the distance value is very large meaning that it can
hardly be classified, it can be determined that no operation is needed for the vector
because it is far from being similar to the existing training vectors and may be deemed
as noise. For other learning method, this determination may not be easily achieved.

In the following sections, we will explain Algorithm.1 and the four operations in
detail. We will use the sentence “The polo with an edge is refined enough for work”
as an example. The link structure of the sentence is shown in Fig.3. This sentence is
excerpted from a corpus of clothes descriptions collected from many clothes shops on
the Web. “Polo” is a certain kind of shirt and “edge” actually means collar.

Ss

Dm M D P M

The polo with an edge is refined  enough for  work

Fig. 3. The link structure for the example sentence
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3 Learning to Generate CGs

In this section, the four kinds of mapping operations: word-conceptualization,
concept-folding, link-folding and relationalization will be explicated along with
Algorithm.1. These four kinds of operations must be performed exactly in the above
order in both the training phase and the generating phase because subsequent
operations may use information generated in the previous operations. In section 3.5,
the integration on conceptual graph (line 16 of Algorithm.1) is explained.

3.1 Word-Conceptualization

¢ Function

Word-conceptualization is the first operation to be performed in Algorithm 1. Its
function is to create concept nodes in the initial empty conceptual graph for the open
words in the sentence. This operation can be seen as a word sense disambiguation
operation.

e Training

In the training phase, domain knowledge engineer select all the open words in the link
structure one by one. Once an open word is selected, the training interface can
provide the engineer a list of possible concepts and schemata retrieved from the
domain ontology for the open word. The engineer then selects the appropriate concept
or schema from the list.

This operation is then encoded by the vector generator into a context vector and its
category. For example, the context vector for the open word “polo” in the example
sentence may be <polo, NN, Dmu, Mp in which “NN” is the POS (part-of-speech)
tagﬂ and “Dmu” and “Mp” are the innermost left and right link types of “polo” (see
Fig.3). All the context information is obtained from the link structure.

The category for the context vector is encoded as the result of the operation — the
ID of the selected concept or schema in the domain ontology. In the current
implementation, we are using WordNet [[10] as an experiment ontology. The encoding
is something like “WN16-2-330153” which can be used later as a key to retrieve
concept (in WordNet terminology, word sense) from the WordNet database.

e Generating

In the generating phase, this operation is indicated in the first loop in Algorithm.1
(line 3). Generating all possible context vectors (line 4 of Algorithm 1.) is actually to
generate one context vector for each open word in the link structure of the sentence.
The generated context vector is then sent to the machine learning engine to do a
classification. The returned category is an encoding of concept or schema ID. In line 9
of Algorithm 1, the CG generator retrieves the concept or schema from the domain

3 The vector is just an example. For brevity, we are not trying to make the vector encoding
perfect in this paper. Actually, what context information is encoded into the vector is a
separate problem. This problem is isolated into the vector generator component. In the current
implementation, we defined a configuration file for the vector generator to address the issue.

4We can augment the link parser with a POS tagger so that the accurate POS tag information
can be added to the link structure and be obtained from it later.
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ontology according to the decoded ID and creates a concept node in the conceptual
graph.

Because word usage has patterns in domain specific sentences, we expect that
similar context vectors appear for a given open word on a specific word sense. Based
on these similar context vectors, we expect that the machine learning engine return
correct classification with a high possibility since the semantic ambiguity is also rare
in domain specific sentences.

After this step, all the concept nodes of the conceptual graph should be created. For
the example sentence, the conceptual graph after this step is shown in Fig.4. For
convenience, we use simple concept names in Fig.4. The “S-WORK” is the
“SUITABLE-FOR-WORK” schema in domain ontology. We will give more details
about it in section 3.5.

POLO EDGE REFINE ENOUGH S-WORK: *x

Fig. 4. Conceptual graph of the example sentence after word-conceptualization

3.2 Concept-Folding

e Function

Concept-folding operation “folds” concept modifiers into concept nodes. In a standard
conceptual graph, generic concepts are modified by an implicit existential
quantifier[[] p-86]. It is realized in the indefinite article “a” in English. In the classic
example “a cat sits on a mat” in Sowa’s book, “a cat” is translated into the generic
concept [CAT]. This is basically what this operation does. The indefinite article — “a”
—1is “folded” into the concept [CAT].

We extended concept modifiers to include generalized quantifiers, modal modifiers
and tense modifiers. Several modifiers can be combined together to modify a concept.
The modifiers “folded” into a concept node can be removed later in an equivalent
standard conceptual graph. This is done in the integration process described in section
3.5.

Generalized quantifiers are used to modify concepts that come from nouns. They
include ‘a’-quantifier (the original existential quantifier), ‘the’-quantifier, ‘few/little’-
quantifier, ‘some’-quantifier, ‘any’-quantifier, etc. Modal quantifiers are used to
modify concepts that come from verbs. They include ‘must’-modifier, ‘may’-
modifier, ‘can’-modifier, etc. Tense modifiers also are used to modify concepts that
come from verbs. They include ‘past’-modifier, ‘future’-modifier, etc. All the types of
modifiers can be assigned string Ids to identify them. In our current implementation,
about 20 modifiers have been included.

¢ Training
In the training phase, from the link structure, the domain knowledge engineer can
select any link that connect a concept modifier and a concept. Once such a link is
selected, the training interface pops up a list of all types of concept modifiers. The
engineer then selects the correct one from the list.

For example, in the example sentence, the “Dmu” link between “the” and “polo” is
such a link (see Fig.3). The “the” is folded into the [POLO] concept as a ‘the’-
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quantifier. This operation can be encoded as a context vector <the, Dmu> and its
category — the modifier’s string ID.

¢ Generating
In the generating phase, generating all possible context vectors for this operation (line
4 of Algorithm 1.) is actually to generate one context vector for each link that
connects a concept modifier with a concept. This needs to consult the concept
information generated in the word-conceptualization operations. The generated
context vector is then sent to the machine learning engine to do a classification. The
returned category is an encoding of the string ID of the modifier’s type. In line 9 of
Algorithm 1, the CG generator “fold” the modifier into corresponding concept.

In the example sentence, two concept-folding operations are performed. One for
“the polo” and one for “an edge”. Fig.5 is the conceptual graph of the example
sentence after this step.

POLO: # EDGE REFINE ENOUGH S-WORK:*x

Fig. 5. Conceptual graph of the example sentence after concept-folding

3.3 Link-Folding

e Function

After the concepts have been created in the previous two operations, we then create
the semantic relations between the concepts. Closed words (especially prepositions)
with their links imply relationships between the concepts of the words they connect.
For example, in the example sentence, ... polo --- with --- edge ...” fragment implies
a PART relation between [POLO:#] and [EDGE]. We can “fold” the 'with' and its left
and right links and replace them with a PART relation. This is just what the link-
folding operation does.

Closed words with their links representing semantic relations can be seen as word
usage patterns. In domain specific sentences, we expect such patterns occur
frequently. This actually enables the machine to learn the patterns from training
corpora. In addition, since semantic ambiguities are rare in domain specific sentences,
it can be expected that the result of the learning converge on the correct relation.
Similar analysis also applies to the next operation — relationalization in section 3.4.

e Training
In the training phase, the domain engineer can select any closed word that connects
two concepts and implies a semantic relation. After the closed word is selected, the
engineer can select the implied semantic relation from the domain ontologyﬂ

The context vector for this operation may encode context information such as the
POS tag of the closed word, the left and right link types and the two concepts. For the
“... polo --- with --- edge ... ” case, the context vector may be <with, IN, Mp, Js,

5 1t’s trivial to handle the direction of a relation. For brevity, we omitted it in this paper.
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POLE, EDGE>E] The category of the context vector is an encoding of the relation ID
in the domain ontology. For the above context vector, the category is the encoding of
the ID of the PART relation in the domain ontology.

e Generating

In the generating phase, generating all possible context vectors for this operation (line
4 of Algorithm 1.) is actually to generate one context vector for every possible case in
which a closed word connects two concepts. This needs consult the concept
information generated in the word-conceptualization operations. If an operation is
needed for the vector, it is sent to the machine learning engine to do a classification.
The returned category is an encoding of the relation ID in domain ontology. In line 9
of Algorithm.1, the CG generator retrieves the relation from domain ontology
according to the ID and creates the relation between the two concepts.

For instance, in the example sentence, there are three closed words that need link-
folding operation: ‘with’, ‘is’ and ‘for’. They are shown in Fig.6 along with their
links. Among them, the word ‘is’ is an auxiliary verb and ‘with’ and ‘for’ are
prepositions.

WW

he polo  with an edge is refined enough for  work

Fig. 6. The three closed words with their links in the example sentence

The relation implied by the auxiliary verb ‘is’ is THEME and the ‘for’ between
‘refined” and ‘work’ implies a RESULT relation. The conceptual graph after this step
has relations added between concepts. As to our example sentence, the conceptual
graph has grown to Fig.7.

POLO: # _>—> EDGE ENOUGH
@4— REFINE —>_> S-WORK:*x

Fig. 7. Conceptual graph of the example sentence after link-folding

3.4 Relationalization

e Function

Semantic relations can also be implied by links that connect two concepts in the link
structure. For example, the ‘MVa’ link between ‘refined’ and ‘enough’ in the link
structure of our example sentence implies a MANNER relation. The relationalization
operation directly translates this kind of links into corresponding semantic relations.

¢ The POLO and EDGE in the vector are actually the concept IDs in the domain ontology. We
will use the same convention in the following vector examples.
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e Training

In the training phase, domain knowledge engineer can select any link that implies a
semantic relation between concepts it connects. The engineer then selects the
semantic relation from the domain ontology for the connected two concepts.

The context vector for this operation can include information such as the link type
and the concepts. For the “... refined -MVa — enough ... ”, the context vector may be
<MVa, REFINE, ENOUGH>. The category for the context vector can be encoded as
the relation ID in the domain ontology. For the above vector, it is the ID of the
MANNER relation.

e Generating
In the generating phase, generating all possible context vectors for this operation (line
4 of Algorithm 1.) is actually to generate one context vector for every link that
connects two concepts. If an operation is needed for the vector, it is sent to the
machine learning engine to do a classification. The returned category is an encoding
of the relation ID in domain ontology. In line 9 of Algorithm.1, the CG generator
retrieves the relation from domain ontology according to the ID and creates the
relation between the two concepts.

After this step, more relations may be created in the conceptual graph. As to the
example sentence, the MANNER relation will be created to connect the [REFINE]
concept and the [ENOUGH] concept and the whole graph grows to Fig.8.

POLO: # —>—> EDGE
<«—{ REFINE —>—> S-WORK:*x
—» ENOUGH

Fig. 8. Conceptual graph of the example sentence after relationalization

3.5 Integration

Integration is the last step(line 16) in Algorithm.1. This step is not a part of the
training phase. It only appears in the generating phase and it is the only step that uses
manually constructed heuristics. What it does includes simple co-reference detection
and nested graph creation.

In the discussion of the previous four operations, we don’t involve lambda
expressions for brevity. In fact, they may appear when words for concepts are missed
in the sentence. They may also be introduced when schema is selected in word-
conceptualization phase. In order to complete the conceptual graph, we need to draw
co-reference lines between the variables in these lambda expressions.
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Although there is machine-learning based approach for co-reference detection [@,
in our work we mainly focus on the generation of conceptual graph for a single
sentence. Discourse analysis and co-reference detection is left for a separate research
work. For different domains, we may construct different heuristics for them. In our
current wok we simply make all undetermined references to point to the topic
currently under discussion. Nested graph (context) may be introduced by expanding
schema definition or removing modal/tense modifiers of a concept. In our example,
we have mentioned in section 3.1 that the concept type S-WORK is actually a
“SUITALBE-FOR-WORK” schema from the domain ontology. We can do an

expansion on it. Fig.9 is the definition for the “SUITALBE-FOR-WORK” schema.
SUTB represents the relation SUITABLE.

type SUITABLE-FOR-WORK(x) is

CLOTHES: *x —> WORK-SITUATION

Fig. 9. The definition for SUITABLE-FOR-WORK

After the expansion, we can do a simple co-reference detection that draws a co-
reference line between the undetermined variable x and the current topic [POLO:#].

After this step, the final conceptual graph is generated. Fig.10 is the result for our
example sentence “The polo with an edge is refined enough for work”.

/ POLO: # —>—> EDGE
!

[
<«—| REFINE —»—» ENOUGH

CLOTHES: *x —>—> WORK-SITUATION

Fig. 10. The final conceptual graph of the example sentence
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3.6 Summary

Through the sections from 3.1 to 3.5, we have explained the five operations that map
link structure to conceptual graph and show how we translate the mapping into
machine learning area. Word-conceptualization and concept-folding build concepts in
the conceptual graph. Link-folding and relationalization connect concepts with
semantic relations. In the last step, we use manually constructed heuristics to do
simple co-reference detection and nested graph creation.

We admit that the whole process is just a learning of mapping although generating
CG is surely more than just mapping. This semantic analysis has just made a good
beginning. The value of our work lies in the fact that it may be a good start point of a
bootstrapping process of semantic analysis.

Currently a system that reads clothes descriptions from clothes shops on the Web
and comprehends them in conceptual graphs is under development with IBM China
Research Lab. The system is based on the ideas presented in this paper.

4 Related Work

Recently there has been a significant increase in research on learning for natural
language by using corpora data [E] and there are growing numbers of successful
applications of symbolic machine learning techniques. Applying the technique
to conceptual graph generation has not yet been seen. Previous work on conceptual
graph generation either use manually constructed rules or are highly dependent on one
domain.

We roughly divide previous work into slot-filling and structure-mapping categories
according to their generating techniques. Slot-filling techniques such as [14[15] fill
template graphs with thematic roles identified in the parse tree. Often the conceptual
graph of one tree node is constructed using the conceptual graphs of its child nodes
according to construction rules on how to fill the slots. This process can be done
recursively bottom-up on the parse tree as in ]. Although this approach has been
successfully applied in many applications, it heavily depends on manually created
construction rules on the parse tree. These rules are not only hard to create but also
difficult to be port to different domains. These rules mix the syntactic knowledge of
the grammar used and the semantic knowledge of the domain. They create a tight
coupling between the two kinds of knowledge and thus make the independent change
of them difficult. In contrast, in our approach, the problem of how to perform
mapping operations is translated into machine-learning problems. We need not create
rules. We train the machine to learn the rules. The coupling of the syntactic
knowledge of link grammar and the semantic knowledge of domain is bound by
training. This coupling is loose and can be changed by training in different domains.

Another kind of technique advanced in previous work is to directly map between
syntactic structure and semantic structure of CG such as ] and . We call them
structure-mapping. In this respect, they are more similar to our work. To map to more
flat structures of conceptual graphs, uses syntactic predicates to represent the
grammatical relations in the parse tree. Instead, in our work, link grammar is
employed to directly obtain a more flat structure. Syntactic predicates are then
translated to all possible semantic interpretations according to a database of
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translating rules. All the possibilities are finally checked against a LKB. Different
from ’s approach, our work doesn’t uses manual rules. Moreover, we separate the
semantic mapping into several steps which greatly reduce the total number of
possibilities. In another work in , parse tree is first mapped to a “syntactic CG”.
The “syntactic CG” is then mapped to a real CG. This approach again heavily uses
manually constructed mapping rules (such as Parse-To-CG rules and SRTG rules in
[). Further more, unlike [18]’s two-tier mapping, we do the mapping from
syntactic structure in several steps but one-tier.

In , a multi-specialists framework for conceptual graph generation is proposed.
Our approach can function as a syntax specialist in the framework. Our work presents
a preliminary inquest into the use of machine-learning technique to generate
conceptual graphs from domain specific sentences. We expect that many
improvements are possible and our work may be selectively adopted or enhanced.
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Abstract. This paper describes and analyzes two different sub-systems of
knowledge structures — namely “domain-oriented” and “‘solving-oriented”
knowledge structures — in the results of a case study based on interviews and
experimental sessions. This case study consisted in the analysis of the activities
of an expert programmer in his debugging of a complex computer system. The
paper describes the approach adopted to study the conceptual (domain-oriented)
structures in relation to the cognitive (solving-oriented) patterns in the context
of problem solving activities. The results appear to be consistent with the role
of some solving-oriented cognitive patterns in debugging activity and the
contextual effects of the problem on the conceptual structures.

1. Introduction

Since the GPS (General Problem Solver) theory developed by [30], several studies
have tried to elucidate problem solving strategies and the different stages and
operations developed by the human or artificial solver, from an initial state to a final
one. These studies, and according to the information processing point of view, have
contributed to the better view we now have of the different types of problems and of
the role of a set of components, namely problem-space, problem representation, dual
search, hypothesis formulation, planning, problem states, and goal-driven solving (for
a review, see [18], [39]). Nevertheless, very few studies have addressed the
relationships between problem solving, on the one hand, and knowledge structures,
and in particular conceptual nets, on the other (see [25]). This may be due to the
methodological and empirical difficulties relative to the study of conceptual structures
in problem solving contexts, particularly in complex contexts such as debugging. This
may also be due to theoretical foundations which do not take into account
relationships between data and concepts, and the role of activation processes during
problem solving activity.

The present work is based on the assumption that there are two sub-systems of
knowledge structures relevant to problem solving: Solving-oriented knowledge and
Domain-oriented knowledge structures. Solving-oriented knowledge structures are
cognitive patterns of closely related features of a sub-problem space or a sub-problem
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© Springer-Verlag Berlin Heidelberg 2001



Solving-Oriented and Domain-Oriented Knowledge Structures 59

state. Domain-oriented knowledge structures are conceptual nets which represent
domain and problem related knowledge. In addition, two activation processes are
considered: data-driven and conceptual-driven activation. In the first, concepts are
activated by data selected from stimuli and through the instantiation of human
cognitive patterns (e.g. the wrong value of the window ordinate on the screen
activates some concepts related to the window in question). In the second, some
concepts of the conceptual nets are activated by other concepts and thus become
available for the cognitive patterns (e.g. a concept related to the window in question
activates an other concept related to the general function of the display, which
provides information about one or several attributes).

2. Problem Solving and Knowledge Structures

Problem solving activities are often studied in relation to the strategies and heuristics
developed by the subject to produce a solution. This point of view, however, does not
take into account the role of knowledge structures, their organization and their
activation. Neither does it satisfactorily elucidate the dynamic processes between
stimuli and knowledge structures on the one hand, and between knowledge structures
themselves during problem solving, on the other.

As an alternative, a different problem solving activity model is proposed here. This
model consists of three modules: stimulus structures, knowledge structures and
dynamics of resolution (Fig. 1).

Context Knowledge system
Stimulus Interaction Knowledge
structures produces structures

Dynamics of
resolution

Fig. 1. Model of the problem solving activity. Stimulus structures are the mental representation
of the stimulus found in the solving context and essentially in the problem space. The dynamics
of resolution is mainly the reflection of the interaction between stimulus structures and
knowledge structures.

The key question is to elucidate how one organizes and uses what s/he knows
about the problem, and how s/he organizes and uses what s/he knows about his/her
domain of expertise during problem solving. In this respect, we start from the
assumption that there are essentially two knowledge structure sub-systems which
contribute to problem solving. The first, solving-oriented, sub-system is made up of
cognitive patterns that represent, manage and process the problem data (data-driven
information), activate concepts and aim to solve sub-states of the problem. The
second, domain-oriented, sub-system is composed of conceptual nets that represent
and manage the concepts of the domain (conceptual-driven information); these
concepts are directly activated by the cognitive patterns (Fig. 2).
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These two sub-systems are different in the sense that each includes different
functional and structural relations. This distinction is based on the nature of
information to be processed (either data or concepts), and its relevance to problem-
solving. Hence, it is believed to be more appropriate than the one based on the content
of information (declarative or procedural).

LI |
Problem representation ~ Data-driven activation
Stimuli pattern |

T ¥

Other
Solving-oriented

knowledge structures < 3
T 3

Hypothesis pattern —

Solution Formulation - Testing ]
: < Conceptual-driven
production activation
J L
Solving-oriented Domain-oriented
knowledge structures knowledge structures

Problem-space

Fig. 2. A general model of knowledge structures in a problem solving activity.

3. Problem Solving and Knowledge Structures in a Debugging
Context

Many attempts have been made to model the debugging activity without considering
at the same time the two knowledge structure sub-systems. Instead, scholars have
focused solely on either of the two aspects ([22], [32], [33], [40], [41]). In addition,
there has been no obvious distinction between the different knowledge structures that
can play a crucial role in complex problem solving activities such as debugging. [40],
for instance, like [22], proposed a model based on a concatenation of operations
through a set of stages, while [32] introduced the role of the abstraction level in
program comprehension.

4. Knowledge Structures

This section consists in the presentation of the basic notions which will be made use
of in the subsequent discussion.
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4.1 Knowledge Schemas

The notion of schemzﬂ alone, is not sufficient to describe and explain the cognitive
processes underlying knowledge structures. This makes it necessary to consider the
different activation and operating processes of the schema, such as the meaning
construction processes studied by Kintsch ([23]; see also [29]), and the context
dependency aspects of concepts (reviewed by [2]; see also [3]). Thus, the study of
these processes in the context of a problem solving activity becomes important. As
knowledge schemas, the expert programmer’s cognitive patterns elucidated in the
debugging activity are contextualized because they process data stemming from the
bugs stimuli. They, consequently, activate some concepts from the highly
contextualized conceptual structures

4.2 Concepts and Semantic Networks

Basically, a concept is the cognitive meaning of a term and the smallest unit of
thought processes. Concepts are used to recognize an object as an instance of the
concept, to produce or to understand sentences in which the concept is expressed and
to develop constructs or cognitive systems using the concept in question.

First put forward by [6] and reviewed by [5], this notion has since been acquiring
more and more importance in cognitive science as an expert knowledge representation
technique.

In a semantic/conceptual network, and according to the Spreading Activation
Theory (SAT),E] concepts are represented by nodes, which are interconnected by links
or labeled relations. Various types of relationships can define links between concepts
The most common representation of conceptual networks, as shown in Fig. 3 (form
A), is unhierarchical and can be qualified as static. The alternative suggested by the
present work (Fig. 3, form B) represents the knowledge core as a spiral coiling round
a central concept; the concept which has the greatest number of direct and indirect
links (i.e. embeddedness). This representation, inspired from [15] and [38], is
dynamic because the central concept and the general structure of the network can
evolve according to the context.

5. Conceptual Structures and Expertise

5.1 Conceptual Chunking and Expertise

Chunking is a mechanism which puts together representation units (such as concepts,
schemas, scripts). These units result from the integration and the embeddedness of
smaller units that lose their autonomy, thus creating new storage autonomies. Such

' See [1], [3], [20], [31], [34], [35], [36]; [37]. Concerning program comprehension, see [10],
[11], [12], [32], [33]. Concerning planning processes, see [21].
2 proposed by [5].
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representation units emphasize the sophisticated and refined hierarchy in the
conceptual organization. Concepts and chunks are used unconsciously by experts,
through activation processes, to direct and to interpret perceptual groupings and
configurations (see [7], [19]). Conceptual chunking plays a crucial role in the expert
problem solving activities ([8], [28]). The following sections will show how concept
chunks can be activated to direct the programmer’s cognitive patterns, which, in turn,
select data from stimuli structures.

general display v Second-level link
7
Launches function curM First-level link
Executes Cenfral concept
raffraichis-1- \ Rank number
Scran-méthode
number of
2) Tistiever
1692 " links
Opens
. embeddedness
L standard 2Y 6
@ defines - window
“ 5 4 3
general raffraichis-1-écr| | standard
display an-méthode window
2,6 2,6 2,6
form A form B

Fig. 3. Semantic network representations: comparison between two forms.

5.2 Conceptual Structures and Contextual Clues

Knowledge nets represent retrieval structures through activation processes that
depend both on direct stimulus information and on contextual information. Context is
relevant not only to encoding processes, but also to activation processes. [14]
presented a review and experimental data showing the importance of contextual
information, particularly for the expert (for an extended review, see also [2]). It was
argued in [26], [27] that, for an expert programmer, contextual features are more
important than direct stimulus information. This is even more the case in problem
solving activities such as debugging, where contextual clues help the expert have a
dynamic mental representation of the bug, reinforce his hypothesis and activat the
relevant concepts.

6. Method

Two different techniques were applied to study both solving-oriented and domain-
oriented structures and the relations between them. These are verbal protocol and

3 Activation is unconscious and does not need conscious and logical reasoning.
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techniques based on semantic networks. These techniques were used in an extended
case study of the activities of an expert programmer in his debugging of complex
computer system, through genuine (not artificially created) bugs (see [28]). In
addition, a questionnaire was prepared and distributed to 60 expert programmers, in
order to verify our assumptions about the knowledge structures identified in the case
study.

6.1 Verbal Protocol Tracing and Analysis

6.1.1 Tracing Technique

During the debugging, use has been made of active tracing. This corresponds to the
real time activity during which the expert programmer describes what he does, both
by giving verbal descriptions of his thoughts during the solving process, and by
inserting in this description all elements that belong to the solving context, and more
particularly, elements that are relevant to his activity. The programmer’s activity has
also been recorded using a built-in program included in the system to debug.

6.1.2 Types of Corpuses to Analyze

From the raw verbal protocols gathered, and according to the segmenting technique,
two types of RTD (Real Time Debugging) corpuses were produced. The “RTD I”
corpuses are the result of a “macro-structural” segmenting which is based on type I
textual units. These units correspond to phrases constructed around a verbal core with
all necessary ingredients to make sense (e.g., subject, object). These corpuses allow
the study of the global solving actions, the different cognitive sub-activities implied in
the solving process, and the solving-oriented knowledge structures. The “RTD II”
corpuses are based on a “micro-structural” segmenting. A type II textual unit
corresponds to a fragment of a proposition that either announces something important
in the activity or introduces an important concept. The “RTD II” corpuses allow the
study of the global solving actions through verbs that the programmer used, as well as
the conceptual structures, through what has been called concept-words in the present
research (e.g. window, list, defun, grep).

6.1.3 Corpus Indexing and Analysis

A general model of debugging activity indexing (Table 1) was used to index the
“RTD I” corpuses, in order to identify cognitive patterns and cognitive sub-activities.
This model contains 12 global units and a total of 30 analysis units. The “RTD I”
corpuses are indexed by three indexing and analysis units which are “action”, “global
action” and “concept-word”. The analysis of the indexed corpuses is based on

statistical computations.



64 S. Masmoudi

6.2 Semantic Network Technique

6.2.1 Experimental Procedure to Study Conceptual Structures

Each concept-word identified in the corpus is used as an experimental stimulus
manipulated in an experiment. The stimuli are successively presented to the expert
programmer who is asked to react by providing as quickly as possible the word which
each stimulus triggers in his mind. The result of the experiment is a set of
concept/association pairs (Fig. 4).

Table 1. General model of debugging activity indexing.

1. Bug representation 8. Cost management

2. Information search 8.1 management of the cognitive cost
2.1 dynamic search 8.2 management of the material cost
2.2 static search 9. BAC (Bug Appearing Conditions)
2.3 search about state 9.1 BAC generalization
2.4 search about process 9.2 BAC fine-tuning

3. Information search goals 10. Hypothesis formulation
3.1 well-working/badly-working 10.1 problem reformulating

comparison 10.2 new hypothesis

3.2 determining when 10.3 hypothesis generalization
3.3 determining how 10.4 hypothesis fine-tuning
3.4 determining why 11. Hypothesis testing
3.5 determining what 11.1 positive test strategy

4. Interpretation 11.1.2 positive target test

5. Stimulus 11.1.1 positive hypothesis test
5.1 textual stimulus 11.2. negative test strategy
5.2 experimental stimulus 11.2.1 negative hypothesis test

6. Observed phenomena 11.2.2 negative target test
6.1 provoked stimulus 12. Specific domain knowledge evocation

6.2 spontaneous stimulus
7. Nature of activity cost

7.1 cognitive cost

7.2 material cost

For each debugging session, the list of concept/association pairs resulting from the
experiment represents the first material of analysis. The produced semantic network is
called “Out-of-Context Semantic Network” (OCSN), since the programmer is not in a
problem solving situation (debugging).

The second material of analysis corresponds to other pair lists. The first element of
each pair represents a concept-word as stated in the verbal protocol. Each concept-
word is associated with the one that follows it. The succession of concept-words as
stated in the verbal protocol describes the contextual dynamic links which relate each
concept-word to the one that follows it. The resulting semantic network is called
“Contextualized Global Semantic Network” (CGSN), since it corresponds to the
problem solving situation (debugging activity).
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6.2.2 Semantic Network Analysis Technique

Use was made of a computer program called “SemNet”([16], [17]) adapted for the
purpose of the present research. This program produces a visual representation of the
programmer's knowledge core. For each concept, it calculates two values: n, that
corresponds to the number of concepts to which it is directly related, and n,
(embeddedness) which is the sum of n, and the number of concepts to which those of
the first level are related. The advantages of this analysis are the following:
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Fig. 4. Procedures used to produce an “Out of Context Semantic Network” (OCSN).

— it provides the possibility to represent the expert’s knowledge as a dynamic
semantic network;

— it makes it possible to identify differences between two situations (contextualized
situation and experimental uncontextualized situation) according to the structure
produced, to the network complexity and to the central concept.

— it makes it possible to identify the central concept, to visualize the chunk of a
concept and to compare different networks between them.

To sum up, this analysis shows the relationships between the cognitive (solving-
oriented) patterns and the conceptual (domain-oriented) structures. Thus, it shows
how these conceptual structures evolve through the problem solving activity.

7. Results and Discussion

Domain-oriented and solving-oriented knowledge structures were firstly studied
through the “General model of indexing debugging activity”. The results of the
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implementation of this model (Table 1) highlight the importance of essentially three
cognitive patterns (Table 2): Bug Cognitive Pattern (BCP), Bug Appearing
Conditions Cognitive Pattern (BACCP) and Hypothesis Pattern (HP).E]

Table 2. This table summarizes the occurrences of textual units indexing the different patterns.
Each cognitive pattern has an occurrence rate significantly bigger than the average calculated
over the total of textual units (A = 920 textual units / 12 indexing units = 76,7; P, = 8,3%). The
importance of these patterns and their attributes has been confirmed by the questionnaire (Table
3).

Cognitive ~ N % __IN-767] With o= 5%, €, = 1,96
Pattern N+ 767
BCP 187 20,3 6,8 6,8 > 1,96: significant difference
BACCP 191 20,8 6,4 6,4 > 1,96: significant difference
HP 129 14 3,7 3,7 > 1,96: significant difference

7.1 Solving-Oriented Knowledge Structures

7.1.1 Bug Cognitive Pattern (BCP)

This solving-oriented knowledge structure provides the necessary and sufficient
attributes which allow the programmer bug detection and the mental representation
triggering a hypothesis formulation process. This pattern is instantiated and updated
along the debugging process, through the visualization of different stimuli and the
experimental manipulations of the programmer.

Enlarged BCP ——— Enlarged BCP
Reduced BCP

e mg.wnd window
Initial _ Reduced BCP containing objects

state .
constitued of related by links Deviation between
l |Dev1anon| l c OnSme d off the link s coordinate

Final j - The links The links

Us.er P ctate T— Real L Expected move mg.wnd | I |Final | §i6 not moveJ—. move

action value value by seizing it from state properly properly
the corners

Fig. 5. Schematic representation of the “Bug Cognitive Pattern” and its illustration with the
“move-link” bug. The BCP is supposed to have a decoding capacity of all information related
to the bug.

Results emerging from the questionnaire show the importance of the instantiation
of the BCP attributes. Table 3 summarizes the possible instantiation percentages of
the expert programmers who refer to an attribute.

4 For further analysis of the BACCP, see [27]. Because of space constraints, this point cannot
be investigated here.



Solving-Oriented and Domain-Oriented Knowledge Structures 67

Results show the significant importance of the different BCP attributes identified
according to verbal protocols, and their different instantiations.

Table 3. Importance of the different BCP attributes according to the questioned expert
programmers. The importance of the pattern attributes as well as their instantiations was
confirmed and refined by an open pre-questionnaire distributed to an experimental population
of 90 programmers. Other sixty expert programmers have to select one attribute instantiation.
Here are the percentages of the expert programmers who define the attribute according to an
instantiation.

Pattern attribute Attribute instantiation / %
1. Defining the program’s expected real value  logical value  specification
abnormal behavior value
37,5 20,9 20,8 20,8
2. Defining the initial state data input initialization before
variables execution
42,8 28,6 28,6
3. Defining the user action suspected  leading to the last expected
cause result
75 25
4. Defining the final state first computing step program’s executed code
incoherent with expected end after the bug
result appearing
66,7 27,8 5,5
5. Defining the expected predicted result provided from other  specified result
value value computing mean
52,6 31,6 15,8
6. Defining the deviation quantitative / qualitative gradual
deviation deviation
55,6 444
7. Defining the values interval type of result valid / invalid
domain of the expected
result
50 38,9 11,1

7.1.2 Hypothesis Pattern (HP)

The hypothesis is defined, in the present work, as a solving-oriented knowledge
structure. The expert programmer is supposed to instantiate, throughout the
debugging session, the attributes of this structure in interaction with the bug mental
representation (BCP).
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Fig. 6. Relationships between the “Hypothesis Pattern” and “BCP”. According to the verbal
protocols, the expert programmer formulates two types of hypothesis: a “state hypothesis” and
a “process hypothesis”. The relationships between the attributes BCP and HP emphasize, on the
one hand, the strong relation between the solving-oriented knowledge structures and the
stimuli, and, on the other hand, the strong relation between those structures and the domain-
oriented ones. The latters are based on the “expected state” and the “expected process”. This
process corresponds to the way in which the program is executed. In order to have a mental
representation of the expected process, the programmer must activate domain-oriented
(conceptual) structures.

7.2 Domain-Oriented Knowledge Structures

Conceptual domain-oriented structures are activated by the contextual clues (data)
through the solving-oriented structures. Four aspects were adopted for the study of the
contextual effect: semantic network complexity, general structure, central concept and
central micro-network.

CGSN (contextualized) is more complex than OCSN (uncontextualized) since
there are more links between its elements. The debugging context has an effect on the
programmer’s knowledge core of activated concepts, as shown by the greater
complexity of the network. Instead, debugging context activates more concepts and
provides temporary relations between them. According to the contextual clues, the
central concept and the micro-network differ in CGSN and OCSN. The central
concept in CGSN, which is the most embedded one, has a strong relationship with the
bug solution (the error consists, in this example, in a missing attribute — an
unpredicted case — of the “declignot” function).
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Fig. 7. Comparison between Contextualized Global Semantic Network (CGSN) and Out-of-
Context Semantic Network (OCSN).

Thanks to its multiple activations throughout the problem solving activity, and its
high degree of embeddedness, a concept becomes central and strongly related to the
bug location. The activation processes described above depend highly on the different
cognitive pattern instantiations (BCP, BACCP and HP).

With the semantic network technique, the conceptual chunk of a selected concept
can be visualized. For each selected concept, this chunk displays the other related
concepts, both in CGSN and OCSN. Significant differences were found between the
embeddedness of the related concepts of a chunk from CGSN to OCSN. Results
showed also strong relationships between the cognitive patterns and the conceptual
structures (essentially the different chunks) throughout the debugging activity
progress.

8. Conclusion

This paper is based on the assumption that a distinction has to be made between
solving-oriented and domain-oriented knowledge structures. It is supposed that the
latters correspond to conceptual structures which are activated in interaction with the
cognitive patterns of some aspects of the problem space. These patterns play a crucial
role in decoding stimulus and contextual information, and in domain-oriented concept
activation. The discussion of a part of the presented results emphasizes this distinction
which needs to be further explained and emphasized using other experimental
techniques, over other problem solving activities. This distinction does not contradict
strong relationships between the two knowledge structure sub-classes. It may be a
theoretical foundation of future problem solving simulations.

The semantic network representation, that was implemented through the “SemNet”
technique, seems to be a powerful means to study conceptual structures and
contextual effects. Indeed, it makes it possible to distinguish the stable knowledge
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core and the contextual-based one.E] Nevertheless, it would be interesting to
investigate, in future studies, the activation processes and the interactions between the
cognitive patterns and the conceptual structures, in other complex problem solving

ac
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Abstract. In the ICCS 2000 proceedings we introduced negation to
simple concept graphs without generic markers by adding cuts to their
definition. The aim of this paper is to extend this approach of cuts to
simple concept graphs with generic markers. For these graphs, a set-
theoretical semantics is presented. After this a modification of Peirce’s
beta-calculus is provided, and definitions for mappings @ and ¥ between
concept graps and first order logic are given. If we consider both concept
graphs and first order logic formulas, together with their particular deriv-
ability relations, as quasiorders, @ and ¥ are mutually inverse quasiorder
isomorphisms between them. The meaning of this fact is elaborated. Fi-
nally we provide a result that links the semantics of concept graphs and
the semantics of first order logic. This result can be used to show that
the calculus for concept graphs is sound and complete.

1 Motivation and Overview

In [DaQ0], we introduced negation to simple concept graphs without generic
markers by adding cuts to their definition. These concept graphs are closely
related to the a-part of the existential graphs of Charles Sanders Peirce, which
consist only of cuts and propositional variables. The aim of this work is to
extend the approach of [Da00] to simple concept graphs with generic markers.
These graphs correspond to the G-part of existential graphs, namely to existential
graphs which are built up of cuts, relation names, and lines of identity. It is
accepted that these graphs are equivalent to first order logic. An argumentation
to support this (but, in our view, not a strict mathematical proof) can be found
in [Ro73]. Therefore it seems to be evident that a class of simple concept graphs
with generic markers and negations (i.e. cuts) are equivalent to first order logic,
too. Indeed, this equivalence can be described and proven in a mathematically
precise way, which will be in [Da01]. In this paper, we want to elaborate some
aspects of this work.

To start, we provide the necessary definitions for concept graphs with cuts.
A mathematical semantics for these graphs which is based on power context
families is presented. After this sematical part, we provide a calculus which is
based on the (-calculus for existential graphs, but which captures the specific
properties of concept graphs. A mathematical definition for the version of the
well-known ®-operator which maps (in this case) simple concept graphs with cuts
to first order logic is given, as well as the definition for a mapping ¥ in the inverse
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direction. It turns out that @ and ¥ are mutually inverse isomorphismns between
the quasiordered sets of concept graphs and first order logic. The proof for this
is very extensive (and will be given in [Da01]). In this paper, we investigate
only the meaning of these isomorphismns. Finally, we give a result that links
the semantics for concept graphs to the usual relational semantics for first order
logic. This result can be used to show that the calculus for concept graphs is
sound and complete.

2 Basic Definitions for Simple Concept Graphs

First, we start with an underlying set of variables and names which are needed
in concept graphs as well as in first order logic.

Definition 1.

1. Let Var be a countably infinite set. The elements of Var are called variables.
In concept graphs, we need a sign *, the generic marker. Further we assign
a new sign *o to each variable o € Var.
2. An alphabet is a triple A:= (G,C,R) such that
— G is a finite set whose elements are called object names.
— (C,<c) is a finite ordered set with a greatest element T. The elements
of this set are called concept names.
— (R,<R) is a familiy of finite ordered sets (Ri,<wr,), k =1,...,n (for
an n € N with n > 1) whose elements are called relation names. Let
id € Ry be a special name which is called identity.

Now we can define the underlying structures of concept graphs with cuts.
There are two slight changes compared to Definition 2 in [Da00]: First, for purely
technical reasons, we add the sheet of assertion to the definition. Second, we
change the definition of the mapping area so that the area of a cut ¢ contains
vertices, edges, and other cuts which are enclosed by ¢, but not if they are nested
deeper inside other cuts. The only reason for this is that this definition reflects
the meaning of area in existential graphs better than the definition in [Da00].

Definition 2. A relational graph with cuts is a structure (V, E,v, T, Cut, area)
such that

— V., E and Cut are pairwise disjoint, finite sets whose elements are called
vertices, edges and cuts, respectively,

—v:E—= U V¥ (foran €N,n>1) is a mapping,

— T s a single element, the sheet of assertion, and

area : Cut U{T} = PB(V U E U Cut) is a mapping such that

a) ¢1 f=ca = area(cy) Narea(c2) =0,

b) VUEUCut = Upeouqry area(k),

c) ¢ & area™(c) for each ¢ € Cut and n € N (with area®(c) := {c} and

area™t1(c) := area™(c) U{area(c')| ¢ € area™(c)}).
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For an edge e € E withv(e) = (v1,...,v;) we define |e| := k and V(e)‘i = ;.
For eachv €V, let E, :={e € E | i y(e)|i = v}. Analogously, for each e € E,
let Vo :={v eV |3 V(€)|Z. = v}. If it cannot be misunderstood, we write e’i
instead of u(e)|i.

The empty graph has the form &y := (0,0,0, T, 0,0).

We say that all edges, vertices and cuts in the area of ¢ and all items which
are deeper nested are enclosed by c:

Definition 3. For a relational graph with cuts (V, E,v, T, Cut,area) we define
area : Cut U{T} — B(VUEUCCut), area(c) := |,y area™(c). Every element
k of area(c) is said to be enclosed by ¢, and vice versa: ¢ is said to enclose k. For
every element of area(c), we say more specificly that it is directly enclosed by c.
Because every k € VU E U Cut is directly enclosed by exact one ¢ € Cut U{T},
for every k € area(c) we can write ¢ = area”*(k), or even more simply and
suggestive: ¢ = cut(k).

By ¢1 < ¢g :<= ¢1 € area(ce) a canonical tree ordering on Cut U {T} with
T as greatest element is defined.

In this work, we will only consider graphs in which vertices must not be
deeper nested than any edge they are incident with. This is captured by the
following definition:

Definition 4. If cut(e) < cut(v) holds for every e € E and v € V such that e
is incident with v, then & is said to have dominating nodes.

Now simple concept graphs with cuts are derived from relational graphs
with cuts by additionally labeling the vertices and edges with concept names
and relation names, respectively, and by assigning a reference to each vertex.

Definition 5. A simple concept graph with cuts and variables over the alphabet
A is a structure & := (V, E,v, T, Cut, area, k, p) where

— (V,E,v, T,Cut,area) is a relational graph with cuts

- k:VUE — CUR is a mapping such that (V) C C, k(E) C R, and all
e € E with v(e) = (v1,...,vx) satisfy k(e) € Rg

—p: V= GU{x}U{*q|a € Var} is a mapping.

If additionally p : V- — GU{x} holds, then & is called simple concept graph with
cuts over the alphabet A. If even p : V' — G holds, then & is called nonexistential
simple concept graph with cuts over the alphabet A. For the set E of edges, let
Eiq:={e € E|k(e) =id} and FEnonia := {€ € E| k(e) /£id}. The elements of
FE;q are called identity-links.

In the rest of this work, we will mainly talk about (existential) simple concept
graphs with cuts and dominating nodes over the alphabet A, and will call them
"concept graphs’ for short. This set of concept graphs is denoted by CG.
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The mathematical definitions make up an exact and solid foundation for
concept graphs which can serve as a precise reference and a basis for mathemat-
ical proofs on concept graphs. But in order to work with concept graphs, their
mathematical representations are too clumsy and too difficult to handle. Hence
one may prefer the well known graphical representations of conceptual graphs.
Because we added cuts as new syntactical elements to the graphs, we have to
explain how concept graphs with cuts are drawn. This shall be done now.

Vertices are usually drawn as small rectangles. Inside the rectangle for a
vertex v, we write first the concept name k(v) and then the reference p(v),
seperated by a colon. These rectangels are called concept boxes. An edge e is
drawn as a small oval with its relation name x(e) in it. The name ’id’ for the

identity is often replaced by the symbol '=’. These ovals are called relation ovals.
For an edge e = (v1, ..., v,), each concept box of the incident vertices vy, ..., v,
is connected by a line to the relation oval of e. These lines are numbered 1, ..., n.

If it cannot be misunderstood, this numbering is often omitted. There may be
graphs such that its lines cannot be drawn without their crossing one another.
To distinguish such lines from each other, Peirce introduced a device he called
a 'bridge’ (see [Ro73], Page 55). But, except for bridges between lines, all the
boxes, ovals, and lines of a graph must not intersect. Nearly all graphs which
occur in applications do not need bridges. Finally, a cut is drawn as a bold
curve (usually an oval) which exactly contains in its inner space all the concept
boxes, ovals, and curves of the vertices, edges, and other cuts, resp., which the
cut encloses (not necessarily directly). The curve of a cut may not intersect any
other curves, ovals or concept boxes, but it may intersect lines which connect
relation ovals and concept boxes (this is usually inevitable).

To illustrate these agreements, consider the following graph over the alphabet
= (0, {CAT, ANIMAL, T} ,{cute, id}) in its mathematical form:

& = ({v1,v2}, {e1, ea}, {(e1, (v1,v2)), (e2,v2)}, T, {c1,ca},
{(Ta®)7(Clv{vl})v(027{U27€1’62})}a
{(v1, CAT), (va, ANIMAL), (e1,id), (ea, cute) }, {(v1, *), (v, %)})

In Figure [[l we give one (possible) diagram for this graph. The indices vy, vs, €1,
ea, 1, ca do not belong to the diagram. They are added to make the translation
from & to the diagram more transparent. Now one can see that the intuitive
meaning of the graph is ’it is not true that there is a cat which is not a cute
animal’, i.e. ’every cat is a cute animal’. This will be worked out in Section [3

[CAT:*}—ECHANIMAL +H{cute ]]
Vi

C

Fig. 1. One example for a simple concept graph with cuts and dominating nodes
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For our further work, especially for the calculus, the notion of a subgraph
is needed. We distinguish beween subgraphs and closed subgraphs. Informally
spoken, a subgraph is a part of a graph such that

— if the subgraph contains a cut ¢, then it contains whatever is scribed inside
¢, i.e. area(c), and

— if the subgraph contains an edge, then it contains all vertices which are
incident with the edge.

If it holds furthermore that for each vertex of subgraph all incident edges are
part of the subgraph, too, then the subgraph is called a closed subgraph. Instead
giving a formal definition for this (which will be in [Da01]), we only provide some
examples.

The marked area in the left example is no subgraph. The marked area in the
middle example is a subgraph which is not closed. The marked area in the right
example is a closed subgraph in the outermost cut.

We use the following teminology: For each vertex, edge, cut, or subgraph,
we say that it is evenly enclosed iff the number of cuts which enclose it is even,
otherwise it is oddly enclosed. Evenly enclosed cuts are also called positive cuts,
and oddly enclosed cuts are called negative cuts. The formal definitions can be
found in [Da00].

3 Semantics for Simple Concept Graphs

As in the papers of Prediger (cf. [Pr98a], [Pr98b]) or as in [Dal(], we use power
context families as model structures for concept graphs. Their definition can be
found in [Wi97], [Pr98b] or in [Da00]. But we want to repeat the definition of
a K—interpretation which we presented in [Da00], because the identity-relation
ide Ry caused a slight change to Prediger’s definition of a K—interpretation.

Definition 6. For an alphabet A := (G,C,R) and a power context family ]K, we
call the union X := A\g UAc UM of the mappings A\g: G — Go, Ac:C — B(Ko)
and A\p: R — Rz a K—interpretation of A if A\¢ and Ar are order-preserving,
Ae(T) =T, Ar(Ri) CB(Kg) forallk =1,...,n, and (g1, 92) € Ext(Ar(id)) &
g1 = g2 hold for all g1,92 € G. The pair (K, A) is called context-interpretation
of A or, according to classical logic, A-structure.
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Now we can define whether a concept graph is valid in an A-structure. To
do this, we read and evaluate the graph from the outside. Hence we start with
the sheet of assertion T, and proceed with the inner cuts. This method (reading
a graph from the outside and proceeding inwardly) was called ’endoporeutic
method’ by Peirce (see [Ro73]). Before we give a precise definition, we exemplify
this method on the graph & from Figure [

We start the evaluation of this graph on the sheet of assertion T. Because
only the cut ¢; is directly enclosed by T, the graph & is true if the part of &
which is enclosed by ¢; is false. Because ¢; contains the vertex v; and the cut cs,
we come to the following conclusion: & is true iff it is not true that the following
two conditions hold: There exists an object such that oy is a cat (lets call it o;)
and the information which is enclosed by ¢y is false. Now we have to evaluate
the area of cy. Intuitively spoken, the area of ¢y is true iff there is an object that
is a cute animal and identical to o;. Note that during this evaluation, we refer
to the object o1. That is why the endoporeutic method goes from the outside to
the inside: We cannot evaluate the inner cut ¢y unless we know which object is
assigned to the generic marker in the vertex v;. Finally & is true if there is no
cat such that there is no other object which is identical to the cat (hence the cat
itself) and which is a cute animal. In simpler words: & is true if there is no cat
which is not a cute animal, i.e. if every cat is a cute animal.

Hopefully this example helps the reader to understand the following defini-
tions. The assignment of objects to vertices by valuations:

Definition 7. Let(K, A) be a context-interpretation of the alphabet A and & =
(V,E,v, T,Cut,area, k,p) be a graph. A partial valuation of & is a mapping
ref : V! CV — Kg such that V! O {v € V|p(v) € G} = Vg and ref(v) =
Ag(p(v)) holds for allv € Vg. If V! =V holds, thenref is called (total) valuation
of &.

With the endoporeutic method, we can evaluate the area of a cut ¢ in a
concept graph & if we already have a partial valuation ref which assigns objects
to the vertices which are placed outside of ¢. This is written down (K,\) =
&lc, ref] and defined as follows:

Definition 8. Let (K, A) be a context-interpretation of an alphabet A and let
& :=(V,E, v, T,Cut,area, k, p) be a concept graph. Inductively on the tree CutU
{T}, we define (K, \) = &[c,ref] for every cut ¢ € Cut U{T} and every partial
valuation ref : V' — Ko with V' D |J{area(d)|d € Cut U {T},d > ¢} and
V' Nnarea(c) = 0:
(K, \) £ &[c,ref] =
ref can be extended to a partial valuation ref : V' U (Vnarea(c)) - Ko (i.e.
;é?(v) =ref(v) for allv € V') such that the following conditions hold:

- ref(v) € Ext(Ac(k(v))) for each v € V Narea(c) (vertex condition)
- ref(e) € Ext(Ar(r(e))) for each e € ENarea(c) (edge condition)
- (K, \) # 6[d, ref] for each ¢ € Cut Narea(c) (iteration over Cut U{T})



78 F. Dau

For (K, \) = &[T,0] we write (K,\) = &. If we have two concept graphs
&1, B, such that (K, \) |E &2 for each A-structure with (K, \) = &1, we write
&) = Gs.

Note that this definition (in particular the edge condition) relies on the con-
dition that we consider concept graphs with dominating nodes only.
Now we are prepared to present the calculus for concept graphs.

4 The Calculus for Simple Concept Graphs with Cuts

The following calculus is based on the S-calculus of Peirce for existential graphs
with lines of identity. More precisely: The first five rules of the calculus are
a concept graph version of Peirce’s J-calculus. The rules ’generalization’ and
‘specialization’ encompass the orders on the concept- and relation names. The
rules "T- and id-Insertion’ and 'T- and id-Erasure’ are needed to comprehend
the specific properties of the concept name T and the relation name id. For the
sake of intelligibility, the whole calculus is described using common language.
An appropriate mathematical definition as in [Da00] will be given in [Da01].

Definition 9. The calculus for simple concept graphs with cuts over the alphabet
A consists of the following rules:

— erasure
In positive cuts any directly enclosed edge, isolated vertexr and closed subgraph
may be erased.

— insertion
In negative cuts any directly enclosed edge, isolated vertex and closed sub-
graph may be inserted.

— iteration
Let By be a subgraph of & and let ¢ < cut(Bg) be a cut that does not belong
to Bg. Then a copy of &y may be inserted into ¢. For every vertex v with
cut(v) = cut(Bg), an identity-link from v to its copy may be inserted.

— deiteration
If B¢ is a subgraph of & which could have been inserted by rule of iteration,
then it may be erased.

— double cuts
Double cuts (two cuts c1, ca with cut =t (ca) = {c1}) may be inserted or erased.

— generalization (unrestriction)

For evenly enclosed vertices and edges, their concept names or object names
resp. their relation names may be generalized.

— specialization (restriction)

For oddly enclosed vertices and edges, their concept names or object names
resp. their relation names may be specialized.

— isomorphism
A graph may be substituted by an isomorphic copy of itself.

— T- and id-Insertion
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1. T-rule
For g € GU {x}, an isolated vertex may be inserted in arbitrary
cuts.

2. identity

Let g € G, let , be two vertices in cuts c1, co, TESp., and

let ¢ < ¢q,c9 be a cut. Then an identity-link between ’ P g‘ and ’ P g‘

may be inserted in c.
3. splitting a vertex
Let g € GU {x}. Let v : be a vertex in cul ¢y and incident with

relation edges Ry, ..., R,, placed in cuts c1,...,cy, resp.. Let ¢ be a cut
such that c1,...,c, < ¢ < ¢o. Then the following may be done: In c,
a new vertex v’ :m and a new identity-link between v and v’
inserted. On Ry, ..., R,, arbitrary instances of v are substituted by v’.

4. congruence
Let g € G and letv : be a vertex in cut c. Then the following may

be done: In ¢, a new vertex v’ : and a new identity link between
v and v’ is inserted. On every edge, every instance of v is substituted by
!/
v’
— T- and id-Erasure

The T- and id-Insertion-rule may be reversed.

Ezxample 1. Here is an example for the iteration-rule. Note that for one of the
two possible vertices an identity link is inserted to its copy.

E

{-m ®ie= T

[E‘

0

Below please find two examples for the T- and id-Insertion rule 2 (splitting

a vertex).
sl b PO T ® feal]
2 O

Here is an example for the T- and id-Insertion rule 4 (congruence).

MAT| - [T¥oyol () [CaT | (on) At
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A very common operation for concept graphs is the juztaposition. We ommit
the mathematical definition here and describe only its graphical notation. The
juxtaposition of a given set {&; |1 < i < n} of graphs is simply writing them
side by side: &1 &5 ... &,,. The juxtaposition of a empty set of graphs is the
empty graph. The juxtaposition is needed to define the syntactical entailment
relation:

Definition 10. Let &,, &, be two nonezistential concept graphs. Then & can
be derived from &, (which is written &, b &) if there is a finite sequence
(&1,Gs,...,8,) with & = &, and &, = B,, such that each G;11 is derived
from &; by applying one of the rules of the calculus. The sequence is called a
proof for &, - &).

If {&;]i € I} is a (possibly empty) set of nonexistential concept graphs,
then a graph & can be derived from {&;|i € I} if there is a finite subset
{&1,...,6,} C{&;|i I} with&,...6, F&.

5 The Syntactical Equivalence between CG and FOL

Another way to understand concept graphs if to translate them to formulas
of first order logic. Mappings which translate conceptual graphs to formulas of
predicate logic (first or higher order) are usually denoted by @. In this work, we
give a mathematical definition for an operator @ which translates concept graphs
to formulas of first order logic with equality and with relation names (i.e. the
concept and relation names of A) but without function names. The set of these
formulas over A is denoted by FOL# or, even simpler, by FOL. For a formula
f, the set Free(f) of the free variables in f is defined as usual.

To define the mapping @ : CG — FOL, let & := (V, E,v, T, Cut, area, &, p)
be a simple concept graph with cuts, variables, and dominating nodes over the
alphabet (G, C,R). First we define Free(®) := {« € Var |there is a v with p(v) =
*q }. Then we assign a new variable a,, ¢ Free(®) to each vertex v € V with
p(v) = x so that we can now define the following mapping ®; on V:

ay, for p(v) = %
&y(v) ;== ¢ «afor p(v) = *, and a € Var
a for p(v) =a for a € G

Finally we can define the mapping @ : CG — FOL inductively on the tree
CutU{T}. So let ¢ € CutU{T} be an arbitrary cut. First we define a formula f
which encodes all edges and vertices which are directly enclosed by c. If ¢ does
not directly enclose any edges or vertices, simply set f := (Jz.x = x). Otherwise
let f be the conjunction of the atomic formulae

K(w) (D¢ (w)) with w € V N area(c),
&y (w1) =P (wy) with k € E;gNarea(c) und v(k) = (wy,wy), and
k(e)(Pe(wi), .., Pt(w;)) with e € Eponia N area(c) and v(e) = (wy, ..., w;).
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(The signs which have to be understood literally are underlined. For example, the
first formula is the sequence of signs which consists of the result of the evaluation of
k(w), a left bracket, the result of the evaluation of @;(w) and a right bracket.)

Let vy1,...,v, be the vertices & wich are enclosed by ¢ and which fulfill
p(v;) = *, and let area(c)NCut = {c1,..., ¢} (by induction we already assigned
formulas to these cuts). If 1=0, set &(c) := Jaw,, ... 3, .f , otherwise set

P(c) = 3, ... Jay, (fA=P(c1)A ... A=P(cr))

and the definition of @ : CG — FOL is finished.

Now we want to give a definition for a mapping ¥ : FOL — CG in the
opposite direction. The formulas of FOL are built up inductively, hence the
definition of ¥ is done inductively too. To start we set the images of the terms
of FOL by a mapping ¥;: We set ¥;(C) = C for concept names C' € C and
Uy(a) = %, for variables o € Var. Now we can define ¥ inductively on the
composition of formulas (but we only give graphical descriptions, because the
mathematical definition of ¥ is rather technical and therefore omitted here).

— g = c(t) for a term ¢ and a concept name C' € C:  W(C(t)) = |C: ()
— R(ty,...,t,) for a n-ary relation name R and terms t1, ..., ty:

n—1
U(R(ty,...,t ’T Py(t1) Q ﬁ‘l— W (t

— t1 =ty for two terms ty, to:

Uty = ta) ’T Uy (ty H HT Uy (to ‘

— fi A fa for two formulas f1 and fo:  W(fi A fo) = U(f1) ¥(f2)
(i.e. the juxtaposition of ¥(f;) and ¥(fs)).

— —f for a formula f: U(=f)= (w(f)

— Ja(f) for a formula f and a variable a:
If « ¢ Free(f), let ¥(3af) =¥(f)
For « € Free(f), the following steps have to be taken:
1. A concept box v :: is drawn besides ¥(f): U(f)
2. On every edge every instance of a concept box is substituted by

the new concept box v (note that the concept boxes which are incident
with an edge can only bear the concept name T).

3. Every (isolated) concept box is substituted by a concept box
, which is linked to the new concept box v with an identity link:

4. All concept boxes | T : *, | are erased.

Note that ¥ translates formulas without free variables to simple concept
graphs with negations and dominating nodes.

To illustrate the procedures in ¢ and ¥, we give a little example. A well-
known example for translating first order logic to existential graphs is the formula
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which expresses that a binary relation F is a (total) function. This formula is
written down only by using the 3-quantor and the junctors A and —. Please see
below:

fi="3x. -3y (zFy A —3z(xFz AN —(y = 2)))

\\:F:j/

Fig. 2. The concept graph ¥(f) and the appropriate existential graph for f

The translations of this formula into a concept graph (by @) and into an
existential graph are shown in Figure[2. Note the structural similarities of these
two different kinds of graphs. Now the concept graph in Figure 2| can be trans-
lated back to a first order logic formula by the mapping @. One possible result
(depending on the chosen variables and to the order of the subformulas) is:

S (f)) =-Fa.(T(x) ATy (T(y) ANzFy A—-3.2(T(2) ANzFz A =(Ay = 2))))

If we erase all subformulas T(...) of this formula, we get f again. In partic-
ular, we have f = @(¥(f)) and @(¥(f)) F f (see Theorem [I).

Assume that we have a sound and complete calculus F on FOL. To encompass
the orders on the concept- and relation names and the specific properties of the
concept name T, we add the following axioms to the calculus:

— V. T (z)
— Va.(C1(z) = Ca(x)) for two concept names C1,Cy € C with C; <¢ Cy
— Vay... Voo, (Ri(x1,...,2,) = Rao(x1,...,2,)) for two n-ary relation names

Rl,RQ with R1 S’R R2

Now we have reached the following situ- P

ation. We have two logical systems with (CGA, H) — (FOLA, H)

a calculus I, and two mappings between —

them: 4

It is well accepted that existential graphs and hence simple conceptual graphs
with negations are equivalent to first order logic. The meaning of this equivalence
shall be elaborated now.

Baader, Molitor and Tobies gave mathematical definitions for ¢ and ¥ and
a proof for (¥ (f)) = f for each formula f € FOL (see [BMT98]). This is an
important part in the equivalence between FOL and CG, but it is in our view not
sufficient. To comprehend this, note that every injective mapping ¥ : FOL — CG
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and its inverse mapping @ := ¥~! : CG — FOL fulfill (¥(f)) = f. So the
condition ®(¥(f)) = f seems not to capture the whole meaning of the statement
‘simple conceptual graphs with cuts are equivalent to first order logic’. The
crucial point is that FOL and CG are not only sets of graphs resp. formulas but
sets which are quasiordered by their particular syntactical entailment relations
F (i.e. each relation F is reflexive and transitive). Of course, one expects that
@ and ¥ respect these entailment relations. In fact ¢ and ¥ are quasiorder-
isomorphisms between (CG,F) and (FOL,F) which are mutually inverse. This
is captured by the following crucial theorem:

Theorem 1 (Main Syntactical Theorem for the Mappings ¢ and V).
Let 8, 1 and &5 be concept graphs over A and let f, f1, fo be FOL-formulas
over A. Then the following implications hold:

2) it fo = W(fi)F¥(f)
3) & - U(B(®)) and U(B(®)) - &
4) fE2W(f)) and 2(¥(f) F f

Instead of giving the proof for this theorem here (the proof for it will be in
[Da01]), we want to emphasize that four conditions of the theorem are logically
independent, e.g. none of the conditions can be derived from the remaining three
(hence all conditions have to be proven seperately). To illustrate this, we provide
two extremely simple examples. Each of these examples consists of two very small
ordered sets (which represent for the quasiordered sets (CG™,F) and (FOLA, F))
and two mappings between them (which represent the mappings ¢ and ¥).

To see that 1) cannot be derived from 2)-4) have a look at the two ordered
sets in the left example of Figure[3] each consiting of two elements and the two
mappings between them. Note that the mappings are mutually invers, therefore
the conditions 3) and 4) are fulfilled. But only one mapping is order-preserving,
hence 2) is fulfilled but 1) is not. Because we have one example which satisfies
2)-4), but not 1), we are done. Analogously it can be shown that 2) cannot be
derived from 1), 3) and 4).

To see that 3) cannot be derived from 1),2) and 4), consider the two ordered
sets with their mappings between them in the right example of Figure Bl It is
easy to see that this example satisfies the conditions 1), 2) and 4), but does not
satisfy 3), hence we are done again. In turn again it can be shown analogously
that 4) cannot be derived from 1)-3).

TN Ok\
o O O
- O—

Fig. 3. Two examples for Theorem [
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6 The Semantical Equivalence between FOL and CG

In Section Blwe have introduced a semantics for concept graphs. Now we proceed
with the well-known semantics for first order logic. Usually the models for FOL-
formulas are not power context families, but relational structures. Relational
structures are pairs M = (M, I), consisting of a universe M and a function I
with I : G — M, I:C — B(M) and I : Ry, — P(MF¥) for each k. Relational
structures are obviously closely related to power context families. Roughly spo-
ken: If we remove all intensional information from a power context family, we
get a relational structure. To put it formally:

Definition 11. If (K, A) is a K-interpretation, define M(K, A) = (M,I) as
follows: M := Gy, I(G) = Ag(G) for all G € G, I(C) := Ext(Ag(C)) for all
C € C and I(R) := Ext(Ag(R)) for all R € R. The relational structure M (K, \)
is called the relational structure of (K, \).

If we look back to the definition of the relation = between power context
families and concept graphs, in particular to the vertex condition and edge con-
dition of Definition[]], we realize that only the extensions of formal concepts were
checked. This yields the following lemma:

Lemma 1. For a A-structure (]K, A) and a simple concept graph with cuts &,
we have (K, \) =6 = M(K,)\) = &(8)

The proof for this lemma will be given in [Da01]. Now we are ready to connect
syntax and semantics both for FOL and CG. Remember that we assumed to have
a sound and complete calculus - on FOL, i.e. we have

5 fikfo = fiEf

Furthermore Lemmal[ll yields an equivalence between the two j=-relations on
FOL and CG. If we resume these facts, we get the following theorem:

Theorem 2 (Main Semantical Theorem for the Mappings ¢ and V).
Let &1 and B4 be concept graphs over A and let fi and fo be FOL-formulas over
A. Then the following equivalences hold:

6) 6, ‘Z By — @(61) ): @(62)

The proof for this theorem is by far not as extensive as the proof for the
main syntactical theorem. But the proof has to be done, since conditions 5) and
6) are logically independent from the conditions 1)-4) of Theorem [l This seems
to be evident, since in condititions 1)-4) only the relations F on FOL and CG
appear. But to show exactly that all conditions 1)-6) are logically independent,
we need three little considerations.

1. To see that none of the conditions 1)-4) can be derived from the remaining
conditions, simply define the relations = on FOL and CG as follows: For
two formulas fi and fo define f; = fo :<= f1 I fa. For two concept graphs
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®; and By, define B; = &y <= P(B;) F (G3). Obviously, 5) and 6) hold
for arbitrary relations - on FOL and CG. Hence the indepence results for
1)-4) after Theorem [lyield appropriate independence results for 1)-6). E.g.
1) cannot be derived from 2)-6).

2. To see that 5) cannot be derived from 1)-4) and 6), define = on FOL and
CG as follows: For two formulas f; and fy always set f; = fa2, and for two
concept graphs &, and B, always set &1 = B4 too. Since |= does not appear
in the condititions 1)-4), these conditions still hold, and it is easy to see that
6) is fulfilled, too, but 5) is not satisfied.

3. To see that 6) cannot be derived from 1)-5), define = on FOL and CG as
follows: For two formulas f; and fo define fi | fo :<= f1 F fo. For two
concept graphs &; and &, always set & # G,. Again it is easy to see that
1)-5) hold, but 6) does not.

To summarize the above argument: If we want a full syntactical and semanti-
cal equivalence, we have to prove all six conditions 1)-6) from Theorems [2] and [T}
But once we have done this, we immediately get the soundness and completeness
for the calculus on concept graphs:

Theorem 3 (soundness and completeness for concept graphs).
Let &1 and &4 be concept graphs over A. Then it holds:

@1|—Q52 <~ @1)262

Proof: 6, F Gy L2 &(6,) F 8(62) <L 6(8)) = B(6s) <5 6, =Gy O
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Abstract. Conceptual graphs have been shown to be a logic that has a smooth
mapping to and from natural language, in particular generally quantified
statements, which is one of its advantages over predicate logic. However,
classical semantics of conceptual graphs cannot deal with intrinsically vague
generalized quantifiers like few, many, or most, which represent imprecise
quantities that go beyond the capability of classical arithmetic. In this paper, we
apply the fuzzy set-theoretic semantics of generalized quantifiers and formally
define the semantics of generally quantified fuzzy conceptual graphs as
probabilistic logic rules comprising only simple fuzzy conceptual graphs. Then
we derive inference rules performed directly on fuzzy conceptual graphs with
either relative or absolute quantifiers.

1 Introduction

Natural language is a principal and important means of human communication. It is
used to express information as inputs to be processed by human brains then, very
often, outputs are also expressed in natural language. How humans process
information represented in natural language is still a challenge to science, in general,
and to Artificial Intelligence, in particular. However, it is clear that, for a computer
with the conventional processing paradigm to process natural language, a formalism
is required. For reasoning, it is desirable that such a formalism be a logical one.

The object of natural language (specifically English) that our attention is focused
on in this paper is one of generalized quantifiers, which can be classified into
absolute quantifiers and relative quantifiers, where the quantities expressed by the
latter are relative to the cardinality of a set. Examples of absolute quantifiers are only
one, few, or several, while ones of relative quantifiers are about 9%, half, or most. In
practice, there are quantifying words, e.g. few and many, that may be used with either
meaning depending on the context. For instance, few in “Few people in this
conference are from Asia” may mean a small number of people, while few in “Few
people in the United Kingdom are from Asia” may mean a small percentage of
population.

Classical predicate logic with only the existential quantifier, equivalent to the
absolute quantifier at least 1, and the universal quantifier, equivalent to the relative
quantifier all or every, cannot deal with general quantification in natural language. In
fact, the logic of generalized quantifiers has been the quest and focus of significant
research effort.

In , for instance, the semantics of generally quantified statements were
defined relatively to each other, e.g., “Few A’s are B’s” if and only if “Not many A’s
are B’s”. As such, that work does not define the primary meaning of generalized
quantifiers, which is the quantity that they express, and thus is not adequate for

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAI 2120, pp. 87-100, 2001.
© Springer-Verlag Berlin Heidelberg 2001
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quantitative reasoning with them. A path-breaking work in formalizing generally
quantified statements was [@, where a generally quantified set was interpreted as a set
of sets of individuals. For example, “only N A’s” was interpreted as the set {X c U |
|XA| = N}, where U is a universe of discourse and |S| denotes the cardinality of S,
whence “Only N A’s are B’s” means B € {X c U | |[XmA| = N}. Still, no definition was
given for words expressing imprecise quantities, like several or most; only some
semantic postulates stating their relations to each other were suggested as in .

Meanwhile, fuzzy logic ([23]) based on fuzzy set theory ([22]) has been
developed for approximate representation of, and reasoning with, imprecise
information often encountered in the real world as reflected in natural language.
While there are still many unresolved theoretical issues regarding the uncertainty
management problem in general, and fuzzy logic in particular, fuzzy logic has been
successfully applied to several areas, such as expert systems, knowledge acquisition
and fusion, decision making, and information retrieval, among others.

In particular, fuzzy arithmetic has provided a basis for defining and computing
with generalized quantifiers, e.g. , @], , where they are treated in a unified
way as fuzzy numbers, which are fuzzy sets on the set of real numbers. A relative
quantifier Q in a statement “Q A’s are B’s” can be interpreted as the proportion of
objects of type A that belong to type B, i.e., Q = |ANB|/|A|, which is a fuzzy number.
Equivalently, as discussed recently in , it can also be interpreted as the fuzzy
conditional probability, which is a fuzzy number on [0, 1], of B(x) being true given
A(x) being true for an object x picked at random uniformly.

Although the interpretation of relative quantifiers as fuzzy probabilities was also
mentioned in , the cardinality-based interpretation was used instead for deriving
inference rules on relatively quantified statements. Meanwhile, @] has shown that
the probability-based interpretation lends a new perspective of reasoning with
generalized quantifiers as probabilistic logic programming. For instance, on the basis
of Jeffrey’s rule ([E]), it allows one to have an answer as a fuzzy probability to a
question like “How likely is it that John is not fat?” given that “Most people who are
tall are not fat” and “John is fairly tall”.

However, a logic for handling natural language should have not only a capability
to deal with the semantics of vague linguistic terms, but also a structure of formulas
close to that of natural language sentences. Significantly, while Zadeh has regarded a
methodology for computing with words as the main contribution of fuzzy logic ([,
[@]), Sowa has regarded a smooth mapping between logic and natural language as
the main motivation of conceptual graphs (CGs) (, ). It shows that fuzzy logic
and conceptual graphs are two logical formalisms that emphasize the same target of
natural language, each of which is focused on one of the two mentioned desired
features of a logic for handling natural language.

In and , Sowa showed that natural language expressions with
generalized quantifiers could be smoothly represented in conceptual graphs but not in
predicate logic, yet did not adequately formalize them. A substantial effort that has
been made in formalizing generally quantified CGs was ] and [@]. Therein, the
authors extended predicate logic with equality by adding to it numerical quantifiers,
then used it to define semantics and inference rules for conceptual graphs with
numerical quantifiers. However, limited by classical arithmetic, vague quantifiers like
few, many, or most were not considered in that work.
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In this paper, we aim to combine the advantages of both conceptual graphs and
fuzzy logic into a formalism for representing and reasoning with generally quantified
statements in particular, and linguistic information in general. In || while
extending fuzzy conceptual graphs (FCGs) (]) with fuzzy conceptual relations, the
authors also introduced generalized quantifiers into them. However, that work
actually just adapted inference rules in ] to the conceptual graph notation, without
formally defining the semantics of fuzzy conceptual graphs with generalized
quantifiers. In contrast, here we use the probability-based interpretation to expand
generally quantified FCGs into probabilistic FCG rules, formally defining their
semantics in terms of simple FCGs without generalized quantifiers. Then, on the basis
of this semantics, we derive inference rules performed directly on FCGs with either
relative quantifiers or absolute quantifiers; reasoning with the latter was not
considered in [ or [[11].

Firstly, in Section 2, we summarize the basic notions of fuzzy set theory and
fuzzy arithmetic, more details of which can be found in IEII and [. Section 3
presents the expansion rule that formally defines the semantics of generally quantified
FCGs in terms of simple FCGs. Then, Section 4 derives inference rules for relative
quantifiers and absolute quantifiers, and Jeffrey’s rule on generally quantified FCGs.
Due to space limitation we omit the proofs for the soundness of these inference rules,
which were presented in the submitted version of this paper. Finally, Section 5
concludes the paper and suggests future research.

2 Fuzzy Arithmetic
2.1 Fuzzy Sets and Fuzzy Numbers

For a classical set, an element is to be or not to be in the set or, in other words, the
membership grade of an element in the set is binary. Fuzzy sets are to represent
classes of objects where the boundary for an object to be or not to be in a class is not
clear-cut due to the vagueness of the concept associated with the class. Such vague
concepts are frequently encountered in the real world as reflected in natural language,
like young or old, small or large. So the membership grade of an element in a fuzzy
set is expressed by a real number in the interval [0, 1].

Definition 2.1 A fuzzy set A on a domain U is defined by a membership function L,
from U to [0, 1]. It is said to be a fuzzy subset of a fuzzy set B also on U, denoted by A
C B, if and only if Vue U: py(u) < pug(u).

In this work we apply the voting model interpretation of fuzzy sets ([1]J, [B])
whereby, given a fuzzy set A on a domain U, each voter has a subset of U as his/her
own crisp definition of the concept that A represents. For example, a voter may have
the interval [0, 35] representing human ages from O to 35 years as his/her definition of
the concept young, while another voter may have [0, 25] instead. The membership
function value p4(u) is then the proportion of voters whose crisp definitions include u.
As such, A defines a probability distribution on the power set of U across the voters,
and thus a fuzzy proposition “x is A” defines a family of probability distributions of
the variable x on U.

Operations on fuzzy sets also generalize those on classical sets, computing with
real numbers in [0, 1] instead.
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Definition 2.2 Let A and B be two fuzzy sets on a domain U. Then the fuzzy
intersection of A and B is a fuzzy set denoted by AnB and defined by Yue U: p,, p(u)
= min{ (), Up(u)}. The fuzzy union of A and B is a fuzzy set denoted by AUB
and defined by Vue U: u, p(u) = max{ps(u), Wp(u)}. The fuzzy complement of A is a
fuzzy set denoted by A and defined by Vue U: pi(u) =1 — pa(u).

As a special category of fuzzy sets, fuzzy numbers defined as fuzzy sets on the
set R of real numbers are to represent imprecise numeric values. Using fuzzy numbers
is one step further than intervals in representing imprecise numeric values, whereby
intervals can be considered as special fuzzy numbers. For example, an interval [a, b]
can be represented as the fuzzy number 7 defined by W, (x) =1 if xe[a, b], or w(x) =0
otherwise.

2.2 Operations on Fuzzy Numbers

One method for defining operations on fuzzy numbers is based on the extension
principle. According to this principle, any function f: U;xU,X ... XU, — V induces a
function g: X;xXXoX ... XX, — Y where X|, X5, ..., X,, and Y are respectively sets of
fuzzy sets on Uy, U,, ..., U, and V and, for every (A;, Ay, ..., A)eXXXoX ... XX, g(Ay,
A,, ..., A€ is defined by:

WeV: Uy, s, .. 4)(V) = sup{min{ s, (1), Ua,(12), ..o Pp (1)} |
(uy, upy ..., u)€ UyxUyX ... XU, and v =f(uy, u,, ..., u,)}.

From now on, for simplicity, we use the same notation for a real number function
(e.g. fabove) and its fuzzy extension (e.g. g above).

For example, using this method, the product of two fuzzy numbers A and B is
the fuzzy number A.B defined as follows:

VzeR: y p(2) = sup{min{p(x), u(»)} | (x, y)eRXR and z =x.y}.
Figure 2.1 illustrates this multiplication operation on fuzzy numbers.

about 2 about 3 more or less 6 =about 2.about 3

[ — — T T 1 1 T T T T ..
2 03 6

Fig. 2.1. Fuzzy multiplication

Similarly, the method can be applied to extend min and max, which are functions
from RXR to R, for fuzzy numbers as defined below:

VZER: Woinia, 5)(2) = sup {min{pa(x), 1500} | (v, y)eRXR and z = min{x, y}}
V2ER: Woania, 5)(2) = sup{min{ps(x), 1)} | (x, y)eRXR and z = max{x, y}}.
A fuzzy version of the less-than-or-equal-to relation < on real numbers can then be
defined for fuzzy numbers such that A < B if and only if min{A, B} =A or,
equivalently, max{A, B} =B. However, we note that, while <is a total order on real
numbers, its fuzzy version is just a partial order on fuzzy numbers, because min{A, B}
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and max{A, B} may equal to neither A nor B. For illustration, Figure 2.2 shows two
comparable fuzzy numbers and two incomparable ones with respect to <.

1 1
about 3 more or less 4
aboyt 2 about 3
0 I I +oo 0 1 I 1 T 1 +oo
2 3 3 4
comparable fuzzy numbers: about 2 < about 3 incomparable fuzzy numbers

Fig. 2.2. Comparable and incomparable fuzzy numbers

2.3 Fuzzy Lower and Upper Bounds

For a real number x, the notion “at least x” is represented by the interval [x, +oo],
which includes all the real numbers y such that x < y. Similarly, “at most x” is
represented by [—eo, x]. For a fuzzy number A, we denote the least specific fuzzy
number that is greater than or equal to A by at least A. That is, A < at least A and B C
at least A for every B such that A < B, whence the membership function of at least A
can be specified as follows:

VxeR: U feast 4(X) = sup{pa(y) | yeR and y <x}.
Similarly, the fuzzy number at most A, such that at most A < A and B C at most A for
every B where B <A, is defined by:

VxeR: Wt most A(X) = sup{a(y) | yeRand x <y}.
Figure 2.3 illustrates such lower bound and upper bound fuzzy numbers.

at most about 6 at least about 6

0o T T T T 1 T I T T T T T  ?i
6

Fig. 2.3. Fuzzy lower bound and upper bound

We call a fuzzy number whose membership function is non-decreasing a non-
decreasing fuzzy number, and a fuzzy number whose membership function is non-
increasing a non-increasing fuzzy number. According to the above definition of fuzzy
lower bounds, if A is a non-decreasing fuzzy number, then at least A = A. Similarly, if
A is a non-increasing fuzzy number, then at most A = A. The following property also
holds, where A/B denotes the fuzzy division of A by B, and B is said to be positive if
and only if pg(x) =0 for every x <0.

Proposition 2.1 For any fuzzy number A and positive fuzzy number B:
1. at least (A/B) = at least A | B.
2. at most (A/B) =at most A | B.
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3 Representation of Generalized Quantifiers
3.1 Quantification as Conditional Probability

Firstly, in reasoning with quantifiers, absolute quantifiers and relative quantifiers on a
set have to be distinguished, where the quantities expressed by the latter are relative to
the cardinality of the set. Examples of absolute quantifiers are only one, few, or
several, while ones of relative quantifiers are about 9%, half, or most.

In the crisp case, absolute quantifiers can be defined by natural numbers, and
relative quantifiers by non-negative rational numbers that are not greater than 1
measuring a proportion of a set, where 0 means 0% and 1 means 100%.
Correspondingly, in the fuzzy case, absolute quantifiers can be defined by fuzzy sets
on the set N of natural numbers, i.e., fuzzy numbers whose domain is restricted to N,
and relative quantifiers by fuzzy numbers whose domain is restricted to the set of
rational numbers in [0, 1]. For simplicity without rounding of real numbers, however,
we assume absolute quantifiers to be defined by fuzzy numbers on [0, +eo] and
relative quantifiers by fuzzy numbers on [0, 1].

The existential quantifier in classical logic corresponds to at least 1 in natural
language, which is an absolute quantifier whose membership function is defined by
Mar tease 1(x) =1 if x = 1, or Wy jeass 1(x) =0 otherwise. Meanwhile, the universal
quantifier, which corresponds to all or every in natural language, is a relative
quantifier and its membership function is defined by p,,(1) =1 and p,(x) =0 for
every 0 <x < 1.

Arithmetic operations for fuzzy numbers as presented in Section 2 are also
applicable to absolute quantifiers with [0, +eo] being used in place of R, and to
relative quantifiers with [0, 1] being used instead. Also, on the basis of the extension
principle, each absolute quantifier Q on a type T whose denotation set in a universe of
discourse has the cardinality |7] corresponds to the relative quantifier Q7 = Q/|T].

As mentioned in the introduction section, a relative quantifier Q in a statement
“Q A’s are B’s” can be interpreted as the conditional probability of B(x) being true
given A(x) being true for an object x picked at random uniformly. That is, it can be
represented by the probabilistic logic rule B(x) < A(x) [Q] where Q = Pr(B(x) | A(x)).
For example, “Most Swedes are fall” can be represented by tall(x) <— Swede(x) [most]
where most = Pr(tall(x) | Swede(x)).

In general, A(x) or B(x) can also be represented in conceptual graphs or any other
logical formalism. In [El], for dealing with vagueness and imprecision in the real world
as reflected in natural language, fuzzy conceptual graphs were developed with fuzzy
concept or relation types (@]) and fuzzy attribute values defined by fuzzy sets. Here,
focusing on representing and reasoning with generalized quantifiers, we consider
simple FCGs with only fuzzy attribute values. For example, the simple FCG in Figure
3.1 expresses “John is fairly tall”, where fairly tall is a linguistic label of a fuzzy
attribute value, and [PERSON: John] is called an entity concept whereas [HEIGHT:
*@fairly tall] an attribute concept.

1 2
HEIGHT: *@fairly tall |

Fig. 3.1. A simple FCG
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We now formulate generally quantified FCGs as logical expressions that
smoothly match with generally quantified statements in natural language.

3.2 Generally Quantified FCGs

In [, set referents and numeric quantifiers were introduced into concepts to
represent plural noun phrases and quantification in natural language, where the
semantics of such an extended CG was defined by its expansion into a CG without
numeric quantifiers. For example, Figure 3.2 shows an extended CG G and its
defining expansion E, which literally says “There exists a set of two persons who see
John”.

1 2
G: | PERSON: {*}2 @ PERSON: John
E: PERSON: John

Fig. 3.2. A CG with a numeric quantifier and its defining expansion

However, that defining expansion does not capture the actual meaning of
generalized quantifiers, because a quantifier on a type does not simply mean that there
exists a set of objects of that type that have some property, and the cardinality of the
set is defined by the quantifier. Rather, a quantifier on a type constrains the number of
objects of that type that can have some property. For example, “Only one person is the
President of the United States” means not only “There exists a set of only one person
who is the President of the United States”, but also “There is no more than one person
who is the President of the United States”, as the former alone does not exclude
“There are two different sets each of which has only one person who is the President
of the United States”.

Here we apply the conditional probability interpretation of relative quantifiers
presented above to define an FCG with a relative quantifier as a probabilistic FCG
rule, where the quantifier is the conditional probability of the head given the body of
the rule, which are both represented by simple FCGs. Meanwhile, an FCG with an
absolute quantifier is semantically equivalent to the one with the relative quantifier
converted from that absolute quantifier as noted above.

In this paper, we consider only FCGs that contain only one generally quantified
concept, excluding ones with the generic referent *, whose quantifiers are implicitly
the existential quantifier. For example, Figure 3.3 shows a generally quantified FCG
G and its defining expansion E, expressing “Most Swedes are fall”, where most and
tall are linguistic labels of fuzzy sets. We note that this defining expansion rule can be
seen as a generalization of the one for universally quantified CGs defined in terms of
CG rules as introduced in ] and studied in B], as the universal quantifier is a
special relative quantifier.

1 2
G: | SWEDE: {*} @most @ !

most

B 1 2
E: if | SWEDE: * | then | SWEDE: * @ HEIGHT: *@tall | [most]
0

Fig. 3.3. A generally quantified FCG and its defining expansion

0.8 1
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Furthermore, the type in a generally quantified concept can be represented by a
simple FCG as a lambda expression defining that type as for CGs (, ). We call
such a simple FCG a lambda FCG, which is like a simple FCG except that it has one
concept, which we call a lambda concept, whose referent is denoted by A to be
distinguished from the generic and individual referents. For example, Figure 3.4
illustrates a generally quantified FCG G and its defining expansion E, expressing
“Most people who are tall are not far”. As such, a lambda FCG corresponds to a
relative clause in natural language.

G:

1 2 1 2
@ HEIGHT: *@tall|: {*} @most @ BODY: *@not fat
E: if PERSON * @ HEIGHT: *@mll

then PERSON * @ BODY: *@not fat [most]

Fig. 3.4. Quantification on a type defined by a lambda FCG

We now formally define generally quantified FCGs and the expansion rule for
their semantics exemplified above. Since a generally quantified concept [T:{*}Q] is
semantically equivalent to [[T: A]:{*}Q], where [T: A] is a special lambda FCG with
only the lambda concept, one can always assume the type of a generally quantified
concept to be represented by a lambda FCG.

Definition 3.1 A generally quantified concept is defined by a triple of a concept type
represented by a lambda FCG, the set referent {*}, and a generalized quantifier. A
generally quantified FCG is a simple FCG with one generally quantified concept. It is
said to be a relatively quantified or an absolutely quantified FCG if the generalized
quantifier in it is a relative quantifier or an absolute quantifier, respectively.

Definition 3.2 The defining expansion of a relatively quantified FCG G is the
probabilistic FCG rule if F then H [Q] where:
1. Fis obtained from the lambda FCG in G by replacing its lambda concept [T:
A] with [T: *], H is obtained from G by replacing its generally quantified
concept with [T: *], and there is a coreference link between these two
concepts [T: *] of F and H.
2. Qs the relative quantifier in G and Pr(H | F) =

4 Reasoning with Generalized Quantifiers

For the inference rules presented below, generalizing an FCG means replacing its
concept or relation types and concept referents with less specific ones, as for a CG,
and its fuzzy attribute values with ones whose defining fuzzy sets are fuzzy supersets
of those defining the former. It is dually similar for specializing.
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4.1 Inference Rules for Relative Quantifiers

Proposition 4.1 A generally quantified FCG G with a relative quantifier Q entails a
generally quantified FCG G* obtained from G by generalizing it except for its
generally quantified concept, and replacing Q with at least Q.

For example, in Figure 4.1, G expressing “Most people who are rall are not fat”
entails G* expressing “Most people who are tall are not very fat”’, provided that not
fat C not very fat, and most is a non-decreasing fuzzy number whereby at least most =
most as noted in Section 2.

G:

1 2
PERSON: X @ HEIGHT: *@tall {*}@most @ BODY: *@not fat

G*:
1 2
PERSON: l @ HEIGHT: *@tall {*}@most BODY: *@not very fat |

Fig. 4.1. Generalization inference rule for relative quantifiers

Proposition 4.2 A generally quantified FCG G with a relative quantifier Q entails a
generally quantified FCG G* obtained from G by specializing it except for its
generally quantified concept, and replacing Q with at most Q.

For example, in Figure 4.2, G expressing “About 9% people who are tall are fat”
entails G* expressing “At most about 9% people who are tall are very fat”, provided
that very fat C fat.

G:

1 2
PERSON 7» @ HEIGHT: *@tall {*}@about 9% @

G*:

PERSON 7» @ HEIGHT: *@tall {*} @at most about 9%

1

2
@ BODY: *@very fat |

Fig. 4.2. Specialization inference rule for relative quantifiers

Proposition 4.3 A universally quantified FCG G entails a universally quantified FCG
G* obtained from G by specializing its lambda FCG.

For example, in Figure 4.3, G expressing “All people who are tall are not far”
entails G* expressing “All males who are very tall are not fat”, provided that very rall
C tall.
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G:

1 2 1 2
(> @uai]: +10at | >()
G*:

1 2 1 2
[viare: 2 ()] HeiGHr: *@very tall|: (*) @al {>(x11e)

Fig. 4.3. Inference rule for the universal quantifier

In IE[], CG projection, which also defines the entailment relation between two
CGs, was extended for universally quantified CGs, where each CG could have more
than one universally quantified concept but quantification was only on concept type
labels. Here a universally quantified FCG is assumed to have only one universally
quantified concept whose concept type however can be a lambda FCG. Proposition
4.3 above is in agreement with the extended CG projection in E], with respect to the
entailment relation between two involved CGs or FCGs.

4.2 Inference Rules for Absolute Quantifiers

The following propositions are obtained on the basis as noted in Section 3 that an
absolutely quantified FCG is semantically equivalent to a relatively quantified one
with the corresponding relative quantifier, whose defining expansion is given by
Definition 3.2.

Proposition 4.4 A generally quantified FCG G with an absolute quantifier Q entails a
generally quantified FCG G* obtained from G by generalizing it, including its lambda
FCG, and replacing Q with at least Q.

For example, in Figure 4.4, G expressing “Few people who are tall are fat”
entails G* expressing “At least few people who are fairly tall are fairly fat”, provided
that tall C fairly tall, fat C fairly fat, and few is used as an absolute quantifier.

G:

1 2 1 2
Gy o @] (e [ (T

G*:
1 2
| HEIGHT: *@fairly tall | s {*}@at least few
1

2
BODY: *@fairly fat |

Fig. 4.4. Generalization inference rule for absolute quantifiers
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Proposition 4.5 A generally quantified FCG G with an absolute quantifier Q entails a
generally quantified FCG G* obtained from G by specializing it, including its lambda
FCG, and replacing Q with at most Q.

For example, in Figure 4.5, G expressing “Few people who are fall are fat” entails
G* expressing “At most few people who are very tall are very fat”, provided that very
tall C tall, very fat C fat, and few is also used as an absolute quantifier.

G:

1 2 1 2
(s Sl () afew [ ()
G*:

1 2
HEIGHT: *@very tall | : {*}@at most few

1

2
@ BODY: *@very fat |

Fig. 4.5. Specialization inference rule for absolute quantifiers

4.3 Jeffrey’s Rule

In practice, it is often the case that a condition probability v = Pr(B(x) | A(x)) is
obtained from statistical data meaning that, if an object x is randomly picked up such
that A(x) is true, then the probability for B(x) being true is v. As such, that
conditional probability value may not be applicable to a specific object in a universe
of discourse. For example, one may have Pr(fly(x) | bird(x)) = 0.9 expressing that
90% of birds can fly, but the probability for a penguin, a specific bird, being able to
fly is 0.

Therefore, for decision making, Jeffrey introduced a rule assuming such a
conditional probability like Pr(B(x) | A(x)) or Pr(B(x) | —=A(x)) to be applicable to any
specific object o or, in other words, Pr(B(o) | A(o)) = Pr(B(x) | A(x)) and Pr(B(o) |
—A(0)) = Pr(B(x) | =A(x)), when only the probability for A(o) being true is known.
Then, on the basis of the total probability theorem, the probability for B(o) being true
could be obtained as follows:

Pr(B(o)) =Pr(B(o) | A(0)).Pr(A(0)) + Pr(B(0) | -A(0)).Pr(—A(0))

= Pr(B(x) | A(x)).Pr(A(0)) + Pr(B(x) | —A(x)).Pr(—A(0)).

In @], FCG projection was defined, which matches a simple FCG with another
and compute the relative necessity degree of the former given the later. Here, for
applying Jeffrey’s rule to reasoning with generally quantified FCGs, we introduce
probabilistic FCG projection that computes the conditional probability of a simple
FCG given another one. For its definition, we apply the definition of conditional
probability of fuzzy events in [[], namely, Pr(x is B | x is A) whose value is a
subinterval of [0, 1] treated here as a fuzzy number on [0, 1], where A and B are two
fuzzy sets on the same domain.

In the following definition, V¢, and Vg respectively denote the set of all

concepts and the set of all relations in a simple FCG G. For a concept c, referent(c)
and rype(c) are respectively the referent and the type of c¢. For a relation r, type(r) is
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the type of r, arity(r) is the arity of type(r), and neighbour(r, i) is the neighbour
concept connected to r by the edge labelled i.

Definition 4.1 Let G and H be two simple FCGs. A probabilistic FCG projection
from G to H is a mapping m: G — H such that:
1. Vce VCG: referent(c) =* or referent(c) =referent(mc), and type(nc) < type(c).
2. Vre VRG: neighbour(mr, i) = mneighbour(r, i) for every i € {1, 2, ..,
arity(type(r))}, and type(mr) C type(r).
Then €, = Pr(G | nG) is defined to be the product of the conditional probabilities of all
fuzzy attribute values pairs in 7.
For example, Figure 4.6 shows a probabilistic FCG projection from G

expressing “Some person is fall” to H expressing “John is fairly tall”, where Pr(G | H)
=Pr(G | nG) = Pr(tall | fairly tall).

1 2
PERSON: * @ HEIGHT: *@tall

¥ N A 3§
()] vt * @jairly all |

Fig. 4.6. A probabilistic FCG projection

For a probabilistic FCG projection from a lambda FCG to a simple FCG, we

assume the referent A in the lambda concept to be replaced with the generic referent *,
as in the following proposition.
Proposition 4.6 Let G be a generally quantified FCG with a relative quantifier Q, and
G* be a simple FCG such that there is a probabilistic FCG projection 1 from the
lambda FCG in G to G*. Then Jeffrey’s rule derives the simple FCG H* with the
probability (at least (Q.€))N(at most (Q.€_+(1 — € ))) where H* is obtained from G
by replacing its generally quantified concept with its lambda concept ¢ whose referent
A is replaced with referent(mc).

For example, in Figure 4.7, G expresses “Most people who are tall are not fat”
and G* expresses “John is fairly tall’. Then H* expressing “John is not far” can be
derived with the probability p = (at least (most.€))(at most (most.€_.+(1 — €))),
where €, = Pr(tall | fairly tall), as an answer to the query “How likely is it that John is
not fat?”.

G:

1 2 1 2
@ HEIGHT: *@tall|: {*}@most @ BODY: *@not fat

1 2

G*: @ HEIGHT: *@fairly tall |
1 2

= G .

Fig. 4.7. Jeffrey’s rule on generally quantified FCGs
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5 Conclusion

We have formulated generally quantified FCGs where generalized quantifiers are
defined by fuzzy numbers to capture their vagueness and imprecision often
encountered in natural language. A generally quantified FCG with a relative
quantifier, defined by a fuzzy number on [0, 1], has been interpreted as a probabilistic
FCG rule with that relative quantifier as the conditional probability of the head given
the body of the rule. Meanwhile, an absolutely quantified FCG is semantically
equivalent to a relatively quantified one with the corresponding relative quantifier. On
the basis of this semantics, we have derived generalization, specialization, and
Jeffrey’s inference rules performed directly on generally quantified FCGs.

This is our first step in formally integrating generalized quantifiers into
conceptual graphs. The presented inference rules are not meant to be complete, but to
show how some basic patterns of human reasoning on generally quantified statements
in natural language could be performed as machine operations on corresponding
generally quantified FCGs. In the general case, one could apply the proposed
probabilistic interpretation of generally quantified FCGs to study complete inference
rules on them in the framework of probabilistic logic programming.

We however believe that human reasoning is more heuristic and plausible than
sound and complete. That is because one often has to make additional assumptions on
given information in order to infer useful new information, and thus the inference is
actually not sound with respect to the given information. Meanwhile the high
complexity of a problem makes complete inference impractical. Therefore, as the
theme of this work is to combine fuzzy logic and conceptual graphs, both of which
emphasize the target of natural language, into a logical formalism for Artificial
Intelligence approaching human expression and reasoning, our attention is focused on
heuristic and plausible inference rules on FCGs.

In this paper, we considered FCGs with only one generally quantified concept
whose referent is the generic set referent {*}. FCGs with more than one generally
quantified concept whose set referent can include individual referents as outlined in
IE]I are required to represent more complex natural language expressions. Also, we did
not discuss from where generally quantified statements with the proposed semantics
could be obtained. For example, the statement “Most Swedes are tall” is actually a
summarization of statistical data about Swedes’ heights, which is a difficult induction
problem for machine learning. These are among the topics that we are currently
investigating.

Acknowledgements. I would like to thank the three anonymous reviewers for their
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References

1. Baldwin, J.F., Martin, T.P., Pilsworth, B.W.: Fril - Fuzzy and Evidential Reasoning in Artificial
Intelligence. Research Studies Press (1995).

2.  Barwise, J., Cooper, R.: Generalized Quantifiers and Natural Language. Linguistics and
Philosophy 4 (1981) 159-219.

3. Cao, T.H.: Foundations of Order-Sorted Fuzzy Set Logic Programming in Predicate Logic and
Conceptual Graphs. PhD Thesis, University of Queensland (1999).



100

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.

26.

T.H. Cao

Cao, T.H.: Fuzzy Conceptual Graphs: A Language for Computational Intelligence Approaching
Human Expression and Reasoning. In: Sincak, P. et al. (eds.): The State of the Art in
Computational Intelligence. Physica-Verlag (2000) 114-120.

Cao, T.H., Creasy, P.N.: Universal Marker and Functional Relation: Semantics and Operations.
In: Lukose, D. et al. (eds.): Conceptual Structures: Fulfilling Peirce’s Dream. Lecture Notes in
Artificial Intelligence, Vol. 1257. Springer-Verlag (1997) 416-430.

Cao, T.H., Creasy, P.N.: Fuzzy Types: A Framework for Handling Uncertainty about Types of
Objects. International Journal of Approximate Reasoning 25 (2000) 217-253.

Dubois, D., Prade, H.: Fuzzy Sets in Approximate Reasoning, Part 1: Inference with Possibility
Distributions. International Journal for Fuzzy Sets and Systems 40 (1991) 143-202.

Gaines, B.R.: Fuzzy and Probability Uncertainty Logics. Journal of Information and Control 38
(1978) 154-169.

Jeffrey, R.: The Logic of Decision. McGraw-Hill (1965).

Klir, G.J., Yuan, B.: Fuzzy Sets and Fuzzy Logic Theory and Applications. Prentice Hall
(1995).

Lawry, J.: An Alternative Interpretation of Linguistic Variables and Computing with Words. In:
Proceedings of the 8th International Conference on Information Processing and Management of
Uncertainty in Knowledge-Based Systems (2000) 1743-1750.

Liu, Y., Kerre, E.: An Overview of Fuzzy Quantifiers - (I) Interpretations (II) Reasoning and
Applications. International Journal for Fuzzy Sets and Systems 95 (1998) 1-21, 135-146.
Morton, S.K.: Conceptual Graphs and Fuzziness in Artificial Intelligence. PhD Thesis, Univer-
sity of Bristol (1987).

Peterson, P.L.: On the Logic of Few, Many and Most. Notre Dame Journal of Formal Logic XX
(1979) 155-179.

Sowa, J.F.: Conceptual Structures - Information Processing in Mind and Machine. Addison-
Wesley Publishing Company (1984).

Sowa, J.F.: Towards the Expressive Power of Natural Language. In: Sowa, J.F. (ed.):
Principles of Semantic Networks - Explorations in the Representation of Knowledge. Morgan
Kaufmann Publishers (1991) 157-189.

Sowa, J.F.: Matching Logical Structure to Linguistic Structure. In: Houser, N., Roberts, D.D.,
Van Evra, J. (eds.): Studies in the Logic of Charles Sanders Peirce. Indiana University Press
(1997) 418-444.

Sowa, J.F.: Conceptual Graphs: Draft Proposed American National Standard. In: Tepfenhart,
W., Cyre, W. (eds.): Conceptual Structures: Standards and Practices. Lecture Notes in Artificial
Intelligence, Vol. 1640. Springer-Verlag (1999) 1-65.

Tjan, B.S., Gardiner, D.A., Slagle, J.R.: Direct Inference Rules for Conceptual Graphs with
Extended Notation. In: Proceedings of the 5th Annual Workshop on Conceptual Structures
(1990).

Tjan, B.S., Gardiner, D.A., Slagle, J.R.: Representing and Reasoning with Set Referents and
Numerical Quantifiers. In: Nagle, T.E. et al. (eds.): Conceptual Structures - Current Research
and Practice. Ellis Horwood (1992) 53-66.

Wuwongse, V., Manzano, M.: Fuzzy Conceptual Graphs. In: Mineau, G.W., Moulin, B., Sowa,
J.F. (eds.): Conceptual Graphs for Knowledge Representation. Lecture Notes in Artificial
Intelligence, Vol. 699. Springer-Verlag (1993) 430-449.

Zadeh, L.A.: Fuzzy Sets. Journal of Information and Control 8 (1965) 338-353.

Zadeh, L.A.: Fuzzy Logic and Approximate Reasoning. Synthese 30 (1975) 407-428.

Zadeh, L.A.: PRUF - A Meaning Representation Language for Natural Languages. International
Journal of Man-Machine Studies 10 (1978) 395-460.

Zadeh, L.A.: A Computational Approach to Fuzzy Quantifiers in Natural Languages.
Computers and Mathematics with Applications 9 (1983) 149-184.

Zadeh, L.A.: Fuzzy Logic = Computing with Words. IEEE Transactions on Fuzzy Systems 4
(1996) 103-111.



Simple Semiconcept Graphs: A Boolean Logic
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Abstract. The aim of this paper is to develop a logical theory of concept
graphs with negation. For this purpose, we introduce semiconcept graphs
as syntactical constructs and define their semantics based on power con-
text families. Then a standard power context family is constructed which
serves both as a characterization of the entailment relation and as a
mechanism to translate knowledge given on the graph level to the con-
text level. A standard graph is constructed which entails all semiconcept
graphs valid in a given power context family. The possible use of semi-
concept graphs in conceptual knowledge processing is illustrated by an
example.

1 Introduction

We begin with a brief overview of the development of concept graphs as a contex-
tual judgment logic. The first approach was described by R. Wille in [Wi97] when
he connected the Theory of Conceptual Graphs with Formal Concept Analysis.
For basic notions in Formal Concept Analysis we refer to [GW99]. A logical the-
ory with a syntax for concept graphs was developed by S. Prediger [Pr98al. She
defined concept graphs as syntactical constructs and used a contextual seman-
tics based on Formal Concept Analysis to interpret syntactical names as objects,
formal concepts and relations of a power context family (see also [Pr98b]). This
approach was extended to the nested case in [Pr00] and the case of existen-
tial quantifiers in [Pr98a). The next challenge is to include negation. The first
approach has been done in [Da00] where negation was introduced as a new syn-
tactical element on the graph level. This is closely related to the original ideas of
Peirce: Negation is described by Peirce’s ovals (called cuts) which can be drawn
around arbitrary parts of a concept graph.

However, as R. Wille pointed out in [Wi0O0al, it is not possible to define a
negation operator on formal concepts in the sense of G. Boole. A transfer of
Boole’s ideas into the language of Formal Concept Analysis forces the extension
of a negated concept in a given formal context to be the set-theoretic complement
of the extent of the corresponding non negated concept. However, this set does
not have to be the extent of a concept itself.

Therefore, it is necessary to generalize the notion of formal concepts in order
to keep the correspondence between negation and set-complement. This leads

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 101-{I14] 2001.
© Springer-Verlag Berlin Heidelberg 2001
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Ko : Ka:

Interaction
A intensified
A weakend
B intensified
B weakend

(Aspirin, Aspirin)

X
X

(Aspirin, Bisolvon)

(Aspirin, Ibuprofen)
(Aspirin, Vitamin C) X X
(Bisolvon, Aspirin) X| X X

(Bisolvon, Bisolvon)

increasing the body’s defences

relieving light pain
mucus dissolving

Aspirin

X

Bisolvon

(Bisolvon, Ibuprofen)

x| X

Ibuprofen

Vitamin C X (Bisolvon, Vitamin C)
(Ibuprofen, Aspirin) X X
(Ibuprofen, Bisolvon)

(Ibuprofen, Ibuprofen)

(Ibuprofen, Vitamin C)
(Vitamin C, Aspirin) X X

(Vitamin C, Bisolvon)

(Vitamin C, Ibuprofen)

(Vitamin C, Vitamin C)

Fig.1. The contexts Ko and Ks

to the notion of semiconcepts which have already been introduced in [LW91]
and further developed in [Wi00a]. Using these semiconcepts, we can introduce
semiconcept graphs which include negations on the concept and relation level.
In contrast to [Da00], we can assign more than only one object name to a ver-
tex. Another advantage of using semiconcept graphs is that we can represent
simultaneously that certain objects are in a relation and that others are not.
Additionally, we have several operations on semiconcept graphs including negat-
ing inversion (cf. [Wi00b]).

Let us start with an example concerning important problems in the medical
area. It deals with four different drugs and interactions between them. Typical
questions in this field are: Are the drugs appropriate for a certain treatment? Do
the substances of two or more drugs interact and, if the answer is yes, how? Do
there exist different drugs with the same effects but without interaction? The
first question could be dealt with the established methods of Formal Concept
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Analysis. For addressing the second question we extend our language in order
to be able to formalize relations. This will be done in the next paragraphs. First
we give a possibility to write sentences like “the drug a does (not) interact with
the drug b” as semiconcept graphs. Then it can be checked if the semiconcept
graph is valid in a model consisting of a power context family together with a
suitable interpretation (see Section 3). The third question can be treated with
existential semiconcept graphs, which are not within the scope of this paper.

Figure 1 shows two formal contexts taken from [Am9T]. The original multi-
valued contexts were converted into single-valued contexts by conceptual and
relational scaling (see [PW99]). Objects of the first context Ky are drugs and
attributes are descriptions of their effects. In the second context Kg, objects are
pairs of objects of Ky and the attributes are different kinds of interaction. Note
that this relation is not symmetric, because if and how drugs interact depends
on the time each of them is consumed. In particular, (mq,ms) shall be read as
my is applied before ms. A tuple (my, m2) has the attribute “Interaction” if my
interacts with mso. The other attributes specify how the two drugs interact: For
example, “A intensified” means that the effect of the active agent of the first
drug increases.

For a formal context K := (G,M,I) we define the set of (I-) semi-
concepts with respect to this context as 9n(K) := {(4,47) | A C G},
where [ is the incidence relation between objects and attributes. Thus, a
semiconcept is a pair consisting of a set A of objects and the set A’ of
attributes which are shared by all elements of A. For example, the tuple
({Aspirin, Ibuprofen}, {relieving light pain}) would be a semiconcept in Ky. We
have several operations and constants on the semiconcepts of a formal context
of which only one is necessary for our purpose, namely the extensional negation
(4, 4T) = (G\A, (G\4)).

We also define an order on H(K) by (A4, A') C (B,BY) : <= AC B.

The set of semiconcepts of a context provided with this order is a Boolean
algebra; for details please refer to [Wi00Oa]. The semiconcept lattice of Ky is
shown in Figure 2.

For practical purposes it might be unwieldy to illustrate a context K :=
(G, M, I) with the entire semiconcept lattice, because the semiconcept lattice
is isomorphic to the Boolean algebra of all subsets of G. Therefore, in Figure
3 we rather focus on the concept lattice of Ky. Since every concept is also a
semiconcept, this is a M-subsemilattice of the semiconcept lattice of Ks. The
extents of the negated concepts can be derived from the concept lattice by taking
the complement of the extent.

This paper consists of five more sections. In Section 2, we introduce semicon-
cept graphs as syntactical constructs. Section 3 contains a semantics for semi-
concept graphs based on power context families. In Section 4, we show how to
translate information given on the graph level into the language of power context
families. This construction is also used as a characterization of the entailment
relation. In Section 5, the standard graph for a power context family is devel-
oped, which codes the same information as the power context family. By this
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Fig. 2. The algebra of semiconcepts of Kg

means we get a mechanism to translate the information given in a power context
family to the level of semiconcept graphs as well. In Section 6, we finally sketch
how to proceed with this work in the future.

2 The Syntax of Simple Semiconcept Graphs

We follow the approach in [Pr98b] where simple concept graphs were introduced
as mathematically defined syntactical constructs, and extend it by assigning
both a positive and a negative reference to the concept boxes (cf. [Wi00b]). We
start with an alphabet of object names, semiconcept names, and relation names:

Definition 1. An alphabet of semiconcept graphs is a triple A := (G,S,R)
where G is a finite set whose elements are called object names, (S,<gs) is a
finite ordered set whose elements are called semiconcept names and (R, <g) is
a collection (Ry, <g, )k=1,...n of finite ordered sets whose elements are called
relation names .

An example for such an alphabet is given in Figure 4. The underlying struc-
ture of a semiconcept graph is a relational graph.

Definition 2. A relational graph is a triple (V, E,v) with vertices V' and edges
Eandamap v: E — Up_y, VE. The expression v(e) = (v1,v2,...,vx) is
read as follows: v, ... , v are adjacent vertices of the k-ary edge e and |e| = k
is called the arity of e. A relational graph is called finite if V and E are finite
sets. We write E®) := {e € E | |e| = k} for k = 1,2,... A relational graph is



Simple Semiconcept Graphs: A Boolean Logic Approach

105

|(Ibupr0fen, Bisolvon) || (Bisolvon, Bisolvon) |

|(Aspirin, Aspirin) |(Aspirin, Ibuprofen) |

| (Vitamin C, Vitamin C) || (Vitamin C, Bisolvon) |

| (Bisolvon, Ibuprofen) || (Bisolvon, Vitamin C) |

|(Ibupr0fen, Vitamin C) || (Vitamin C, Ibuprofen) |

| (Ibuprofen, Ibuprofen) |

(Ibuprofen, Aspirin)
(Vitamin C, Aspirin)

Fig. 3. The conc

said to be of limited type n € N if E =
unlimited.

(Aspirin, Bisolvon)

(Aspirin, Vitamin C)

A intensified

(Bisolvon, Aspirin)

B intensified

ept lattice of Ko

EM yU...uEM™ otherwise it is called

Finally, we label the vertices and edges of a relational graph by semicon-
cept names and assign to each vertex a positive and a negative reference, each

consisting of a set of object names:

Definition 3. A semiconcept graph over the alphabet A := (G,S,R) is a struc-

ture & := (V, E, v, k, p) such that

e (V,E,v) is a finite relational graph,
e k: VUE — SUTR is amapping with x(V) C S, (E) C R and x(e) € Ry

forallec E® ke {1,...,n},

e p:V — P(G)
pT: V= P(G)and p~: V = P(G)
1. pt(v)Up (v) ADforallv eV
pT(e)Up=(e) A for all e € E,
all v,w € V with k(v) >s k(w)

-

x P(G), p: v 1= (pT(v), p~(v)) is given by two functions

satisfying

9

satisfy p~(v) N pT(w) =0

?

all e, f € E®) with xk(e) >r, w(f) satisfy p~(e) N p*(f) = 0.
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A:=(G,5,R)

G := {Aspirin, Bisolvon, Ibuprofen, Vitamin C}
S := {relieving light pain, mucus dissolving,

increasing the body’s defences}
<s:= ids

R := Ry := {Interaction, A intensified, A weakened,

B intensified, B weakened}
<r:= {(A weakened, Interaction), (A intensified, Interaction),

(B weakened, Interaction), (B intensified, Interaction)}

Fig. 4. Example of an alphabet

We use p(e) as an abbreviation for p*(v1) x - - - x pT(vy) and p~(e) for p~(v1) x
-+ x p~(vg) where e € E with v(e) = (vq,... ,vk).

Conditions 3. and 4. for the mapping p follow naturally from our understand-
ing of judgments (represented by semiconcept graphs) as valid propositions: For
every semiconcept graph should exist at least one model in which it is valid.
However, if one of the conditions is not satisfied, then there does not exist a
model for the semiconcept graph. Therefore, in order to guarantee the existence
of a model, these conditions have to be included on the syntactical level.

The three graphs in Figure 5 are examples for this definition. They are defined
over the alphabet which is given in Figure 4, where “rlp” and “itbd” stand for
“relieving light pain” and “increasing the body’s defences”, respectively.

The semiconcept graph & consists of the relational graph ({uy,us}, {e1},v)
where v1: e; +— (u1,u2), and the mappings k1 and p; with s1(u1) = rip,
k1(ug) := ithd, k1(e1) := Interaction and p1(uy) := (Aspirin, Vitamin C),
p1(uz) = (Vitamin C, Ibuprofen). Then pi (e1) = (Aspirin, Vitamin C) and
p1 (e1) = (Vitamin C, Ibuprofen). The positive and negative references of a ver-
tex are separated by a vertical stroke. We will interpret this syntactical construct
in such a way that the graph &; formalizes the judgments: Aspirin interacts with
Vitamin C, Vitamin C does not interact with Ibuprofen, Aspirin falls under the
semiconcept “relieves light pain” and Vitamin C does not, Vitamin C falls under
the semiconcept “increases the body’s defences” and Ibuprofen does not.

The semiconcept graph &3 shows a possibility to represent that Bisolvon and
Ibuprofen do not interact, that Bisolvon is mucus dissolving and that Ibuprofen
relieves light pain. In order to point out that we do not have to restrict ourselves
to one reference, both Aspirin and Ibuprofen are assigned as positive references
to wi.

3 Semantics of Simple Semiconcept Graphs

Contextual semantics for concept graphs, as introduced in [Pr98al, has shown to
be a rich and fertile approach. The contextual view is based on Formal Concept
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(T
rlp : Aspirin | Vitamin C itbd : Vitamin C | Ibuprofen
4 & b
G
rp : | Vitamin C itbd : | Ibuprofen
vy fy Vo
63 :
rlp : {Aspirin, Ibuprofen} | Bisolvon md : | buprofen
Wy 99 Wo
md : Bisolvon |
W3

Fig. 5. Example for the Syntax

Analysis and supported by Peirce’s pragmatism (see [Wi97] for details). We will
now extend this approach to semiconcept graphs. First, let us recall the definition
of a power context family.

Definition 4. A power context family K = (Kp)nen is a family of contexts
K. := (Gg, My, I};) such that Gy, C (Go)* for k € N. The power context family

is said to be limited of type n € N if K = (Ko, Ky, ...,K,), otherwise it is
called unlimited. The elements of the set H,(Ko) are called semiconcepts, the
elements of R := ;5 Hn(Ky) are called relation semiconcepts.

The tuple (Ko, K;,Ks) consisting of the two contexts from Figure 1 and the
empty context K; is a power context family which is limited of type 2.

With the following definition we establish a link between semiconcept graphs
as syntactical constructs and power context families.

Definition 5. For an alphabet A := (G, S, R) and a power context family K =
(Ko, Ky, ... ,K,) the disjoint union A := Ag U As U Ax of the mappings A\g: G —
Go, As: S = 9,(Ko) and Ag: R — Ry is called a K—interpr@tation of Aif s
and A are order preserving and Ar(Rx) € $(Ky) holds for all £ =1,... ,n.
The pair (K, A) is called a context-interpretation for A.
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The interpretation A maps syntactical elements of the semiconcept graph, i.e.

object names, semiconcept and relation names, to objects, semiconcepts, and re-
lation semiconcepts of a power context family.
For instance, the tuple ((]KO,Kl, Ka), )\) is a context-interpretation for the al-
phabet in Figure 4, where A is the disjoint union of the mappings Ag, which is
the identity in G, As, which maps each semiconcept name to the concept gener-
ated by it in Ky, and Ag, which maps each relation name in Ry to the concept
generated by it in K.

Having assigned an element of the power context family to each syntactical
name, we can specify when a semiconcept graph is valid in a model. We have
to take into account that a positive and a negative reference may be assigned to
each vertex. While the interpretation of the positive reference p™(v) of a vertex
v should fall under the semiconcept Ask(v), the interpretation of the negative
reference should fall under —Agk(v).

Definition 6. The semiconcept graph & := (V, E, v, k, p) is called a valid semi-
concept graph of (K, A) if

o all v € V satisfy
AgpT(v) € Ext (Ask(v)), (Vertex condition)
Agp~(v) € Go\ Ext (Asr(v))

e all e € E satisfy
AgpT(e) C Ext (Arr(e)), (Edge condition)
Agp~(€) C (Go)*\ Ext (Arr(e))

If & is valid in (K, A), then (K,A) is called a model for & and & is called a
semiconcept graph of (K, A).

Note that the negative references along an edge have to be in the extension
of the negated relation semiconcept. So we have a negation on the relation level
as well.

One easily checks that the three semiconcept graphs given in Figure 5
are valid in the model ((Ko,K;,K2),A): For example, we have Agp™(u1) =
{Aspirin} C {Aspirin, Ibuprofen} = Ext (Asr1(u1)).

The following definition turns out to be a useful tool.

Definition 7. Let Ka = ((Go)k,Mk,Iak)kzo ., and Kb =
((Go)k7 My, Ibk)k:o.l _,, be two power context families which merely differ in

the incidence relations. We say Kb is an extension of Kl (Kl is contained in
R,), if I; C I for all i = 0,1,... ,n.

The generalization of concepts to semiconcepts features several structural
properties of the set of models for a semiconcept graph &: For example, if (K, A)
is a model for &, then & is also valid in every extension R’ of provided with
a context-interpretation X\ that preserves the extents of .
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4 Standard Power Context Families

When dealing with semiconcept graphs, it is desirable to have a mechanism that
translates knowledge expressed on the graph level into knowledge on the context
level. For this purpose, S. Prediger specified a standard model of a concept graph
in which all information of the concept graph is coded. Unfortunately, it will not
be possible to construct a standard model for semiconcept graphs:

Let & := (V,E,v,k,p) be a semiconcept graph over an alphabet A :=
(G,8,R) such that |,y (pT(v)Up~(v)) /AG. Since the objects that are neither
in ey o7 (v) nor in {J,cy, p~ (v) do not occur in the semiconcept graph, we do
not have any information about them at all. This implies that in a standard
model these objects should neither be in the extension of any of the semicon-
cepts nor in the extension of any of the negated semiconcepts. However, this is
impossible, since for a semiconcept s the extension of the negated semiconcept is
the complement of the extension of s. Nevertheless, we can find a power context
family that codes exactly the same information as the semiconcept graph.

Let & := (V,E,v,k,p) be a semiconcept graph over the alphabet A :=
(G,S,R) and let n be the type of (V, E,v). Then we define the set =S := {—s |
s € S} of negated semiconcept names and the set =Ry = {-r | r € Ry} of

negated relation names. We construct the standard power context family RS .=

(K®,... ,K®) with K¢ := (GP,MP2,I?) in the following way: We take the
object names in G as the objects in G& and the set S U —8 as the attributes in
M. Then we construct the incidence relation I$ by relating the object name
g and the semiconcept name x(v) if g is in the positive reference of the vertex
v. For preserving the order, g is also put in relation to every semiconcept which
is greater than x(v) with respect to <s. Additionally, for each object name h
in the negative reference of v, the tuple (h, —x(v)) is added to I@ together with
(h, —t) for all semiconcept names ¢ which are smaller than «(v). The construction
of the contexts KY is essentially the same as above: As objects in K¢, we take
all k-tuples of object names, the elements of Rj U =Ry are the attributes.
Then (gi1,...,9r) and a relation name R are related if there exists an edge
e in the semiconcept graph such that (gi,...,gx) is an element of p*(e) and
k(e) <g, R. Finally, (h1,...,hs) is set in relation to a negated relation name
=Q if (h1,... ,hg) isin p~(e) for a k-ary edge e and R <g, k(v).

We provide the standard power context family K® of a semiconcept graph
® with the natural K)Qj—interpretation A® = A8 UAE U AR where A8 := idg,
NS — 9, (Ko) with A\&: s >—>(81§5,81‘?1‘?) and A\§: R — Ur=1,. 97 (Kx)
with A5 : R »%(RII?,RISI’?) for R € Ry and (k = 1,...). It is easy to prove
that & is valid in (K%, \®).

The standard power context family is also a useful tool to address questions
of inference. Let us first recall the definition of semantical entailment:

Definition 8. Let &; and &5 be two semiconcept graphs over the same alpha-
bet. We say &, entails &, if &5 is valid in every model for &;. We denote this
by @1 ): 62.
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Although & is valid in (K"j, A®), we do not have a standard model in the
sense of [PrO8b] for &: A semiconcept graph &, which is valid in (K“j?/\Qﬁ)
does not have to be valid in every model for &. Nevertheless, the following
proposition explains how we can characterize the entailment relation by means
of the standard power context family.

Proposition 9. Let &, := (V1, E1, 11, K1, 1) and By :=
(Va, Eo, va, K2, p2) be two semiconcept graphs over the same alphabet. Then
®; E B, if and only if Kﬁl is an extension of K%.

With Proposition 9, which is proven in the Appendix, we have a simple method to
do reasoning with semiconcept graphs on the context level: For every semiconcept
graph, we can decide if it is entailed in another one by checking if the standard
power context family of the first one is contained in the standard power context
family of the latter. For example, by using this characterization, we can check
that, in Figure 5, &; entails &5 and that &3 does neither entail 1 nor &s.

We can now deduce some inference rules. For instance, most of the inference
rules for simple concept graphs (cf. [Pr98a]) can be adapted to semiconcept
graphs: Double a vertex, delete an isolated vertex, double an edge, delete an edge,
exchange a semiconcept name, exchange a relation name, restrict a reference,
copy the concept graph. It has to be taken into account that we have a positive and
a negative reference for each vertex. For example the rule exchange a semiconcept
name now reads: substitute the assignment v +— k(v) for v 1—c¢ for such a
semiconcept name for which there are vertices w,u € V with k(w) <s ¢ <s k(u)
and p*(v) C p*(w), p~(v) C p~ (u).

Finally, the characterization allows us to understand the entailment relation
in a structural way: It is reflexive and transitive, i.e. a quasiorder on the class of
all semiconcept graphs. Moreover, it implies that equivalent semiconcept graphs
(i.e. two semiconcept graphs &, and &9 which satisfy &1 |= &4 and vice versa)
have the same standard power context family. Starting from the set of semicon-
cept graphs over a certain alphabet, we can consider the equivalence classes of =
and characterize the induced order on them in a simple way: It is the inclusion
of the incidence relations of the corresponding standard power context families.

5 Standard Graph of a Power Context Family

In the previous section we constructed a power context family for a semiconcept
graph that coded all information given in the graph. In this section we will
consider the opposite direction: We construct the semiconcept graph for a power
context family that codes the same information as the power context family.
Hence, we get a mechanism to translate the information given in a power context
family into the level of semiconcept graphs as well. Again, we try an approach
similar to [Pr98al: The smallest concepts with non-empty extension were taken
and the largest possible references were assigned.

The smallest non-empty semiconcepts are those semiconcepts with exactly one
element in the extension. Additionally, for each object g we have to take the
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largest semiconcept that does not have g in its extension. This is necessary since
the negative references have to be treated dually to the positive references. So,
we get the following situation:

We start with a power context family K = (Gry My, I)k=0,1,... n With Go A~0.
To construct a semiconcept graph, we define the alphabet (G, S, R) by G := Gy,
S := 9 (Ko) and R := Ry . Now we define the set of vertices as Vg := Vi UV2
with V% ={g] g€ Go} and V% = {Go\{9} | g € Go}. The set of edges with
arity k is the union of Gy, with (V%)k7 ie.

EK> = Uk:l,...,n Gk U {(GO\{91}7 A ,GO\{gk}) | (91, .. -gk) S Gk})
The mapping vy : Ep — Uk:m’_“ V% is the identity function. The mapping
kg Vp U Ep — 9H,(Ko) U Rp maps each vertex to the semiconcept that
has the vertex as extent, the edges of the form (g¢1,...,gx) are mapped to
the relation semiconcept with (g1, ... ,9gx) as extent and each edge of the form
(Go\{g1},---,Go\{gr}) is mapped to
((Go)"\(91--- »9r), ((Go)*\(g1, - - - ,gx))'*). Finally we choose p(v)g (A)
= (4,0) if A€V and p(v)g(A) = (0,Go\A) if A V2.

The resulting semiconcept graph Qﬁ(K) = (Vp,Eg,vp,kg,pr) is called
the standard graph of the power context family K.

It is easy to see that @(K) is indeed a semiconcept graph, and checking
the conditions of Definition 6 we see that the standard graph Q‘S(K) of a power
context family K is valid in (K,id). Note that, if we omit one vertex or one
edge of the standard graph, the resulting semiconcept graph does not entail the
standard graph and therefore the standard graph is irredundant.

To make sure that the standard graph codes indeed all the information given
in the power context family, we have to check that the standard graph entails
all other valid concept graphs. The following proposition (which is proven in the
Appendix) guarantees that our translation mechanism works properly:

Proposition 10. The standard graph 6(@) of a power context family K =
(Gr, My, I ) k=0.1,... n entails every semiconcept graph &’ that is valid in (K, id).

Thus, with the standard power context family and the standard graph we
have tools for switching between the context level and the level of semiconcept
graphs.

6 Further Research

Obviously, the language of the semiconcept graphs as developed in this paper
can be extended to graphs with generic markers. This has already been done for
semiconcept graphs with an existential quantifier, but this topic would exceed
the scope of this paper. Also nestings should be included in the theory. Since
our semantics is based on power context families, a situation-based contextual
approach as introduced in [Pr00] can be expected to carry over naturally.



112 J. Klinger

As our medical interaction example has shown, potential areas of application
are those where objects not being in a relation is just as important as objects
being in a relation. As all real applications need software support, the logic
of semiconcept graphs should become part of a contextual logic extension of
TOSCANA which is a program for building conceptual information systems. A
possible direction of such an extension was discussed in [EGSW00].

7 Appendix

Proof of Proposition 9: For proving the first direction, we assume that RGE
is not contained in K"“’l thus that IQ52 /§I®1 for some k € {0,1,...n}. Then
we show that there ex1sts a model for 61 in which &5 is not valid. We will only
consider the case k = 0, for k > 1 the two arguments given below can be adapted.
So we assume I3? A I', which means that there exists a g € G, s € SU=S
with (g,s) € IS, but (g,s) ¢ I3*.

First, we consider the case s € S. Recall that the semiconcept graph &; is
valid in (Kél, A1) and that (g,s) € I9? means that there exists v € Vy with
k2(v) <s s and g € pg (v), thus ( ,f<;2( )) € IP2. Furthermore, (g,s) ¢ IO
implies (by definition of 161) that (g,t) ¢ 161 for all t <g s, thus, in particular,
(9,k2(v)) ¢ I$'. But then we have g € Ggsl\Ext ()\gl (k2(v))), therefore &, is
not valid in (Kél, A61).

Secondly, we consider the case s € =S, thus that s = —t for some t € S
and that there exists a g € G with (g,~t) € IS ?, but (g,—t) ¢ I9'. We will
now construct a model for &, which is not a model for 5. Recall that (g, —t) €
I$? means that there exists v € Vp with t <s ka(v) and g € py (v), thus
(9, 7K2(v)) € IP2. The definition of IS implies (g,—r) ¢ IP" for all t <s 7.
Thus, in particular, we have (g, _|I<62(’U)) ¢ I§51.

If (g,ng(% € 15517 we would have g € Ext (/\?351 (/’1}2(1}))) and B, would not
be valid in (K®*,A®). So we assume (g, k2(v)) ¢ I$". Then the definition of
I$" implies that (g,7) ¢ I9* for all r <g ka(v). We set I} := IS U{(g,7) | r >

(v)} and extend X accordingly. Then Aj(g) € Ext (Ns(k2(v))) and because of
g € psy (v) NExt (Ns(k2(v))) we have that &, is not valid in the model (K/, )
with K/ := (Kj,K®',K®",...) where K; := (G, SUﬂS 1).
The semiconcept graph &; is still valid in (K : On the one hand we added
some pairs (g,u) to I§* where u € S, so Mg (pf (w )) C Ext(Ns(k1(w))) still holds
for all w € V1.

On the other hand we did not remove any pairs from Igs . therefore
Ag(p1 (w)) € Go\Ext(Ns(k1(w))) for all w € Vi.

Finally, the considerations above show that the constructed context is “con-
sistent”: we still have w0 N (—u)’0 = for all u € S.

Now we consider the reverse direction. We suppose that K®? is contained in
K%t and we have to show that &, is valid in every model for &;. Let (K, A)
with K) (Gk, My, I;) k=01,...n be a model for &;. In order to show that &, is
valid in K A) we have to check the two conditions of Definition 6]
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We restrict ourselves to the verification of the vertex condition, the edge
condition follows with similar arguments. Let v € V5 and g € p3 (v). Since &y is
valid in (K%,)\@?) and K®! is an extension of 82 we have that (g, k2(v)) €
IP". This gives us that g € p(w) for some w € Vi with 1 (w) <s k2(v). Since
(K, A) is a model for &; we have Ag(g) € Ext(As(x1(w))) and, since As is order
preserving, we have As(k1(w)) C As(k2(v)) (where “C” is the order on 9 (Ko)).
Therefore Ag(g) € Ext(As(k2(v))).

Let v € V, and g € p;(v). Since &3 is valid in (K@Q,)\%) and
K% is an extension of ®: we have that (g,—ka(v)) € I$'. Thus
there exists a w € Vi with ¢ € pj(w) and k2(v) <s #k1(w). Be-
cause ®; is valid in (K,)\) we have Ag(9) € Go\Ext(As(k1(w))).
Since As is order preserving we get Ext(As(k2(v))) C Ext(As(k1(w))),
which implies Go\ Ext(As(x1(w))) C Go\Ext(As(k2(v))) and therefore
g € Go\ Ext(As(k2(v))). O

Proof of Proposition 10: We show that the standard power context
family of &' is contained in the standard power context family of 6(@) Again,
we restrict ourselves to the verification of I@" C Igs (%)
below can be adapted for the case k > 1.

We have HO@(K) = Gy and M(?(K) =9 Ko)U{-m |m e H,(Ko)}. Now

we look at the definition of I(?(K): Let g € Go. If s € 9,(Kp) we have (g,5) €

Igﬁ(ﬁ) :

, the arguments given

— JveVp rp(v)<ss and g¢€ p%(v). By the definition of Vp
and p%, this is equivalent to g € Ext(s). If -t € {-m | m € $(Ko)} we have
(g,t) € I(?(K}) i<= JueVp :t<skp(v) and g€ p%(v). However, by the
definition of Vg and p2s this is equivalent to g € Go\ Ext(s). Since & is valid in
(K,id) we have that (g,s) € 1@ implies g € Ext(s), thus (g, s) € I(?(K)). Also

(9,-t) € I implies g € Go\ Ext(t), thus (g, ~t) € I(?(K)).
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Abstract. How to introduce negations for formal (semi-)concepts of
formal contexts was shown in “Boolean Concept Logic” [Wi00a). For for-
mal judgments, which are represented by concept graphs of power con-
text families, there is the problem that the negation of a judgment is
no more a judgment since judgments are understood as valid proposi-
tions. This problem is solved in “Boolean Judgment Logic” by introducing
the “negating inversion”. This leads to basic algebras of (semi-)concept
graphs of power context families which are investigated in this paper to
obtain a mathematical foundation of Boolean Judgment Logic. The basic
notions and relationships are illustrated by an example concerned with
an information system for supporting the configuration of PCs.
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1 Contextual Judgment Logic

Boolean Judgment Logic is seen as part of “Contezrtual Logic” which, in general,
is developed as a mathematization of the traditional philosophical logic with
its doctrines of concepts, judgments, and conclusions (see [Wi96], [Wi00b]); in
particular, Boolean Judgment Logic is considered to be basic to the more gen-
eral “Contertual Judgment Logic” which is aiming at the clarification of forms
and relations of judgments in given contexts, where judgments are understood
as valid propositions. Since judgments are philosophically conceived as combi-
nations of concepts, Contextual Judgment Logic has to be built on “Conteztual
Concept Logic” which itself is grounded on the mathematization of context and
concept elaborated in Formal Concept Analysis (see [Wik2], [GW99]). For this
paper, we presuppose the basic notions and results of Formal Concept Analysis
and refer the reader to [GW99).

The development of Boolean Judgment Logic particularily continues the work
on “Boolean Concept Logic” [Wi00a] on the judgment level. For this develop-
ment, ideas of the Theory of Conceptual Graphs [So84] and their mathematiza-
tions used in Contextual Judgment Logic (see [Wi97], [Pr98]) are taken over to
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reach a basic mathematical theory of formal judgments which are modelled as
concept graphs of power context families. New, with respect to the developed
Contextual Judgment Logic, is the integration of formal negations founded on
those used in Boolean Concept Logic.

Let us briefly recall the discussion in [Wil0al] about the problem of introduc-
ing formal negations on the concept lattice of a formal context (G, M, I). For
obtaining the negation of a formal concept (A, B) of (G, M, I), it would be nat-
ural, according to the Boolean Class Logic, to form the complement G\ A of the
extent A, but G\ A need not to be an extent again; the smallest formal concept
containing G'\ A4 in its extent is (G \ A)!, (G\ A)). Since the intersection of A
and (G\ A)!! might be not empty, the assignment of (4, B) to ((G\A)f, (G\A)!)
is called the weak negation on the concept lattice of (G, M, TI). For keeping the
correspondence between negation and set-complement, the only possible way is
to generalize the notion of formal concepts. To obtain a powerful generalization
of Boolean Algebra for mathematically treating Contextual Concept Logic, the
best generalization seems to be the notion of protoconcept: (4, B) is said to be a
protoconcept of (G, M,I) if AC G, BC M, and Al = B! (which is equivalent
to AT = B!T). The negation of a protoconcept (A, B) of (G, M, I) is defined as
the protoconcept =(A, B) := (G \ 4, (G \ A)Y).

In applications (for example see Fig. 5), protoconcepts which are not for-
mal concepts often occur only as negated formal concepts or as meets of
those. Such protoconcepts are even [l-semiconcepts where a [M-semiconcept
has the form (A, A”). In this paper, we therefore restrict our considerations
to the negation in the Boolean algebras §(K) := (9n(K),Mn,U,—, L, T) of
the M-semiconcepts of formal contexts K := (G, M,I). As above, the nega-
tion on the set Hn(K) := {(A, A1) | A C G} of all M-semiconcepts of K is
given by —(4,Al) := (G \ A, (G \ A)1); the other operations are defined by
(A, AN (B,BY) := (AnB,(An B)Y), (A, ADHU(B,B") .= (AU B, (Au B)!),
L:=(0,M), T :=(G,G"), and the order relation C by

(A,A"YC (B,B'): <= AC B (and A’ D BY).

Restricting to M-semiconcepts yields the advantage that, algebraically, we have
only to deal with Boolean algebras of M-semiconcepts instead of the more com-
plex double Boolean algebras of protoconcepts. For a fully developed Boolean
Judgment Logic, the (weak) negations and oppositions, introduced in [Wi00a]
for formal concepts and protoconcepts, respectively, should also be considered
on the judgment level, but this needs further research.

2 Semiconcept Graphs Explained by an Example

How (semi-)concept graphs with negation may be introduced shall first be ex-
plained by an example. The example is taken from a cooperation with IBM
Germany which was performed in the mid '80th (see [Wi89]). The task was to
develop a prototype of an information system for supporting the configuration of
PCs by IBM-components such as CPUs, screens, etc. Fig. 1 and 2 show two data



Boolean Judgment Logic 117

N~
D{en ||
2181828lel2 RIZI8IS| | |- ol lola
T 28880 8RR 2R R E v kS5 E85E
5150 XXX X XX XX XX XXX X
5160 X[ XX X XXX X XX PXIEXIXIX X
5162 X] [X XXX XXX X XX PXIXIXIX X
5270 XXX XXX XXX XXX X XX XXX XX
5271 | XXX X XX XXX XXX X XXX X X
5273 XXX X [ X XPXIXXIX] XXX X X
5371 [ X XXX XX XPXIXXIXX] - IXIXIXX XX X
5373 X XIXIX] XX XPXIXEXIX] IXPXIXIXEX X X
Fig. 1. Data context of CPUs
o
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5151|X XX X XXX
5272| XXX [X XXX X
5279 | XXX XIXIXEX] XX XX
5379 XXX XXX XXX XX XIXIXIX
5153} X X XXX X
4861 <[ X XX XXX XXX
5175| XX XXX XIXXIXIX

Fig. 2. Data context of screens

contexts extracted from the full data about IBM-components using the original
denotations of that time. The context in Fig. 1 has as objects the CPUs 5150,
5160, 5162, 5270, 5271, 5273, 5371, 5373 and as attributes “hard disk”: F1, F2,
“hard disk memory”: F20S, F40S, F60S, “RAM”: S640, S2.63, S8.6, S10.5, “disk
drive”: D2, “disk memory”: D720S, D2.4S, “Co-processors”: M8087, M80287,
“cycle time”: T4, T6, and further characteristics: MIT, S, P, ZB, 3270, 370,
BSC, SDL, PL; the context in Fig. 2 has as objects the screens 5151, 5272, 5279,
5379, 5153, 4861, 5175 and as attributes “viewable size”: D12, D13, D14, D19,
“screen resolution”: 640 x 200, 640 x 340, 640 x 480, 720 x 512, 960 x 1000, “colour
depth”: F2, F8, F16, F256, and “text mode”: 25 x 80, 32 x 80, 43 x 80, 50 x 80.
For each component context, the corresponding concept lattice was determined
and stored within the developed information system; the concept lattices of the
contexts in Fig. 1 and 2 are represented in Fig. 3 and 4, respectively.

The dependencies between the objects of different contexts concerning the
fit between specific components can be expressed by “semiconcept graphs’ as
shown in Fig. 5 for the objects of the CPU- and the screen-context. Notice
that, for instance, the negation of the attribute concept w(ZB) in the first
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graph is not a formal concept, but a (M-)semiconcept of the CPU-context.
Each of the five presented semiconcept graphs consists of two “semiconcept
instances” joined by the binary relation “fit”. A semiconcept instance is com-
posed by a semiconcept and two object sets (separated by |) the first of which
is contained in the extent of the semiconcept and the second in its comple-
ment; the relation “fit” combining two semiconcept instances indicates that ev-
ery two objects from the first sets, respectively, are fitting in a PC-configuration
and that every two objects from the second sets, respectively, do not fit in a

Fig. 3. The concept lattice of the CPU-context in Fig. 1
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25x80| D12\ 1640x200]

32x80

5153
640x480 43x80
),
5151
720x512
5279 4861
F256 'D19]/960x1000||50x80|

5175

Fig. 4. The concept lattice of the screen-context in Fig. 2

PC-configuration. For the first semiconcept graph in Fig. 5, this means that
{5150, 5160, 5162, 5270} x {5151,5153,4861,5175} is contained in the extent of
the relation “fit” and that {5271,5273} x {5279,5379} is contained in the com-
plement of that extent. The last semiconcept graph in Fig. 5 indicates that one
of the object sets of a semiconcept instance might be empty, but at least one
must be not empty; also for the combining relation there must always be at least
one pair of objects in the extent of the relation or in its complement.

The five semiconcept graphs in Fig. 5 completely determine the extent of
the relation “fit” which can be easily checked by confirming that, according to
the five semiconcept graphs, each cell with a cross in the binary table of Fig. 6
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[—1(ZB) : 5150,5160,5162, 5270 | 5271, 5273]
|
(fit)

|
[~pu(D14) : 5151,5153,4861, 5175 | 5279, 5379

[W(ZB) M —u(S2.63) : |5271, 5273|5371, 5373]
(fit)

|
[=((F8) M (640 x 340)) : 5151, 5272|5153, 4861, 5175]

[W(ZB) M u(S2.63) : 5371,5373 | 5271, 5273

(ﬁ’t)

|
[1(D14) M (32 x 80) : 5279,5379| 5153, 4861, 5175]

[1(ZB) M u(52.63) : 5371,5373 | 5150, 5160, 5162, 5270]
|
(fit)

|
[—u(F8) : 5151|5272, 5279, 5379)]

[-(u(ZB) M u(S2.63)) : | 5371, 5373]
(ﬁ|t)

|
[~p(D14) @ | 5272]

Fig. 5. Semiconcept graphs describing the fit-dependencies between CPUs and screens
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represents an object pair of the relation and each empty cell an object pair not
in relation; moreover, each pair occurs exactly once in the semiconcept graphs

O|IONO|~ M~
oINS DN N NS
b|o|b 5|8 |B[8
5151 | XXX XXX XX
5272 XX
5279 XX
5379 XX
5153 || X[ X|X|X
4861 || X|X|X|X
5175| X[ X|X|X

Fig. 6. Binary table representing the extent of the relation “fit”

of Fig. 5. The MNM—semiconcepts in those graphs yield further information; for
instance, they indicate that the relation “fit” causes partitions on the CPUs
induced by ~p(ZB), u(ZB) M u(S52.63), ~u(ZB) M p(S2.63) and on the screens
by —(u(F'8) M p(640 x 340)), w(D14) M u(32 x 80), —u(D14) M u(F8). Thus,
semiconcept graphs may represent formal judgments which yield information in
a condensed manner.

The developed prototype of the information system was formed by the con-
cept lattices for different types of PC-components which were pairwise linked by
the fitting relation. A process of establishing a PC-configuration could then be
performed stepwise by always using the knowledge about the consequences of
already taken decisions. For instance, in Fig. 3, the consequences of the decision
for an SDL-CPU are indicated by the blackened circles which represent all con-
cepts having SDL in their intent; in particular, the decision restricts the choice to
the CPUs 5150, 5160, 5162, 5270, and 5271. The SDL-decision effects the choice
of a screen via the fitting relation so that only the concepts represented by the
blackened circles in Fig. 4 may lead to a functioning configuration. This becomes
clear by the first and fourth semiconcept graph showing that the screens 5279
and 5379 do not fit with any SDL-CPU (the other screens fit with at least one
of the SDL-CPUs). Now, if one wants at least 8 colours (attribute F8) then only
one of the screens 5272, 5153, 4861, and 5175 will fit. Any further decision may
have consequences on other components which are then similarly represented by
blackened circles in the line diagrams of the corresponding concept lattices.

The example stands for a type of information systems established on concept
lattices for different types of components whose contextual-logic dependencies
are expressible by semiconcept graphs; of course, there might be quite different
relations even of higher arities and not only one binary relation. Therefore a
general theory of semiconcept graphs with negation is desirable which will be
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developed as an extension of the existing mathematical theory of concept graphs
in Contextual Judgment Logic.

3 Algebras of Semiconcept Graphs

In general, the contextual semantics of the developed Contextual Judgment Logic
is based on power context families and their concept graphs representing formal
judgments. A power context family is a sequence

K := (Ko, Ky,...,Kg,...)

of formal contexts Ky, := (Gy, My, I) with G C (Go)* for k = 0,1,.. ; K is
said to be limited of type n € N if K := (Ko, Ky, ...,K,), otherwise it is called
unlimited. For obtaining conformity with the “Contextual Logic of Relations’
(see [Bu9l], [Wi00c|), we extend each context Ky (k= 1,2,...) to the relational
context Ky, := ((Go)¥, My, I.); for unifying notation, we set Ko := K. Recall
that, in general, the extent A of a M—semiconcept b := (A, A7) is denoted by
Ext(b).

A relational graph is a set structure (V, E,v) consisting of two sets V' and
E and a mapping v : £ — Uk:m,_“ V¥ . The elements of V and E are called
vertices and edges, respectively, and v(e) = (v1,...,vg) is read: vq,...,v are
the adjacent vertices of the k-ary edge e; |e| := k is the arity of e, and |v] := 0
is the arity of any vertex v. Let E®) .= {u € VUE | |u| = k} (k =0,1,...);
in particular, this means E(®) = V. A relational graph (V, E,v) is said to be
limited of type n € N if E = EM U ... U E™ otherwise it is called unlimited.

As the example in Section 2 indicates, it is desirable to generalize the defini-
tion of a concept graph of a power context family to that of a semiconcept graph
(concept graphs are then special cases of semiconcept graphs). A semiconcept
graph of a power context family K := (Ko, .., K, ...) with Ky, := (Gg, My, It)
for k = 0,1,... is a set structure & := (V, E,v, k,p) for which (V,E,|v) is a
relational graph and

o itV UE — Upo..

uwe E® (k=0,1,...),

e 1V — P(Gyp) \ {0} is a mapping with pT(v) := p(v) N Ext(k(v)) and

( ) := p(v) \ pT(v) such that, for v(e) = (v1,...,v), pT(v;) A0 for all

=1,....kor p~(v;) ADforall j =1,...,k, and p*(vy) x --- X pT(vy) C
(w(e)) and p(1n) x - x p=(0x) € (Go)* \ Eat(s(e)).

For example, the first semiconcept graph represented in Fig. 5 is the set
structure & := (V, E, v, k, p) with V := {v1,v2}, E := {e}, v(e) := (v, v2),

9-(Ky) is a mapping with x(u) € $(K}) for all

/<;( 1) = u(ZB), k(vg) := —u(D14), and k(e) := fit,
p+(v1) = {5150, 5160, 5162, 5270}, p~ (v1) = {5271, 5273},
pt () := {5151, 5153, 4861, 5175}, p~ (vs) := {5279, 5379};
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® is founded on the power context family K = (Ko, Kz) where Ky :=
(Go, My, Iy) is the disjoint union of the formal contexts in Fig. 1 and 2, and
Ky := (Gg, Ma, I3) is the “binary” context for which Ga := (Go)?, My := {fit},
and (g, h)Iy(fit) if the components g and h are linked by a cross in Fig. 6 (in
Fig. 5, (fit) stands for the attribute concept u(fit)).

For a semiconcept graph & := (V, E,v, k, p), the triples [k(v) : pT(v)|p™ (v)]
for v € V are called “semiconcept instances” of &. In general, a semiconcept
instance of Ky is defined as a triple [b : C|D] with b € Hr(Ky), C C Ext(b),
and D C Gy \ Ext(b); they are understood as elementary semiconcept graphs
representing distinctive judgments (see [Wil1]). The set of all semiconcept
instances of Ky is denoted by $%!(Ky). Since it is useful to consider the

mapping p not only on vertices but also on edges, for v(e) = (v1,...,vx),
we define p(e) := pt(e) Up(e) with pT(e) = pT(v1) X ... x pT(vy) and
ple)” :=p~(v1) X ... x p~(vg). Now, we can also introduce “k-ary semiconcept

instances” of the semiconcept graph & by [x(e) : pT(e)|p~ (e)] for e € E®). In
general, a k-ary semiconcept instance of the relational context Ky (k=1,2,...)
is defined as a triple [b : Cy X -+ X Cg|Dy,x -+ x Dy] with b € ﬁm(Kk),
C1 x -+ x C C Ext(b), and Dy, x--- x Dy, C (Go)* \ Ext(b). The set of all
k-ary semiconcept instances of Ky, is denoted by $HE Z”St(Kk) fork=1,2,...;in
addition, we define %" (Ko) := 975! (Ky). On H5"5(K},), the (affirmative)
generalization order = is defined by

[b1 : C1|D1] - [bg : 02|D2] 1< by I [12, C; C Cg, Dy C Ds.

Negations are already involved in the semiconcept instances [b : C|D] by the
claim d ¢ Ext(b) for all d € D. But, since the negation of a judgment is no more a
judgment, a negating operation on semiconcept graphs cannot correspond to the
negation of propositions. Therefore, we propose a negating inversion which can
be defined for semiconcept instances by —[b : C|D] := [=b : D|C] because [-b :
D|C] is again a semiconcept instance. For semiconcept graphs, we introduce in
general the operations conjunction (/\), disjunction (\/), and negating inversion
(—) as follows:

b /\teT(VtaEt,Vt,/itapt) = ("//\,Eml//\,fimp/\) where
Va = UierVe and En = U, Et,
va(er) := vi(et) for e; € Ex,
Ka(ug) = ke(ug) for ug € V; U Ey,
pa(vy) := pi(vy) for vy € Vi
instead of /\te{l,2} &;, we usually write & A G
o \ier(Vi, By, ve, ke, pi) i= (W, Ev, vy, Ky, pv) where
Vo = {(ve)ter € [LierVe | Mier pi (ve) /0 or Mier pe (0e) 0},
By = U1, BV with
EY = {(e)ier € [Lier By | Nier pi (e1) /A0 0 My pr (er) /03,
V\/(e) = ((Utl)tET7 .. (Utk)tET) for e := (et)teT and l/t(et) (Utl, .. ’Utk),
kv (v) =L ierre(vg) for vi= (v)ter € W,
ky(e) :=Userri(es) for e := (e;)ier € E(vk) and k=1,2,...,
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05 (0) 1= N o7 (00) and 5 () i= yer pi-(v0) for v = (v rer € Vo;
instead of \/te{l,2} B;, we usually write &, V Go;
e —(V,E,v,k,p) :=(V,E,v,R, p) where
E(v) := —k(v) for v € V and &(e) := —k(e) for e € E,
A(o) = p(v) for v €V, ie. p*(v) = p(v) and p~(v) = p*(v);

As extremal constants one has the empty graph &g := (0,0,0,0,0) and the
universal graph

e B, = (VwE,u’ Uy, K, Pu) Where _ .
Vi i= 9 (Ko) and By i= Uy o 95 (Ky),
I/u[b : Cl X -+ X ClehX"' XDk]
= ([(Clv (Cl)IO) : CI|D1]7 ) [(Ck7 (Ck)I(J) : Clek])v
Kyl[b: C|D]:=b for [b:C|D] € V,, UE,, and
pr[6:CID]:=C and p, [b: C|D]:= D for [b: C|D] € V,.

The assertion of the following lemma can be easily confirmed:

Lemma 1 The conjunction, disjunction, and negating inversion of semiconcept
graphs are again semiconcept graphs.

Thus, the semiconcept graphs of a power context family K form an algebra
with the binary conjunction (A), the binary disjunction (V) and the negating
inversion (-) as operations and with &y and &,, as constants (nullary operations);
this algebra is denoted by

HEPK) = (B E), A,V —, B, Bu).
As direct consequence of the definitions we get the following proposition:

Proposition 1 For any power context family K, the algebra @%mph(]f{) satisfies
the following equations:

G A By =By A By

&1 A (62 A\ 63) = (@1 A\ @2) N B3
@1\/(@2/\@3):(61\/62)/\(@1\/63) ifEé“ﬁEk: (
(B1 AB) VB3 = (81 VSE3)A(ByVB;) if EFNES =0 (
—(-6)=6

—(B1AB3) = (—61) A (—8B3)

S Crds Lo do =

To obtain the commutative and associative law also for the disjunction
and the distributive laws without constraints, we have to identify isomorphic
semiconcept graphs: Two semiconcept graphs &, := (Vi, E1,v1,K1,p1) and
&y := (Va, B2, 19, Ko, pa) of K are said to be isomorphic (in symbols: &1 & G,)
if there exist bijective maps « : Vi — V5 and [y : Egk) — Eék) (k=1,2,...)
with v1(e) = (v1,...,v5) © va(Br(e)) = (a(v1),...,a(vg)), K1(v) = Ka(a(v)),
k1(e) = ka(Br(e)) if le|] = k, and p1(v) = p2(a(v)). Obviously, 2 is a congruence
relation on Qﬁmph (K) so that we obtain the quotient algebra

HIPNK) = (98 (K)) =0V, -, 8y, 8,),
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the elements of which are the congruence classes &, := {& € H77*" "(K) | &
&} represented by arbitrary semiconcept graphs &g of K. The next proposmon
can again be easily proved:

Proposition 2 For any power context family K, the algebra Qimph (K) is a com-
mutative semiring, i.e., the operations A and V are commutative, associative, and
distributive (as in 3. and 4. of Proposition 1 without constraints); furthermore,
Sﬁqmph( ) also satisfies the equations 5. and 6. of Proposition 1.

4 Semi-conceptual Content and Generalization Order

For defining the generalization order between semiconcept graphs, we first grasp
the conceptual information represented in semiconcept graphs by the notion of
their semi-conceptual content: For a semiconcept graph & := (V, E,v, K, p) of
the power context family K we define the semi-conceptual content C(&) :=

(Co(®),...,Cr(®),...) of & by Cy(®) :=

{(3,6) € (Go)* x Hn(Ky) | there are ¢; € Hn(Kg) (t € T) with b I yeres
and Vt € T3u; € E®) 2 ¢; = w(uy), g € pt(ug) or ¢; = —w(ug), g € p~ (ug)}

for k =0,1,...;in particular, C(®) is called the semi-conceptual k-content of &.

The (affirmative) generalization order between semiconcept instances can now
be extended to a generalization order between semiconcept graphs by defining

(2] s &y & Ck(ﬁl) D Ck(®2) for k = 0,1,...;

®; is then said to be less general (more specific) than &o. Semiconcept graphs &,
and B, of K are called equivalent (in symbols: &1 ~ G5) if 1 S G5 and &y S G,
i.e. C(®1) = C(®B3). The equivalence class containing the semiconcept graph & is
denoted by [®].. or shortly by [&]. The set HZ P (K) of all equivalence classes of
semiconcept graphs of K together with the order < induced by the quasi-order <
is an ordered set denoted by ﬁﬁmph(]f{). Notice that we have been able to extend
the generalization order to semiconcept graphs even with negations.

Lemma 2 For semiconcept graphs & and &; := (Vi, E,ve, ke, p:) (t €T) of a
power context family K, the following equalities hold for k=10,1,...:

Crol \ &) 2 | Cr(®), Cr(\/ 81) = () Ci(®1), and Ci(—8) = Ci(®).

teT teT teT teT
Proof: For £k =0,1,... we can conclude
Cr(Nier ®t) 2 {( ) | b 3¢, with (g,¢;) € Cp(®,) for some ¢t € T}

Cr(By).
|_|t€Tct with (g,¢;) € C(®,) for t € T}

b Jc; with (g,c) € Cr(B4)}

Ck(vtET &) =
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The third equality follows directly from the definitions. m|

h
Proposition 3 For any power context family K the ordered set S’Jg * (K) 5 a
completely distributive complete lattice having [Gg] as greatest element and [&,,]
as smallest element; in particular,

A& =\ &] and \/[6]=[\/ &/]

teT teT teT teT
for arbitrary semiconcept graphs B, ofK (teT).

Proof: As defined above, ;1 2 &, is equivalent to Cy (&) C Ci(B2) for k =
0,1,..., and B; ~ &, is equivalent to C(B1) = C(B,); furthermore, Lemma
yields that, for each k=0,1,..., the sets of semi-conceptual k-contents are
closed under intersection in the power set of {(7,b) | g € b € Hr(Ky)} and so
the asserted equality \/,.[®:] = [V,cr ®:] holds. Hence, arbitrary infima and

~graph - ~graph , -
suprema exist in the ordered set Qi ! (K), i.e., Qi i (K) is a complete lattice.
Because of Ck(®@) =0 and Cy(6,) = {(g,b) | b € Hr(Ky) and § € Ext(b)}

for k =0,1,..., [By] is the greatest element and [&,] is the smallest element of
~graph

9, K K). As Cr(Nier ®t) 2 Uier Cr(®y) for k = 0,1, ... by Lemmal2, we have
(Aer 8:] < Aer[®¢]. For any (g,b) € Cp(A,cr @¢) there exist (g,¢;) € Cr(G:)
(t € T) with b I lyerc, and therefore (g,b) € Ci(&) for any & € [A,cr G4l
This proves \,cr[®:] = [Aser G4l

~graph , -
That the complete lattice @?mp (K) is even completely distributive, this

follows from the next proposition which internally clarifies the lattice structure

of .S’ngp (K) and has an analogous proof as that of Proposition 1 in [PW99]. O
Proposition 4 For a power context family K forge (Go)* andk =0,1,..., let

Lz ={ceH,(Ki)| g e Ext(c) }U{TI} be the interval of all supersemiconcepts

of {g}.{g}"™) in 9, (Ky) together with a new top-element TY. Then .‘?)gmph(K)

18 isomorphic to ti}e complete subdirect product of the completely distributive
complete lattices L] with k = 0,1,... and g € (Go) consisting of all elements

a = (ak)ie(ﬁ“) of the directed product HZE(OG{J) Lg satisfying the following

conditions (k=1,2,...):
(Ex) If o ~T9 and g = (g1,-..,gx) then af T8 fori=1,... k.

5 Further Research

This paper can only be considered as the beginning of developing Boolean Judg-
ment Logic. After identifying basic algebraic structures of Boolean Judgment
Logic, namely
— the algebras $2*" (K) (and ﬁgmp "(K)) of semiconcept graphs (up to iso-
morphism) and
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~graph , -
— the completely distributive complete lattices ﬁ?mp (K) of information equiv-
alence classes,

the interplay of syntax and semantics of Boolean judgments have to be clari-
fied which already found a promising start in [KI01] by extending the syntax
described in [Pr98] to Boolean Judgment Logic. Another extension of [Pr98] is
elaborated in [Da00] and [Da0l] to connect Contextual Judgment Logic with
First Order Predicate Logic; this work contributes to Boolean Judgment Logic
too. As already mentioned above, the developed semantics shall be extended by
including the notions of protoconcepts together with the operations of (weak)
negation and (weak) opposition. The main direction of research will concentrate
on the investigation of structures which come up in applications of Boolean
Judgment Logic. For instance, a successful method of knowledge acquisition is
asking for distinctive judgments so that contextual-logic structures of distinctive
judgments are of interest (see [Wil0l]). A general aim is to extend TOSCANA
so that relationally scaled databases can be investigated by methods of Boolean
Judgment Logic (cf. [EGSW0]).

Acknowledgement. This paper has substantially benefited from the financial
support given by the Australian Research Council (IREX-Programme) which
allowed the author to work in 1999/2000 for four months at the School of Infor-
mation Technology of the Griffith University (Gold Coast Campus).
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Abstract. Pattern structures consist of objects with descriptions (called
patterns) that allow a semilattice operation on them. Pattern structures
arise naturally from ordered data, e.g., from labeled graphs ordered by
graph morphisms. It is shown that pattern structures can be reduced
to formal contexts, however sometimes processing the former is often
more efficient and obvious than processing the latter. Concepts, implica-
tions, plausible hypotheses, and classifications are defined for data given
by pattern structures. Since computation in pattern structures may be
intractable, approximations of patterns by means of projections are in-
troduced. It is shown how concepts, implications, hypotheses, and clas-
sifications in projected pattern structures are related to those in original
ones.

Introduction

Our investigation is motivated by a basic problem in pharmaceutical research.
Suppose we are interested which chemical substances cause a certain effect, and
which do not. A simple assumption would be that the effect is triggered by the
presence of certain molecular substructures, and that the non-occurence of the
effect may also depend on such substructures.

Suppose we have a number of observed cases, some in which the effect does
occur and some where it does not; we then would like to form hypotheses on
which substructures are responsible for the observed results. This seems to be a
simple task, but if we allow for combinations of substructures, then this requires
an effective strategy.

Molecular graphs are only one example where such an approach is natural.
Another, perhaps even more promising domain is that of Conceptual Graphs
(CGs) in the sense of Sowa [21] and hence, of logical formulas. CGs can be used
to represent knowledge in a form that is close to language. It is therefore of
interest to study how hypotheses can be derived from Conceptual Graphs.

A strategy of hypothesis formation has been developed under the name of
JSM-method by V. Finn [8] and his co-workers. Recently, the present authors
have demonstrated [I1] that the approach can neatly be formulated in the lan-
guage of another method of data analysis: Formal Concept Analysis (FCA) [12].

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 129-{142] 2001.
© Springer-Verlag Berlin Heidelberg 2001
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The theoretical framework provided by FCA does not always suggest the
most efficient implementation right away, and there are situations where one
would choose other data representation forms. In this paper we show that this
can be done in full compliance with FCA theory.

1 Formal Contexts

From every binary relation, a complete lattice can be constructed, using a simple
and useful construction. This has been observed by Birkhoff [3] in the 1930s, and
is the basis of Formal Concept Analysis, with many applications to data analysis.

The construction can be described as follows: Start with an arbitrary relation
between two sets G and M, i.e., let I C G x M, and define

A':={me M| (g,m) el foral ge A} for AC G,

B :={g€ G| (g9,m) €I for all m € B} for B C M.
Then the pairs (A, B) satisfying

ACG,BCMA=B,A=D

are called the formal concepts of the formal context (G, M, I'). When ordered
by
(A17B1) S (A27B2) R Al g AQ (<:> BQ g Bl),

they form a complete lattice, called the concept lattice of (G, M, I).

The name “Formal Concept” reflects the standard interpretation, where the
elements of G are viewed as “objects”, those of M as “attributes”, and where
(g,m) € I encodes that object g has attribute m. It has been demonstrated that
the concept lattice indeed gives useful insight in the conceptual structure of such
data (see [12] and references there).

That data are given in form of a formal context is a particularly simple case.
If other kind of data is to be treated, the usual approach is first to bring it in this
standard form by a process called “scaling”. Recently, another suggestion was
discussed by several authors [14], [15] [16] [17]: to generalize the abovementioned
lattice construction to contexts with an additional order structure on G and/or
M. This seems quite natural, since the mappings A 1—A’, B1—B’ used in the
construction above form a Galois connection between the power sets of G and
M. Tt is well known that a complete lattice can be derived more generally from
any Galois connection between two complete lattices.

On the other hand, one may argue that there is no need for such a gen-
eralization and that no proper generalization will be achieved, since the basic
construction already is as general as possible: it can be shown that every com-
plete lattice is isomorphic to some concept lattice.

Nevertheless, such a more general approach may be worthwhile for reasons
of efficiency, and it seems natural as well. Several authors [2], [4], [7] have con-
sidered the case where instead of having attributes the objects satisfy certain
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logical formulas. In such a situation, shared attributes are replaced by common
subsumers of the respective formulae.

We show how such an approach is linked to the general FCA framework. We
discuss some operational and algorithmic aspects and demonstrate our results
on an example.

2 Pattern Structures

Let G be some set, let (D,M) be a meet-semilattice and let § : G — D be
a mapping. Then (G, D, ) with D = (D,N) is called a pattern structure,
provided that the set

5(G) = {d(9) | g € G}

generates a complete subsemilattice (Dy, M) of (D, M) [] Each such complete semi-
lattice has lower and upper bounds, which we denote by 0 and 1, respectively.
The intuitive meaning of a pattern structure is the set of objects with “descrip-
tions” (patterns) with a “similarity operation” M on them, i.e., an operation that
for an arbitrary set of objects gives a “description” representing similarity of ob-
jects from the subset. The similarity should be independent of the order in which
the objects occur, therefore the operation should be idempotent, commutative,
and associative.

The condition on the complete subsemilattice looks unpleasant. But note
that there are two situations where this is automatically satisfied: when (D, M)
is complete, and when G is finite.

If (G, D,0) is a pattern structure, we define the derivation operators as

AP = T 6(g) for ACG

geA

and
dZ:={geG|dC i)} for d € D.

The elements of D are called patterns. The order on them is given, as usual,
by
cCd:< chnd=c,

and is called the subsumption order. The operators (~)D obviously make a
Galois connection between the power set of G and (D,C). The pairs (A4,d)
satisfying

AcCG, deD, AY=d, and A=d"

are called the pattern concepts of (G, D,¢), with extent A and pattern in-
tent d. The above notions are analogues of the corresponding notions in formal
contexts. For a,b € D the pattern implication a — b holds if a™ T b”. A pat-
tern implication says what patterns occur in an object “description” if a certain
pattern does. Similarly, for C, D C G the object implication C — D holds if

! By which we mean that every subset X of §(G) has an infimum MX in (D,M) and
that Ds is the set of these infima.
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CH C DU. Informally, this implication says that “all patterns that occur in all
objects from the set C' occur also in all objects from the set D.”

Since (Ds, M) is complete, there is a (unique) operation LI such that (D, M, L)
is a complete lattice. It is given by

UX =[1{c€ Ds | Voex z C c}.

A subset M of D is L-dense for (Ds,M) if every element of Dj is of the form
LX for some X C M. If this is the case, then with

ld:={eeD|eCd}

we get
c=U{lenM) for every ¢ € Dj.

Of course, M := Dy is always an example of a IN-dense set.
If M is L-dense in (Ds,M), the formal context (G, M,I) with I given as
gIm:< m C §(g) is called a representation context for (G, D, ).

Theorem 1. Let (G,D,d) be a pattern structure and let (G, M,I) be a repre-
sentation context of (G,D,0). Then for any A C G, B C M and d € D the
following two conditions are equivalent

1. (A,d) is a pattern concept of (G,D,d) and B =L dN M.
2. (A, B) is a formal concept of (G, M,I) and d=||B.

The proof is by a standard application of the basic theorem of Formal Concept
Analysis [12].

Thus the pattern concepts of (G, D, ) are in 1-1-correspondence with the
formal concepts of (G, M, I). Corresponding concepts have the same first com-
ponents (called extents). These extents form a closure system on G and thus a
complete lattice, which is isomorphic to the concept lattice of (G, M, I).

3 Computing Pattern Concepts

When a pattern structure is given, then in principle we have all the information
necessary to determine its concepts. We might, for example, compute all infima
of subsets of Ds and thereby all pattern concepts. To this end we can, e.g.,
adapt the Next Concept algorithm [12]. In computation of even finite pattern
structures, one should take into account the fact that performing a single closure
may be intractable. For example, already the problem of testing the C relation
for labeled graphs from Section 7 is NP-complete, and computing X MY is even
more difficult. Thus, in designing an algorithm for computing pattern concepts,
one needs first to minimize the number of operations I, then the number of
C relation tests, and, in the last turn, the number of operations with Boolean
vectors.

After each backtrack of the original version of the Next Concept algorithm,
it performs intersection of |G| object intents. To avoid this in case of “expensive”
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M operation, one can introduce a natural tree data structure. Each vertex of the
tree corresponds to a concept (A, B) and the children of the tree correspond to
concepts of the form ((A U {g})”,(AU{g})") (actually, only some concepts of
this form). An algorithm of this kind was given in [9].

A similar algorithm of this type was described in [16] for computing with sets
of graphs. Given a family F of graph sets and an idempotent, commutative and
associative operation M on them defined as in Section 7, the algorithm constructs
the semilattice w.r.t. M generated by sets from F, and its line (Hasse) diagram.
The time complexity of the algorithm is O((av + B|G|)|G|?|L|) and its space
complexity is O((v|G||L|)), where « is time needed to perform MM operation,
is time needed to test C relation and v is the space needed to store the largest
object from Ds.

A similar approach to computing pattern concepts and implications between
objects can be made in lines of a procedure proposed in [2]. This procedure, called
the object exploration, is the dual of the attribute exploration algorithm,
which is standard in Formal Concept Analysis. For a given closure operator on
G it computes its stem base, which is an irredundant system of implications
on G that generate the closure operator, and the concept lattice (isomorphic in
this case to the lattice of description hierarchy, i.e., the lattice of least common
subsumers). Here an implication

A—B, ABCG

holds, like in case of implications between sets of attributes, if B C A”. The order
studied in [2] is given by the hierarchy of descriptions in Description Logic, where
the description that is an infimum of two other descriptions (their least common
subsumer) can be of exponential size, e.g., for ALE logic [2].

4 Structured Attribute Sets

We have introduced pattern structures to replace sets of attributes by a sort of
“descriptions”. However, this does not exclude the possibility that the patterns
are themselves attribute combinations. A natural situation where this occurs
is when the attribute set is large, but structured, so that admissible attribute
combinations can be described by generating subsets.

Consider the example mentioned in the introduction: there the observed pat-
terns are chemical compounds described by their molecular graphs. There is no
natural M-operation for such graphs, except when we use a little trick: we re-
place each graph by the set of its subgraphs, including the graph itself. Then
the meet is the set of all common substructures. When describing such sets, one
will usually restrict to the mazimal common substructures and tacitly include
the sub-substructures of these.

To phrase this situation more abstractly, assume that the attribute set (P, <)
is finite and (partially) ordered, and that all attribute combinations that can
occur must be order ideals (downsets) of this order. Any order ideal O can be
described by the set of its maximal elements M as O:= {z | Iyemz < y}.
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The maximal elements form an antichain, and conversely, each antichain is the
set of maximal elements of some order ideal. Thus, in this case, the semilattice
(D, N) of patterns will consist of all antichains of the ordered attribute set, and
will be isomorphic to the lattice of all order ideals of the ordered set (and thus
isomorphic to the concept lattice of the context (P, P, 2, see [12]). For given
antichains C; and Cs, the infimum C7MC5 then consists of all maximal elements
of the order ideal

{m | 3e,ec,Tezec, m < cp and m < co}.

Computing Cy M C5 may however be a problem. Note, e.g., that in the intro-
ductory example of chemical compounds, even the <-relation is difficult to com-
pute, since z < y amounts to x is isomorphic to a subgraph of y, which is an
NP-complete problem [13].

There is a canonical representation context for this pattern structure
(G,D,d). Tt is easy to see that the set of principal ideals | p is M-dense in
the lattice of all order ideals. Thus

(G, P,I) with (g,p) € I : <= p < 4(g)

is (isomorphic to) a representation context for (G, D, 9).

Since the set of order ideals is closed under unions, the semilattice D of
antichains will be a distributive one. The same approach also works in the meet-
distributive case, for sets selected from a closure system with the anti-exchange
property [12]. The anti-exchange property implies that each closed set is the
closure of its extreme points, as it is known for the example of convex polyhedra.
Again we get that each closed set has a canonical generating set, that may be
used as a pattern.

5 Projections

It may happen that some of the patterns in a pattern structure are too com-
plex and difficult to handle. In such a situation one is tempted to replace the
patterns with weaker, perhaps simpler ones, even if that results in some loss of
information.
We formalize this using a mapping ¥: D — D and replacing each pattern d €
D by 1(d) such that the pattern structure (G, D, ¢) is replaced by (G, D, woé.
It is natural to require that v is a kernel operator (or projection), i.e., that
P is
monotone: if z C y, then ¥(z) C ¢(y),
contractive: ¥(z) C z, and
idempotent: (¢ (z)) = ().

In what follows we will use the following fact, well-known in order theory [6]:

2 In this situation we consider two pattern structures simultaneously. When we use
the symbol U, it always refers to (G, D,$), not to (G, D, 09).
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Proposition 1. Any projection of a complete semilattice (D, M) is M-preserving,
i.e., for any X, Y € D

PXNY) = (X)) Ny(Y).

It is easy to describe how the lattice of pattern concepts changes when we
replace (G, D, ) by (G, D, o). First, the folowing statement establishes the
invariance of subsumption relation for projected data

Proposition 2. ¢(d) C §(g) < ¢¥(d) Eod(g).

Proof. If ¥(d) C 6(g) then ¥(d) = ¥(¢(d)) C ¥(d(g)) by the idempotence of 1.
On the other hand, if ¢(d) C ¢ o §(g) then ¢(d) C d(g), since 9 is contractive.

The following statement establishes the relation between projected pattern
structures and their representation contexts: taking a projection is equivalent to
taking a subset of attributes of the representation context of the original pattern
structure.

Theorem 2. For pattern structures (G,D,d1) and (G,D,ds) the following
statements are equivalent:

1. §5 = o by for some projection ¢ of D.
2. There is a representation context (G, M,I) of (G,D,d1) and some N C M
such that (G,N,IN (G x N)) is a representation context of (G, D, ds).

Proof. 1 = 2. Let 61,d2: G — D be mappings and let ¢»: D — D be a projection
of D such that §o =1 o 6.

Define M:= D and N:= {¢)(m) | m € M} C M. Clearly (G, M,I) with
(g,m) € I & m C §1(g), is a representation context of (G, D, d1). Moreover,
(G,N,J) with (g,n) € J:< n C §3(g) is a representation context of (G, D, d3).
It remains to prove that J = I N (G x N), i.e., that the equation n C §;(g) <
n C d2(g) holds for arbitrary ¢ € G,n € N. Note that for each n € N we have
(n) = n (since 1(n) is idempotent). Thus, the equation follows from [2.

1 < 2. Having N C M we define

P(d):={n € N |nCd}.

This mapping is obviously contractive, monotone, and idempotent. By definition
of ¥, we have n C d < n C ¢(d) for all n € N and all d € D. Therefore,

Yodi(g) ={ne N |nCdi(g)}=U{neN|[nEP(d(g)}=da2(g)
Corollary 1. Fvery extent of (G, D, o) is an extent of (G,D,9). Ifd is a
(G,D,%

pattern intent of (G,D,0), then ¥(d) is a pattern intent of 09), for
which (d)F C d.
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Pattern structures are naturally ordered by projections: (G,D,d;) >
(G, D, d) if there is a projection v such that d; = 1 o d;. In this case, rep-
resentation (G, D,d2) can be said to be rougher than (G,D,d;) and the latter
to be finer than the former.

The following proposition relates implications in comparable pattern struc-
tures.

Proposition 3. Let a,b € D. If ¥(a) — 9 (b) and ¢(b) = b then a — b.

Proof. By contractivity of projection we have ¢(a) C a, hence a9 C (i(a))"
and a — ¥(a). If ¥(a) — ¥(b) = b, then a — b follows from the transitivity of
the relation —.

Thus, for a certain class of implications, it is sufficient to compute them
in projected data (which can be far more efficient than to compute in original
pattern structure) to establish their validity for the original pattern structure.
Note that this proposition does not require a and b to be subsumed by patterns
from §(G). In the case where a C §(g) for no g € G, we have a™ = () by definition
and all implications in Proposition 3 hold automatically.

6 Hypothesis Generation from Projected Data

In [11] we considered a learning model from [§] in terms of Formal Concept
Analysis. This model assumes that the cause of a goal property resides in
common attributes of objects that have this property. If our objects are described
by some mathematical structures, we may look for common substructures of
those objects that have the goal property.

This can be transferred to pattern structures, where it is assumed that the
presence and absence of the goal property can be predicted from the patterns as-
sociated with the objects. The setting can be formalized as follows. Let (G, D, d)
be a pattern structure together with an external goal property w. The set G of
all objects can be partitioned into three disjoint sets: The set G of those objects
that are known to have the property w (these are the positive examples), the set
G _ of those objects of which it is known that they do not have w (the negative
examples) and the set G, of undetermined examples, i.e., of those objects, of
which it is unknown if they do have property w or not. This gives three pattern
substructures of (G, D,0): (G4, D,¢), (G-,D,9), (G,,D,9).

A positive hypothesis h is defined as a pattern intent of (G4, D,d) that
is not subsumed by any pattern from §(G_) (for short: not subsumed by any
negative example). Formally:

h € D is a positive hypothesis iff RPNG_ =0and 34 C Gy AP =,

A negative hypothesis is defined accordingly. These definitions implement
the general idea of machine learning in terms of formal concept analysis: “given
positive and negative examples of a goal class, find generalizations (generalized
descriptions) of positive examples that do not cover any negative examples.”



Pattern Structures and Their Projections 137

A hypothesis in the sense of [11] is obtained as a special case of this definition
when (D, ) = (2M,N) for some set M. Hypotheses can be used for classification
of undetermined examples as introduced in [§] in the following way. If g € G-
is an undetermined example, then a hypothesis h with h C 6(g) is for the
positive classification of g if h is positive and for the negative classification
of g if it is a negative hypothesis. Example g € G, is classified positively
if there is a hypothesis for its positive classification and none for its negative
classification. It is classified negatively in the converse situation. We have no
classification if there is no hypothesis for positive and negative classification or
contradictory classification (if there are hypotheses for both positive and negative
classification).

Hypotheses have been studied in detail elsewhere [I1]. Here we focus our
consideration on the following aspect. What happens when we use “weaker”
data approximating the original data? What is the significance of hypotheses
obtained from weak data?

On the one hand, we almost always deal with weak data that describe reality
approximately. For example, in case of molecular structures, a more adequate
representation can be the 3D—geometrical one. But even this representation of
a molecule is already an abstraction of a quantum-mechanical one, etc. On the
other hand, having some data for which computation is intractable, we would like
to have their tractable reasonable approximation that would allow one to judge
about hypotheses and classifications in the original representation by means of
results about hypotheses and classification for weak data.

This problem becomes more precise if we describe the data weakening by
means of a projection ¢¥: D — D. Instead of (G,D,d) we than work with
(G, D, 00) and its three parts (G4, D, 00), (G-, D, 00), and (G, D, 04d),
as above.

To simplify our language, let us reserve the term “hypothesis” to those ob-
tained from (G, D,d) and let us refer to those obtained from (G, D, o §) as
1-hypotheses. Now the question to be studied is: How are hypotheses and -
hypotheses related? In what follows we shall try to answer this question for pos-
itive hypotheses. Results similar to that below hold also for negative hypotheses
and classifications.

There is no guarantee that the w-image of a hypothesis must be a -
hypothesis. In fact, our definition allows that 1 is the “null projection” with
¥(d) = 0 for all d € D. This corresponds to total abandoning of the data, and
no interesting hypotheses are to be expected in that situation.

However, we have the following

Proposition 4. Ify(d) is a (positive) hypothesis, then 1(d) is also a (positive)
-hypothesis.

Proof. If 1(d) is a positive hypothesis, then ¢(d) is not subsumed by any neg-
ative example. Moreover, 1(d) is a pattern intent of (G, D, o §) according to
Corollary [[l Thus (d) is a t-hypothesis.

The classification set does not shrink when we pass from d to ¥(d):
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Proposition 5. If d is a hypothesis for the positive classification of g and ¢ (d)
is a positive ¥-hypothesis, then 1(d) is for the positive classification of g.

Proof. Obvious, since (d) C d C ¢".

Proposition 6. If(d) is a (positive) 1-hypothesis, then 1(d)75 is a (positive)
hypothesis.

Proof. Assume that ¢(d) is a positive ¢-hypothesis. Then the corresponding
extent in (G, D, o),

E:={ge€G|y(d) C¢((g)}

)
is contained in G, and is also an extent of (G, D, d) (by the corollary of Theo-
rem 2). Thus ¢(d)" = EU is an intent of (G, D, ) and cannot subsume any
negative example, since it is subsumed by 1 (d).

The propositions show that we may hunt hypotheses starting from -
hypotheses. We can shoot only those that can be seen in the projected data,
but those can in fact be found, as the following theorem states:

Theorem 3. For any projection 1 and any positive hypothesis d € D the fol-
lowing are equivalent:

1. ¥(d) is not subsumed by any negative example.
2. There is some positive Y-hypothesis h such that hB5 C d.

Proof. If 1(d) is not subsumed by any negative example, then h := ¥(d) is a
y-hypothesis and hP2 T d by Corollary [I. If & is a v-hypothesis, then AP is a
hypothesis by Proposition [f and hence d, which subsumes 257, is not subsumed
by any negative example.

7 An Application to Graphs

As an application we shall consider patterns given as labelled graphs. These may
be structure graphs of chemical compounds, as mentioned in the introduction,
and the task may be to find the patterns responsible for a biological effect. It
is natural to assume (and it is the common assumption in this applied domain)
that common biological effect of chemical compounds is caused by their common
substructures. The graphs could as well be conceptual graphs in the sense of
Sowa [2T]. Let P be the set of all graphs under consideration, and let this set be
ordered by generalized subgraph isomorphism (a definition is given below). As
above, we have a set G (of experiments, observations, or the like) and to each
g € G there is an associated graph from P, denoted by §(g).

To be more concrete, let (£ <) be some ordered set of “labels”. In the
examples below, this set will be the one displayed in Figure [

Let P be the set of all finite graphs, vertex-labelled by labels from (£, <),
up to isomorphism. A typical such graph is of the form I' := ((V,I), E), with
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oN oCl oP oC

NN

Oz

Fig. 1. The ordered set of labels for the molecular graphs in our example. x stands for
”‘any element”’.

vertex set V, edge set E and label assignment [. We say that I := ((V4,11), E1)
dominates I := ((Va,1l2), Es), for short Iy < I7, if there exists a one-to-one
mapping ¢ : Vo — V; that (for all v,w € V3)

— respects edges: (v,w) € Es = (¢(v), p(w)) € En,
— fits under labels: I5(v) < 11 (o(v)).

Obviously this is an order relation. It may be called the “generalized sub-
graph isomorphism relation”, since in the unlabelled case it reduces to the sub-
graph isomorphism order. For conceptual graphs it corresponds to the injective
specialization relation [I9] or injective morphism [I8].

Ezample 1. Let I'1 and I'; be molecular graphs given in Figure 2l They represent

Cl

AN c

C
Cl

I7: Is:

N N

Fig. 2. Two molecular graphs representing patterns.

patterns in the described sense. Their meet, with a slight misuse of notation
written as I 111}, is given by the set of three graphs depicted in Figure 3l Here,
the disconnected graph H; contains more information about the cyclic structure,
whereas Hy and H3 contain more information about the connection of the cycle
with the vertex labeled by “Cl”.

Ezxample 2. Computing hypotheses for the pattern structure from the previous
example may be very complex. It is therefore advisable to restrict the consider-
ations to a subclass of the graphs, for which this is easier. This can neatly be
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l .

Hy: Hs: Hs:

N T c

Fig. 3. It M I> given by the maximal graphs in the intersection of the downsets gen-
erated by I} and I%.

described using the notion of a projection: let ) C P be the set of the “simple”
graphs in P, then

(G,QIN(GxQ))

represents, according to Theorem 2] some pattern structure (G, D, 1od) obtained
from a projection ¢ : D — D.

A natural choice for @ is the class of all paths of a bounded length n. This
projection is important for pharmaceutical applications, since biological activ-
ities of chemical compounds often reside in linear fragments of their molecular
structures. By Theorem [2], this describes a projection ,,. The images of I} and
I'; under 3, represented by sets of 3-paths maximal w.r.t. C, are shown in
Figure [4

a_ o ¢
a_¢ a ¥ ¢
C C C C C C
R | S |
¢c N ¢ ¢c N ¢
N C N N C N

Fig. 4. The sets representing the projected graphs v¢s(I1) and ¥3(I%2).
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The number of chains of fixed length in a molecular graph is polynomial
in its size. Therefore, the meet operation becomes computable in polynomial
time. The maximal (w.r.t. C) chains representing t5(I) M3(l%) (which is, by
Proposition [T, equal to ¥3(I} M Iy)), are shown in Figure

Cl z C
C C C
C C N
C N C
N C N

Fig. 5. 3(I1) Maz(I2).

8 Conclusion

We considered analogues to formal contexts, but with a (semi)lattice of patterns
instead of attributes. Such structures can easily be mapped to formal contexts,
and it can be described how hypothesis generation from such pattern structures
is to be organized. This becomes more intricated when we allow data weakening.
We have described methods to recover those hypotheses that are reflected in
the weaker data. The notion of a pattern can be applied to ordered attribute
sets. Then the pattern lattice is the lattice of order ideals of the attribute order.
Weakening corresponds to a restriction of the attribute set.

Acknowledgments. The authors are grateful to the members of the Arbeits-
gruppe Allgemeine Algebra und Diskrete Mathematik at the TU Darmstadt and
colleagues of Laboratoire d’Informatique, de Robotique et de Microélectronique
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Formal Concept Analysis Methods
for Dynamic Conceptual Graphs

Bernhard Ganter and Sebastian Rudolph*
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Department of Mathematics and Natural Sciences
Dresden University of Technology
Germany

Abstract Conceptual Graphs (CG), originally developed for static data
representation have been extended to cope with dynamical aspects.
This paper adresses two questions connected with the topic: How can
implicational knowledge about a system’s states and behaviour be de-
rived from a dynamic CG description and how can the CG specification
process be supported by automatic or semiautomatic algorithms?
Based on Formal Concept Analysis (FCA) we propose methods for both
problems. Guided by an example we introduce two kinds of formal con-
texts containig the dynamic system’s information: state contexts and
action contexts. From these the complete implicational knowledge can
be derived. Combining the techniques of attribute exploration and de-
termination of a formal context’s concepts, we demonstrate a procedure
which interactively asks for the validity of implications and from this
information designs a dynamic CG system with the desired properties.

1 Introduction

Reasoning about actions and planning is a central topic in Al. In the field of
robotics information about environment changes as the result of executeable
actions has to be aquired and processed. Often storing and handling such infor-
mation in a conceptual way appears to be useful [3]. Reasoning about actions
also plays an important role for specification of dynamic systems and the gen-
eration of operational models.

In recent years efforts have been made to extend the theory of conceptual graphs
to dynamic aspects. The intention was not only to describe change of facts with
CGs, but in a certain way to simulate such change in a CG-based system. The
present paper establishes a connection between the theory of processes in CG
on the one hand and methods of analyzing and exploring data from FCA on
the other. It proposes a contextual representation of dynamic knowledge which
supports modeling of dynamic systems and enables reasoning about situations
and transitions.

In Section 2 we give a short review of CG literature relevant to this work. Sec-
tion 3 comes with a rather general notion of a dynamic system on which our
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methods are based and introduces an example. How such kinds of dynamic sys-
tems can be translated into formal contexts is demonstrated in Section 4. Finally,
using another example, Section 5 shows an algorithm which generates a dynamic
CG description in dialogue with the user.

2 Literature

In [7], Sowa proposed actors, a new kind of conceptual graph nodes describing
functional relations.

The CG formalism including actors covers the whole range of dealing with static
knowledge. However, the description, modeling, and execution of dynamic pro-
cesses 1s beyond its intended purpose. Therefore Delugach proposed an extension
of the theory in [4] by introducing demons. These represent processes triggered
by the existence of certain CGs (which take the role of preconditions). They act
by assertion and retraction of CG concepts. Graphically they are represented by
a double-lined diamond box.

Mineau further extended this approach. He allowed demons to have whole CGs
as input and output. Furthermore he described processes by pre- and postcon-
dition pairs in [6]. He showed the possibility of translating processes into sets of
elementary transitions and demonstrated how an extended CG formalism could
be used to represent executable processes.

3 Labeled Transition Systems with Attributes

First we give a rather general notion of a dynamic system. At any time the
system is assumed to be in a certain state. Processes can be described as transi-
tions from one of its states to another. Thereby certain more or less observable
state properties may change. In order to describe such a system formally, one
can record all its possible states including their properties and additionally all
possible actions as well as the transitions they cause.

Definition 1. A LABELED TRANSITION SYSTEM WITH ATTRIBUTES (short:
LTSA) T is a 5-tuple (S, M, I, A, T) with

S being a set of system states,

— M being a set of state attributes,

— I C S x M being a relation, where sI'm means ‘state s has altribute m’,

— A being a set of actions, and

T C (S x AxS) being a set of transitions, where (s1,a,s2) € T means
‘action a can cause the transition from state si to state s5’.

Note that the definition of LTSAs is an extension of the classical notion of ab-
stract automata. In both cases we have sets of states, actions and transitions
specifying the system’s dynamic behaviour.

Consider a simple example: a traffic light system at a crossroad. Altogether let
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‘ s7 : A.red, B.yellow ‘ — ‘ so @ A.red, B.red ‘ — ‘ s1 : A.yellow,B.red ‘

T
‘56 : Ared, B.green‘

T

‘52 : A.green, B.red‘

‘ s5 @ A.red, B.yellow ‘ — ‘ s4 @ Ared, B.red ‘ — ‘ s3 @ A.yellow,B.red ‘

Figure 1. A state-transition graph for the traffic light scenario

Situation:

[ TrafficLight: A Color: red

[ TrafficLight: B Color: red

Situation:

[ TrafficLight: A Color:red |

[ TrafficLight: B Color: yellow |

Situation:

[ TrafficLight: A Color:red |

[ TrafficLight: B Color: green_ |

Situation:

[ TrafficLight: A Color:red |

[ TrafficLight: B Color: yellow |

Situation:

[ TrafficLight: A Color: yellow |
[ TrafficLight: B Color:red |

Situation:

[ TrafficLight: A Color: green_|
[ TrafficLight: B Color:red |

Situation:

[ TrafficLight: A Color: yellow |
[ TrafficLight: B Color:red |

Situation:

[ TrafficLight: A Colorired |
[ TrafficLight: B Colorired |

Figure 2. The CG version of the traffic light scenario’s state description.

there be four traffic lights. Let A denote one pair of opposite traffic lights and B
the other. In Figure 1 a graphical representation of the corresponding LTSA is
shown. The possible states are drawn as boxes including their attributes. The ar-
rows between the boxes show the transitions. Since in this case we have only one
action, say switch, we omit the arc labelling. The system behaviour expressed
by this graph can equivalently be described by a conceptual graph using the
demons introduced by Delugach. The corresponding CG can be seen in Figure
2. In essence, this is a CG version of the state graph since the demons act by as-
sertion and retraction of whole states. However, this kind of dynamic knowledge
representation may be incovenient in some cases for several reasons. At first,
the real structure of the system (i.e. its components) is not or only insufficiently
apparent. Another (maybe even more evident) flaw appears if more complicated
structures are considered. Then the state space may increase exponentially to a
size which is difficult to handle computationally and impossible to represent to
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people in an understandable way even in form of CGs.

To avoid this difficulty, another approach of representing dynamic systems can
be used: Petri nets. (A Petri net is a directed graph with two kinds of nodes:
places drawn as circles and transitions represented by quadratic boxes. Each
place can be empty or occupied by a token. The dynamic behaviour is defined as
follows: a transition may happen if all places with edges towards this transition
are occupied by tokens. As a result, all these tokens are removed and new tokens
are put at that places, to which an edge leads from the transition. For details see
e.g. [2] or [8]. Petri nets have proved useful in the theory of distributed systems.)
In Figure 3 a Petri net representation of our example is shown. Eventually, also

yellow yellow

Figure 3. Petri net for the traffic light scenario.

this kind of representation can be transformed into a CG with demons. However,
there is no more the possibility to identify one certain state except by the state
attributes. So one has to make sure that all distinct token places in the Petri
net are distinguished in the CG, otherwise the system behaviour is not com-
pletely specified. In our case, the both ’yellow’-places have to be distinguishably
specified for both traffic lights, otherwise for example the successing state of s7
in Figure 1 is not determined (it might be either sg as intended or sg), which
contradicts our purpose to specify the system behaviour exactly.

In general, a notion dealing with the possibility of behaviour specification by
attributes is the following.

Definition 2. A LTSA is called ATTRIBUTE SPECIFIED, iff for every four states
S1, 89,853,854 € S the following holds:

Vm e M : (s1Im & soeIm A ssIm < s4Im)
= Vaec A:((s1,a,83) €T (sa,a,84) €T)

This definition says that in an attribute specified LTSA two states ’behave’
in the same way (according to the actions), if they have the same properties
(according to the attributes). Conversely, this means, if two states "behave’ dif-
ferently, they must be distinguishable by some attribute.

In order to avoid the unwanted indeterminism mentioned above, we have to
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transform the described system (with the token places - or attributes - red, yel-
low, green and ready for A and B respectively) into an attribute specified one.
This can be done by introducing two additional token places (beforegreen and
aftergreen) for each traffic light. Now we are able to “translate’ the Petri net into
a CG with demons. The result is shown in Figure 4.

[ Color: yellow ] [ Status: beforegreen | [ Stas: ready] [ Status: ready | [ Statws: beforegreen | [ Color: yellow |

S [TrafficLight: B (‘nlnr: red | [TrafficLight: B ]

Color: green

[ Color: yellow | [ Statws: aftergreen | [ Statws: aftergreen | [ Color: yellow |

Color: green

Figure4. New CG for the traffic light scenario.

4 Introducing Formal Contexts and Deriving Information

Our purpose was to find an alternative description of the knowledge contained
in the CG and Petri net representations; which enables implicational reasoning.
We find it natural to apply FCA methods. We assume the reader to be familiar
with the basics of FCA, for an introduction and details see e.g. [5].

FCA has mostly been applied to static data. There is some work by K.E. Wolff
[9] about dynamic systems, but he considers only observation and description of
state sequences without having actions triggered from outside the system. So we
looked for another approach.

We intended to transform the dynamic knowledge specified in the preceding
section into a contextual view, in order to enable the use of FCA methods of
reasoning and data exploring. For this, we introduce two kinds of formal contexts.

4.1 The State Context

The first formal context contains only static information. It describes the sys-
tem’s states and their properties (attributes).

Definition 3. The formal context Kg := (S, M,I) with the state set S, the
attribute set M, and relation I C S x M from a LTSA (S, M, 1, A, T) is called
the STATE CONTEXT of this LTSA.
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=) =)
B RS R RS EE
R sl e i il s Sa] Sl nal [Sal afl Aa
So | X X X
S1 X X X
S2 X X
S3 X X X
S4|X X [ X
S5 | X X X
Sg | X X
S7|X X X

Figure 5. State context of the traffic light example

The state context of our traffic light example is shown in Figure 5. We ob-
serve that certain rules hold for all states. E.g. whenever traffic light A shows
yellow, traffic light B shows red. Such rules can be expressed as implications
like A.yellow — B.red. FCA provides an algorithm to find an implicational
base from the state context, containing the complete implicational knowledge
of the system states according to the attributes under consideration. That is,
all implications holding between these attributes (with regard to the context)
can be deduced from this base. In our example 1t consists of the implications
listed in Figure 6. Note that the symmetry between the both traffic lights is also
apparent in the implicational base.

B.yellow — A.red
A.yellow — B.red
B.green — A.red
A.green — B.red
B.ready — A.red, B.red
A.ready — B.red, A.red
B.red, B.yellow - 1

A.red, A yellow - 1

B.red, B.green - 1

A.red, A.green - 1

B.yellow, B.green - 1
A.yellow,A.green - 1
B.beforegreen, B.aftergreen — L
A.beforegreen, A.aftergreen — L

A.ready, B.ready - 1

Figure 6. Implicational base of the traffic light state context

4.2 The Action Context Family

Until now we only dealt with static system properties. To involve the dynamic
aspect of an LTSA, another kind of context is introduced.
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Definition 4. Given a LTSA (S, M,I, A, T), the ACTION CONTEXT K, of an
action a € A is the triple (Ty, Man, J4) with

= Ty = {(s1,82) | (s51,a,52) €T}
— AIAQ =M x {0,1}

We ocassionally write my for (m,0) and mg for (m,1) for allm e M.
— Jo C Ty x Magn being a relation with

N 51[m7 ZfZ: 0
(s1,82)Ja(m, i) & {szfm, ifi=1

The set (Kg)aca of all action contexts of a LTSA we call its ACTION CONTEXT
FAMILY.

So the action context contains all transitions which can be caused by the action
as objects. The attributes of an action context are twice the state attributes:
once for the initial and once for the final state of the transition.

In our example, the action context family contains only one element: the switch-
context. It 1s displayed in Figure 7. Again it is possible to derive an implicational

A.rdya

X| x| x|[x|x|| B.ra
A.rdyp

A.ya
A.ga
A.bga
A.aga
B.ya
B.ga
B.bga
B.aga
X || B.rdya
A.agn
X|x|[x|x|| B.ro
B.ye
B.gn
B.bgn
B.agn
B.rdyn

o
-
<

gn
X /ngn

X /LTA
X Aﬂyn

50751)
S1,

2

$2, 83

83, 84

(

(s1,52)
(s2,53)
(s3,54)
(54755)
(s5,56)
(s6,57)
(s7,50)

S5, Se

S6, ST

XX | XX
X
X

XX |X|X|X
X

$7, S0 X X X

Figure 7. The switch-context of the traffic light example

base from this context. As one can easily see, all implications from the state
context hold twice in every action context: since every action leads from one
state to another, every implication holding for each state has to hold on the "A-
side’ as well as on the "£2-side’ of each transition. The implicational base is shown
in Figure 8 omitting the implications already contained in the state context as
explained above.

Now we have determined the implicational knowledge of the considered dynamic
system. Every implication of this kind holding for the dynamic system can be
inferred from the implicational base. Thus it could be used in logical programs
for reasoning about the system, maybe for verifying certain system properties.
Of course, the implicational base can also be coded into a non-dynamic CG-
based system as production rules as described in [1]. Figure 9 shows an example.
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A.ready, —  B.beforegreeng, | B.ready, — A.beforegreeng,
A.ready,, —  A.aftergreen, | B.ready, —  B.aftergreen,
A.reda, B.reda, A.redp — A.ready, B.reda, A.reda, B.redo — B.ready,
A.reda, A.redn, B.redn — B.readyy, B.reda, B.redn, A.redn —  A.readyy,
A.beforegreen, — A.greeng, B.beforegreen, — B.greeng,
A.beforegreeny, — B.ready, B.beforegreen, — A.ready,
A.aftergreen, — A.readyg, B.aftergreen, — B.ready,
A.aftergreeng, — A.green, B.aftergreen,, — B.green,
A.yellow, — B.redp B.yellow, — A.redn
A.yellow,, — B.reda B.yellow, — A.reda
A.green, —  A.aftergreen, | B.green, —  B.aftergreen,,
A.greeng, —  A.beforegreen, | B.green, —  B.beforegreen,
A.yellow,, A.yellow, — L B.yellow,, B.yellow, — L

Figure 8. Implicational base of the traffic light’s switch-context.

if:

Situation: Situation: Situation:

[Traheligh: & ol ] . : : [ TrafficLight: A Color: red
[ TrafficLight: B Color:red | TrafficSystcm: AB

then:

Situation: Situation: Situation:

[TrafficLight: A Color:red | . . [TrafficLight: A Color: red

[ TrafficLight: B Colorred |
[ TrafficLight: A Status: ready |

TrafficSystem: AB

Figure 9. Production rule for one implication from the traffic light implicational base

5 From Implicit Knowledge to an Executable
CG-Description

In the preceding section we showed a possibility of transferring the representation
of a dynamical system (the state space and the transitions of which are already
completely known) into a contextual representation in order to enable reasoning
about that system.

In practice, the complete state space and the transitions usually are not explicitly
known in advance. Or the system does not yet exist and an engineer wants to
design it by specifying the system’s static and dynamic properties.

For this case, FCA provides an appropriate tool: attribute exploration. The user
just inputs the used state attributes and optionally some states and implications
he already knows and then the algorithm asks ’questions’ about the system,
which the user has to answer.! In this way the user successively either makes his
implicit knowledge of an existing system explicit or specifies the behaviour of

! The questions asked by the algorithm have the following form: 'Does the rule p — ¢
hold in the system?’ The user either confirms this or enters a counterexample and
its attributes.
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the system he wants to design. The output of the algorithm is an implicational
base of the considered system.

Here the technique will be demonstrated by another example, which is already
a bit more complicated. In particular, its state and action contexts are too large
to be recorded and displayed completely in a convenient way. Yet the algorithm
of attribute exploration is still feasible.

5.1 The Situation

Consider a dynamic system used every day: the telephone. Clearly, everyone has
an implicit knowledge of its behaviour and knows how to use it correctly. Now
this knowledge has to be expressed explicitly and formally correct by a CG or
a Petri net, respectively. This 1s a task still manageable by hand’ but already
relatively intricate. Let our scope be two telephones, say A and B, which are
connected to the outer world. Each of it has several states. First, it may be hung
up - in this case it may be ringing or silent. If the phone is picked up, one may
hear the dialling tone, the engaged tone, the call signal or one is connected to
another telephone. The possible actions which can be performed are: pick up the
phone, hang up, and dial a number.

5.2 Stepwise Exploration

To gain the needed information it is useful to start at an elementary level and
elevate in the hierarchy of complexity. So the first step is to explore all interesting
"local’ static properties of one telephone. This means an exploration involving the
attributes hungup, ringing, silent, pickedup, diallingtone, engagedtone, callsignal
and connected. The rule exploration yields the implicational base in Figure 10
as result. This rule base can be seen as set of constraints which ensure the
consistency of one telephone’s states.

hungup, pickedup - 1
hungup, ringing, silent - 1
pickedup, diallingtone, engagedtone — L
pickedup, diallingtone, callsignal — L
pickedup, diallingtone, connected — L
pickedup, engagedtone, callsignal — L
pickedup, engagedtone, connected — L

pickedup, callsignal, connected - 1
ringing — hungup
silent — hungup
diallingtone — pickedup
engagedtone — pickedup
callsignal — pickedup
connected — pickedup

Figure 10. Implicational base for the exploration of the local static properties
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attributes:
A hungup A.callsignal ~ B.hungup B.callsignal
A.pickedup A.callingB B.pickedup B.callingA
A.ringing A.callingX B.ringing B.callingX
A.silent A.connected  B.silent B.connected
A.diallingtone A.connectedB B.diallingtone B.connectedA
A.engagedtone A.connectedX B.engagedtone B.connectedX
implications: all rules from Figure 10 and:
A.callingB — A.calling
A.callingX — A.calling
A.callingX, A.callingB - 1
A.connectedB — A.connected
A.connectedX — A.connected
A.connectedX, A.connectedB - 1

Figure 11. Starting information for the exploration of the system’s static properties

A.silent, B.callsignal — B.callingX
A.hungup, B.connected — B.connectedX
A.diallingtone, B.connected — B.connectedX
A.engagedtone, B.connected — B.connectedX
A.callingB — B.ringing
A.callingX, B.connected — B.connectedX
A.callsignal, B.pickedup — A.callingX
A.connectedB — B.connectedA
A.connectedX, B.connected — B.connectedX

Figure 12. Implicational Base of the system’s static properties

The next step is an exploration of the entire system’s static properties (includ-
ing two telephones in our case). For this, we introduce for each of the ’local
attributes’ mentioned above one attribute for telephone A and one for telephone
B. Furthermore, we introduce four more attributes for each telephone, namely
callingB, callingX, connectedB, connectedX for telephone A and callingA, call-
mngX, connectedA, connectedX for telephone B, expressing whether the partner
included in our scope or some other member is involved.

The background knowledge we can start with consists of two copies of the impli-
cational base computed above: one for each telephone. We may then add some
more implications to the background knowledge, linking the newly introduced
attributes to the other ones. Figure 11 shows the set of attributes and the back-
ground information used as input for the second step of the exploration process.
Furthermore, we can assume the behaviour of the two telephones to be equal
and thus define a permutation on the set of attributes which - if applied to an
implication - does not change its truth value. This permutation just ’exchanges’
the two telephones. Entering this permutation in advance shortens the explo-
ration process considerably.

The second exploration step yields implications concerning the whole system’s
possible states (again they can be seen as constraints) which are recorded in
Figure 12. At the third exploration step the dynamical aspect is introduced. For
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— A.pickedupa, A.hungupg , A.silentp

B.hungupn — B.hungupa
B.hungupa — B.hungupg
B.pickedupg, — B.pickedupa
B.pickedupa — B.pickedupgp

B.connectedXp, — B.connectedX 4
B.connectedX 4 — B.connectedXn,
B.callingX — B.callingX 4
B.callingX 4 — B.callingX
B.diallingtoneg, — B.diallingtonea
B.diallingtonea — B.diallingtonegq

B.silenta — B.silentp
A.diallingtonea, B.silentp — B.silenta
A.engagedtonen, B.silentp — B.silenta
A.callingX 4, B.silentp, — B.silenta
A.connectedX a, B.silentp — B.silenta
B.ringingn — B.ringinga

— B.ringingn
— B.ringingn
— B.ringingn
— B.ringingn

A.diallingtonea, B.ringinga
A.engagedtone s, B.ringinga
A.callingX 4, B.ringinga

A.connectedX 4, B.ringinga

B.engagedtone a

A.diallingtonea, B.engagedtonep,
A.engagedtonea, B.engagedtonep,
A.callingX 4, B.engagedtonegp,
A.connectedX a, B.engagedtonep,

— B.engagedtonep,
— B.engagedtonea
— B.engagedtonea
— B.engagedtonea
— B.engagedtonea

A.callingBa — B.silentp
A.callsignala B.ringinga, B.ringingo — A.callingX a
A.connectedB 4 — B.engagedtonep;
B.ringinga, B.silentq — A.callingBa
B.connecteda, B.engagedtonep, — A.connectedBa

Figure 13. Implicational Base of the systems dynamic properties concerning action
A.putdown

each action we want an implicational base concerning the pre- and poststates’
attributes. So, like shown before, for each state attribute m we introduce two
new attributes my4 and my,, indicating whether the attributes hold before respec-
tively after the action taking place. Naturally, all static property implications
can be used as background knowledge twice: for the pre- and for the post-state.
The result of this exploration step concerning the action A.putdown can be seen
in Figure 13. The implicational bases of all action contexts together with the
implicational bases concerning the static properties mentioned before represent
the implicational knowledge of our dynamic system.

5.3 Transferring the Results into CGs

At the end we have to find a dynamic CG model of our described system by
defining appropriate demons. The translation of a state attribute into CG de-
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scription is intuitively clear - we just create a (non-dynamic) CG, which expresses
the corresponding state property. To avoid confusion when considering the as-
sertion and retraction process, we assume that the attributes are translated into
distinct CGs. In order to obtain the according demons we can use another FCA
technique: determining all concepts of a formal context. In our case the concepts
(more exactly: the concept intents) can be derived from the implication set found
in the former process. Now for each transition intent (which is a set N C Mg
with N = {n | tJn} for some t € T,) we can define a demon in the following
way:

Definition 5. Let a € A be an action, My, Ms C M be sets of state attributes
and let {my | m € M1} U{mg | m € M} a transition intent of the a-context.
The demon corresponding to this transition wntent retracts the CGs representing
the attributes My and asserts the C'G's representing the attributes M. It 1s labeled
with a.

Obviously, the system designed in this way shows the intended and specified
behaviour since it contains all possible state property combinations and respects
all implications of the underlying implicational base.

However, this solution is still inconvenient for two reasons. First: it is not trivial
to determine whether a concept intent is a transition intent because as mentioned
before the whole transition set needs not (and is sometimes impossible) to be
known. Second: the amount of demons needed to represent one elementary action
is quite large.? One possibility of coping with both problems is to investigate the
invariants.

Definition 6. Let a € A be an action, My, Ma C M be two sets of state at-
tributes and m € M\ (M1 U Ms) a state attribute. We call m INVARIANT UNDER
ACTION ¢ € A WITH PRECONDITIONS M; AND POSTCONDITIONS M if the
two implications M1, Mo, ma — mg and My, Magn, mg — my hold in the
a-context.

With this definition we can express in which case a certain state attribute i1s not
changed by an action. Using this notion of invariants, the number of demons for
one action can be reduced and the transition intents need not to be determined:

Proposition 1. Let a € A be an action and M1, My C M be two sets of state
attributes. If all m € M \ (My U Ms) are invariant under a with preconditions
My and postconditions Ms then the demon retracting the information in M,
and asserting the information in My shows the specified behaviour and makes all
further demons retracting (at least) My and asserting (at least) My obsolete.

A demon created in that way does not ’take care’ of all invariant attributes
and thus may substitute several demons due to Definition 5 which do ’take
care’. This proposition facilitates to develope an algorithm which creates demons

2 In fact one would need as many demons for one action ¢ as there are transitions
caused by a.
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Demon nr.|retracts asserts

1 A.pickedup, A.connected, A.connected X | A.hungup, A.sient

2 A.pickedup, A.connected, A.connected B| A . hungup, A.silent
B.pickedup, B.connected, B.connectedA | B.pickedup, B.engagedtone

3 A.pickedup, A.callsignal, A.callingX A hungup,A.sient

4 A.pickedup, A.callsignal, A.callingB A hungup,A.sient
B.hungup, B.ringing B.hungup, B.silent

5 A.pickedup, A.engagedtone A hungup,A.sient

6 A.pickedup, A.diallingtone A hungup,A.sient

Figure 14. List of demons needed to represent the action A.putdown

from the transition context. We pass through a lectical ordered list of concepts
and check, whether the condition mentioned in the proposition above holds for
the concept intent. If this is the case, then a corresponding demon is created
and all subconcepts of this concept are deleted from the list (since the list is
ordered lectically, all subconcepts of a concept are listed after 1t and thus no
superfluous intent has been passed before). We proceed until the end of the
list is reached. Figure 14 shows the list of demons created in this way for the
A.putdown action. In Figure 15 the first item of the table in Figure 14 is explicitly
shown as dynamic CG.

‘ Status: PickedUp Telephone: A }

‘ Telephone: A ‘ Status: Connected @ Telephone: A }

‘ Telephone: B Te]ephone @ Telephone: A

% Telephone: A Status: HungUp ‘
k{ Telephone: A }9@—% Status: Silent ‘

Figure 15. One dynamic CG from the list above

The complete dynamic CG for the telephone scenario would be by far too large
to be displayed here. Now we have found a CG description of the dynamic system
by means of FCA methods. It can be translated one to one into a petri net as
well: we introduce a token place for every attribute, a transition for every demon
and draw the directed edges accordingly. When used in a CG-based system, the
demons have to be triggered in some way. This could be done by putting an
additional retraction edge to each demon, which is linked to a CG expressing,
that the corresponding action is initiated.

Note that also the case of indeterministic dynamic systems is covered by our
approach.

6 Conclusion

FCA methods prove useful in both extracting processable implicational knowl-
edge from dynamic systems with known state space and designing CG descrip-
tions by stepwise exploration.

There are several questions arising from this work. What inferences can be done
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about composite actions? How can the approach be extended to conditional ac-
tions and iterations? Given properties of an initial state and properties, which
are to be achieved, how can an algorithm be found that efficiently generates a
corresponding plan (i.e. a list of actions to be performed)? These questions are
objects of ongoing research.

Additionally, the feasibility and efficiency of the proposed techniques have to
be evaluated empirically by applying them to more complex scenarios. We ex-
pect that increasing complexity will require an elaborated theory as the basis
for efficient algorithms.
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Abstract. We propose an approach to many-valued contexts using for-
mal descriptions instead of scaling. The underlying idea is the philosph-
ical definition of a concept as a set of objects together with the most
precise description.

We introduce a formal description as a mapping from the set of at-
tributes to the power set of the values (which is extended appropriately
to empty cells), assigning to each attribute the set of allowed values.
Descriptions are naturally ordered by preciseness. Using this, we can in-
troduce extent and intent according to the philosophical idea, and thus
we define concepts. We present a way to restrict the amount of concepts
for a many-valued context by preselecting some descriptions of inter-
est. Furthermore, we introduce implications on descriptions, allowing to
investigate relationships between attributes.

Within this approach, we reformulate the known theory under a different
point of view. It certainly does not provide a better analysis than scaling,
but it allows to avoid the generation of a huge one-valued context.

1 Many-Valued Contexts

Recall the definition of many-valued contexts:

Definition 1. A many-valued context IK = (G, M,W,I) is a set of objects
G, a set of attributes M, a set of possible values W, and a ternary relation
I CGXxMxW, with

(g,m,w) eI, (gymov)el = w=v.

(g,m,w) € I indicates, that object g has the attribute m with value w. In this
case, we also write m(g) = w, regarding the attribute m as a partial function
from G to W.

We can consider in particular each data base as a many-valued context, thus
formal concept analysis appears as a tool of knowledge discovery and data-
mining. Within this paper, we will consider the following small example (taken
from [7]), representing some facts from algebra:

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 157168 2001.
© Springer-Verlag Berlin Heidelberg 2001
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Ezample 1. Let IK = (G, M,W,I) be the many-valued context with the set
of real number objects G = {2,v/2, V/2,7} together with the set of attributes
M = {i,a,t}, where “i” means irrational, “a” algebraic and “t” transcendental.
The set of values is W = {x } UIN, and the incidence relation is specified by the
table below.

‘iat
2 1
V2| x 2
V2| x 3
T | X X

Irrational and transcendental are one-valued attributes, i.e. an “x” within the
table indicates, that the given number has the corresponding property. But the
attribute algebraic is many-valued: n € IN indicates, that this number is algebraic
of degree n, i.e. it is a root of a polynomial over @ of degree n, n being minimal
with this property. If the given number is not algebraic, then we have an empty
cell in the row of this number and in the column of the attribute “a”.

Formal concept analysis ([4]) was inspired by the fact that we are thinking in
terms of concepts consisting of extent and intent. The extent is a set of objects
and the intent is the set of attributes, which all these objects do have (according
to the “logic of Port-Royal”, see [1]). We want to keep this orientation also for
many-valued contexts, but we want to avoid the transformation of many-valued
attributes into one-valued attributes.

For this purpose we quote Arnauld and Nicole, who write at the end of
chapter VI:

“I call the intent of the idea (=concept) the (set of) attributes, which
the idea comprises and which one cannot remove without destroying the
idea,...”

This was meant for one-valued attributes. The known strategy to handle a many-
valued context is, to scale it into a one-valued context (plain scaling) and to
analyse the latter one considering concepts via extent and intent.

We want to present here an alternative method. It certainly yields the same
results as plain scaling, but it gives a different (philosophically founded) inter-
pretation to the concept lattices. Thus strictly speaking, we should not consider
the present work as a “new strategy” or a “generalization” of formal concept
analysis, rather than as a new interpretation of an already known strategy.

2 Descriptions

Considering many-valued contexts, we have, of course, to generalize the definition
of concepts, and we should like to replace it by the following rough description
of what we intend to make more precise later on:

A concept is a set of objects, together with the most precise description
of them.
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To begin with, let us briefly describe, where the problems are. Consider, for
example, the attribute “red color”. It is by definition one-valued. An object
either has the attribute “red color”, or not.

But if you want to do knowledge discovery and data-mining within a data
base, you most often need to analyse attributes having several values. Instead
of saying, that an object has a red color, we can also say that the color of the
object is red. In the first case, we consider the one-valued attribute “red color”.
In the latter form, objects can have different values in the many-valued attribute
“color”: red, green, blue, etc. For data analysis, such many-valued attributes are
better applicable than one-valued attributes.

But what is a description? For example, we may describe a car in a way like
this: “It is a blue Ford Fiesta, 60-horsepower”. For computer representation, we
would reformulate this information: “color: blue; model: Ford Fiesta; horsepower:
60”. In this way, we could store objects of type car within a data base, using the
many-valued attributes color, model and horsepower.

If we want to describe a set of objects (for example the cars, we want to take
into consideration for our next buy), we could specify the set of allowed values for
each attribute. If we prefer, for example, the models VW Golf, or perhaps again
a Ford Fiesta, we assign to the attribute “model” the set {“VW Golf”, “Ford
Fiesta” }. If we state that our next car should have at least as many horsepowers
as the old one, we assign an open interval [60, 00) to the attribute “horsepower”.
If we do not have any preferences on the color, we assign the whole set of possible
colors to the attribute “color”. (Normally, we would not explicitly mention the
last aspect, as it is not really a restriction on the set of admissible cars.)

From the mathematical point of view, we assigned to each attribute the
set of values, which are allowed for the objects we want to describe. Thus, in
mathematical terms, we can define a description as a mapping from the set
of attributes to the power set of values. (This is not the only possibility for
describing objects, but the most simple one. If we need to consider relationships
between attributes, we need a more powerful description, using a suitable logic.
Work in this direction has been done in logical concept analysis, see [2], [3].)

With this idea of a description, we can specify, in which case an object g
fulfills a description d, or equivalently, d holds for g, iff the value of g in each
attribute m is contained in d(m).

We also know a natural order on the set of descriptions: preciseness. A de-
scription is more precise (greater), iff it applies to less objects, i.e it restricts the
values an object can have in some attribute.

Considering Empty Cells

The definition of descriptions so far would suffice, if each object would have in
every attribute some value. Unfortunately, data bases most often have missing
values. In the theory of formal concept analysis, they are called empty cells. In
formal terms, many-valued contexts may contain pairs (g, m) with

(g,m,w) I, Vwe W .
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Such empty cells can have different interpretations: It could be, for example,
that none of the values applies for the given object, or that the value is just not
known.

We could try to handle empty cells just like an additional value, equivalent
to the other ones. But this leads to unsatisfactory results. (In short, the effect
is comparable to the consideration of the dichotomic situation of one-valued
contexts, which is not wanted in every case. It would result in too many concepts.
See [5] for more information.)

Thus, we need to consider empty cells in a different way: If an object g has
no entry at attribute m (i.e. (g,m) is an empty cell), then a description should
only hold for g if it has no restrictions on the values at attribute m. Especially,
we need to distinguish between descriptions allowing all possible values at an
attribute m, and descriptions additionally allowing, that there is no value given
at all (i.e. allowing empty cells). The latter one is more general.

In order to handle this situation mathematically, we extend the power set of
values, P(W), by adding a special maximal element oco:

P(W) :=P(W)U{oc} .
We extend the order on P(W) given by inclusion to P(W) by defining

A< B,VA, BeP(W)with AC B, and
A<oo,VAeP(W).

Furthermore, we regard each attribute m € M as a mapping from the

m: P(G) — PW), m(A) = {{m(g)|g € A}if g E.A : (g,m) is empty cell,
00 otherwise.
The notation m(A) is motivated by the fact, that one often regards an attribute
m as a (partial) mapping from G to W. Then, m(A) denotes the image of m on
the subset A C G. We extended this in order to handle empty cells. Furthermore,
we now identify m(g) with m({g}). This is possible, as for nonempty cells (g, m),
we can identify the element w := m(g) of W with the singleton {w} € P(W).
For empty cells (g, m), we have therewith m(g) = co.
Finally, we can give a mathematical definition for descriptions:

Definition 2. Let IK = (G, M, W, I) be a many-valued context. A formal de-
scription d in K is a mapping d : M — P(W) from the set M of attributes to
the extended power set P(W) of values. D denotes the set of all descriptions in
K:

D:=PW)M={d: M - P(W)}.

This set is ordered by preciseness:

di < dy <= d1<m> > dg(m), Yme M ,
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(where di(m) > dy(m) is defined with respect to the order in P(W): either
di(m) = 00, or di(m) fo0,de(m) oo and di(m) 2 do(m)).
An object g € G fulfills a description d, iff

m(g) < d(m), Ym e M .

(Again < is meant with respect to the order in P(W)). A description d € D
holds for a set of objects A C G, iff each object g € A fulfills d.

One can show, that the set D together with the order of preciseness forms a
complete lattice. The supremum \/ d; of a family of descriptions d;,i € I is given
by the conjunction of the descriptions, and the infimum A d; is given by their
disjunction:

\/di =m >—>ﬂdi(m) ,
/\di =m >—>Udi(m) .

(The used order is dual to the order normally taken when considering conjunction
and disjunction. This perhaps confusing definition is motivated by the fact, that
we are now able to introduce concepts like in standard formal concept analysis,
specifying a Galois connection.)

3 The Concept Lattice

Now having an idea of what a description is, we can introduce concepts as pairs
of extent and intent. Therefore, we associate with each set A C G of objects its
intent A’ € D, the most precise description holding for each g € A. Vice versa,
we associate with each description d € D its extent d C G, the set of objects
fulfilling d:

A =M — P(W),m 1 —m(A),
d :={g€G|m(g) <d(m),Yme M} .

The two mappings ¢ : A +— A’ and ¢ : d +—d’ form a Galois connection
between the power set of G and the lattice D of all descriptions (see [5] for a
proof of this and the following results). Thus, we have a similar situation, as
with one-valued contexts, and we can introduce the concept lattice as usual.

Definition 3. Let IK = (G, M, W, I) be a many-valued context, and let D be the
set of descriptions in IK. A formal concept of the context IK is a pair (A,d),
with ACG,de D, A =dandd =A. We call A the extent and d the intent
of the concept (A, d). B(IK) denotes the set of all concepts of the context IK.

The set of concepts is ordered by extent (which is dual to the order given by in-
tent). In the case of (A1, dy) < (As,ds), we call (A1, dy) a subconcept of (As, ds),
and (Aa,ds) a superconcept of (Aq,d;). Furthermore, B(IK) together with this
order forms a complete lattice:
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Theorem 1. B(IK) is a complete lattice. Infimum und supremum for a subset
of concepts {(A;,d;) | i € I} C B(IK) (with an arbitrary set of indices I) is given

by
A(Ai di) = (NAi;, (NA)) = (NA, (Vdi)")
V(Ai di) = (ANdi), Ndi) = (UA)" S Ndi) -

Labelling the Concept Lattice

A concept lattice usually is visualized using line diagrams, labelled in a way
allowing to identify the context with the concept lattice. In the following, we
develop a suitable labelling of concept lattices for many-valued contexts.

The labelling with objects can be done in the same way, as with one-valued
contexts: We write each object below the smallest concept, containing that ob-
ject. Thus, we receive the extent of a concept as the union of all objects standing
below a concept less than or equal to the given one.

In order to be able to label the concept lattice with descriptions in a clear way,
we need to introduce a special subset of descriptions, let us call them singular
descriptions. This set shall be large enough to represent each (other) description
as a conjunction of singular ones. Thus, we call a description singular, iff

1. it has no restrictions on any attribute except for one attribute m € M, and

2. for this attribute m, the only restriction is either, that it must have some
value (i.e. it disallows empty cells), or that it must have a value unequal to
w € W (also forbidding empty cells).

We give to these singular descriptions intuitive names: We call a description
having no restrictions except that one attribute m € M must not be an empty
cell, just like the attribute: m. One has to be a little bit careful with this nomen-
clature, as now m can stand for an attribute as well as for a description. But
it should always be clear from the context, what was meant. Furthermore, if a
description has no restrictions on attributes A~m, but that m must neither be
an empty cell, nor equal to the value w, we call that restriction m,,.

m:M — PW), mn) = {Z gl;;: e
Mty - M — P(W), m;ﬁw(n) = {Z \ {w} leﬁs’z.: ms

The set of all singular descriptions {m | m € M} U {mx, | m € M,w e W}
forms a V-dense subset of D, that means, we can represent each description as
conjunction of singular descriptions.

Using this, we can label the concept graph with descriptions, too: We write
the singular descriptions above the greatest concept they appear in. Then we can
get the intent of a concept as conjunction of all singular descriptions standing
above a concept greater or equal to the given one.

The concept lattice of the many-valued context for real numbers from Ex-
ample [T] can be seen in Fig. [
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a¢3

Fig. 1. The concept lattice of the context for real numbers

4 Preselection of Descriptions

An analysis of the concept lattice of the example above shows, that it contains
some concepts, we are hardly interested in. For example, the context labeled by
the description ax contains all algebraic numbers of degree 1 or of degree > 3.
Normally, we are only interested in concepts whose intent restricts the algebraic
degree to some interval.

This effect gets worse, if we consider bigger many-valued contexts. Various
unreasonable concepts would arise and make the concept lattice unnecessary
complex.

The problem is, that our set D of descriptions in IK can contain descriptions
assigning attributes to abnormal sets of allowed values without any reasonable
interpretation. Having such undesired descriptions, we may also get concepts
using them.

But it is known from lattice theory, that we can restrict the derivation oper-
ators to a \/-subsemilattice D C D of the set of descriptions simply by defining
the intent of a set A C G of objects as the most precise description in D (instead
of the most precise one in D), whereas the definition of the extent remains the
same. This way, we obtain another set of concepts, having only intents from D.
These concepts form a /\-subsemilattice of the original concept lattice.

Thus we just need to specify an arbitrary subset D C D, say, a preselection of
descriptions of interest. Then we define D as the closure of D under conjunction:

D::{\/B|Bgf)}.

This way, we can influence the amount of descriptions taken into consideration
as intent for concepts. We can exclude a lot of unreasonable concepts, and we can
do problem oriented analysis into specific aspects of a many-valued context. We
call the resulting subsemilattice of concepts a scaled concept lattice with respect
to the preselection D.
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We label a scaled concept lattice with the preselected descriptions d € D.
As these are V-dense in D, and as each intent in the scaled concept lattice is
contained in D, this labelling is sufficient. We still receive the intent of each
concept as the conjunction of preselected descriptions standing above concepts
greater than or equal to the considered one.

In order to have intuitive labellings in the scaled concept lattice, we define
some standard descriptions usable in preselections. For most purposes, it will
suffice to consider within preselections only description restricting one attribute
m € M, i.e. assigning oo to all other attributes.

The easiest kind of such descriptions are nominal descriptions, allowing for
m only one value w € W:

) :  JA{w}ifn=m,
Mey : M — P(W),m=y(n) = {oo else.
Furthermore, if an attribute has ordinal values, we can consider ordinal descrip-
tions, allowing open intervals for the attribute m:

(—oo,w]if n=m,

M<w : M = P(W), mey(n) i= {oo else.

. w,00)ifn=m,
My : M — P(W), m>y(n) = {<[>o ) else.
In the same way, one could define further kinds of standard descriptions if nec-
essary.

a, a<L3 1
a2

a<l t

2 ™

Fig. 2. Two scaled concept lattices of the context for real numbers. The embedding
into the total concept lattice is indicated by the small pictures

Reconsider Example [l Figure [ shows two possibilities of scaled concept
lattices. In the first one, we allowed only nominal descriptions for the attribute
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algebraic, i.e. we used the preselection Dy = {i,a,t,a—1,a—2,a—3}. The second
concept lattice results, if we allow only ordinal descriptions of the type a<,, i.e.
we used Do = {i,a,t,a<1,a<9,a<3}.

Both scaled concept lattices can be embedded into the original one. This is
indicated in Fig. 2lby the small pictures beside the concept lattices. As one can
recognize, this embedding is infimum-preserving: the infimum of two full nodes
is full, again.

Both scaled concept lattices contain less concepts as the original one, and so
they are less complex. But they emphasize different aspects of the context.

5 Implications

In order to analyse relationships between attributes of a formal context, we
introduce implications between descriptions. Given a many-valued context IK =
(G, M,W,I), an implication a — b between two descriptions a,b € D holds in
IK, iff each object g € G, which fulfills description a, also fulfills description b.
More formally, we define:

Definition 4. Let IK = (G, M,W,I) be a many-valued context, and let D =
P(W)M be the set of all descriptions within IK. Furthermore, let a,b € D be
descriptions.

A description d € D respects the implication a—b, if a Ld or b < d. d respects
a set L of implications if d respects every single implication in L. a — b holds
in a set {di,ds,...} of descriptions if each of the descriptions d; respects the
implication a—b. a— b holds in the context IK if it holds in the system of object
intents. In this case, we also say, that a—0b is an implication of the context IK
or, equivalently, that within the context IK, a is a premise of b.

We defined an equivalent structure to implications between attributes in one-
valued contexts. The known algorithms and further definitions like the stem
base can be translated in a straightforward way to many-valued contexts and
implications between descriptions, as shown in [5].

We can represent descriptions as conjunctions of singular or preselected ones.
Thus we specify a description d just by listing all singular/preselected descrip-
tions smaller than d.

As an implication a — b is always equivalent to a —a V b, we don’t need to
repeat on the right hand side singular/preselected descriptions already standing
on the left hand side of an implication. Thus, we can represent an implication
a — b in a reduced way, listing on the left hand side all singular/preselected
descriptions smaller than a, and on the right hand side all additional ones smaller
than b.

Ezxample 2. Reconsider Example [ for real numbers. The stem base is:
t—1
ax1 — 1
i,a — ax
hax,t =M
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As already known, we can consider specific aspects of the concept lattice
using a preselection. Then, we also get a different stem base. Below we show
the stem bases resulting from the two preselections using nominal or ordinal
descriptions for the attribute algebraic, as already considered above (Example

H):

g t—1i
a—g —1i

3 . a — a<3
a=2 =1 ia< t—)M
ha,t - M ’i_zf<71—>M
ia_y > M =

Using implications on descriptions, we can apply attribute exploration directly
on many-valued contexts.

6 Relationship to One-Valued Contexts

It is well known, that one can generate one-valued contexts out of many-valued
ones using scales. What is the relationship between these scaled contexts and
the approach on many-valued contexts given in this paper?

First, we can specify for each many-valued context IK = (G, M, W, I) a one-
valued context IK' = (G’, M’, I') having an isomorphic concept lattice: Just take
the set of objects, G’ := G, as set of attributes M’ take the singular descriptions,
and let (g,d) be in I' iff g fulfills d. If you want to use a preselection D, you get
a one-valued context with isomorphic concept lattice by taking the preselected
descriptions as M’ instead of the singular ones.

A closer look at these one-valued contexts associated with preselections
shows, that one can interpret each plain scaling as a preselection. As a con-
sequence, we can interpret plain scaling as a subcontext of the many-valued
context, having as concept lattice an A-subsemilattice of the many-valued con-
cept lattice.

On the other hand, preselections can be understood as scaling, thus it pro-
vides no better analysis results.

This approach can be seen as a natural extension of one-valued contexts from
another point of view, too: If we interpret a one-valued context IK = (G, M, I)
as a many-valued one with exactly one value “x”: K’ := (G, M, {x},I') with

(gm,x)el" & (gm)el,

then the concept lattices of IK and of IK’ are isomorphic.

This can be seen as follows: Considering singular descriptions in IK’, the only
nontrivial ones are of the form m, m € M, as the descriptions of the form m._
do not hold for any object g € G. (If an object g has a value in attribute m, i.e.
(g,m) is no empty cell, it must have the only value x.) Thus, as we have seen
above, IK’ is isomorphic to the one-valued context IK" = (G, {m,m € M}, I")
with

(g,m) € I" <= g fulfills m <= (g,m, x) € I' <= (g,m) € I .
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Thus I” is equivalent to I, and IK” equivalent to IK.

Another point worth to consider is the comparison between implications on
descriptions and implications on one-valued attributes, i.e. scaling a one valued
context and considering implications within the scaled context. The second strat-
egy may lead to trivial implications representing relationships between different
states of one many-valued attribute.

Within our example for real numbers, the stem base of a scaled context
using the ordinal scale for attribute algebraic needs to express implications like
a<s —+a<s. Using descriptions, we do not need to express such implications, as
we know the order on descriptions, which means that we know some implicit
background information.

There exists some approach ([8]) considering background information for im-
plications on attributes. Using this, one should obtain similar stem bases with
both strategies. But it remains to do some research on this aspect.

7 Conclusion

We have introduced a theory of many-valued concept analysis using descriptions.
This provides a different way to analyse concepts within many-valued contexts,
besides the possibility of scaling them and analysing the resulting one-valued
context. Thanks to the possibility of preselecting specific descriptions, the new
strategy remains as flexible as scaling, and it turns out, that it is possible to get
equivalent results with both strategies.

One advantage of using descriptions is that we avoid generating huge one-
valued contexts. Furthermore, we are able to consider implications on descrip-
tions, and therefore may apply strategies like attribute exploration directly on
many-valued contexts.

Acknowledgements. Special thanks are due to A. Kerber for his continuous
support, and to the referees for very helpful hints.
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Abstract. Empirical theory building in the human and social sciences
may be mathematically supported by methods of Formal Concept Anal-
ysis which is the main theme of this paper. Those theories are considered
which can be formalized by a contextual attribute logic. The empirical
data are coded by formal contexts whose attribute logic can be used for
representing scientific theories. Specific formal contexts, namely concep-
tual scales, are representing aspects of a theory. Their aggregation by
the semiproduct and by the apposition yield a more complete represen-
tation of the theory. The gap between the theoretical and the empirical
side becomes apparent by comparing the semiproduct and the apposition
representation. In an iterative process of theory building this gap should
be diminished. Specific support is given by algebraic representations of
formal contexts which are used to represent scientific theories.

1 Empirical Theory Building in Human and Social
Sciences

Empirical theory building as common in physics is successfully represented in
mathematical models, for instance in euclidean vector spaces. Those formal mod-
els support the respective disciplinary theory with expressive structure which
particularily stabilizes the theory at longer term. In human and social sciences
such support is very seldom. A specific approach is offered by representational
measurement theory (see [K+71]) which uses relational structures for mathema-
tizing scientific theories; but the range of application is quite restricted because
the relational structures are treated with the aim to reach representations by
numerical structures.

What is needed for formal representations of theories in human and social
sciences are non-numerical mathematical models which make the theories more
structurally transparent and communicable. Those models can be derived by

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 169-{I86 2001.
© Springer-Verlag Berlin Heidelberg 2001
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methods of Formal Concept Analysis which offers a mathematical theory for
formally developing and analyzing conceptual structures (see [GW99a]). Using
this approach, the basic models for representing theories and their parts are for-
mal contexts (also called conceptual scales) together with their concept lattices.
A formal context is mathematically defined to be a set structure K := (G, M, I)
where G is a set of (formal) objects, M is a set of (formal) attributes, and [ is a
binary relation between G and M indicating when an object has an attribute. By
Xl:={meM|Vge X :gIm}for X CGand Y! :={geG|VmeY :gIlm}
for Y C M, a Galois connection between the power sets PB(G) and P(M) is
given. Consequently, the pairs (A4, B) with A C G, BC M, A’ = B,and Bf = A
(called formal concepts of K) form a complete lattice B(K) (called the concept
lattice of K) with respect to the ordering (A1, B1) < (As, Bs) = Ay C A,
(& By C By); the sets in Y(K) := {A | (A4, B) € B(K)} are called extents and
in 3(K) := {B | (A,B) € B(K)} are called intents. Within the concept lattice
B(K), the formal context K may be recognized by gIm < ~vg < wm where
vg = ({g}!,{g}!) is the so-called object concept of g and um := ({m}f, {m}*1)
is the so-called attribute concept of m. K is said to be object clarified (attribute
clarified) if vg1 = vgo (umy = pms) always implies g1 = g2 (m1 = mg), and
object reduced (attribute reduced) if, in addition, all object concepts (attribute
concepts) of K are \/-irreducible (A-irreducible) in B(K). For further notions
and results of Formal Concept Analysis, we refer to the monograph [GW99a.

Before presenting a general approach to the formal representation of scien-
tific theories, we first discuss the formalization by an example of a philosophical
theory of categories. In his book “Knowledge Representation: Logical, Philo-
sophical, and Computational Foundations” [Sol]], John Sowa reports about the
most influential theories of categories, namely those of Heraclitus, Aristotle,
Kant, Peirce, Husserl, Whitehead, and Heidegger. A careful study of those the-
ories together with the aim to support knowledge representation led Sowa to
his own theory of top-level categories which he based on the three distinctions
“Thing - Relation - Mediation” (Peirce), “Physical - Abstract” (Heraclitus), and
“Continuant - Occurrent” (Whitehead). Sowa represents the hierarchical struc-
ture of his categories by an ordered set (S, <) shown in Figure [l (see Figure 2.6
in [So00]).

Since (5, <) is not a lattice, it is desirable, for representing all logical rela-
tionships of Sowa’s theory, to form the Dedekind-MacNeille-Completion of the
ordered set (S, <). This completion is given by the concept lattice B(S, S, <)
whose line diagram is presented in Figure[2 The completion construction seems
to suggest to consider the formal context (S, .S, <) as a basic model for represent-
ing Sowa’s theory. Since the theory has the aim to classify ontological entities, it
is not appropriate to take the whole set S as set of formal objects; instead of .5,
the set A of upper covers of the smallest element 1 is more adequate as object
set because the vg with g € A are exactly the \/-irreducible object concepts,
which yields, in particular, the isomorphy B(S, S, <) = B(A4, S, <).

The object and attribute reduced context (A, {Thing, Relation, Mediation,
Physical, Abstract, Continuant, Occurrent}, <), whose concept lattice is still
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Fig. 1. Hierarchy of Sowa‘s top-level categories
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Fig. 2. Dedekind-MacNeille-Completion of ordered set shown in Figure [I]

isomorphic to B(S, S, <), is (up to isomorphism) an example of a simply impli-
cational standard scale. These scales form a useful type of models for formalizing
those parts of scientific theories which are expressible by implications between
attributes (properties) with one-element premise and by inconsistency condi-
tions for sets of attributes. The concept lattices of simply implicational standard
scales are (up to isomorphism) the finite distributive lattices truncated by iden-
tifying all elements of an order ideal with 0. Simply implicational theories and
their realization by simply implicational standard scales are discussed in detail
in Section 2. For representing logically more complex theories, means of Contex-
tual Attribute Logic [GW99D] are used; especially, the clause logic of conceptual
scales is presented as entailment completion of clausal theories in Section 3. How
clause logics of conceptual scales can be described by better recognizable sub-
parts of those logics is discussed by means of standardized conceptual scales of
ordinal type.
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For representing richer theories as a whole, conceptual scales describing parts
of the theory can be aggregated by the semiproduct as discussed in Section 4.
The resulting formal context yields a model which can be used for testing the
theory empirically. Such testing can be graphically supported by the manage-
ment system TOSCANA which allows to inspect the empirical data with respect
to the given theory by suitably aggregating the concept lattices of the involved
conceptual scales. In this way, formal and material argumentations can be acti-
vated to justify conceptual scales as proper representations of parts of the theory
or to modify conceptual scales and even parts of the theory. TOSCANA may
even support an iterative process of empirically grounded theory building which
is able to keep its own history of development. Finally, in Section 5, the clause
logics of ordinal contexts are considered, in particular, for recognizing whether
representations by algebraic structures in the sense of representational measure-
ment theory are available for improving the mathematical support of empirical
theory building.

2 Conceptual Scales for Simply Implicational Theories

Parts of scientific theories are often described by implications between prop-
erties (attributes) of a fixed set of properties (attributes), where implications
with a one-element premise are mainly used. Inconsistencies between properties
are seldom stated explicitely, since they usually follow from the literal mean-
ing of the properties. Theories of implications with one-element premises and
inconsistencies may be formalized as follows:

Definition: A simply implicational theory is defined as a set structure 7 :=
(M, R,2) where M is a non-empty set, R C M?, and 2 C PB(M) \ {0} with
PB({p,q}) NA =0 for all (p,q) € R; the elements of M are called attributes, the
pairs (p,q) in R simple implications (alternative denotation: p — ¢), and the
sets in A inconsistencies.

For each simply implicational theory 7 := (M, R,2() there is an associated
closure system on the attribute set M, which is determined by the implications
p — q with (p,q) € R and A — M with A € A (see [GW994], p.79ff):

HNT)={XCM|V¥(p,g) eR:p X V g€ X) and
(VAe: A £X V X = M))

A formal context K := (G, M, I) is said to be a realization of the simply impli-
cational theory T := (M, R, ) if 3(K) = H(T) and A’ = for all A € 2.

A basic question is how to describe the realizations of simply implicational
theories. In this section we give a structural answer to this question, while in the
next section a logical framework is established from which a logical answer can
be derived.

Definition: An ordered set with inconsistent subsets is defined as a set structure
P = (P,<,2) where (P,<) is an ordered set and 2 is a set of (non-empty)
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subsets of P having no lower bound in (P, <). In the finite case we consider, for
any p € P, the set J, of all minimal order ideals D of (P, <) with p € D and
AND £ for all A € A let Ip := [J,cpTp. Then the finite formal context
Op := (3p, P, A is called a simply implicational standard scale.

Proposition 1 The simply implicational standard scale Op is a realization of
the simply implicational theory Tp := (P, <,). The intents of Op are ezactly
the order filters of (P, <) equal to P or not containing any A € A. IJ(Op) \ {P}
is therefore an order ideal T of the distributive lattice of all order filters of (P, <)
which satisfies FI = () for all order filters F not in I. Conversely, each such
order ideal may be represented by the proper intents of a simply implicational
scale.

Proof: For D € Jp we have the object intent D= P\ D. Thus, the intents of
Op are just the sets P\ J,cq» D; with Dy € Jp (t € T'), which are obviously order
filters of (P, <) equal to P or not containing any A € . Now, let F' be any such
order filter unequal P. Then P\ F is an order ideal of (P, <) with AN(P\F) A0
for all A € . For each p ¢ F' we choose a minimal order ideal D, in P\ F' with
p € Dpand AND, A0 for all A € A then F = P\ U,cp\r Dp- Thus, the
intents of Op are exactly the order filters of (P, <) equal to P or not containing
any A € . It immediately follows that J(Op) = $H(Tp). Clearly, 3(0p) \ {P}
is an order ideal of the lattice F(P, <) of all order filters of the finite ordered
set (P, <). Conversely, let Z be an order ideal of F(P, <) satisfying F! = () for
all order filters F' not in Z, and let 2z := {F € F(P, <)\ {0} | F ¢ Z}. Then
P = (P, <,z) is an ordered set with inconsistent subsets and Z = 3(0p)\{P}.

O

Proposition 1 yields a realization by an object reduced context for all finite
simply implicational theories 7 := (M, R, %) which can be seen as follows: Let
R be the reflexive transitive closure of R on M, let Er = RNR- 1 and let
A/Er = {A/Er | A € A}; then P := (M/ER,R/ER,Ql/ER) is an ordered
set with inconsistent subsets for which 3(Op_) = H(T)/Er := {X/Er | X €
H(T)}. If we define, more generally, also for T the simply implicational standard
scale by Q7 = (Jp, M, J) with DJm <= m ¢ B for all B € D, then we obtain
the following result:

Proposition 2 The simply implicational standard scale Q1 is a realization of
the simply implicational theory T and has the same extents as the simply impli-
cational standard scale Op_.

Proposition 1 also indicates how an appropriate line diagram of the concept
lattice of a simply implicational standard scale may be established: As a frame,
the dual of the distributive lattice consisting of all order filters of the appertaining
ordered set is considered. Since it is isomorphic to a cover-preserving sublattice of
the direct product of chains obtained by any chain decomposition of the ordered
set, it is recommendable to decompose the ordered set into a minimal number
of chains and locate the grid representing of the direct product of those chains
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in such a way that the nodes of the grid representing the non-zero elements of
the concept lattice are best readable; finally, the node representing zero has to
be added properly (cf. [L+97]).

Let us close this section by discussing again the example of Section 1. Al-
though Sowa postulates that each category is a synonym for the conjunction
formed by categories of the three distinctions, it would make sense to con-
sider them as subcategories and not as synonyms (e.g. “Script” could be un-
derstood as a proper subcategory of “Continuant Form”). Then we would ob-
tain a simply implicational theory (5, <,2g) with g := {{Thing, Relation},
{Thing, M ediation}, { Relation, Mediation}, { Physical, Abstract}, {Continu-
ant, Ocurrent}}, the simply implicational standard scale of which has the con-
cept lattice shown in Figure Bl

i/

o
)
h
Tl
I~
)

b
b
Il

1/
7
-

Fig. 3. Concept lattice representing the simply implicational theory of Sowa’s top-level
categories

3 Conceptual Scales Described by Their Clause Logic

The implications (and inconsistencies) between the attributes of a formal con-
text determine the concept lattice of the context up to isomorphism, but they
give no information about what \/-reducible concepts are object concepts; in
other words, they determine the formal context up to object reduction, but
not up to object clarification. Since conceptual scales are usually understood as
object clarified contexts, we consider also clauses between attributes by which
a formal context can be determined up to object clarification. For explaining
this, we give first a brief introduction to the clause logic of formal contexts (cf.
[BS97],[GW99D]).
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Let K:= (G, M, I) be a formal context. A sequent of K is a pair (A4,.5) with
A, S C M which is understood as a compound attribute having the extent

(A, 8) :={g€G|g¢ Al or gIm for some m € S}.

For sequents we consider the order < defined by (A;,S1) < (As, Ss) = Ay C
Ay and S; C Sy. A sequent (A, S) of K is said to be all-extensional if (A, S)! =
@, which is equivalent to say that any object of K having all attributes of A must
also have some attribute of S (such logical statement is usually called a clause).
The clause logic of a formal context K is the set C(K) of all all-extensional

sequents of K.

Definition: A clausal theory is defined as a set structure 7 := (M,C) where
M is a non-empty set and C C PB(M) x P(M); the elements of M are called
attributes and of C sequents. T is said to be regular if (A, S) € C is equivalent to
(X,M\ X) €C for all X C M with (4,S) < (X, M\ X). The regular closure
of a clausal theory 7 := (M,C) is the regular clausal theory T := (M,C) with
C:={(B,T) € P(M) xB(M)|VX CM:(B,T) LKX,M\ X)) or (3(A,S) €
C:(A,8) < (X,M\ X))}; C is called the regular closure of the sequent set C.

For each clausal theory 7 := (M,C) there is an appertaining closure system
on the attribute set M defined by

H(T) = {X C M |¥(A,S) €C¥Yme S: (A S\{m}) L(X,M\X)Vme X)}

Note that a simply implicational theory (M, R,2) may be understood as the
clausal theory (M,C(R,2)) with C(R,2) := {({p},{¢}) | (p,q) € R} U
{(A,{m}) | A € A and m € M}; clearly, H(M, R,A) = H(M,C(R,2)). A formal
context K := (G, M, I) is said to be a realization of a clausal theory T := (M, C) if
CCCEK)and {X C M| (X,M\X) £(A,S) for all (4,5)eC}={g¢'|geG}
(cf. [BS97)).

Theorem 1 Let T := (M,C) be a clausal theory and let
={XCM|(X,M\X) £(A,S) for all (A,S) € C}.
Then the conceptual scale St := (G, M, 3) is a realization of T with C(St) = C.

Proof: Let (A4,5) € C and X € Gr. Since X € (4,5)> & (X DAor XNS £
0) < (X, M\ X) £(A,S), the definition of G yields (4, S)> = G, i.e., (4, 5)
is all-extensional in S7. Hence C C C(S). Since X> = X for each X € G, it
follows with the above equivalences that

(X2 | X €Gr}={X CM|(X,M\X) 2(A,S) for all (4,5) € C}.

This shows that St is a realization of 7. It is left to prove that the clause logic
of St is the regular closure of C. For any sequent (B,T') we have the following
equivalences:

(B,T) S C(ST) = (B,T)a =Gr & {X € Gr | X /Z(B,T)} =Gr &
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SVXCM: (VA S) elC: (X, M\X £(AS) - (X, M\ X) £B,T) <
& VX CM: (BT KX,M\X))or (3(4,5)eC: (4,95 <(X,M\X)) <
& (B,T) eC.
Therefore C(S7) = C. |

There is a number of general conceptual scales which have been proven useful
in fixing theoretical assumptions about empirical relationships (see [GW99a],
p.b7). For recognizing possible applications of those scales, it is desirable to
determine their respective clause logics. Most of them are realizations of simply
implicational theories: these are the nominal scales, the multiordinal scales, the
Boolean scales, the grid scales, the contraordinal scales, the dichotomic scales,
and the one-dimensional interordinal scales. Using the results of Section 2, only
the specific sequents for distinguishing the objects of those scales have to be
determined. Here we demonstrate this only for the case of simply implicational
standard scales:

Proposition 3 The clause logic of a simply implicational standard scale Op :=
(Ip, P, A is the regular closure of the sequent set C := Cq U Co U C3 with

C1:={({r}:{¢}) | p,q € P withp < q},
Co:={(A,{p})[A €A and p € P},

Cs := {(min ﬂ [p), B) | B is an antichain with | B £J3p \ {0}}.
peEB

Proof: By Theorem [ we have to prove that Op is a realization of the clausal
theory T := (P,C). Using Proposition[d it can be easily verified that C C C(Op).
So it is left to prove that {X C P | (X,P\ X) £(4,S) for all (A,5) € C} =
{D?| D € Jp}. If (X,P\ X) (A,S) for all (A,S) € C; UCs then X must be
an order filter of (P, <) equal to P or not containing any A € 2(. In addition,
(X, P\ X) £(A,S) for all (A4,S) € Cs forces that P\ X € Jp and therefore
(X CP|(X,P\X) £(AS)forall (4,5) € C} C {D?| D € Jp}. The
converse inclusion can be easily checked. O

By Proposition [, the simply implicational theory (S, <,2gs) of Sowa’s top-
level categories (see Section 2) can be described by the sequent set Cg := C; U
C2 U Cg with

Ci={({p}{q}) [ p,a € S with p < g},

Co:={(A,{p})| A€ Us and p € S},

Cs := {(min ﬂ [p), B) | B is an antichain with | B £Jg \ {0}}.
peB

To respect Sowa’s synonym postulate, one has to add for each synonym the
appertaining implication having a two-element premise (e.g. ({Continuant,
Form}, {Script})).
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From the standardized conceptual scales which are not realizations of simply
implicational theories, the convex-ordinal scales are the most important. There-
fore we close this section by discussing how those scales may be recognized as
realizations of clausal theories. Let us recall that a convezr-ordinal scale for an
ordered set (P, <) is defined as the context

Cp:= (P,{ & K} xP,0)

with pO( &q) < p fq and pO( K q) = p Kq for p,q € P. We will often write

£p and Kp instead of (& p) and (A p), and p ¢ and p Kq instead of pO g
and pO AKgq. The extents of Cp are exactly the convex subsets of (P, <).

Proposition 4 The clause logic of a convez-ordinal scale Cp is the regular clo-
sure of the sequent set C := Cy UCy U Cs with

Ci:={({ £pr}{~24}) |p,qg€ P withp < q}U
{{ Ap} {K4}) | p,g € P with p = q},
={({eppe P},0)|¢: P = {2 K}}
(

CQZ
Cs :={(0,{ £p, 2qa Lp, K4} |p,q€ P withp /f=q}.

Proposition [ immediately follows from the following more general Proposi-
tion [ which characterizes the clausal theories having a convex-ordinal scale as
realization.

Proposition 5 Let (MUM*,Cr) be a clausal theory with |M| > 2, a bijection
ar—a* (a € M), RC M?, and Cr := C; U Cy U Cs where

Ci:={({a},{b}) [ (a,b) € R} U{({b"},{a"}) | (a,0) € R},
Co:={({a"|ae€ M},0)|e: M — {0,%} and a° = a},
Cs:={(0,{a,b,a*,b*}) | a,b € M and a /~b}.

Then (MUM*,Cr) has a convex-ordinal scale as realization.

Proof: By Theorem [ the conceptual scale St := (G, MUM*,3) is a real-
ization of T with C(S7) = C. It remains to show that S is isomorphic to a
convex-ordinal scale. Let <g be the reflexive transitive closure of R on M, let
ERr :=<pgr N >g. The relation <g is a quasi-order on M. Without loss of gener-
ality we assume that <p is an order relation, because we can always obtain an
order relation by factorizing M with Er. With M := (M, <g) we can define the
convex-ordinal scale

Cua = (M, { fr, =} x M,0).

We will show that the convex-ordinal scale Cj; is isomorphic to the conceptual
scale S. Let

a:M— Gr and B:{ g, Sz} x M — MUM* with
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am)={reM|m frriuUu{s"e M"|s g m} and
B(frm):=m and B(/Lgm):=m* forall me M.

Since the object intents of Cp; are m® = {fr r | r € M,m g r}U{/s
s|re Mm g stform € M, we have a(m) € Gy. The mapping « is
injective because <p is an order relation. We have to show that « is surjective.
We denote the inverse of the bijection % by e, i.e. a*® = a. Let E € G7. Then E =
(ENM)U(ENM*). By the clauses in C; the set ENM is an order filter of M and
the set (ENM™*)® is an order ideal of M. The equality (ENM)U(ENM*)* =M
cannot hold by the inconsistencies in Co. Hence (ENM)U(ENM*)® is a proper
subset of M. Now the sequents in C3 imply that there can only be one element
in M that is not in (ENM)U(ENM*)®. We denote this element by p. We have
shown that ENM = M \ (p] and (ENM*)* = M \ [p). This proves a(p) = E.
Hence, « is surjective and therefore also bijective. The bijectivity of 3 is obvious.
The equivalences m g n < B(frn) € a(m) and m & n < (/& n) € alm)
follow directly from the definition of & and 3. This means we have shown that the
pair («,3) is an isomorphism between Cp; and S7 which completes the proof.

O

A general method to find generating subsets for clause logics of finite formal
contexts is described in [Kr98] (see also [Ga00]).

4 Aggregation of Conceptual Scales

According to Anselm Strauss and Juliet Corbin [SC90]), empirically grounded
theory building uses a systematic set of procedures to develop an inductively
derived theory of a phenomenon; it starts from data which are broken down,
conceptualized, and put back together in new ways to generate a rich, tightly
woven, explanatory theory that closely approximates the reality it represents.
Such empirical theory building may be mathematically supported by suitable
data models and formal methods for decomposing those models into conceptu-
ally structurable parts that can be suitably aggregated to allow formal represen-
tations of significant scientific theories. Conceptual scales, which are discussed in
the previous sections, have been proven useful for conceptually structuring parts
of data models. Therefore it is desirable to describe methods of aggregation for
conceptual scales which, in particular, keep the connections between conceptual
scales and clausal theories represented by those scales. For the analysis of ag-
gregations with respect to such connections, we first introduce an appropriate
notion of aggregation for clausal theories:

Definition: For clausal theories Ty := (My,Ci) (k € K) the disjoint union is
defined by

Ukexn = U Line Mk’Ukech)

keK

where UkeKCk is the disjoint union (J, o {({k} x A, {k} x S) | (4, S5) € Cx}.
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In Formal Concept Analysis, the mostly used construction of aggregating
conceptual scales is the semiproduct of formal contexts; it particularly yields the
structural frame for representing larger concept lattices by nested line diagrams
(see [GW99a)).

Definition: For conceptual scales Sy := (G, My, I;) (k € K) the semiproduct
is defined by

KperSk = (X exGr, U {k} x M., V)
ek

with (gx)rex V (Ko, m) € gro Irg M, -

Theorem 2 The clausal logic of the semiproduct of the conceptual scales Sy :=
(Gr, My, It,) (k € K) is the regular closure of the disjoint union of the clause
logics C(Sg) (k€ K).

Proof: For (A,S) € Sy,, we have ({k} x A, {k} x S)V = {(gr)rex | Gm € A :
(gktoam) /élkto) ordm € S : (gkoam) € [ko)} = {(gk)kEK ‘ Jko € (A’ S>Ik0} =
X rex Gr because (A, S)o = Gy, Thus, ({k} x A, {k} x S) is all-extensional
in X,e xSk and hence (Jy, ¢ xC(Sk) € C(XrexSk). Using Theorem[I, we obtain for
X, € My (k € K) the following equivalences: (Uycx{k} x Xi,Uper ik} x
M\ Upegc kY x Xi) 2 (Agg, Sko) for all (Agy, Sky) € UrexCr = ({k} %
Xi, {k} x M\ {k} x Xi) 2 (Ag, Sk) for al} (Ag, Sk) € Cp with k € K & X, =
gi¥ for some gj, € G, and for all k € K < Urer{k} x Xi = (g9r)yex for some

(9K )ker € X ek Gr. Using again Theorem [I] we conclude that the clausal
logic of the semiproduct of the conceptual scales S; := (Gy, My, It,) (k € K) is
the regular closure of |, c xC(Sk)- O

Corollary 3 Let Ty, := (My,Ci) (k € K) be clausal theories. The regular closure
of the disjoint union Uy Tr is equal to (e x Mr,C(XpexST,))-

How the presented method of aggregation of conceptual scales may be used
for empirically grounded theory building shall be explained through an example
from political sciences. At the end of the '80th, a multitude of studies of German
researchers about international regimes have been compiled (under the guidance
of Beate Kohler-Koch) and comparatively analysed. The authors classified the
matters of their case studies by a uniform scheme of interpretation which led
to the data table shown in Figure F (see [Ko89|,[VW91],[KV00]). The attributes
and attribute values of the data table have been chosen on the base of the actual
theory of regimes for grasping the relationships concerning different aspects and
so gaining better insights into the conditions of development and success of
international regimes. The data table is already a result of breaking the wealth of
data of the studies into parts corresponding to the choosen attributes. Therefore
the further theory building should be continued with the conceptualization of
those parts.



180 S. Strahringer, R. Wille, and U. Wille

Fig. 4. Data table reporting a classification of international regimes

Formal Concept Analysis is prepared to support this by its method of con-
ceptual scaling (see [GWS89]). This method starts with the mathematization of a
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data table (as in Figure ) by a so-called many-valued context K := (G, M, W, I)
where G, M, and W are sets of (formal) objects, attributes, and attribute values,
respectively, and I C G'x M x W satisfying (g, m,w1), (g, m,wz) € I = w1 = wy;
an attribute m € M can therefore be understood as a (partial) map from G into
W with m(g) = w < (g, m,w) € I. To obtain formal concepts, for each m € M,
a conceptual scale S, := (G, My, Iy,) is chosen with m(G) C G,,. In case of
the many-valued context described by the data table in Figure[4], an extensive
discussion with Kohler-Koch and one of her colleagues, which was guided by
the described aim of their research, led to the conceptual scales whose concept
lattices are presented in Figure[5 the blackened circles in the diagrams represent
the object concepts given by the data.

1) Einflussfaktoren
1.1 Machtstruktur 1.2 Institutionelles Umfeld 1.3 i 1.4 Konf]

ugxlil@w!cmuninl

1.5 Politiknetz 1.6 T i i 1.7 keit 1.8 19U i A

cht Reguli taats-
wrechenbar Mark] fachigkeit gleig leich
2) Eigenschaften
2.1 Einzugsbereich 2.1° Einzugsb. systemar 2.2 Umfang 2.3 Ursprung 2.4 Verteilungswirkung
Q Q Q
alol egional intersyste komp eng finsel Yochselseitiges glei leich
Q
o5, {nnersystemar
st-We: ) West-Wi
‘est-West. o o
|9

2.5 Handlungsebene X 2.8 Kohaerenz
Sta3t T\ Internationale
Gesellsch; rganistation
2.9 Gleichgewicht 2.10 Ausgestaltungsgrad 2.11 Organisat. Verfestigung

) A . Fortentwicklu ohme

\/‘ hoch, i iedrig

3) Regimewirkung
3.1 Entwicklungsgrad 3.2 Effektivitaet 3.3 Dauerhaftigkeit

handlungsanig

deklaratorj; implementiert

Fig. 5. Conceptual scales representing the clausal theories of the attributes in Fig. 4
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The conceptual scales of Figure Bl code the clausal theories which the political
scientists derived from the theory of regimes for structuring the attribute values
of the respective attributes. The object concepts given by the data indicate that
some of the clausal theories should eventually be extended. For instance, the
diagram of scale 2.5 suggests to discuss, for the field of actions, the implications
Internationale Organisation — Gesellscha ft and Gesellschaft — Staat;
obviously, the clausal theory coded by scale 1.2 might be enriched too.

The gap between theory and data becomes even more challenging after aggre-
gating the clausal theories and the appertaining conceptual scales, respectively.
Theoretically, as the Corollary 3 states, the aggregation of the clausal theories by
the disjoint union and the aggregation of the conceptual scales by the semiprod-
uct yield, up to the formation of the regular closure, the same clausal theories.
But, empirically, not all concepts of the semiproduct are determined by the data.
The concept intents which can be determined by the data are just the intents of
the apposition of the conceptual scales based on the objects of the data context;
generally, the apposition is defined as the formal context

|m€ZMSm = (G7 U {m} X Mma J)
meM

with gJ(m,n) < m(g)I,,n. For diminishing the gap between the theoretical
and the empirical side, one has either to increase the data or to find new se-
quents which are all-extensional in the semiproduct of the conceptual scales.
But even with a gap between theory and data, the apposition of the conceptual
scales is useful, in particular, for rejecting hypotheses. As an example for this,
we choose the often stated hypothesis that regimes of strong intensity usually
have a hegemonial power structure; according to the concept lattice of the ap-
position of the scales 2.10 and 1.1, shown in Figure [l the hypothesis has to be
rejected. Another interesting example for studying the gap between apposition
and semiproduct is the investigation of lexical gaps in a research project on the
semantics of German speech-act verbs (see [GHO0]).

For discovering connections between conceptual scales which may suggest,
justify, or falsify hypotheses, the management system TOSCANA has been de-
veloped which allows to navigate through nested line diagrams of (even large)
concept lattices (see [VWYH]); it may support the whole process of empirically
grounded theory building as proposed in [SCI0] (see also [Ke94],[Wii98]). An
example for such a research process supported by a TOSCANA system is de-
scribed in [MW99]. For the mathematical support of more heterogenous theories,
the generalization of formal contexts to multicontexts has been proposed and in-
vestigated in [Wi96] (see also [Ga96],[D699]).

5 Algebraic Representation of Empirical Theories

Empirical theory building often focusses on properties which are adequately
formalized by many-valued attributes. Therefore the attribute logic of many-
valued contexts has also to be considered. How such attribute logic may be
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developed, this shall be discussed in this section for ordinal contexts K :=
(G, M, (W, <m)mem, 1) which modify a many-valued context (G, M, W, I) by
replacing the attribute value set W by a family of ordered sets (W,,, <)
(m € M) such that m(G) C W, for m € M (see [SW92]). It is appropri-
ate to define the clause logic of the ordinal context by C(K) := C(Kg) where
Ko := (G?, M, Ip) with (g1,g2)lom = m(g1) <, m(g2). The consequence of
this definition is that the ordinal dependencies between attributes of K are just
the implications between attributes of Ko (see [GW99al, Proposition 28); let
us recall that (X,{n}) € P(M)? is (by definition) an ordinal dependency of
K if m(g1) <m m(gz) for all m € X always imply n(g1) <, n(g2). The func-
tional dependencies between attributes in M are just the ordinal dependencies
of (G, ]\47 (Wm, :)me]\/j,l).

Fig. 6. Concept lattice of the apposition of the conceptual scales “regime intensity”
and “power structure”

To each ordinal context K := (G, M, (W, <m)mem, ) corresponds a rela-
tional structure S(K) := (G, (S, Jmen) with g1 S ga i m(g1) <m m(g2) as
considered in representational measurement theory (see [K471]). This opens the
possibility to devote this final section to the aim of representational measurement
theory, namely to study representations of such relational structures by algebraic
(numerical) structures with respect to its support of empirical theory building.
Again we explain our approach through an example from political sciences.

In his book “Political Order in Changing Societies” [Hu68| Samuel P. Hunt-
ington expresses basic relationships of certain political and social concepts by
three equations such as

Social mobilization . .
= Social frustration.

Economic development

The equations gave rise to a strong controversy having in its center the question:
Are the equations meaningful or not? (cf. [WW93]) Although the disputants kept
to their controversal positions, they aggreed on the same judgment that Hunting-
ton’s equations at least express ordinal relationships between the named quanti-
ties, namely, when one quantity remains the same and a second quantity changes,
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then the third quantity always changes either in the same or the opposite di-
rection. Let us imagine that an ordinal context K := (G, M, (Wi, <m)men, I)
could be derived from data concerning the mentioned quantities so that the
quantities would be represented by the attributes of K. Then the ordinal rela-
tionships, on which the disputants agreed, could be mathematically described by
the following axioms (A4;) (i =0,1,...,n) concerning attributes mg, my, ..., my
of K (n = 2 for the above equation):

(Ai)  Yg1,92 € G: (V5 €1{0,1,...,n}\ {i} : m;(g1) <m; mj(g2))
— mi(g2) <m, mi(g1).

Surprisingly, if K satisfies (Ag), (41),.-.,(A,), the object set G can be fur-
nished with an algebraic structure such that the ordinal relationships become
describable by algebraic terms. In the general case we use ordered n-loops as
algebraic structures. An ordered n-loop is an ordered algebra L := (L, f,0,<)
for which f is an order-preserving n-ary operation on the ordered set (L, <)
with 0 as neutral element uniquely solvable in each of its components always
respecting the order. For each ordered n-loop L, there is an appertaining or-
dinal context Ky := (L™, {mo,m1,...,mn}, (L, <i)i=1,...n, L) with mg = f,
<p:=>, and m;(x1,...,2,) := x; and <;:=< for i = 1,...,n. An ordinal con-
text K := (G, M, Wi, <im)mem, I) with n + 1 attributes has a representation
in Ky, if there is a quasi-embedding of K into K, i.e., mappings x : G — L",
A: M — {0,1,...,n}, and v, : Wy, — L such that X is a bijection and
m(g) = w < Mmam(kg) = vpw (i = 0,1,...,n). From results in [WW96] we
obtain the following theorem:

Theorem 4 An ordinal context K has a representation into an ordinal context
K for some ordered n-loop L if and only if K has n+1 attributes and satisfies

(A0)7 (Al)a tey (An)

In [WW95], the uniqueness of the representation in Theorem Hlis character-
ized by partial isotopies so that the algebraic descriptions of ordinal relationships
in the represented context which are invariant under partial isotopies, are mean-
ingful in the sense of representational measurement theory. If the fraction on
the left side of Huntington’s equations is understood as a fraction in an ordered
2-loop and if the axioms (A4p), (A1), and (Az) can be assumed (as the disputants
did), then we can conclude that Huntington’s equations are meaningful in the
sense of representational measurement theory.

Theorem M can be specialized to characterize those ordinal contexts which
have a representation by ordered Abelian groups and ordered vector spaces,
respectively (see [WI96],[WW96]). A general discussion of the representation
problem emphazising the geometrical view can be found in [WI197]. Of course, as
richer the algebraic structures are as better will be the mathematical support for
the represented theory. A specific problem is how to recognize which algebraic
structures can be used for the representation. Theorem Hlyields a method to find
out whether a representation by ordered n-loops are possible (cf. [WW96]): For
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an ordinal context K := (G, M, Wi, <i)menm, I) with n+ 1 attributes the first

step is to form an extended ordinal context
K|Kd = (Gv MUMdv (Wna Sn)nEMUMdv IUId)

where M4 := {m? | m € M}, W4 := Wy, wy <ppa w1 wy <, wi, and
I1 = {(g,m%,w) | (g,m,w) € I)}. Now, the clause logic of the ordinal context
K|K9 allows to recognize whether K has a representation into an ordinal context
K for some ordered n-loop L because K satisfies (Ayp), (A1), .., (Ay) for some
bijection A : M — {0,1,...,n} if and only if the sequents (M \ {m}, m?) are
all-extensional in (K|K9)g for all m € M; this property may be checked by
existing computer programs of Formal Concept Analysis. An open question is
which other representations could be recognized by the clause logic of formal
contexts derivable from the given ordinal context.
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Abstract. Logical Concept Analysis is Formal Concept Analysis where
logical formulas replace sets of attributes. We define a Logical Infor-
mation System that combines navigation and querying for searching for
objects. Places and queries are unified as formal concepts represented
by logical formulas. Answers can be both extensional (objects belonging
to a concept) and intensional (formulas refining a concept). Thus, all
facets of navigation are formalized in terms of Logical Concept Analysis.
We show that the definition of being a refinement of some concept is a
specific case of Knowledge Discovery in a formal context. It can be gen-
eralized to recover more classical KD operations like machine-learning
through the computation of necessary or sufficient properties (modulo
some confidence), or data-mining through association rules.

1 Introduction

Information systems offer means for organizing data, and for navigating and
querying. Though navigation and querying are not always distinguished because
both involve queries and answers, we believe they correspond to very differ-
ent paradigms of human-machine communication. In fact, the difference can be
clarified using the intension/extension duality.

Navigation implies a notion of place, and of a relation between places (e.g., file
system directories, and links or subdirectory relations). Through navigation, a
user may ask for the contents of a place, or ask for related places. The ability
to ask for related places implies that answers in the navigation-based paradigm
belong to the same language as queries. In terms of the intension/extension
duality, a query is an intension, and answers are extensions for the contents
part, and intensions for the related places.

In very casual terms. we consider navigation with possibly no map, i.e., no
a priori overview of the country. Related places form simply the landscape from
a given place as shown by a “viewpoint indicator”. However, our proposal is
compatible with any kind of a priori knowledge from the user.

With querying, answers are extensions only. A simulation of navigation is
still possible, but forces the user to infer what could be a better query from
the unsatisfactory answer to a previous query; i.e., infer an intension from an
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extension. This is difficult because there is no simple relation between a variation
in the query, and the corresponding variation in the answer. The experience
shows that facing a query whose extension is too vast, a user may try to refine
it, but the resulting extension will often be either almost as vast as the former
or much too small. In the first case, the query lacks of precision (i.e., number of
relevant items in the answer divided by total number of items in the answer),
whereas in the second case, the query recall (i.e., number of relevant items in
the answer divided by number of relevant items in the system) is too low.

Godin et al. [GMA93] have shown that Formal Concept Analysis is a good
candidate for reconciliating navigation and querying. We follow this opinion,
but we believe that care must be taken to make formal contexts as close to the
description languages of the end-users, and we have proposed Logical Concept
Analysis (LCA) where formal descriptions are logical formulas instead of being
sets of attributes [FR0O0b]. So doing, one may consider that the contents of an
information system is a formal context in which items are associated to formulas
that describe them in a user-oriented way. We call this a Logical Information
System (LIS). Then, Concept Analysis automatically organizes the contents of
the information system as a lattice of concepts.

Our goal in this article is to show how a form of navigation and querying can
be defined, so that a user who knows neither the contents of a Logical Information
System, nor the logic of its descriptions, can navigate in it and discover the parts
of the contents and the parts of the logic that are relevant to his quest. Note
that a more expert user may know better and may navigate more directly to
his goal, but since almost everybody has his Terra Incognita, the no-knowledge
assumption is the safest one to do.

We will present in the sequel formal means for navigating in a Logical In-
formation System in order to find relevant objects (answers in the extensional
language), and relevant properties of the formal context (answers in the inten-
sional language). We will show how this latter point is related to data-mining,
knowledge-engineering, and machine-learning. The core of the formal means used
in this work is (Logical) Concept Analysis.

The article is organized as follows. Section 2l presents a guided tour of Logical
Concept Analysis. Section [ presents the notion of Logical Information System.
Sections [ and [l present the details of the navigation in a LIS, and of the
extraction of properties. Sections [l and [[] present conclusions and perspectives.

2 Logical Concept Analysis

We recall the main definitions and results about Logical Concept Analy-
sis (LCA). More explanations and results can be found in [FROOD).

Definition 1 (context) A logical formal context is a triple (O, L, 1) where:
— O is a finite set of objects,
— (L; ) is a lattice of formulas, whose supremum is V, and whose infimum
is A; L denotes a logic whose deduction relation is |.:, and whose disjunctive
and conjunctive operations are respectively V and A,



Searching for Objects and Properties with Logical Concept Analysis 189

— 1 is a mapping from O to L that associates to each object a formula that
describes it.

Given a formal context K, one can form a Galois connection between sets of
objects (extents) and formulas (intents) with two applications o and 7.
Definition 2 Let K = (O, L, i) be a logical context,

o PO) = L, c¥(0) =V cpil0)

KL P(O), K (f) = {o € Oli(o)= )
Formal concepts can be derived from logical contexts.
Definition 3 (concept) In a context K = (O,L,i), a concept is a pair
c= (0, f) where O C O, and f € L, such that c¥(O)=f and 75(f) = O.
The set of objects O is the concept extent (ext(c)), whereas formula f is its
intent (int(c)).
The set of all concepts that can be built in a context K is denoted by C(K), and
is partially ordered by <¢ defined as follows.
Definition 4 (Ol,fl) Sc (Og,fg) <= 01 - 02 (<:> f1 ):fg)
Definitions Bl and Bl lead to the following fundamental theorem.

Theorem 1 Let K = (O, L,i) be a context. The ordered set (C(K);<¢) is a
finite lattice with supremum V¢ and infimum A°.

It is possible to label concept lattices with formulas (resp. objects) through a
labelling map p (resp. 7).

Definition 5 Let K be a logical context,
WL C(R), i (]) = (75 (), 0 (5 (1)) -
Y10 = C(K), (o) = (r¥(a"({o})), " ({0})) = (7" (i(0)),i(0))
We introduce a contextualized deduction relation as a generalization of the im-

plications between attributes that are used in FCA for knowledge acquisition
processes [GW99|Sne9s|.

Definition 6 (contextualized deduction) Let K = (O, L,i) be a context,

and f,g € L. One says that f contextually entails g in context K, which is noted
- K

fE g, iff T5(f) € 8 (g), i.e., iff every object that satisfies f also satisfies g.

Relation I':K is a preorder, whose associated equivalence relation is noted =K,
Formulas ordered by this deduction relation form a new logic adapted to the
context: the contextualized logic. 1t is connected to the concept lattice by the
following theorem.

- K
Theorem 2 (L/-x;f= ) and (C(K);<¢) are isomorphic, with u* as an iso-
morphism from formulas to concepts.

In summary, there are 3 ways of considering a concept lattice: (1) extents or-
dered by set inclusion (7(o(P(0))), C), (2) intents ordered by logical deduction

(o(7(L)), =), (3) formulas ordered by contextualized deduction (£, )ZK)
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3 A Logical Information System

A Logical Information System (LIS) is essentially a logical formal context (see
Definition[l) equipped with navigation and management tools. In this article, we
are mostly interested in the end-user perspective. So, we will insist on navigation
tools, and will only briefly allude to the management of a logical formal context.

For illustration purpose, we will present a bibliographical reference system
whose principle is the following. Objects are bibliographical references, whose
contents are BibTEX entries, and descriptions are composed of titles, lists of
authors, etc, extracted from the contents, and appreciations (e.g., “theoreti-
cal” or “practical”) and status (e.g., “read”) given by a user. Logical formulas
used for descriptions and queries are sets of valued attributes. For instance,
numerical fields can be described in an interval logic, and string fields can be
described in a boolean logic based on the absence/presence of substrings in a
string: e.g., title: Logic & -(Concept|Context)/year: 1990..1995. In an
advanced version of this system, we also introduced regular expressions and
modalities for representing incomplete knowledge.

Our LIS needs an end-user interface. We will use a shell-based interface,
though this is not the most modern thing to do. This is because we believe
that shell interfaces (like in UNIX or MS-DOS) are familiar to many of us,
and because this abstraction level exposes properly the dialogue of queries and
answers. A higher-level interface like a graphical one would hide it, whereas
lower-level interfaces, like a file system, would expose irrelevant details.

A prototype of the bibliographical system has been built for experimentation
purpose. It has been implemented in Prolog as a generic system in which a
theorem-prover and a syntax analyzer can be plugged-in for every logic used
in descriptions. It is not meant to be efficient, though it can handle several
hundred entries. Contrary to other tools based on concept analysis, it does not
create the concept lattice. It only manages a Hasse diagram of the formulas used
so far [FR00a]. In our experiments with the logic presented above, this diagram
has an average of 5 nodes per object, 3 arcs per node, and a height of about 5.

3.1 Building a Logical Context

The first task one needs to do in a LIS is to build a Logical Context K = (O, L, 1);
this amounts to create and logically describe objects. To each object o is as-
sociated a content c(o) (here, the BibTEX reference) and a logical descrip-
tion (o). We distinguish content and description in order to hide some BibTEX
fields (e.g., publisher) and add some non-BibTgX fields (e.g., status). We
give an example of an object by displaying its content and its description in
the following table. A “minus” sign before string formulas represents nega-
tion, and the “less” and “greater” signs around strings denote an “all 1
know” modality that means that the strings are closed (they do not con-
tain anything else): e.g., title: <"logic"> ): title: - "context" whereas

title: "logic" F title: - "context'.
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c(o) = @InProceedings{FerRid2000b,
author = {Sébastien Ferré and Olivier Ridoux},
title = {A Logical Generalization of Formal Concept Analysis},
booktitle = {International Conference on Conceptual Structures},
editor = Guy Mineau and Bernhard Ganter,
series = LNCS 1867,
publisher = Springer,
year = {2000},
keywords = {concept analysis, logic, context, information system} }
iCo) =
type: <"InProceedings'">/
author: <"Sébastien Ferré and Olivier Ridoux">/
title: <"A Logical Generalization of Formal Concept Analysis">/
year: 2000/
keywords: <"concept analysis, logic, context, information system">/
status: "read"

For all examples given in the following sections, we consider as context K all
ICCS publications until the year 1999, which consists in 209 objects. For this
context, the Hasse diagram has 954 nodes and 2150 arcs. In the following exper-
iments of this paper, all response times are shorter than 5 seconds.

3.2 Navigating in a Logical Context

Once objects have been logically described and recorded in a logical context K,
one wants to retrieve them. One way to do this is navigating in the context. As
already said, this way of searching is particularly useful in a context where the
logic or the contents are unknown. The aim of navigation is thus to guide the
user from a root place to a target place, which contains the object(s) of interest.
For this, a LIS offers to the user 3 basic operations (the corresponding UNIX-
like command names are placed between parenthesis): (1) to ask to LIS what is
the current place (command pwd), (2) to go in a certain “place” (command cd),
(3) to ask to LIS ways towards other “places” (command 1s).

In a hierarchical file system, a “place” is a directory. But in our case, a
“place” is a concept, which can be seen as a coherent set of objects (extent)
and properties (intent) (cf. Definition [3). In large contexts, concepts cannot be
referred to by enunciating either their extent or their intent, because both are
generally too large. Formulas of the logic £ can play this role because every
formula refers to a concept through the labelling map p (cf. Definition [{), and
every concept is referred to by one or several formulas, which are often simpler
than the intent.

We now describe the 3 navigation operations listed above. First of all, going
from place to place implies to remember the current place, which corresponds
to the working directory. In our LIS, we introduce the working query, wq, and
the working concept, we := p (wq); we say that wq refers to we. This working
query is taken into account in the interpretation of most of LIS commands, and
is initialized to the formula T, which refers to the concept whose extent is the
set of all objects. Command pwd displays the working query to the user.

Command cd takes as argument a query formula ¢ saying in which place to
go, and it changes the working query accordingly. We call l,,, (elaboration of
wq) the mapping that associates to the query ¢ a new working query according
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to the current working query wq. The query ¢ can be seen as a link between
the current and the new working query. Usually, cd is used to refine the working
concept, i.e., to select a subset of its extent. In this case, the mapping l,q is
defined by l,,4(¢) := wqAg, which is equivalently characterized by
1 (Lug(q)) =¢ we A° p® (q) and 75 (Lug(q)) = 7 (wg) N 75 (q).

However, it is useful to allow other interpretations of the query argument. For
instance, we can allow the distinction between relative and absolute query, simi-
larly to relative and absolute paths in file systems. The previous definition of the
mapping l,,q concerns relative queries, but can be extended to handle absolute
queries by lq(/q) := g, where ’/” denotes the absolute interpretation of queries.
This allows to forget the working query. We can also imagine less usual inter-
pretations of queries like l,q(| ¢) := wgqVq. Finally, the special argument . . for
the command cd enables to go back in the history of visited queries/concepts.
This works much like the “Back” button in Web browsers.

Command 1s is intended to guide the user towards his goal. More precisely, it
must suggest some relevant links that could act as queries for the command cd to
refine the working query. These links are formulas of £. A set of links given by 1s
should be finite, of course (whereas £ is usually infinite), even small if possible,
and complete for navigation (i.e., each object of the context must be accessible
by navigating). We postpone the development of this issue to Section Ml

As navigation aims at finding objects, command 1s must not only suggest
some links to other places, but also present the object belonging to the current
place, called the object of wq or the local object. It is defined as the object
labelling the working concept through the labelling map + (cf. Definition []).
Formally, the object of a query q is defined by

tK(q) := 0 € O such that vX (o) =¢ u(q).

There can be no local object, and there cannot be several ones because this
would be equivalent to have two different objects described by exactly the same
formula, which would make them undistinguishable. Another interesting thing to
notice is that the working query can be, and is often, much shorter than the whole
description of the local object (which is also the intent of the working concept),
as in the following example where the formula on the first line is contextually
equivalent to the description on the four other lines for accessing the object.

i(t(author: Mineau & Missaoui)) =
type: <InProceedings>/
title: <"The Representation of Semantic Constraints in Conceptual Graph Systems">/
author: <"Guy W. Mineau and Rokia Missaoui">/
year: 1997

3.3 Updating and Querying a Logical Context

Updating is done via shell commands like mv or cp. With option -r, every object
of the working concept is concerned, while in the opposite case, only the local
object is (considering it exists, cf. Section B.2).

(1) cd /author: Mineau & Missaoui

(2) mv . status: "to be read"

(3) cd /keywords: FCA | GC

(4) mv -r status: "to be read" status: "read"
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Contents can also be changed with a LIS-command chfile. This changes
indirectly descriptions, but the ensuing reorganization of the formal concept
lattice is automatic and transparent. In fact, it costs not so much since the
concept lattice is not actually represented.

Extensional queries can be submitted to a logical information system us-
ing the -r option with command 1s. The answer to query 1s -r q is simply
78 (lwe(q)), i.e., the extent of the concept refered to by lq(q) (cf. Section B.2).

(1) 1s -r /title: Logic & -(Concept | Context)/year: 1990..1995

3 B. R. Gaines. "Representation, discourse, logic and truth: situating knowledge
technology". INPROC, 1993.

2 J. F. Sowa. "Relating diagrams to logic". INPROC, 1993.

72 H. van den Berg. "Existential Graphs and Dynamic Predicate Logic". INPROC, 1995.
3 object(s)

4 Searching for Objects

We now define more precisely than in Section the dialogue between a user
and our LIS through commands cd and 1s. Let us recall that cd enables the user
to traverse a link from the working concept to another one, and that 1s enables
him to get from LIS a set of relevant links to refine the working concept.

Navigation Links. The following notion of refinement corresponds to the case
where the elaboration mapping satisfies l,,4(¢) = wgAq. To avoid to go in the
concept | ¢ whose extent is empty, we must impose the following condition on
a link z: 75 (wqAx) A0. As L is a too wide search space, we consider a finite
subset X of £ in which links are selected. The content of X is not strictly
determined but it should contain simple formulas, some frequently used formulas,
and more generally, all formulas that users expect to see in 1s answers. X can
be finite because terminology and used formulas are (because the context is
finite). Furthermore, we keep only greatest links (in the deduction order) as
they correspond to smallest refinement steps. We can now define the set of links
of a working query wq by Link® (wq) := [{x € X|7¥(wqgAz) /A0}], where [E]
denotes the set of greatest elements of ' according to the order )=

Increments vs. Views. We can distinguish two kinds of links: increments
that strictly restrict the working concept (i.e., 75 (wgAz) /A 75 (wq)), and
views that are properties shared by all the objects of the working concept (i.e.,
T8 (wgAz) = 7% (wq)). Only increments are useful as arguments of cd, because
the application of cd to a view would not change the working concept.

Why not use only increments if views are not useful for refinement? Because
sets of increments appear to be too large and heterogeneous: in the BibTEX
example, they mix author names, title words, years, etc. Sets of links are smaller
because many increments are subsumed by views, and then are not returned as
links. For instance, the view (author: #) is returned as a summary of a large set
of author name increments. So, if views are not useful for selecting objects, they
are useful for selecting increments. We introduce a working view wv, similar to
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the working query, under which links must be searched for. For instance, if the
working view is (author: *), links will be author name increments. We modify
the definition of Link to take this into account.

Definition 7 Link™ (wq, wv) := [{z € X|zEwv, wo iz, 75 (wghz) ~0}].

Definition 8 The completeness of Link is formally expressed by
Vwg € L :Vo € 78(wq) : 0o At (wq) = Jz € Link® (wq, wv) : 0 € 75 (wgAx).

In English, this means that for all working query wq and for all object o of its
extent, if 0 is not yet the local object then it exists a link that enables to restrict
the working extent while keeping o in it.

Theorem 3 Link® (wq, wv) is complete for all wq and for all wv being a view
for wq iff every object description belongs to X.

In fact, X acts as the vocabulary that LIS uses in its answers. In our prototype,
X is in a large part automatically generated from the context (i.e., from ob-
ject descriptions) every time an object is created (command mkfile) or updated
(commands chfile and mv); and from queries in order to incorporate the user vo-
cabulary in the LIS one. This automatic generation guarantees the completeness
of the navigation according to the above condition, while favouring small links
such as author names, title words, keywords (in fact, whole object descriptions
very rarely appear as links, cf. Table[d]). Furthermore, the user can adjust the
LIS vocabulary by adding and removing formulas in X with commands mkdir
and rmdir.

To summarize, the view-based variant of command 1s takes as argument a
view v, sets the working view to l,,, (v) (where [, works similarly to l,,,), shows
the local object if it exists, displays each link x of the set Link® (wq, wv) along
with the size of its selected extent 7 (wgAz), and finally displays the size of
the working extent 7% (wq). Increments and views are distinguished according
to their cardinality compared to the working size; views simply have the same
size as the working concept, whereas increments have strictly smaller sizes.

User/LIS Dialogue. We now show how commands cd and 1s compose a rather
natural dialogue between the user and LIS. The user can refine the working
concept with command cd, and asks for suggested links with the command 1s.
LIS displays to the user relevant increments for forthcoming cd’s, and relevant
views for forthcoming 1s’s. Commands cd (resp. increments) are assertions from
the user (resp. from LIS): “I want this kind of object!” (resp. “I have this kind
of object!”). Commands 1s (resp. views) are questions from the user (resp. from
LIS): “What kind of object do you have?” (resp. “What kind of object do you
want?”). It should also be noticed that both the user and LIS can answer to
questions both by assertions and by questions.

A complete example of a dialogue is given in Table [[l The left part of this
table shows what is really displayed by our prototype, and the right part is
an English translation of the dialogue. Notice that this translation is rather
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systematic and could thus be made automatic. (n) is the prompt for the n-th
query from the user. On the 2nd query, the question of the user is so open, that
LIS only answers by questions. On the 3rd query, the user replies to one of these
questions (title: *) by an assertion; but on the 4th query, he sends back to
LIS another of these questions (author: *) to get some relevant suggestions.
On the 5th query, he just selects a suggested author, "Wille", and then gets his
co-authors on Concept Analysis with the 6th query. On the 7th query, he selects
a co-author and finally finds an object at the 8th query.

Table 1. Example of User/LIS Dialogue in the BibTEX context.

(1) pwd (1) What is currently selected?
/ A1l objects.
(2) 1s (2) What do you have?
209 type: * What kind of type do you want?
209 author: * What kind of author do you want?
209 year: .. What kind of year do you want?
209 title: =* What kind of title do you want?
209 object(s) 209 objects are currently selected.
(3) cd title: "Concept Analysis"|(3) I want objects whose title contains "Concept Analysis"!
(4) 1s author: * (4) What kind of author do you have (for this)?
1 author: "Mineau" I have 1 object with author "Mineau"!
1 author: "Lehmann" I have 1 object with author "Lehmann"!
1 author: "Stumme" I have 1 object with author "Stumme"!
1 author: "Prediger" I have 1 object with author "Prediger"!
3 author: "Wille" I have 3 objects with author "Wille"!
4 object(s) 4 objects are currently selected.
(5) cd author: Wille (5) I want objects with author "Wille"!
(6) 1s (6) What kind of author do you have (yet)?
1 author: "Mineau" I have 1 object with author "Mineau"!
1 author: "Lehmann" I have 1 object with author "Lehmann"!
1 author: "Stumme" I have 1 object with author "Stumme"!
3 author: "Wille" What kind of author "Wille" do you want?
3 object(s) 3 objects are currently selected.
(7) cd author: Mineau (7) I want objects with author "Mineau"!
(®) 1s (8) What do you have?
200 Guy W. Mineau and Gerd Stumme and Rudolf Wille.
"Conceptual Structures Represented by Conceptual Graphs
and Formal Concept Analysis". INPROCEEDINGS, 1999.
1 object(s) 1 object is currently selected.
(9) pwd (9) What is currently selected?
author: "Wille" & "Mineau"/ Objects with authors "Wille" and "Mineau",
title: "Concept Analysis" and whose title contains "Concept Analysis".

Related Work. We finish this section by comparing our LIS navigation with
other kinds of navigation based on Concept Analysis. Lindig [Lin95] designed a
concept-based component retrieval based on sets of significant keywords which
are equivalent to our increments for the logic of attributes underlying FCA.
Godin et al. [GMA93] propose a direct navigation in the lattice of concepts, which
is in fact very similar to Lindig’s approach except that only greatest significant
keywords, according to the contextualized deduction on attributes, are displayed
to the user. They have also notions common to our LIS such as working query, di-
rect query specification, and history of selected queries. Cole and Stumme [CS00)
developed a Conceptual Email Manager (CEM) where the navigation is based
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on Conceptual Scales [Pre97/PS99]. These scales are similar to our views in the
sense that they select some attributes acting as increments and displayed, as for
us, with the size of the concept they select. A difference with our LIS is that
these increments are ordered according to concept lattices of scales, but it could
also be done in LIS by a post-treatment on answers of command 1s if we had
a GUI. But the main difference with all of these approaches is that we use an
(almost) arbitrary logic to express properties. This enables us to have automatic
subsumption relations (e.g., (author: Wille & -Mineau) = (author: Wille)
k= (author: *)), and thus some implicit views (e.g., author: *, year: ..).

5 Searching for Properties

In previous sections, Concept Analysis (CA) is used to specify navigation and
querying in a LIS. However, in the past CA has been often applied in domains
such as data-analysis, data mining, and learning.

Data-analysis consists in structuring data in order to help their understand-
ing. These data are often received as tables or relations and structured by par-
titions, hierarchies, or lattices. With CA, formal contexts (binary relations be-
tween objects and attributes) are structured in concept lattices [GW99]. This
is applied for instance in software engineering for configuration analysis [KS94].
Data-mining is used to extract properties from large amount of data. These prop-
erties are association rules verified (exactly or approximately) by the data. This
is analogous to implications between attributes in FCA (cf. p. 79 in [GW99]), and
to contextualized logic in LCA [FR0O0b]. Unsupervised learning is similar to data-
analysis in the sense that one tries to discover some properties, and to understand
some data, whereas supervised learning is similar to data-mining as some rules
are searched for between known properties and the property to be learned. For
instance, Kuznetsov applied CA to the learning of a positive/negative property
from positive and negative instances [Kuz99).

The issue of this section is to show whether these features of Knowledge
Discovery (KD) can be incorporated in our LIS, and how. Our aim is not to
fully implement them in the LIS itself, but to offer primitives that could be
combined for building more sophisticated KD features. First, we show how each
of the three above kinds of KD can be formally expressed with the only notion
of contextualized logic (cf. Section BJ).

KD through Contextualized Logic. A context K plays the role of a theory by

extending the deduction relation and enabling new entailments (e.g., birdl':K fly
when every bird flies in the context). All these contextual entailments are gath-
ered with logical entailments to form the contextualized logic, which is thus a
means for extracting some knowledge from the context. Two kinds of knowledge
can be extracted: knowledge about the context by deduction (“Every bird of this
context do fly”), and knowledge about the domain (which the context belongs
to) by induction (“Every bird of the domain may fly”).



Searching for Objects and Properties with Logical Concept Analysis 197

Concept lattices produced by data-analysis are isomorphic to contextualized
logics (cf. Theorem[2]). Associations rules produced by data-mining or supervised
learning match the contextualized deduction relation, possibly qualified by a

confidence defined by conf(f|.:Kg) = W.

Considering two properties f,g € L, their contextual relation is de-
termined by the sizes of 3 sets of objects 7X(f,g) = |T5(f)\75(9)l,
7K (f,9) = 75 (£) N (g)] and X (f,g) = |75 (g) \ 7¥(f)|. For instance, f
contextually entails g iff 7/(f,g) = 0, f and g are contextually separated
iff 75(f,g) = 0, or z is an increment of wq (cf. Section M) iff 7% (x,wq) A~ 0
and 7 (x,wq) /0.

Generalizing the LIS navigation to KD. The links of navigation defined in
Section @] can be defined on such contextual relations w.r.t. the working query,
as it can be seen on the following reformulation of Link:
Link® (wq, wv) =

(@, 75 (@, wq)) € X x N | afowv, woa, w8 (z,wq) > 0}].
We propose to generalize the search for links of navigation into the search for
some contextual properties Propr.

Definition 9 ProprX (wq, wv) :=
[{(z, labelX (z,wq)) € X x Label | zlwv, wo#z, proprX (z,wq)}].

where propr and label are respectively a predicate and an application defined
with 7, 7., and m,.. The predicate propr specifies which contextual properties are
searched for. The application label associates to each property a value belonging
to Label and indicating to the user the relevance of this property. Properties can
then be ordered according to their label. Now, for each kind of contextual prop-
erty of interest, we can define a new LIS command similar to the command 1s
for searching for this kind of properties in the context. As an illustration, the fol-
lowing paragraph defines two such commands. It is important to notice that sets
of properties displayed by these new commands depends strongly on the working
query. So, they cannot produce an exhaustive knowledge like data-analysis, but
are only useful for discovering some knowledge underlying a context through
a navigation-like process. This human-centered knowledge discovery process is
rather different from the most common approach of data analysis and data-
mining, but has already been advocated [HSWWOOKGLBO0].

Searching for necessary or sufficient properties. First, we define some
common notions such as support and confidence [HSWWOQ0] of a rule f — g in
a context K:

e (f.9)

supp™(f = g) = 7 (1, ) and con ([ = g) = s E s,

We define a necessary property as a property x entailed by the working query wq
with a confidence greater than con f,;,. This leads to the following instantiations
of propr and label in the definition of Nec:

propr® (z,wq) <= confX(wq — x) > confmin,

labelX (z,wq) := conf¥(wqg — z) € [0,1].
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This results in the new command nec that takes as argument confpin (set
to > 0.0 by default) in addition to a view. This command enables the user
to navigate among properties common to all objects of the working concept,
and so in its intent. In the left part of Table 2] we search for the necessary
properties of articles written by Sowa or Mineau. The 2nd query shows that all
of these articles have fields type, author, year, and title defined. The 3rd
query lists title words with confidence greater than 0.15: “Conceptual Graph”
or “CG” appears in more than half of the considered articles (note that the
formula title: "Conceptual Graph" | "CG" has been added to X manually
with command mkdir, unlike other formulas), which is not very surprising, but
“Formal” and “Context” also appear in more than a quarter of them.

Table 2. Examples of Knowledge Extraction in the BibTEX context.

(1) cd /author: Sowa | Mineau (1) cd /title: Knowledge
(2) nec / (2) suf /
1.000 type: * 27 0.129 type: *
1.000 author: * 27 0.129 author: *
1.000 year: .. 27 0.129 year: ..
1.000 title: =* 27 0.129 title: *
18 object(s) 27 object(s)

(3) nec 0.15 title: * (3) suf 2 0.2 author: *
0.167 title: "Definition" 2 0.286 author: "Ellis"
0.167 title: "Constraints" 2 0.400 author: "Angelova"
0.222 title: "Represent" 2 0.667 author: "Bontcheva"
0.222 title: "Processes" 2 1.000 author: "Gaines"
0.278 title: "Context" 3 0.375 author: "Dick"
0.278 title: "Formal" 3 0.429 author: "Lukose"
0.500 title: "Graph" 3 0.500 author: "Cyre"
0.556 title: "Concept" 4 0.667 author: "Martin"
0.556 title: "Conceptual Graph" | "CG"| 27 object(s)

18 object(s)

We define a sufficient property as a property x that entails the working
query wq with a support greater than suppm,, and with a confidence greater
than con fy,;n. This leads to the following instantiations of propr and label in
the definition of Suf:

propri(z, wq) & supp™ (z — wq) > suppmin N confX(x — wq) > confin,

labelX (z,wq) := (supp® (z — wq), confX(z — wq)) € N x [0,1].

This results in the new command suf that takes as argument suppy,in (set to 1
by default) and con fin (set to > 0.0 by default) in addition to a view. This
command extracts some properties with which the working query property is
always, or at least often, associated. Therefore, it can help to build some decision
procedure for the working property, which is the issue of supervised learning.
In the right part of Table Pl we search for the sufficient properties of articles
whose title contains the word “Knowledge”. The 2nd query just shows these
articles represent 12.9% of the whole context, and serves mainly as a menu of
the available fields. Then, the 3rd query lists author names with support greater
than 2, and confidence greater than 0.2: e.g., Martin has written 4 articles about
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“Knowledge”, which consists in 2/3 of his articles, and Gaines has written 2
articles, both talking about knowledge.

Commands nec and suf both enable the search for association rules whose
left or right part is fixed on the working query. In an application built on top
of LIS, they could be combined to find all association rules between two sets of
properties (ex. between authors and title words, in the BibTEX context).

6 Future Work

Our most practical perspective is to design a logical file system, which would
implement the ideas we have presented in this article. The expected advantage
is to offer the services described here at a standard system level that is accessible
for every application. So doing, even applications that do not know about logical
information systems (like e.g., compilers) would benefit from it.

A graphical user-interface to logical file systems would allow to display in an
integrated fashion the working query, the working view, and the corresponding
extent and set of links. For instance, a graphical interface for keeping trace of
navigation, like what is becoming standard for file browsers, has been already
experimented for a simple logic (attributes with values) but should be developed
further. This amounts to keep a trace of the path from the start of the navigation
to the current place. Moreover, the set of links could be presented graphically as
a diagram of ordered formulas. A further refinement is to take into account the
contextualized deduction, to get something similar to concept lattices derived
from scales [CSO0]. This amounts to represent an overview of possible future
navigations.

The Web can also be explored using our techniques if one considers answers
to web-queries as a formal context into which to navigate.

There is also a connection with natural language that we wish to explore
further (see Section ). We believe that a logical information system can provide
the rational for a human-machine interface in natural language, in which both the
human being and the machine could submit assertions and queries. In this case,
logics that have been widely used for representing natural language semantics
seem to be the right choice. One such logic is the deduction relation of Conceptual
Graphs [Sow84Sow99].

7 Conclusion

We have presented the specifications of a Logical Information System based on
(Logical) Concept Analysis. As opposed to previous attempt of using Concept
Analysis for organizing data, we do not propose to navigate directly in the con-
cept lattice. Instead, we use the contextualized logic (i.e., the logical view of the
concept lattice) to evaluate the relevance of navigation links. Those that do not
narrow the focus of the search are called views. They only restrict the language
of available navigation links. Other links, that do narrow the focus of the search,
are called increments. They can be used to come closer to some place of interest.
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In this way, standard commands of a file system shell can be mimicked in
a logical context. However, a simple generalization of the definition of links
forms a framework in which operations of data-analysis or data-mining can be
expressed. Using this framework, purely symbolic navigation as well as statistical
exploration can be integrated smoothly as variants of the same generic operation.
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Abstract. In database marketing, the behavior of customers is ana-
lyzed by studying the transactions they have performed. In order to get
a global picture of the behavior of a customer, his single transactions
have to be composed together. In On-Line Analytical Processing, this
operation is known as reverse pivoting. With the ongoing data analysis
process, reverse pivoting has to be repeated several times, usually requir-
ing an implementation in SQL. In this paper, we present a construction
for conceptual scales for reverse pivoting in Conceptual Information Sys-
tems, which directly interacts with the visualization. The construction
allows the reuse of previously created queries without reprogramming
and offers a visualization of the results by line diagrams.

1 Introduction

With increasing ease of gathering data about customer behavior, Database Mar-
keting has become an essential issue for many companies. Its aim is to facilitate
decision support, customer-tailored production, and target-group specific adver-
tising. These goals often require a clustering on the set of customers in order
to retrieve groups of ‘similar’ customers which can then be treated in a uniform
manner. The clustering is based on attributes of the customers (like age, gen-
der, address, etc.) on the one hand, and their behavior (in terms of credit card
transactions, web access patterns, etc.) on the other hand. The data are usually
stored in data warehouses [Ki96]. The classical conceptual database model is the
star schema. It consists of a fact table and several dimension tables. The fact
table of a star schema may for instance contain credit card transactions; and the
dimension tables provide information about the structure of attributes like the
time of purchase, the point of sales, the amount of the transaction, etc. Another
star schema may consist of a fact table containing the customers, surrounded
by dimension tables for the age, the gender, the address, etc. If the second star
schema replaces a vertex of the first star, we obtain a snowflake schema. A va-
riety of On-Line Analytical Processing (OLAP) [Th97] tools are on the market,
which allow an intuitive access to data stored in such star and snowflake schemes.

The situation becomes more difficult when data has to be analyzed which is
not in the center of a star/snowflake. This is for instance the case when clus-
ters of customers are to be determined who are not solely ‘similar’ according to
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their demographic attributes, but also according to their buying behavior. As
each transaction contains a customer ID, basically all information is available.
The difficulty lies in the point that there are many transactions related to one
customer, and it is a priori not clear in which way the information has to be
extracted and aggregated. For instance, there are obvious queries like the total
amount of money spent, but also more sophisticated queries like the distribution
of the purchase dates over time. Usually, such queries require an explicit imple-
mentation in SQL. As the requests of the data analysts change over time, queries
have to be implemented several times. Therefore, constructions are needed which
allow to derive, from existing queries, queries against a table which is not in the
center of a snowflake.

Conceptual Information Systems [SSVWWO93] have been extensively applied
to data where the conceptual database model is similar to a star schema. The
implementation of the management system TOSCANA for Conceptual Infor-
mation Systems [VW95] is based on a relational database management system,
and offers different views on the data by means of conceptual scales. Conceptual
scales can be considered as conceptual hierarchies analogue to the dimensions
of the star schema [St00]. At the moment, Conceptual Information Systems do
not support reverse pivoting. In this paper, we discuss how reverse pivoting can
be done within Conceptual Information Systems. The idea is to construct new
scales for the analysis of the customers based on the already existing scales for
the transactions. We present a new scale construction and discuss its use. The
advantage of this mathematically founded construction is two-fold: (i) the con-
struction goes along with the visualization technique offered by line diagrams
of concept lattices, and (i) it allows to bypass SQL programming by offering a
predefined operation.

This work has been done in cooperation with the database marketing de-
partment of a Swiss department store. In the project, we observed that reverse
pivoting is not the only feature required for Conceptual Information System
in a database marketing application. For instance, an important functionality in
database marketing is the comparison of the same attributes for different groups,
e.g. the comparison of sales in consecutive quarters or in different regions. In
order to enable this functionality in Conceptual Information Systems, we have
introduced scale prisms which allow to display a conceptual scale (or different
ones) several time, each time applied to different data.

The remainder of this paper is organized as follows: The database marketing
scenario is described in the next section (see also [HSWWO00Q]). In Section B] we
recall the basics of the star and the snowflake schema as conceptual database
model and explain the idea of reverse pivoting. In Section [ we discuss reverse
pivoting in Conceptual Information Systems.

In Section Bl we present the scale construction and discuss its use and its
visualization. Here we also give the definition of scale prisms and provide an
example. Section [ concludes the paper.
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2 The Database Marketing Scenario

The results presented in this paper have been inspired by a joint research project
of Darmstadt University of Technology and the database marketing department
of a Swiss department store (cf. [HSWWOOJ/He00)]). The database marketing de-
partment bases its market analysis on data collected from bonus card holders.
The bonus card is a credit card which can be used in the shops of about a dozen
companies. The operational systems of the companies collect information from
more than 300,000 customers and has historical data reaching back five years,
resulting in a database of 9,000,000 transactions. The database marketing de-
partment has to incorporate the data from different sources and create a coherent
database. The department analyzes these data in order to improve the market-
ing by so-called direct mailings, i.e. personalized advertisement by mail. For this
purpose the database marketing department has to select the corresponding tar-
get group. The information is also used to strengthen the cooperation between
the companies. Here are some typical questions in this context:

How high were the scales in the shops of partner X?

Which customers are between 45 and 65 years old?

How many male card holders live near Zurich?

Which customers of Partner X are not yet customers of Partner Y?
How many customers have been inactive for more than twelve months?
Which card holders were active in a shop from Partner X last year?

DR i a

Query [ can be answered within a standard Conceptual Information System
which is focused on the transactions. Queries Pl and B can be answered within
a standard Conceptual Information System which is focused on the customers.
Queries[], Bl and[B — which are the most interesting for the database marketing
department —, however, need reverse pivoting.

If the set of questions to be asked is predefined, reverse pivoting can be per-
formed once, and the necessary data can be stored in the data table underlying
the Conceptual Information System. However, in the process of analysis, the
users sometimes wants to see yet another aspect of the data. This implies a re-
work of the underlying data table and a rewrite of the SQL-statements. In the
project with the database marketing department, reverse pivoting was performed
manually, in order to gain experiences about the types of queries needed. The re-
sulting system is still in use today in the database marketing department. Based
on the experiences made, we developed the constructions which are presented in
this paper.

3 Snowflake Schemes and Reverse Pivoting

In a date warehouse like the one of our database marketing department, the
standard approach to model the data is by star schemes and snowflake schemes.
(cf. [Ki96]). Figure [ shows the snowflake schema for the transaction data. The
transaction data themselves are stored in a large, central fact table (the table
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/
[sates act \

Address

Fig. 1. Example of a snowflake schema

Sales Fact); and information about the structure of attributes like ‘time of
purchase’; ‘point of sale’ etc. is stored in dimension tables. These tables are
linked to the central fact table by foreign keys.

The transactions are in the center of the schema. A typical query against these
data is for instance the first query from above. This means that aggregations
along (some of) the dimensions have to be performed to answer the queries. As
transaction data are most often numerical — such as price, cost, or number
of units sold —, computations based on these values are well supported by
current database systems and allow fast answers. The responsiveness of analysis
systems is fundamental for the required interactive use in database marketing.
Most current implementations of Data Warehouse systems support therefore
only analysis based on those numerical values.

The traditional approach of adding up or counting the transaction values
does not help for an analysis of customers and customer groups. The central
object that needs to be modeled is the customer himself, not the transaction.
The analyst wants to learn about the behavior of a customer, not only about
transaction focussed numbers. The straightforward solution seems to be to sim-
ply consider the table Customer as center of the snowflake, instead of the table
Sales Fact. The problem is that now the foreign key between both tables points
in the wrong direction. Therefore the dimensions around the Sales Fact table
cannot be used directly for aggregation of customer-centered data. For instance,
while it makes perfectly sense to assign customer features (like the gender) to a
transaction, it is not clear a priori how to assign transaction features (like point
in time) to a customer.
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Fig.2. The Reverse-Pivot from a transaction-oriented to a customer-oriented data
model

The standard approach to solve this problem is to add fields derived from
the Sales Fact table to the Customer table. This process is known as reverse
pivoting. It is sketched in Figure Pl What part of the transaction data is of interest
for the analysis depends on the context. In [Py99] it is therefore suggested to
ask a domain expert which fields should be added to the customer data table
and be present for future examination. For instance, we might be interested in
the time of the first purchase, the time of the last purchase, or in the duration
of the longest interval between two purchases.

4 Conceptual Information Systems and Reverse Pivoting

A Conceptual Information System is a navigation tool that allows dynamic
browsing through and zooming into the data based on the visualization of con-
ceptual hierarchies (called conceptual scales) by line diagrams. In this paper, we
recall only very briefly the basic notions of Conceptual Information Systems.
We assume that the reader is familiar with the notions of formal contexts and
concept lattices as given, for instance, in [GW99]. For further details we refer to
[SSVYWW93], [VW95], or [HSWW].

Definition 1 (Conceptual Information Systems). A many-valued context
is a tuple K = (G, M, W, I) where G, M, and W are sets, and I C G x M x W
is the graph of a partial function from G x M to W (i.e., (g,m,w1) € I and
(g,m,wa) € I always implies w1 = ws). The elements of G, M, and W are
called objects, attributes, and attribute values, respectively, and (g,m,w) €
I is read: “object g has attribute value w for attribute m”. An attribute m
may be considered as a partial mapping from G to W; therefore, m(g) = w
is often written instead of (g,m,w) € I. A conceptual scale for an attribute
m € M is a one-valued context S,, := (G, My, L) with m(G) C G,,. The
context Ry, := (G, My, Ju,) with (g,n) € Jp, : <= (m(g),n) € I, is called the
realized scale for the attribute m € M. The derived context of K with respect
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to the conceptual scales Sy, = (G, My, L), m € M, is the formal context
(G, Upers ({m} x Myn), J) with (g, (m,n)) € J : <= (m(g),n) € L. 4 many-
valued context together with a collection of conceptual scales with line diagrams
of their concept lattices is called a Conceptual Information System.

There is a strong analogy between the conceptual model of Conceptual Infor-
mation Systems and star schemes. The fact table corresponds to the many-valued
context (with the minor difference that the existence of set G is equivalent to a
primary key in the fact table, which is not required in star Schemesﬂ). The con-
ceptual scales correspond to the dimension tables of the star schema. Although
the above definition is not directly equivalent to snowflake schemes, it can easily
be extended.

Conceptual Information Systems are thus able (as OLAP systems) to handle
data which are structured along a star or snowflake schema. The difference is that
Conceptual Information Systems focus more on conceptual aspects of the data,
while OLAP systems are centered on numerical evaluations. An extension of
Conceptual Information Systems by numerical features is presented in [SW9S],
and the use of Conceptual Information Systems as OLAP tools is discussed
in [St00].

FigureBlshows the snowflake schema from Figure[ll as schema of a Conceptual
Information System. Each conceptual scale can be used directly for a fact table
(i.e., a many-valued context), as long as there is a path of foreign keys in the
appropriate direction. For instance, all conceptual scales for customers can be
directly reused for the transactions: we can reuse the scale ‘age’ of the customer
dimension to cluster the transactions according to the age of the customers.

However, the main purpose of the database marketing group is analyzing the
customers — and not the transactions — in order to find homogeneous groups
of customers for direct mailing actions. Hence the Customer table has now to be
considered as fact table. The scales for age, gender, and address can of course
still be used, but as the foreign key between the Customer table and the Sales
Fact table points in the wrong direction, the scales of the Sales Fact table
cannot be reused directly. A reverse pivoting is necessary.

In the project with the database marketing department, the reverse piv-
oting was performed manually (i.e., implementing SQL queries) as described
in the previous section. The aim was to gain experience about the types of
queries needed. The result was the Conceptual Information System described
in [HSWW00]. We could observe that in fact the system enabled an interactive
process of conceptual data analysis leading to useful knowledge.

The system was constructed in tight cooperation with the database marketing
department. Therefore the domain experts were involved from the beginning.
The fields considered useful were included in the data table. After some time of
data analysis however, the analysts got more and more familiar with the data
and the information system. This led to a request for more in-depth information
and to the need for more sophisticated queries. Therefore the data table had to

! In our database marketing application, the transaction ID plays the role of the
primary key.
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Fig. 3. The schema from Figure [[las schema of a Conceptual Information System.

be adapted and expanded several times. It became clear that this process had
to be supported by a methodology, such that it (or at least parts of it) could be
automated.

Very often the new information the analysts were looking for was describable
in terms of the knowledge stated in already given scales. Therefore we devel-
oped different constructions for deriving new scales from the already given ones.
The constructions substitute the explicit coding of the reverse pivoting in the
database table. A modification of the fact table as in the previous section need
not be performed any longer and the results can be visualized directly. In the
next section, we present the construction and discuss its use.

5 Conceptual Scaling Constructions

How can a scale that was designed for the transactions be reused for the analysis
of the customers? We show how to construct new scales which can then be applied
for clustering the set of customers, i. e., which can be used for the reverse-pivoted
data. We also discuss how their visualization can be supported by iceberg concept
lattices, which are introduced in [S+01].

There are two more constructions which support other aspects of reverse piv-
oting: adaptable and parameterized scales. Because of space restriction, we will
not present them here. They are described in detail in the diploma thesis [He00).
Instead, we present another construction which is not directly related to reverse

2 In trade-off for a better computational performance it may sometimes still be sensible
to do so.
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Fig. 4. The scale Stime.

pivoting, but which has nevertheless proven to be very useful in the database
marketing scenario: so-called scale prisms, which allow the comparison of the
same attributes for different groups, e.g. the comparison of sales in consecutive
quarters or in different regions.

The examples given in this section show only the results for a small example
database. Even though the inspiration for the constructions stems from a real-
world system implemented for the database marketing department, we are not
allowed to show results from this system due to company policy.

5.1 Power Scales

As example we use the scale Stime := (Gs, Ms, Is) in Figure @l Applied on the
transactions, it clusters them by half year intervals. Now we show how it can be
used for the construction of a new scale which can be applied to the customers.

An analyst from the database marketing department often thinks of cus-
tomers as “customers in the year 2000” or “customers in the first half of year
20017, but the scale in Figure ll does not allow for all possibilities: Suppose a
customer bought something in the second half of year 2000 and something in the
first half of year 2001, but nothing in the other intervals. There is no appropriate
concept in the scale for containing this customer. The only concept below the
attributes “2000 - IT” and “2001 - I” is the bottom element — which would imply
all other attributes as well.

Obviously the problem is that customers may have combinations of attributes
where transactions only have one of them. For our first construction, the at-
tributes we want to associate with a customer are all attributes of all his trans-
actions. In other words, the customer should have an attribute assigned if there
exists at least one transaction, which is in relation to this attribute. Formally
we define:

Definition 2 (Power Scale). Let S := (Gs, Ms, Is) be a conceptual scale. Then
the power scale of S is the scale S¥ = (‘B(GS),MS,I?) with (A,m) € I§3 &
dg € A with (g,m) € Is, for A C Gs and m € Mg.
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Fig. 5. The power scale S

The line diagram of the power scale in our example is shown in Figure Bl We
have applied it to a small example database containing 22 customers. It shows
for instance that there are three customers (listed in the lower middle of the
diagram) who have bought something in the first half of year 2000 and in the
first half of year 2001, but nothing in the two other half year intervals.

The resulting concept lattices can be large relative to the concept lattice of
the original scale:

Lemma 1. If a scale S has n concepts, the following equation holds for the
number m of concepts of S¥ :

n<m<2™ .

The concept lattice of the power scale therefore can be much more complex
than the concept lattice of the original scale. A first step to derive a line diagram
for the power scale based on the line diagram of the original scale is the follow-
ing theorem, which asserts that the structure of the original concept lattice is
preserved. The proof of this theorem is given in [He00].
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Theorem 1. In the concept lattice B(S¥) exists a V-subsemilattice isomorphic
to the concept lattice B(S) of the original scale. The concepts of this subsemilat-
tice are all concepts from B(S¥) whose intents are intents of a concept in B(S).

As the order is preserved, the layout of the original scale may be used as a
basis for the layout of the power scale. Additionally we know that the concept
lattices of power scales are distributive (cf. [He00]), which allows to apply the
algorithms presented in [Sk89], yielding readable line diagrams.

5.2 Power Scales of the &—Product

A particular advantage of conceptual scales is that they can easily be combined to
give a more detailed view on the data. This possibility allows for more flexibility
in the analysis process. Combining scales is usually done by building the semi-
product of the scales [GW99]. The new conceptual scale can be represented by
a nested line diagram. E. g., if there are two scales Syear and Spog showing the
year in which, and the point of sale where a transaction was performed, the scale
Svear X Spos shows the information of both scales simultaneously: The user can
for instance see which transactions were performed at the department store in
the year 2000.

The straightforward approach to study the customer behavior according to
both the times and the locations of purchase would be to apply the power scale
construction on the semi-product Syear X Spos: The power scale (Syear X Spos)q3
allows to see, for instance, the group of all customers who bought something in
the year 2000 and who bought something in the department store. But unfortu-
nately, this is not equal to the group of customers who have effectuated at least
one transaction in the department store in the year 2000. If a customer bought
something in the department store in 2001 and something else somewhere else
in year 2000, he still fulfills the two criteria. Hence we obtain a larger group of
customers than expected.

But obviously the information we need exists in the data. The solution is to
replace the semi-product by the so-called &-product. The &-product construc-
tion is introduced in [GW99|, but has not yet been investigated or used much
before. The &-product of two scales is defined as follows:

Definition 3 (&-product). Let S; := (G1,M1,11) and Sy := (Ga, My, I5)
be conceptual scales. The &-product of these scales s defined as
Sl &SQ IZ(Gl X GQ, M1 X MQ,J) with ((g,h),(m,n)) e J s (g,m) S I1 A
(h/fL) €l

The concept lattice of the &-product has less concepts (and hence less infor-
mation) than the one of the semi-product. It is isomorphic to a A-subsemilattice
of the latter one. On the other hand, its context is considerably larger. Therefore
the semi-product has been advantageous in the Conceptual Information Systems
built in the past (which had no need of reverse-pivoting).

Applying the power scale construction to these products inverts the size
relation. If there is an attribute in each scale which is related to all objects, the
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concept lattice B((S; XS2)¥®) contains more concepts (and more information)
than the concept lattice B((S; & S2)¥*), which is isomorphic to a sublattice of
the former one. In Figure [ we see the power scale (Syear & Spos)m. Its left-most
concept shows, for instance, that customer 21948700 and all 24+3+2+1+2 = 10
customers listed further below bought something in the department store in year
2000. The immediate super-concept of this concept contains all customers who
bought something in the department store and something (eventually different)
in year 2000.

5.3 Iceberg Concept Lattices

As seen in the last two subsections, concept lattices of power-scales can become
very large. But in most cases the user is not interested to see all concepts of the
lattice at once. For analyzing overall trends, the concepts containing no or only
few customers are not of interest. For those cases it is useful to display only a
part of the concept lattice. This can be done by applying iceberg concept lattices
[S+01], i.e. by hiding all concepts whose extent is below a certain percentage
of the total set of customers. This way, the number of concepts to be displayed
can be reduced considerably, making the diagram easier to read. In Figure [{lthe
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iceberg lattice version of the diagram in Figure [flis given. Only those concepts
whose extents contain at least 50 % of the 22 customers are shown.

T\
(T{Year), T(PoS))

N

;
B

Tt
<

I~ Z

Fig. 7. An iceberg lattice of the power-scale (Sye;mngpos)(Ij

There is no problem in labeling iceberg concept lattices as long as the labeling
is restricted to the cardinalities (which most often is sufficient for database mar-
keting). Problems may arise when the names of the objects have to be displayed.
This is discussed in [He00] for the more general case of a ‘Skalenbund’.

5.4 Scale Prisms

An important functionality in database marketing is the comparison of the same
attributes for different groups, e. g. the comparison of sales in consecutive quar-
ters or in different regions. A conceptual scale allows a detailed view on the data
for one part only. For the comparison of several parts or facets, the construction
of a scale prism can be useful. Often those facets are (partially) ordered, e.g.
when considering time intervals, where one interval contains another.

Definition 4 (Scale Prisms). A scale prism consists of an ordered set (F, <)
(the facets) and a set of conceptual scales (Sy) rep which are consistent with the
context.

One could argue that the definition of scale prisms should include some com-
mon features of the indexed scales. However, our experience shows that the
situations in which one wants to apply the construction are so many-fold, that
such a constraint would be too restrictive. It is a modeling decision of the user
to choose scales which are reasonably related.

The scale prism is displayed like a nested line diagram: A line diagram of the
ordered set (F, <) is drawn as outer diagram, and each realized scale is drawn
in the corresponding node. To emphasize that it is not meant to be read as
an ordinary nested line diagram (since different orders are meant in the outer
diagram and the inner diagrams), the lines of the outer diagram are drawn as
dotted lines.
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> 2000 |

Fig. 8. A scale prism showing the distribution of the amount of money spent per
customer in several time intervals

An example is given in Figure Bl If we compare, for instance, the left-most
concepts in the four lowest nodes of the outer diagram, we observe that the
number of customers who spent relatively few money (i.e., below 400 Swiss
francs) has increased from 14 in the first half of year 2000 to 15 in the second
half of year 2000. It remained constant for the next half year, and increased
again to 22 in the second half of year 2001.

6 Conclusion

In this paper, we have presented the power-scale as a mathematically founded
construction for conceptual scales which supports reverse pivoting in Conceptual
Information Systems. We have shown that the power-scale and the power-scale
of the &-product offer three advantages:

— The constructions can be considered as predefined operations for data prepa-
ration which allow to bypass SQL programming every time the data analyst
requires a new conceptual scale.

— The constructions go along with the visualization technique of line diagrams
of concept lattices. This allows to closely integrate the reverse pivoting op-
erations in the graphical user interface.

— The constructions can be combined with the technique of iceberg concept
lattices, i.e., all but the most general concepts can be pruned in order to
reduce the complexity of the visualization.

We have further presented scale prisms as means for data analysis with Concep-
tual Information Systems in an OLAP-style application.

In order to test the usefulness of the constructions, the operations have been
first performed manually in the described database marketing scenario. In order
to make the techniques available to a larger group of users, it is planned to
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implement the techniques in the management system TOSCANA for Conceptual
Information Systems.

An interesting open research question is the combination of the power-scale
constructions with other data mining techniques. For instance, they might be
used to improve the performance of algorithms for computing association rules
or for discovering subgroups by restricting the search space.

Additionally, the experiences gained with the system show that reverse piv-
oting is a computationally very intensive task. The queries to be processed yield
possibilities for major improvements on the database backend. This should be
subject to further research.
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Abstract. The semantic validation of a knowledge base (KB) consists
in checking its quality according to constraints given by an expert. The
refinement of a KB consists in correcting the errors that are detected
during the validation, in order to restore the KB validity. We propose
to perform the semantic validation and refinement of a KB composed of
conceptual graphs in two stages. First, we study the coherence of the KB
with respect to negative constraints, which represent the knowledge that
the KB must not contain. When the KB is not coherent, we propose a
solution to correct all the errors of the KB. Second, we study the com-
pleteness of the KB with respect to positive constraints, which represent
the knowledge that the KB must contain. When the KB is not complete,
we propose an assistant, which helps the user to correct the errors of the
KB one by one.

1 Introduction

Knowledge validation proposes solutions to ensure the quality of a knowledge
base (KB). It provides quality criteria that must be checked by the KB as well
as tools to check these criteria automatically. Most of the works on validation
deal with the rule basis [1,2,3,4]. The other works essentially study either the
validation of knowledge models [5,6] or the validation of description logics [7,8].
The validation of a KB can conclude that the KB is not valid: the KB contains
errors. The refinement of a KB takes place after the validation and consists in
correcting the errors of the KB in order to restore its validity. Few works on
validation study how to correct the errors of a KB that is not valid [9,10].

This paper deals with the semantic refinement of a KB built on the concep-
tual graph model [11] as formalized in [12]. Our work is based on the semantic
validation of a KB presented in [13], which is briefly reminded here for the need
of the paper. We suppose that the semantic validation is made on an existing
KB, so it is made a posteriori and aims at ensuring that the assertional knowl-
edge of the KB conforms to some expert knowledge, which is given for validation
purpose and is assumed reliable. This expert knowledge is expressed in terms of
constraints which constitute an extension of the conceptual graph model. When

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAI 2120, pp. 216-230, 2001.
© Springer-Verlag Berlin Heidelberg 2001
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a KB is not semantically valid, it contains errors. The errors are localized in the
KB in the form of partial subgraphs called conflicts. Actions are associated with
each conflict in order to remove the errors. A main point with refinement is to
find solutions to correct errors with minimal changes on the KB.

We propose to perform the semantic validation and refinement of a KB with
respect to two categories of constraints: negative constraints, which allow one
to represent the knowledge that the KB must not contain, and, on the contrary,
positive constraints, which allow one to represent the knowledge that the KB
must contain. These two categories of constraints are assumed reliable and non
contradictory. On the one hand, we propose to study the coherence of the KB
with respect to negative constraints. When a KB is not coherent, we propose a
solution based on revision plans to refine it. A revision plan is a set of actions
which allows one to restore the coherence of the KB. Our approach is inspired
from that of [10] which concerns the refinement of rule basis. On the other
hand, we propose to study the completeness of the KB with respect to positive
constraints. When a KB is not complete, we propose an assistant based on
actions to help the user to correct the errors which have been detected during
the validation one by one. Note that the notion of constraints is a notion that
has already been studied in the conceptual graph model [12,14,15]. A complete
comparison between these works and our constraints is presented in [16].

Positive Negative
onstraints KB onstraints
[ Semantic validation ]

| l

—~ complete w.r.t. coherentw.rt.
Yes positive constraints ? negative constraints ? Yes

Semantic No No Semantic
refinement refinement
some actions are proposed the user can choose between
to help the user to restore several revision plans to
the completeness of the KB restore the coherence of the KB

Fig. 1. Refinement process.

This paper is organized as follows. Section 2 deals with the coherence of
a KB with respect to negative constraints and presents the associated notions
of conflicts and actions. Section 3 deals with the completeness of a KB with
respect to positive constraints and presents the associated notions of conflicts
and actions. Section 4 studies the refinement of a KB that is not semantically
valid with respect to negative and positive constraints.
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2 Base Incoherences

In the following, we consider a knowledge base ICB composed of a reliable support
S and an irredundant conceptual graph under normal form I" [17]. A conceptual
graph G is irredundant if there is no projection from G into one of its strict
subgraphs. A conceptual graph is under normal form if each of its individual
markers appears exactly once.

The coherence of KB is studied with respect to negative constraints. An
intuitive idea of negative constraints is that B must not contain the knowledge
represented by these constraints. We propose two kinds of negative constraints:
the negative existential constraints and the maximal descriptive constraints. The
negative existential constraints allow one to represent some knowledge that must
not be deduced from KB. The maximal descriptive constraints allow one to
represent some knowledge that must conform to restrictions when they appear
under a given form in ICB. We say that KB is coherent with respect to negative
constraints if and only if B satisfies each of them.

We remind the definitions of the two kinds of negative constraints, the way
KB satisfies them and, in the case when B does not satisfy them, we present
the notions of conflicts and actions in order to localize the errors of KB and to
provide a way of removing those errors.

2.1 Negative Existential Constraints

A negative existential constraint is a conceptual graph, noted GE~, that is
satisfied by KB if there does not exist a projection from it into I" [13].

Painter: Ernst 2 agt 1 Paint: *

cl rl c2
Painter: Miro 2 agt L Paint; * 1 obj 2 Painting: Bluel

c3 2 1 r3 c5

Painting: Bluell
. . 2 1 A r4 c6
Animal: Felix agt Paint: *

c7 5 c8

Fig. 2. I" represents the assertional knowledge of .

GE | Animat of——Cag)

Fig. 3. KB does not satisfy the negative existential constraint GE~, because there
exists a projection I from GE™ into I': the animal Felix paints.

We introduce the notion of image graph in order to study the case when KB
does not satisfy a negative existential constraint.
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Definition 1 Let h and g be partial subgraphs of respectively the conceptual
graphs H and G, and II a projection from G into H. h is the image graph of
g relatively to II, noted II(g), if there exists a surjective projection II’ from g
into h such that 17’ C II.

A set of conflicts is associated with each negative existential constraint not
satisfied by KCB. These conflicts allow one to explain why B does not satisfy
the constraint. To be more precise, a conflict of B with respect to a negative
existential constraint GE~ is an image graph of GE™ into I'. Such a conflict
must be minimal in the sense that there must not exist a projection from GE~
into any of its strict partial subgraphs.

Definition 2 Let GE~ be a negative existential constraint and II a projection
from GE~ into I'. If there does not exist a projection I’ from GE~ into I" such
that II'(GE~) C II(GE™), then the partial subgraph II(GE~) of I is a conflict
of KB with respect to GE~, noted CF(GE~, IT).

Example 1 According to figure 3, the partial subgraph I (GE~) of I' limited to
the vertices c7, 15 and cg is a conflict of KB with respect to GE™ .

In order to eliminate a conflict CF(GE~, IT), the conflict has to be modified
so that there is no more projection from GE~ into it. In order to get as close
as possible to the initial KB, two different actions are possible: unrestricting! a
vertex or suppressing a vertex. The first action sets the problem of the choice
of the super-type to unrestrict the label of the vertex, a type being able to have
several super-types. In order to limit the combinatory, we propose the action of
suppression sup(s) where s is a vertex of the conflict: (1) if s is a relation vertex,
sup(s) suppresses s and its adjacent edges; (2) if s is a concept vertex, sup(s)
suppresses s and its neighbour relation vertices with their adjacent edges. As a
matter of fact, according to the definition of the conceptual graph model [12], a
relation vertex cannot have a pendent adjacent edge.

We say that an action associated with a conflict of KB eliminates the conflict
if the KB obtained by its application on KB does not contain the conflict any
more.

Property 1 An action of suppression associated with a conflict CF(GE~, II)
eliminates the conflict.

Proof 1 The action of suppression suppresses one or several vertices of the
conflict. A conflict being minimal, the strict partial subgraph of the conflict
obtained by the application of the action on KB is not a conflict of B with
respect to GE~ any more.

!je. replacing the type of the vertex by a super-type and/or, if the vertex is an
individual concept vertex, replacing its marker by the generic marker.
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Example 2 Three actions of suppression are possible to eliminate the conflict
of example 1: sup(cy) which suppresses the concept vertex ¢; and the relation
vertex s with its adjacent edges, sup (r5) which suppresses rs with its adjacent
edges, and sup (cg) which suppresses cs and r5 with its adjacent edges.

A set of actions of suppression is associated with each conflict CF(GE~, IT),
each action allowing one to eliminate the conflict. The cardinal of this set is the
number of vertices of the conflict.

Example 3 The set of actions of suppression to eliminate the conflict of exam-
ple 1is: EA = {sup(c;), sup(rs), sup(cs)}.

2.2 Maximal Descriptive Constraints

A maximal descriptive constraint is a triplet (GE, GS, Ils)mar where GE is
an input irredundant conceptual graph, GS an output irredundant conceptual
graph and II; a projection from GF into G'S. It is satisfied by KB if and only if
for each projection IT from GE into I', there exists at most one projection IT’
from GS into I" such that IT'(head(GS)) = II(GE), where head(GS) represents
the partial subgraph II,(GE) of GS [13].

Example 4 Let (GE,GS,II;)ma: be the following mazimal descriptive con-
straint, which means that if a painter paints, then he must paint at most one
painting.

2 1
GE | Painter: * agt Paint: *
I
I
I
|

|
s
|

2 L 1 2
GS | Painter: * @ Paint: * obj Painting: *

head(GS)

KB of figure 2 does not satisfy (GE, GS, I )mas because the painter Miro
paints more than one painting. More precisely, there exists a projection II., from
GE into I' with fo = II,(GE) the partial subgraph of I' limited to the vertices
c3, o and cq, and there exist two projections Il and Ily from GS into I' such

that ITy (head(GS)) = fo and II3(head(GS)) = fs.

A set of conflicts is associated with each maximal descriptive constraint not
satisfied by KB.

Definition 3 Let (GE, GS, IIs)ma: be a maximal descriptive constraint and
IT a projection from GE into I'. If there exist n (n > 1) distinct projections
II,, ..., I, from GS into I" such that Vj € [1,n], II;(head(GS)) = II(GE),
then the partial subgraph of I" limited to the vertices of the subgraphs IT;(GS),
J €[1,n], is a conflict of KB with respect to the maximal descriptive constraint,
noted CF((GE, GS, II)maz, I).
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Example 5 According to example 4, the partial subgraph of I' limited to the ver-
tices c3, T2, C4, T3, C5, T4, Co 08 a conflict of KB with respect to (GE,GS, Il )maz-

In order to eliminate a conflict CF((GE, GS, Is)maz, II), two strategies are
possible: (1) modifying the conflict so that there is not any more projection from
GE into it or (2) modifying the conflict so that there exists at most one projection
from GS into it, while keeping the projection from GFE into it. We propose to
use the action of suppression with the following two aims in view: preferring the
second strategy and suppressing the minimum vertices of the conflict, in order
to get as close as possible to the initial KB. So, the action of suppression can
then bear on the vertices of one or several subgraphs of the conflict, depending
on the form of IT;(GS), j € [1,n]. There exist two distinct cases:

— if there exist p (1 < p < n) distinct projections IIy, ..., I, from GS into
I' such that Vj € [1,p], II;(GS) = II(GE), then, in order to eliminate the
conflict, we have to suppress one of the vertices of the partial subgraph
II(GE) of I' and the strategy used is the first one;

— else the conflict is composed of m (m < n) distinct partial subgraphs IT;(GS)
such that Ji € [1,m] with IT;(GS) ~II(GE);

— if 3k € [1,m] such that IT(GS) = II(GE), then, in order to eliminate
the conflict, we propose to suppress a vertex of each distinct partial
subgraph IT;(GS), j € [1,m] and j /k, of I';

— else, in order to eliminate the conflict, we propose to suppress a vertex of
each distinct partial subgraph IT;(GS), j € [1,m], except one if m > 1.

In order to determine the subgraphs on which the action of suppression must
bear, we introduce the notion of sub-conflict.

Definition 4 Let H = CF((GE, GS, IIs)maz, II) be a conflict and IIy, ...,
II,, the n (n > 1) distinct projections from GS into I" such that Vj € [1,n],
II;(head(GS)) = II(GE). If there exist II1, ..., II,, 1 < p < n, such that
Vi e [1,p], II;(GS) = II(GE), then H is composed of the only one sub-conflict
II(GE), noted SCF(GE, II); else H is composed of the m (m < n) distinct
subgraphs I1;(GS), called sub-conflicts and noted SCF(GS, II;), j € [1,m].

Example 6 The two sub-conflicts of the conflict of example 5 are SCF(GS,
I1, ), the partial subgraph of I' limited to the vertices cs, ra, ¢4, 3 and cs, and
SCF(GS, II,), the partial subgraph of I' limited to the vertices cs, T2, ¢4, T4, Co.

A conflict is composed of at least one sub-conflict. In order to eliminate it,
we propose to eliminate either its sub-conflict, or m — 1 of its m (m > 1) sub-
conflicts. To achieve this, we use the action of suppression sup(s) where: (1) s is
a vertex of II(GE) if the sub-conflict is SCF(GE, IT); (2) s is a vertex of IT;(GS)
such that it does not belong to JI(GE) if the sub-conflict is SCF(GS, II}).

Property 2 An action of suppression associated with a sub-conflict of a conflict
CF((GE, GS, II)mazx, II) eliminates the sub-conflict.
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Proof 2 An action of suppression associated with a sub-conflict SCF(GE, IT)
suppresses one or several vertices of the subgraph IT(GE). Its application on KB
entails that the projection IT no longer exists from GF into the conceptual graph
of the new KB, and the sub-conflict is eliminated. An action of suppression asso-
ciated with a sub-conflict SCF(GS, II;) suppresses one or several vertices of the
subgraph IT;(GS) that do not belong to the subgraph IT(GE). Its application on
KB entails that the projection II; no longer exists from G'S into the conceptual
graph of the new KB, and the sub-conflict is eliminated.

A set of actions of suppression is associated with each of the m sub-conflicts
of a conflict CF( (GE, GS, IIs)maz, II). A collection of m sets of actions of
suppression is thus associated with the conflict. This conflict can be eliminated
by the application on B of an action of either the only one set of the collection
(m = 1), or m — 1 sets of the collection (m > 1). The collection must then check
the following property to allow one to eliminate the conflict.

Property 3 Let CF((GE, GS, II)maz, IT) be a conflict composed of m sub-
conflicts. If m > 1, then at most one of its m sub-conflicts has an empty set of
actions of suppression, else the set of actions of suppression associated with its
only one sub-conflict is not empty.

Proof 3 The proof comes from definition 4. If the conflict CF((GE, GS,
) maz, IT) is composed of only one sub-conflict, then this sub-conflict is ei-
ther the sub-conflict SCF(GE, IT) and its set of actions of suppression is not
empty, or the sub-conflict SCF(GS, II;) which is not equal to II(GFE) (otherwise
this sub-conflict would be SCF(GE, II)) and its set of actions of suppression is
not empty. If the conflict is composed of m (m > 1) sub-conflicts SCF(GS, II;)
and two of its sub-conflicts have empty sets of actions of suppression, then those
sub-conflicts are both equal to IT(GE), which is impossible.

Example 7 According to example 6, the set of actions of suppression associ-
ated with SCF(GS, II, ) is ES1={sup(rs), sup(cs)} and with SCF(GS, II5) is
ESy;={sup(rs), sup(cs)}. The collection of sets of actions of suppression asso-
ciated with the conflict of example 5 is thus: CES={ES;, ESs}.

The action of suppression checks the following property.

Property 4 An action of suppression associated with a conflict of KB with
respect to a negative constraint is conservative: each negative constraint satisfied
by KB remains satisfied after the application of the action on KB.

Proof 4 A negative constraint is satisfied by KB if B does not contain the
knowledge described in it. Since an action of suppression suppresses some knowl-
edge from KB, each negative constraint satisfied by B remains satisfied after
the application of the action on KB.
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3 Base Incompleteness

We have studied the coherence of KB with respect to negative constraints in sec-
tion 2. We now study the completeness of B with respect to positive constraints,
and thus deal with the problem of missing knowledge in CB. An intuitive idea of
positive constraints is that B must contain the knowledge represented by these
constraints. We propose two kinds of positive constraints: the positive existen-
tial constraints and the minimal descriptive constraints. The positive existential
constraints allow one to represent some knowledge that must be deduced from
KCB. The minimal descriptive constraints allow one to represent some knowledge
that must appear in KB only under some given forms. KCB is said complete with
respect to positive constraints if and only if B satisfies each of them.

We remind the definitions of the two kinds of positive constraints, the way
KB satisfies them and, in the case when KB does not satisfy them, we present
the notions of conflicts and actions in order to localize the errors of KB and to
provide a way of removing those errors.

3.1 Positive Existential Constraints

A positive existential constraint is a conceptual graph, noted GE™T, that is sat-
isfied by KCB if there exists a projection from it into I" [13].

GE* | Painter: Picass |

Fig. 4. KB of figure 2 does not satisfy the positive existential constraint GE™, because
there is no projection from GE™ into I': there is no painter Picasso in KB.

A positive existential constraint GE7T is not satisfied by KB if there is no
projection from GE™ into I". We say that there is a conflict of KB with respect
to GE™.

Example 8 According to figure 4, there is a conflict of KB with respect to GE™.

In order to eliminate a conflict of KB with respect to a positive existential
constraint GE™, I' has to be modified so that there exists a projection from
GE™ into it. We propose the action of addition add(GE™), which adds the
conceptual graph GE™ into I" and which is a natural action to eliminate the
conflict. One action of addition is associated with each conflict of KB with respect
to a positive existential constraint and allows one to eliminate the conflict (the
proof is immediate).

Example 9 The action of addition to eliminate the conflict of example 8 is

add (GE*).
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3.2 Minimal Descriptive Constraints

A minimal descriptive constraint is a couple (GE, \/ (GS;, I1}) )min where GE
i=1

is an input irredundant conceptual graph, each GS;, i € [1,m], is an output
irredundant conceptual graph and each IT¢, i € [1,m], is a projection from GE
into GS;. It is satisfied by KB if and only if for each projection IT from GE
into I", there exists at least one projection II’ from an output conceptual graph
GS; into I" such that IT'(head(GS;)) = II(GE), where head(GS;) represents the
partial subgraph IT:(GE) of GS; [13].

Example 10 Let (GE, (GSi, I11) V (GSa, I12))min be the following minimal
descriptive constraint, which means that a person who makes an action is either

a painter who paints a painting or a poet who writes.

head(GS,)

2 e~ b ! 2
GS; [ Painter: * agt Paint: * obj Painting: *
1 (ag) |__| j
l l
I 2 I
E | Person: * Q/ Action : *
l l
- 2 /‘\
GS, |Poet: * (agt) Write: *

head(GSz)

KB of figure 2 does not satisfy (GE, (GSy, II}) V (GSa, I1?))min because the
painter Ernst who paints does not paint a painting. More precisely, there exists
a projection II, from GE into I' with fi = II.(GE) the partial subgraph of I’
limited to the vertices c1, 11 and co, and there exist neither a projection II from
GSy into I' such that II (head(GSy)) = fi, nor a projection IT' from GSy into I’
such that IT' (head(GS3)) = fi.

A set of conflicts is associated with each minimal descriptive constraint not
satisfied by KB.

Definition 5 Let (GE, \/ (GS;, II%))min be a minimal descriptive constraint
=1
and IT a projection from GF into I'. If there is no projection I’ from any G.S;,

€ [1,m], into I" such that IT'(head(GS;)) = II(GE), then II(GE) is a conflict of
KB with respect to the minimal descriptive constraint, noted CF((GE, \/ (GSi,
) min, 1)

=1

Example 11 According to example 10, the partial subgraph of I' limited to the
vertices c1, 1 and cy is a conflict of KB with respect to (GE, (GSy, II}) Vv
(GS27 H?))mzn
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In order to eliminate a conflict CF((GE, \/ (GS;, 1Y) min, II), we pro-
=1

pose an action of modification which spemahzes the conflict so that there exists
at least one projection IT’ from an output conceptual graph GS; into I with
IT'(head(GS;)) = II(GE). Because of the lack of space, we only give, in the
following, the intuition of such an action [16]. An action of modification for the
conflict according to G'S; consists in merging each vertex y; = H;(:cj) (the image
of a vertex z; of GE by II') of the partial subgraph head(GS;) with II(z;), a
vertex of the conflict. This, in order to obtain a common specialization between
the conflict and G'S;. The merging of two concept vertices ¢; = (t1, m1) and co
= (t2, ma) leads to a concept vertex ¢ = (¢, m) which is a maximal common
specialization of both ¢; and co. The resulting concept type t is a maximal com-
mon subtype of ¢; and ¢y (not necessarily unique when the set of concept types
is not a lattice). The resulting marker m is either the individual marker m; or
the individual marker msy or the generic marker. Note that the concept vertices
c1 and ¢y cannot necessarily be merged. The merging of two relation vertices
r1 = (t1) and 1o = (¢2) leads to a relation vertex r =(t) where ¢ is a maximal
common subtype of ¢; and t;. Two relation vertices can only be merged if all
their neighbour concept vertices can be merged.

Example 12 The conflict of example 11 can be specialized according to the out-
put conceptual graph GS1 into H, which is no longer a conflict of KB with respect
to the minimal descriptive constraint (GE, (GSy, II}) vV (GSa, I1?))min.-

head(GS;)

2 1 |—| 1 2
Sy [Painter: * /ag? t * obj Painting: *

c2

2
conflit Painter: Em%l L LPaint: *
|

1 2
H | Painter: Ernst Paint: * I obj Painting: *

m
Property 5 An action of modification associated with a conflict CF((GE, \/

i=1
(GS;, ITY)) pmin, IT) eliminates the conflict.

Proof 5 The action of modification specializes the conflict into H’ so that there
exists a projection I, from an output conceptual graph GS; into it. Let II’ be
the projection from GE into H’ that corresponds to the projection IT from
GFE into H. We have to prove that the projection IT, from GS; into H' is
such that II;(head(GS;)) = II'(GE). As they were built, the vertices of the
partial subgraph IT,(head(GS;)) of H' are the same as the vertices of the partial
subgraph IT'(GE) of H'. So, the projection II; is such that ITs(head(GS;)) =
II'(GE). The action of modification thus allows one to eliminate the conflict H.
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m

A set of actions of modification is associated with a conflict CF((GE, V
i=1

(GS;, ITY) Vimin, IT). Tt is the set of actions that propose to specialize the conflict
according to each output conceptual graph G.S;. This set can be empty because

there may exist no common specialization between the conflict and each GS;.

4 Base Refinement

KB is not coherent (resp. complete) with respect to negative (resp. positive)
constraints, if it does not satisfy at least one of the constraints. The restoration
of the coherence and the completeness of KB is then based on the notions of
conflicts and actions. We propose solutions to restore the coherence of KB, then
we discuss the restoration of its completeness.

4.1 Coherence Restoration

ICB is not coherent if it contains knowledge that it must not contain. To restore
the coherence of KB then consists in removing the undesirable knowledge. For
that, we propose revision plans that are sets of actions of suppression. In order
to get as close as possible to the initial KB, a revision plan must be minimal.

Definition 6 P is a revision plan for KB if and only if P is a minimal set of
actions of suppression such that the KB obtained by the application of all its
actions on KB is coherent.

The revision plans are obtained from (1) the set of actions of suppression
associated with each conflict of B with respect to a negative existential con-
straint and (2) the collection of sets of actions of suppression associated with
each conflict of B with respect to a maximal descriptive constraint.

Theorem 1 (see proof in [16]) Let EA4, ..., EA, be the sets of actions of sup-
pression associated with each conflict of B with respect to a negative existential
constraint. Let CES), ..., CES, be the collections of sets of actions of suppres-
sion associated with each conflict of B with respect to a maximal descriptive
constraint, where Vi € [1,p], CES; = {ES], ..., ES}, }. P is a revision plan for
KCB if and only if P is a minimal set of actions of suppression such that:
(1)Vjel,n], EA; NP A;
(2) Vi € [1,p], (a) if n; =1, then ES{ NP /A;
(b)if 3¢ € [1,n;] such that ES} = 0, then Vk € [1,n;], k /A~t, ESNP /A~
(c) else, given t; € [1,n,], Vk € [1,n;], k ft;, ESL NP /0.

The revision plans of KB are computed with the algorithm of the calculation
of diagnoses of physical systems proposed by Reiter [18]. This kind of algorithm
is known to be NP-complete. This lack of efficiency has to be shaded in so far
as we assume that the initial KB only contains few conflicts.
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Example 13 Let EA be the set of actions of suppression of example 2, CEA
= {EA}, and CES the collection of sets of actions of suppression of example
7. The revision plans of KB are calculated from the sets By = {CEA, CES \
ES1} = {{sup(c7), sup(rs), sup (cs)}, {sup(rs), sup(cs)}} and E» = {CEA,
CES\ ES;} = {{sup(c7), sup(rs), sup (cs)}, {sup(rs), sup(cs)}}:

P, = {sup(cr), sup(ry)}, P> = {sup(cr), sup(cs)}, P3 = {sup(rs), sup(rs)},
P, = {sup(rs), sup(cs)}, Ps = {sup(cs), sup(rs)}, Ps = {sup(cs), sup(cs)},
P; = {sup(cr), sup(rs)}, Ps = {sup(c7), sup(cs)}, Py = {sup(rs), sup(rs)},
Pyg = {sup(rs), sup(cs)}, P11 = {sup(cs), sup(rs)}, P2 = {sup(cs),
sup(cs)}.

4.2 Discussion about the Completeness Restoration

KCB is not complete if it does not contain knowledge that it must contain. Then
restoring the completeness of KB consists in adding the desirable knowledge to
KCB. This restoration is a problem of knowledge acquisition, which we would
rather solve in interaction with the user than manage with an automatic re-
finement system. Moreover, the actions of addition and modification raise two
problems. On the one hand, the set of actions of modification associated with
a conflict of KB with respect to a minimal descriptive constraint can be empty.
On the other hand, the actions of addition and modification are not conserva-
tive: their application on KB can change the satisfaction of positive constraints
and can then loop. We thus propose an assistant to restore the completeness of
KCB, which helps the user to eliminate the conflicts of KB one after the other
with respect to positive constraints, by giving him the actions of addition or
modification that are associated with the conflict.

5 Conclusion

This paper deals with the refinement of a knowledge base (KB) composed of con-
ceptual graphs that is not coherent with respect to negative constraints and/or
that is not complete with respect to positive constraints. The refinement process
lays on the notion of conflicts, which provides a way of localizing the errors of the
KB, and the notion of actions, which provides a way of correcting those errors.
When the KB is not coherent, a solution based on revision plans is proposed to
restore the coherence of the KB. When the KB is not complete, an assistant is
proposed to help the user to restore the completeness of the KB.

The semantic validation and refinement of conceptual graphs can be com-
pared with works done on knowledge validation. Most of those works provide
quality criteria that must be checked by the KB as well as tools to check these
criteria automatically. In particular, the coherence and completeness criteria
have been studied in many works [19,20,1,2,9,3,4,10] and can be compared with
our notions of coherence and completeness. Nevertheless, few works have studied
these two criteria together. Moreover, few works have dealt with the refinement
of an invalid KB.
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The restoration of the completeness of a KB is a problem of knowledge ac-
quisition, since it consists in adding the desirable knowledge described in the
positive constraints to the KB. It would be interesting to study it thoroughly
with the works on knowledge acquisition and learning [21,5]. One of the reasons
why the refinement of a KB is studied in two stages is that the suppression of
some knowledge of the KB can question the completeness of the KB and, on the
opposite, the adding of some knowledge in the KB can question the coherence
of the KB. In the future, an interesting work could be to study how to refine the
KB globally with respect to negative and positive constraints.

The work presented in this paper has been implemented on the CoGITo plat-
form [22] which is a tool designed for the implementation of applications based
on conceptual graphs. It has been tested on a real application in accidentology
[23] which concerns modelling knowledge of multiple experts and was developed
by the ACACIA team of the INRIA research institute. The semantic validation
and refinement were made on a KB composed of approximately one hundred
concept types, fourteen relation types and seven conceptual graphs with respect
to five constraints which were built from typical conditions presented in report
[23]. This KB appeared to be non semantically valid and some solutions were
proposed to restore its validity.

The refinement and the revision which study the consistency of sets of logical
formulae [24] propose some comparable approaches. They both study the effect
of the addition of a new information in a valid or consistent KB, and, if neces-
sary, solutions to restore the validity or the consistency of the KB. In our work,
the new information corresponds to validity constraints. Nevertheless, there ex-
ist two main differences between the refinement and the revision. First, the user
plays an important role in the refinement process, which is not the case in the
revision process. Second, the refinement deals with the validity of a KB (with
respect to some given criteria) whereas the revision deals with its logical consis-
tency. Note that many other works than revision have addressed the question of
managing inconsistency such as formalisms of non-monotonic reasoning [25,26],
truth maintenance systems [27] or works on description logics [8]. We think that
the lack of negation and rules in the KB that we study make the comparison
between these works and ours, for the moment, non-relevant.
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Abstract. We describe a knowledge server that permits Web users to
retrieve and add knowledge in a shared knowledge base. The following
features distinguish WebKB-2 from other ontology servers or KBMSs:
(i) the ontology is large (at present, 69,000 categories and 87,800 links
mostly coming from WordNet) and extendible at any time by any user,
(ii) asynchronous cooperation between users is supported and encouraged
(users are encouraged to reuse, complement or correct the knowledge of
other users but do not have to agree with each other and may add new
names to categories) while the knowledge base is kept unique to maximize
knowledge interconnection, retrieval and inconsistency detection,

(iii) the proposed knowledge representation languages are designed to be
both expressive and readable to permit and encourage the users to enter
all the knowledge they want (though that still requires motivation).
WebKB-2 is ultimately intended to permit cooperatively-built Yellow-
Page like catalogs, that is, permit Web users to publish their information
in a way that is automatically retrievable and comparable with other
users’ knowledge (as opposed to publishing information in plain text
documents or even RDF documents). For example, database developpers
or car dealers could describe and compare their products in a precise way,
supporting precise queries.

1 Introduction

Current Web search engines can retrieve documents that include some given
keywords but cannot extract and therefore retrieve and inter-link precise infor-
mation (or knowledge) from them. The problem is that knowledge retrieval and
interlinking is (re)done by each individual using his/her own memory. For ex-
ample, each person trying to find a good database system for a project has to
search and read the documentation of many systems, find comparative criteria
and, from what he has read, try to classify each system against these criteria.
With some luck, existing up-to-date comparisons may be found and feedback
from users of some of these systems compiled. Nevertheless, each search is likely
to be long, have sub-optimal results and remain unknown to (other) database
system seekers or providers. This example is typical of many other searchs: car,
insurance, employer, employee, software, hardware, etc. In each case, the solution
implies knowledge representation and centralization.

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAI 2120, pp. 231 2001.
© Springer-Verlag Berlin Heidelberg 2001
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A first step is to develop languages and systems permitting Web users
to create or re-use Web documents containing knowledge representations. To
this aim, in 1997, we created WebKB-1 [3], a knowledge-based private annota-
tion tool (“annotation” implies “representation”, “indexation” and “retrieval”).
Many XML extensions were conceived for this purpose, e.g. RDF! in 1998. In [4],
we discussed the inadequacies of these XML-based languages for precision-based
knowledge indexation and retrieval. Nevertheless, in [5], to permit better know-
ledge exchange/retrieval via RDF, we proposed extensions to RDF and general
conventions for knowledge representation (in RDF, CG, ...). However, even if
these conventions were adopted, in this distributed (document based) approach,
there would still be a lot of small competing and loosely inter-linked ontologies
and hence automatic comparison of representations would remain limited and
based on lexical matching.

The next step toward centralization - and hence better automatic/manual
knowledge retrieval, comparison, inter-linking, cross-checking and cooperation
between knowledge providers - is to develop knowledge base servers permitting
Web users to add representations into a shared repository while reusing or ex-
tending a large ontology. For efficiency and commercial reasons, all Web-users
would not use the same knowledge server but rather a few general knowledge
servers (e.g. managed by portal companies) and more specialized knowledge
servers. By (partly) mirroring one another, general servers would probably share
a similar general WordNet-like or CYC-like ontology, and competing specialized
knowledge servers would also share some similar content?. Thus, it would not
really matter where a Web user publishes information first, and this centralized
approach would keep the advantages of the current distributed approach.

Early 2000, we stopped adding features to WebKB-1 and began the design
and implementation of WebKB-2, a large-scale knowledge server permitting each
users to re-use, complement or annotate the knowledge of other users®. This type
of tool is new (yet). Close relatives are “ontology servers” (e.g. Ontolingua? and
Ontosaurus®) but they mostly have small ontologies (a few hundred categories)
and do not support/encourage a tight interlinking/annotation of knowledge from
various users. Large-scale KBMSs also rarely support alarge “dynamic” ontology
(users cannot change the ontology interactively, a re-compilation or re-indexation
phase is necessary). In this article, we first present a few elements that we think
necessary to enable a large-scale cooperatively-built knowledge base, then we
describe the cooperation mechanisms in WebKB-2, followed by necessary exten-
sions to classic “searches for specializations of graphs”. Finally, we compare our
approach to others.

! http://www.w3.org/RDF

2 The processes of mirroring and answering queries involving several knowledge bases
is by itself permitted by the similarity or interconnection of various used ontologies.

3 WebKB-2 also inherits the features of WebKB-1, i.e. it can exploit Web documents
mixing text and representations and use them as private knowledge bases.

* http://WWW-KSL-SVC.stanford.edu:5915/

5 http://www.isi.edu/isd /ontosaurus.html
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2 Elements for a large-scale cooperatively-built KB

2.1 Notations

We believe a general knowledge base server should support a knowledge repre-
sentation language that is (1) expressive enough to permit and encourage the user
to be exact in his/her representations, and (ii) limiting the number of different
(and not automatically comparable) ways to express the same information. If the
language is not expressive enough, users will either enter incorrect information,
develop various incomparable ways to represent it, or simply not use the server.
Any of these cases hinder knowledge comparison, cross-checking, inter-linking
and reuse. This does not mean that the server should have inference capabilities
that exploit all the subtleties of the language. Implementing such an inference
engine would actually often involve application-dependant choices. Instead, the
server should perform minimal consistency checks and help filter the knowledge
relevant to answer a query (i.e. the knowledge relevant for an application).

We designed 2 notations — Frame-CG (FCG) and Formalized English (FE) - to
improve on the readability and expressivity of the Conceptual Graph linear no-
tation (see [6] for details). Though we have not yet implemented it, a translator
could be built to transform CGLF or CGIF into FE or FCG, and conversely for
simple cases [6].

2.2 Lexical/syntactic/semantic/ontological recommendations

To reduce the number of ways, information can be expressed (and therefore in-
crease the chance of automatic comparison), the WebKB-2 user is asked to fol-
low conventions (most of which were described in [6]): lexical recommendations
(use English singular nouns as category names), semantic recommendations (be
precise, contextualize statements, re-use and complement existing knowledge),
syntactic recommendations (e.g. how to represent various kinds of quantifiers,
collections, intervals, contexts, 2nd order types/relations), ontological recom-
mendations (e.g. how to represent states and processes, descriptions, indexa-
tions, characteristics, measures, numbers, collections, temporal/spatial/logical
entities/relations). These recommendations and the associated “patterns” are
also a guide. Most are more or less enforced by the use of the notations and the
re-use of the existing types in the shared knowledge base.

2.3 Structures for a multi-users KB

The elements of the KB of WebKB-2 are: categories (concept/relation types,
individuals), links between categories (e.g. specialization and exclusion links),
category names and links between categories and names (each category has a
unique identifier but may have many names; conversely, each name/word may
belong/refer to various categories - as many categories as the word has different
meanings), concept nodes (a graph is itself a concept), relation nodes, and users
(each of the previous elements is connected to (an object representing) its creator,
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and each user is represented by an individual in the ontology). All connections in
WebKB-2 can be traversed in both ways (e.g. each concept with a certain type
is accessible from that type) programmatically and from browsing interfaces.

The connections from/to creators are necessary for handling updates by mul-
tiple users and permitting each user to filter or focus on knowledge from certain
users by referring to them with an identifier, one or several type or supertypes,
or even a graph description. The alternative choice of storing knowledge from
each creator in a different module would not permit as much flexibility in the
management and filtering of knowledge from multiple creators (or it would be
harder to implement).

The connections between categories and words are necessary to permit lexical
freedom (any user can add new names to existing categories) and the use of words
instead of category identifier within graphs. This last feature spares the users the
tedious work of looking for the identifiers of each category to build their graph
(statements or queries). If the word used in a concept refers to only one category,
or if the other categories can be eliminated given the signature of the relations
connected to the concept, the category that is (most probably) relevant can be
found. Otherwise, the list of candidate categories can be proposed for the user
to select. For a query graph, there is no harm in making an automatic choice
and let the user refine the query if a wrong category has been selected.

2.4 Reuse of a natural language ontology

A natural language ontology (including the connections between categories and
words) is the backbone of a large shared KB. It permits WebKB-2 to relate,
compare and retrieve knowledge representations. It provides the user with vari-
ous meanings for a word or various distinctions for a notion, most of which s/he
would have not thought about, thence leading the user to enter more precise
and comparable representations. For the same reason, provided semantic con-
straints are associated to the top level categories of the ontology, it permits some
automatic checking on the users’ statements and extensions to the ontology.
We initialized the current knowledge base of WebKB-2 with the content of
the lexical database WordNet 1.6%: 94,500 nouns and 66,000 categories referred
by nouns (in accordance to our lexical conventions, we ignored information re-
lated to verbs, adverbs and adjectives). Various kinds of links connect these cat-
egories: specialization, exclusion, similar, member, part, substance, plus
their reverse links. The interpretation of the links other than specialization,
exclusion and similar is not always clear nor consistent within Wordnet. For
example, a part link from the category airplane to the category wing could
mean that “any airplane has for part at least 1 wing” or “all airplanes have for
part the same wing”, “any wing is part of a plane”, etc. We assumed the first in-
terpretation was correct for all kinds of direct links (e.g. part, substance, etc.)
and therefore opposite for their inverse links (i.e. part of, substance of, etc.).
This interpretation is exploited in our graph comparison/retrieval algorithms.

5 http://www.cogsci.princeton.edu/ wn/
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We distinguished specialization links into subtype links and instance
links by isolating 2900 individuals. We also made a few other structural cor-
rections (e.g. we removed 3 redundant subtype links, 4 links with same source
and destination, and introduced the link location to replace some unfortunate
usages of the links subtype and part). Finally, to permit knowledge represen-
tation and automatic checking, we inserted WordNet top-level categories into
a top-level ontology of about 100 concept types, and complemented it by an
ontology of 140 basic relation types signed on these top-level concept types.

To each WordNet category, we associated a unique key name using the first
of the category names (in WordNet, the first name is the most common name
used for referring to the category). When various categories share a same first
name, suffixes such as “/2” and “/3” are used to create unique key names. No
suffix is appended for the category that is most likely referred by a name (again
according to WordNet). Then, we manually modified some of the key names to
simplify the knowledge representation task (WordNet name/category orders are
generated based on name frequencies in some manually tagged corpora).

2.5 Flexible ways to refer to a category

Flexible identifiers and multiple interpretation modes permit to take advantage
of the connections between users, categories and names.

In WebKB-2, a category identifier is either an URL, an e-mail address or the
concatenation of the creator identifier and the key name, e.g. wn#domestic_dog,
wn#time, wn#time/2, wn#time/3, pm#IR_system. (Category identifiers with same
key names but different creators refer to different categories and hence, hopefully,
represent different objects). A category identifier may also show all the names
given by the creator, e.g. pm#IR_system__information_retrieval_systemand
wn#dog__domestic_dog__Canis_familiaris (to represent names given by other
users, “name” links — abbreviated by the character ’_’ — must be used). Word-
Net categories may also be entered without their creator identifier (i.e. with-
out the “wn” prefix), e.g. #time. More precisely, this is the case except within
graphs when a list of default creators has been specified (e.g. with the command
“default creators: pm wn;” in input files). For instance, if pm and wn are the
default creators, the graph [a #car] is accepted if either pm#car or wn#car
have been declared. The order of the creators in the list is important (the first
candidate category is preferred).

Words (i.e. category names) are simply entered as such, e.g. domestic_dog
and time. Category names, instead of category identifiers, are accepted within
graphs only if the option has been selected (command “use names;” in input
files). Signatures are used for eliminating candidate categories. If there is more
than 1 candidate, the parsing stops or issues a warning depending on an internal
ambiguity acceptation level (for our main purpose, ambiguities should not be
allowed but an application of WebKB-2 that requires an automated agent to be
used as a knowledge provider will probably accept ambiguities). If ambiguities
are accepted and a list of default creators specified, WebKB-2 exploits this list
to select the best candidate category.
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Apart from signatures, type constraints explicitly associated to categories within
a graph may be used to guess categories. For instance, the graph

[a transformation \\pm#process] means: there exists an individual instance
of a concept type that has “transformation” as one of its names and that is a
subtype of pm#process. This permits WebKB-2 to eliminate the two other senses
proposed by WordNet for “transformation”: the mathematical function and the
transmutation. Top-level types such as pm#process are proposed in WebKB-2
menus to help construct graphs.

For better readability, we will often use names instead of category identifiers in
the example graphs of this article.

3 Mechanisms for cooperative editing of the KB

The WebKB-2 user is asked to be as precise as possible when making statements
(to avoid conflicts and permit to answer queries more adequately). For instance,
a user (lets say “userl”) should not simply represent that “birds fly” (in FCG:
“[user1#birdsFly [any bird, agent of: a flight]]”) since this is not al-
ways true. If this happens, other users are encouraged to “correct” the informa-
tion. In WebKB-2, any user can do this by connecting the “faulty” graph to a
more precise version using a relation of type pm#corrective_specialization
(then, depending on display options, the first version may or may not be fil-
tered by WebKB-2 when answering queries). Similarly, if a user thinks a state-
ment from another user can be generalized, s/he can use a relation of type
pm#corrective_generalization. For example, if “userl” stated that “birds
fly” and “user2” wants to correct and specialize that by “a study made by
Dr Foo found that in 1999, 93% of healthy birds could fly”, s/he can write:

[user1#birdsFly, corrective_specialization:
[user2#93pcHealthyBirdsCanFlyAccordingToFoo
[[93% of (bird, experiencer of: a good health),
agent of #: a flying //’#’ means ‘‘can’’
], time: 1999], source: (a study, author: Foo@bird.org)]
11

(Note: if a graph is not explicitly named, WebKB-2 generates a name for it).

We believe a scalable approach for cooperation between users of a knowledge
base server implies that two seemingly incompatible goals are reached:
(i) each user should be able to represent what s/he considers true, and cor-
rect or complement other users’ knowledge in a non-destructive manner, use the
categories and names s/he wants (providing that lexical recommendations are
respected and existing categories reused or specialized), and should not have to
discuss and find an agreement with other users each time a conflict arises,
(ii) knowledge from different users should remain consistent and tightly inter-
connected to permit comparison, search, cross-checking and optimal unification.
We have partly shown how these different points can be achieved and that
they are not incompatible, providing users connect their categories and graphs to
other existing ones. Removal /modification/addition protocols are also required
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for semantic conflicts to be managed asynchronously and without person-to-
person agreement. The following four points describe our approach.

1) A user may remove a category, link or graph only if s/he has created it and
unless this induces an inconsistency in the user’s knowledge. If the category, link
or graph being removed is used by other users or is necessary for their knowledge
to remain consistent, it is actually not removed but its creator is changed to
one of the users relying on its existence. In WebKB-2, inconsistency detection
currently only exploits relation signatures and exclusion links. However, we plan
to exploit inconsistencies detected by users and signaled with a relation of type
pm#tcontradiction between two graphs.

2) The creator of a category may modify a link connected to this cate-
gory — so that the link uses an alternate category — unless this modification
induces an inconsistency. The creator of a relation type may modify its signa-
ture unless such a change induces an inconsistency (in which case, s/he must
modify the ontology or related graphs so that the inconsistency disappear). A
user may not modify a graph that s/he has not created but s/he can connect
it to another graph via a relation of type pm#corrective_specialization,
pm#corrective_generalization or pm#correction. This last relation type
should only be used when the ontology cannot be modified (or another rela-
tion type used) for correcting the first graph. Since graphs can be used for
representing links these three relation types may also be used to state alter-
nate links. Depending on display /filtering options, corrected graphs or links are
displayed/used for inference or not.

3) A user may add a graph or a link (even if s/he is not the creator of the
linked categories) unless that induces an inconsistency or a redundancy (WebKB-
2 does not accept a graph that already has a specialization or a generalization
in the KB). If this happens, the user must either refine his/her graph before
re-trying to add it, modify the ontology or use one of the three “corrective”
relations cited above.

4) In any of these previous cases, when the knowledge of a user is modified
by another user, the change should automatically be e-mailed to the first user
or presented to him/her the next time s/he logs on to WebKB-2.

An alternative approach is to always allow the creator of a category to add,
modify or remove the categories or links s/he has created even when that induces
an inconsistency in other users’ knowledge. Then, the inconsistency has to be
repaired automatically. Since the update means a change of interpretation of
a category (at least from the viewpoint of the other users), a way to repair
the inconsistency is to duplicate the categories and links that should not be
modified in order to avoid inconsistencies (i.e. the modified category and some
of its subtypes from the same user). The duplicates are attributed to other
users. Although this approach allows each user to ignore how his/her categories
are used by other users, it is far less optimal than manual corrections, reduces
cooperation between users and the tight interlinking of their knowledge. It is also
complex to implement and cannot be extended to handle graph modifications in
the same way.
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4 Search mechanisms

4.1 Searching categories and links

Fig. 1 shows a WebKB-2 interface for searching categories or links according to
a category identifier or name and/or a link connected to the category(ies) (there
may be several categories if a name is provided) and an optional destination.
The parameters shown in Fig. 1 specify a display of the category pm#thing (the
uppermost concept type) and all its direct or indirect subtypes created by the
user rdf or users that are members of the KVO group (M pm#KVO_group) but
not from f_modave and any Australian (* #Aussie). These filtering constraints
resolve to the users rdf and pm. Subtype links and categories that do not belong
to these users are explored but not shown (though increases in the indentation
shows the number of intermediary categories that have not been displayed).
Fig. 2 shows the result in the default format. The characters ’!’, =’ and ’>’
respectively represent links of type exclusion, instance of and subtype.

File Edit Yiew Go Communicator Help|
Y

Search terms in WebKB {documentation here)

Selection options

[dentifier or name (English nounfadjective) for the reguired termis): | pméthing

Alternatively, or in addiion o o name, you may select

a link betvween the required term and another term: any link = |
destination term (optional; identifier onls): |f# Clearl
Display options

~ Only the required terms should be showndurith the links that are directly connected to them)

“7 These terms should be shown plus those indirectly reachable from them via links: > (sublype) o

Ezxploration depth (optional number):

Cmnly if created by |kdf, M pm#Evo_g  and not created by |-“ 4mussie, £_mo Clear| Ed

Result format: 7 minimal. user-friendly =~ comprehensive, parsable, still user—friendly  ~ REDFE

With hyperlinked terms: 7 wes < no

Subrmit to I}\ttp:f}‘tempus.jnt.g\:‘edu.au/cgifbinfwabm/" sch. egirt P2 3 kh Li 4

= =
| | s or @ 2|

&

Fig. 1. Query for the subtypes of pm#thing that belong to the user “pm”
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File Edit View Go Communicator Help|
A

pmithing (*anything that is not a relation®) 12/12/2000
! pmirelation
~ rdfsgelass
> pmisitusticon (*thing that "ecccurs" in a (real or imagined) regicn of time and spacer)
> pmstate (*situaticn not changing and not making a change during a given period of
> pmprocess (“*situation that makes a change during some periocd of time?)
> pmfevent (*process considered instantanecus from some wviewpoint; classifiecation
> pmiproblem solwing procgess (*cognitive activity to solve a problem”)
> pmitask (*processes modelled in knowledge acquisiticn, e.g. a diagnostict)
> pmiprocess_playing a_role
> pmfphencmencn (*situation known through the senses rather than by reasoning®)
> pmsituation_plaving some_role ("e.g. a causal situaticn®)
> pmiprocess _plaving a_rols
> pmgentity (“thing that can be "involved" in a situaticn*)
> pmspatial entity (*space region or thing occupying a space region®)
> pmspace (*point or extent in space?®)
> pmiphvsical _entity (~spatial entity made of matter~
> pmentity _that_can be_aslive (®e.g. an animal, a cell”
> pmfentity_that_cannct_be_alive (*e.g. a bottles
> pmidead_entity (*entity that is no more aliwe®)

> pmncnspatial entit (*e.qg. knowledge, motiwvaticn, language, measure®)
> pmipsvchological entit (~feature/product of mental activity, e.g. feeling®)
> pmpinformation entit (~content/element of a description®)

> pmdeseription (*description of a situasticn®)
> pmidescription container (%e.g. file, image (but not disk or paper)®)
= pmattribute or measure (*e.g. mass, mass unit, 1 kg, frequency, [2-3] hz, o
> pmicollection ("something gathering separated things (entities/situations)”)
> rdfgproperty (*all binary relation classes are instance of that chject?®)
> pmfundivisible_entit (#classification under this category is application-dependan
> pmfdivisible entity
> pmidivieible entitvy without discrete parts
> pmbcomposite entity  (sdivisikle entity with discrete parts+)
> pmpcollection (*something gathering separated things (entities/situations)®)
> pmientity playing some_role (*e.g. an agent, an owner®)
> pmpouwned entity
> pmientity part
> pmiprocess_reciplent (*recipient of a process»
>
>

pnfprocess_object
pmfcausal _entity (“something (animal or software agent) able to act?)

> pmiliving entity (~entity that is aliwve=~)
> pmigoal directed agent (*goal directed causal entity (ex:a problem solver or
> pmfperhaps_goal directed causal_entit (*e.qg. supernatural forces#)
> pm$without goal causal entit (*non conscious entity and not AI_Agent®)

> pmfimaginary_entity ("an entity that has been imagined®) =
> pmfimaginary spatial entit (*e.g. a cartoon character®

> pmithing plaving some role (*category to classify things according to roles/viewpoint
> pmgmediation (“Peirce/Sowa’s notion of "thirdness"+)
> pmithing needed for some_process (*e.g. something needed for an application?®)
> pmithing needed for knowledge enginsering
> pmithing needed for KaDs knowledge enginsering
> pmgsitusticon_plaving some_role (*e.g. a causal situsticon®)
> pmiprocess_playing a_role
> pmientity playing some_role (*e.g. an agent, an owner®)
> pmiowned entity
Bt At +
= ]

4

=
& 9 2P 3 2

Fig. 2. Result of the previous query

4.2 Searching graphs

Classic searches for graph specializations permit searches “by the content” but
need to be extended for more flexibility in the formulation of the query graph
and to increase the number of relevant answers. WebKB-2 uses four extensions.

1) Let us assume the KB includes the graphs [John, owner of: a car] and
[John, owner of: an appartment]. A classic search for graphs specializing the
query graph [a man, owner of: a car, owner of: a lodging] would not retrieve
the previous graphs since only the union of these specializes the query graph.
When WebKB-2 looks for specializations, it also looks for other graphs including
coreferent categories: identical individuals, identical types universally quantified
or using the same coreference variable. If they permit to answer the query graph,
these different graphs are displayed separately — joining them would often not
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produce a meaningful graph (e.g. their embedding graphs could not be joined).
Two other graphs that could be presented in answer to the previous query:

[ [[Tom \\IBM_employee, owner of: an apartment], time: 2000], author: Toml]
[[any IBM_employee, owner of: a car], author: IBM]

2) Searches should also take into account knowledge represented via links
instead of graphs. For instance, let us assume the categories representing the
geographical areas “Gold Coast” and “Southport” are connected via a part link
and the knowledge base includes the following graph.
[philippe.martin@gu.edu.au, agent of: (the renting,

object: (an apartment, part: 1 bedroom, location: Southport),
instrument: 140 Australian_dollars, period: a week,
beneficiary: Spirit_0f_Finance)]
WebKB-2 exploits the ontology to present this graph in answer to the query
graph [an apartment, location: (a district, part of: Gold_Coast)].

3) Let us assume the graph [John, owner of: a lodging] is in the know-
ledge base and a query graph is [a man, owner of: an apartment]. The first
graph is not a specialization of the query graph since wn#housing/2__lodging
is a supertype of wn#apartment__flat not the reverse. However, a user may
want such a graph to be provided. This is why WebKB-2 provides two graph
search commands: “spec” to search specializations of the graph given in param-
eter, and “?” to search graphs comparable to the one given in parameter. With
the second command, supertypes of categories in the query graph are also used.
The first graph would not answer the query “? [a man, owner of: a bikel”
since wn#housing/2 is neither a subtype nor a supertype of wn#bicycle__bike.

4) Structural flexibility should be permitted in query graph specification.
We believe the simplest way (both for the user and from an implementation
perspective) is to allow the specification of path sequences with common regular
expression operators (“*” for “0, 1 or many times”, “+” for at “at least 1 time”,
“?” for “0 or 1 time”). Let us assume the following graph is in the KB.
[philippe.martin@gu.edu.au, agent of:(a research, within_group: KVO_group)]
Users looking for a person conducting research at “Griffith Uni., Gold Coast
campus” are unlikely to find this graph via classic searches for specialization
only. However, since pm#School_of _IT_at_Griffith_Uni_Gold_Coast_Campus
is connected via a part link to pm#KVO_group and via a location link to
QLD#GCcGU__Gold_Coast_campus_of _Griffith_Uni, and since pm#relation is
the uppermost relation type, it should be possible to find this graph with:

spec [a person, agent of: (a research, relation+: GCcGU)
or: spec [a research, (relation: a thing)+ location: GCcGU)
or: spec [a research, relation 3+ (part of: a group)3+ location:GCcGU)
(“34+” means that at most 3 relations of the specified type should be traversed).

Fig. 3 shows one of WebKB-2’s interfaces for searching graphs. Names, in-
stead of category identifiers, have been used and “pm” has been specified as the
creator of the graphs to retrieve. Fig. 4 shows the result. It first indicates that
2 categories share the name “Gold_Coast” and that the first has been selected.
Then, a graph (“with hyperlinked categories”) answering the query is presented.
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locaticn: (a district, part of: Gold_Coast))]
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Fig. 3. Query for the specializations of a graph

Line 1.

QLD#Gold cCcoast
#district,
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Fig. 4. Result of the previous query
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5 Comparison with other tools

Guarino et al. [2] developed an information retrieval system called Ontoseek that
exploits the WordNet lexical database and simple existential conceptual graphs
to store the content of Yellow-Pages like catalogs and permit their access in a
flexible way. They show that structured content representations coupled with
linguistic ontologies increase both the recall and precision of content-based re-
trieval. More exactly, Ontoseek reuses Sensus’ which mostly includes WordNet
and the Penman top-level ontology®. It is unclear from [2] whether or not users
can modify this ontology but they apparently can enter simple existential con-
ceptual graphs via the interface or ask/tell communication protocols. Classic
searches for specializations are performed and queries may use names instead
of categories. It is unclear whether structural constraints in the ontology are
exploited to guess adequate categories and if there are actual relation types.
WordNet types which can heuristically be identified as “role types” (or types
for “relational nouns”) may be used as relation types (this is also the case in
WebKB-2).

Thus, WebKB-2 has similarities in intent and approach with Ontoseek. Ho-
wever, we believe the notation proposed in Ontoseek is insufficient for a precise or
adequate representation of Yellow-Pages like catalogs with detailed descriptions
of products or services. Precision or correctness in the representations may not
be that important for Ontoseek since the knowledge is only intended to be used
as an index for products in a catalog (not for reuse or unification with knowledge
from many users) but WebKB-2 requires expressive notations, the handling of
multiple users, and knowledge representation conventions. We have also shown
in the previous section the insufficiency of classic searches for specializations.

WebKB-1 and WebKB-2 can be called “ontology servers”, i.e. Web servers
that permit users to build and publish ontologies. Most ontology servers also per-
mit, the construction of existential graphs and therefore could be called “know-
ledge base servers” but the possibility of modifying the ontology is a rarer feature.
WebKB-1 and WebKB-2 are two opposite extremes in the handling of coope-
ration between users: while most other ontology servers (e.g. the Ontolingua
ontology server?, Ontosaurus'®, Tkarus!!, Tadzebao and WebOnto!'2) store the
knowledge of users in independant modules/files on the server disk, WebKB-1
uses Web-accessible files stored by users on their own disks and WebKB-2 stores
the knowledge of users in a single knowledge base on the server disk. Some on-
tology servers, e.g. the Ontolingua server or Ontosaurus permit any user or a
group of users to edit the module but, apart from locking/session mechanisms,
no particular support for asynchronous cooperation is generally provided (no
record of creators for categories/links/graphs, no conventions or protocols, etc.).

7 http://www.isi.edu/natural-language/projects/SENSUS-demo.html
8 http:/ /www.darmstadt.gmd.de/publish/komet /gen-um /newUM.html
% http:/ /WWW-KSL-SVC.stanford.edu:5915/

10 http:/ /www.isi.edu/isd/ontosaurus.html

" http://www.csi.uottawa.ca/ kavanagh /Tkarus/TkarusInfo.html

12 http://ksi.cpsc.ucalgary.ca:80/KAW /KAW98/domingue/
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An exception we know of is the Co4 system'3 which has protocols modeled on
submission procedures for academic journals, i.e. on peer-reviewing, resulting
in a hierarchy of knowledge bases, the uppermost containing the most consen-
sual pieces of knowledge while the lowermost ones are the knowledge bases of
each user. This approach certainly leverages some problems of module-based ap-
proaches but would doubtly scale to large knowledge bases or a large number of
users. The Ontoloom/Powerloom authors mainly rely on knowledge comparison
procedures and the pre-existence on a large ontology to guide and check users
in their extension of a unique knowledge base.

Modules are an easy way to delimit knowledge about a particular subject
and handle competing formalizations, but since categories between modules are
generally not inter-connected, automatic comparisons of knowledge representa-
tions from /re-using different modules is unlikely to succeed. For the same reason,
even when general descriptions of the content of modules are made using graphs,
the selection of adequate modules to reuse or search is a difficult task. From a
knowledge retrieval point of view, the indexation of knowledge according to
some knowledge domains or other characteristics is a coarse-grained approach.
In WebKB-2, this selection problem does not exist: categories are tightly inter-
linked, and each link or relation in the knowledge base may be used as an index
for retrieving a relevant piece of knowledge, thus permitting to take into account
any combination of characteristics specified in a query not just combinations
given by users in general indexations.

Compared to other large scale KBMSs, a notable feature of WebKB-2 is
that the ontology is large and can be dynamically /interactively modified by the
users (no lengthy re-compilation phase or graph re-indexation is necessary). This
feature is shared by the Parka-DB system'4 which we considered to re-use for
implementing WebKB-2. We also considered the SHORE deductive database!®
as well as standard relational databases. However, we found more flexibility
and programming ease was provided by the free-to-use object-oriented main-
memory database system called FastDB!® (in case the database grows larger
than 4Gb (on a 32 bit system), FastDB can be replaced with a disk-based version
called GigaBASE!"). In Parka-DB the ontology is also entirely loaded in memory
but the graphs remain on disk. Large-scale CG systems also begin to appear.
Santiago!'® is based on the MG database system!? and requires a re-indexation
phase each time a type is added. In Bernd Groh'’s relational database based CG
system[1], no re-indexation phase is necessary.

'3 http:/ /ksi.cpsc.ucalgary.ca/ KAW /K AW96/euzenat /euzenat96b.htm
1 http:/ /www.cs.umd.edu/projects/plus/Parka/parka-db.html

!5 http://www.cs.wisc.edu/shore/

'6 http://www.ispras.ru/ knizhnik/fastdb.html

17 http:/ /www.ispras.ru/ knizhnik/gigabase.html

18 Gerard Ellis’ system. See CG mailing list.

9 http://www.mds.rmit.edu.au/mg/
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6 Conclusion

We have presented an approach permitting Web users to search and coopera-
tively build a shared knowledge base, and engineered a system supporting this
approach?0. The approach permits and relies on knowledge reuse and intercon-
nections at a local level, e.g. categories are connected to names, creators and
other categories, while concepts and graphs are interconnected via relations or
the categories they reuse. In coarser-grained approaches, these connections are
often not represented (and, we believe, more difficult to represent in a manage-
able way) and therefore cannot be automatically combined to permit knowledge
comparison or more relevant and complete knowledge retrieval. We also described
our approach to permit asynchronous cooperation, and necessary extensions to
classic searches for specializations.

Entering information in WebKB-2 is more difficult than entering sentences
in a document, but information from documents cannot be interconnected to
respond to precise queries and is therefore lost to most people. We believe that
entering information in WebKB-2 is easier than in most other systems thanks
to the adopted notations, the initialisation of the knowledge base with WordNet
and our top-level ontology, and the possibility of using everyday words instead
of category identifiers. Some information remain difficult to represent precisely
but we think that WebKB-2, or an extension of it with nicer interfaces, could
be used by Yellow-Pages-like-services or community servers to permit people to
advertize products and services or publish information.

References

1. Groh, B., P. Eklund.: Algorithms for creating relational power context families
from conceptual graphs, In ICCS’99, 7th International Conference on Conceptual
Graphs, Springer Verlag, LNATI 1640, pp. 389-400, 1999.

2. Guarino, N., Masolo, C., Vetere, G.: Ontoseek: Content-based Access to the Web.
In: IEEE Intelligent Systems, Vol. 14, No. 3 (1999) 70-80

3. Martin, Ph.: The WebKB set of tools: a common scheme for
shared WWW  Annotations, shared knowledge bases and informa-
tion retrieval. In: ICCS’97, b5th International Conference on Concep-
tual Structures, Springer Verlag, LNAI 1257 (1997), 585-588. URL
http://meganesia.int.gu.edu.au/ phmartin/webKB/doc/papers/cgtools97/

4. Martin, Ph., Eklund, P.: Embedding Knowledge in Web Documents: CGs ver-
sus XML-based Metadata Languages. In: ICCS’99, 7th International Conference
on Conceptual Structures, Springer Verlag, LNAI 1640 (1999) 230-246. URL
http://meganesia.int.gu.edu.au/ phmartin/WebKB/doc/papers/iccs99/iccs99.ps

5. Martin, Ph., Eklund, ©P.. Conventions for Knowledge Represen-
tation via RDF. In: WebNet2000, ACCE press 378-383. URL
http://meganesia.int.gu.edu.au/ phmartin/WebKB/doc/papers/webnet00/

6. Martin, Ph.: Conventions and Notations for Knowledge Representa-
tion and Retrieval. In: ICCS’00, 8th International Conference on Con-
ceptual Structures, Springer Verlag, LNAI 1867 (2000) 41-54. URL
http://meganesia.int.gu.edu.au/ phmartin/WebKB/doc/papers/iccs00/iccs00.ps

20 Accessible at http://meganesia.int.gu.edu.au/ phmartin/WebKB /shared.html



Conceptual Graphs and Metamodeling

Olivier Gerbé!, Guy W. Mineau?, and Rudolf K. Keller?

I HEC Montreal.
3000, chemin de la Cote-Sainte-Catherine, Montréal, Québec, Canada H3T 2A7
Olivier.Gerbe@hec.ca
2 Université Laval
Québec, Québec, Canada G1K 7P4
mineau@ift.ulaval.ca
3 Université de Montréal
C.P. 6128 Succursale Centre-Ville, Montréal, Québec, Canada H3C 3J7
keller@IR0.UMontreal.ca

Abstract. Metamodeling is often identified as a key layer in the devel-
opment of an information system because it formally defines the modeling
primitives that will be used in subsequent modeling activities. We use the
Conceptual Graph (CG) theory for illustration purposes. The simplicity
of the CG notation and its flexibility to represent metalevel knowledge
through the use of contexts makes it a serious contender for the repre-
sentation of a metamodeling theory. Therefore, this paper presents a CG
based metamodeling framework for the modeling of information systems.

1 Introduction

Metamodeling is often identified as a key layer in the development of an infor-
mation system [2[3] because it formally defines the modeling primitives that will
be used in subsequent modeling activities. By defining the modeling language,
the semantic constraints of the domain can be embedded into it, restricting the
expressivity of the modeling language accordingly, ensuring greater consistency
throughout the modeling of the domain. Also, queries concerning the modeling
language itself can be answered. Using its formal definitions, the modeling lan-
guage can be explained, which provides the essentials for the establishment of
an on-line task support system. A reduction in the number of work hours spent
to understand the modeling language, and therefore a gain in productivity, is
sought. When many people act as knowledge modelers throughout some orga-
nization (as with consultant firms for instance), or when employee turn over is
high, this gain in productivity is considerable [IT].

Furthermore, through the use of these formal definitions, the modeling lan-
guage can be validated. A valid modeling language, one in which all definitions
are together compatible, i.e., do not produce any inconsistencies, improves the
ability of the knowledge modeler(s) to produce a set of object definitions which
are consistent with one another. Finally, with a metamodeling approach the
modeling language is defined in a declarative formalism. This allows partial

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 245-259 2001.
© Springer-Verlag Berlin Heidelberg 2001
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or full mapping between different modeling languages, leading to systems in-
tegration. Therefore, system interoperability issues can be approached from a
metamodeling point-of-view. For all these reasons, we too advocate the use of
a metamodeling layer in the development of an information system. We use the
Conceptual Graph (CG) theory for illustration purposes. The simplicity of the
CG notation and its flexibility to represent metalevel knowledge through the use
of contexts makes it a serious contender for the representation of a metamodel-
ing theory. Therefore, this papeIEI presents a CG based metamodeling framework
for the modeling of information systems. Section B]introduces the basic ontology
required to develop a CG based metamodeling language. Section [4] presents a
mapping function from the metalevel to the data level, allowing the definitions
stated at the former level to be used at the latter level. Section Bl presents how
this framework can be used to create an arbitrary number of metalevels. Sec-
tion [6] introduces metarules that state restrictions and properties of metalevel
definition primitives. Section [7l concludes and presents future directions for our
research.

2 Literature Review

Metamodeling and conceptual graphs have not been extensively investigated.
John Esch in [7] introduces metamodeling through two predefined relations: Kind
that links a concept to its type and Subt that links two concept types that are in a
subtype relationship. He defines, using the relationship Subt, a type hierarchy for
each higher order level, and links, using relation Kind, types and concepts from
different levels. But Esch does not deal with conceptual relations and relation
types. In [26] Michel Wermelinguer defines more formally higher order types
and proposes a translation to first order logic. He defines one hierarchy for all
the concept types and one hierarchy for all the relation types and organizes
them in regard of their nature and their order. Pavel Kocura in [12] deals with
the semantics of attribute relations in conceptual graphs and introduces some
second order concept types like: TYPE, REL_TYPE and relation types like ATTR
and VALUE_TYPE. He also presents some mapping rules from higher level to lower
level using Attribute (ATTR) relations. But none proposes a complete metamodel
of the conceptual graph language itself.

3 Modeling Constructs in the CG Formalism

Through a mapping to first-order logic (FOL), the CG theory is recognized as
a general knowledge representation language. The simple CGs which are fully
mappable to FOL formulae are called first-order CGs. Additional features such as
sets [211R], contexts [BIGI7UI6], and various quantifiers [I] provide higher reason-
ing capabilities by allowing modal [10], temporal [4[19/20] and fuzzy [I] reasoning
systems to be devised based on the CG representation language. First-order CGs

! This work is part of a research project supported by HEC Montreal.
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are composed of concepts and relation nodes. Concepts represent objects (either
physical or not) of some type. They are composed of the type of the object fol-
lowed by a reference to the object that they represent, called a referent. Relations
represent semantic links between objects. Relations are typed. The distinction
between a concept and a relation is rather arbitrary. At times relations may
be seen as objects. For simplicity purposes pertaining to both the modeling ac-
tivities and the subsequent efficiency of the knowledge handling operators, the
knowledge engineer must decide on a domain ontology that reflects the concepts
of the domain and their possible relationships, all seen as primitive elements of
the modeling language [14]. Section Bl introduces the representation primitives
needed to describe concept types; Section does the same with the definition
of relation types. Together these sections provide the basic constructs needed to
set up a metamodeling layer in a CG system.

3.1 Defining Concept Types

The definition of a concept type is about an object that is being defined (and
specified) at the metalevel so that it can be used as a concept type at the data
level. For example, let us introduce the object [ConceptType: Driver] which
states that Driver is an object of type ConceptType (which is predefined). And
let us use Driver in a concept [Driver: *x]. The former is useful to describe the
properties of concept type Driver, therefore providing it with a formal definition.
The latter is then permitted and can be used to describe individual drivers who
will comply with the definition of concept type Driver as given by the former
definition. Therefore we first need a concept type ConceptType that is used to
represent and define concept types. Then, when a concept type t is to be defined,
we need to attach the corresponding concept type concept [ConceptType: t]
to some definition graphs, represented by (embedded graphs) concepts, that
will provide it with different roles and restrictions. These roles are indicated
by the type of relation that links concept [ConceptType: t] to its definition
graphs. The different relation types that are needed to define a concept type
are: csubt, def, rstrct, and sntx; each links concept type concept [ConceptType:
t] to a concept type concept, a definition graph, a restriction graph (or a rule
graph), and a syntax graph, respectively. Each of these relation types is defined
in the subsections below. For example, concept type Driver could be defined using
the CG of Figure [ asserted at the metalevel.

Subtyping: csubt

From Figure [0l the subtype relation Driver < Person can be extracted from
the csubt relation. The concept type hierarchy is therefore built from all such
relations extracted from all concept type definitions. This creates an inheritance
network among concept types where all linked pairs of concept types are part of
a partial order of generality defined by the csubt relation.

Using a Concept Type at the Data Level: sntx
The syntax graph presents how the concept defined at the metalevel, a concept
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| ConceptType:Driver

ConceptType:Person |

CTDefinitionGraph:

Person:?x @ Car

RestrictionGraph:

Person

If:
(s o J-+(on)

Then:

| ()

%é?éé

Fig. 1. An example of a concept type definition.

type in the case of Figure [Il, must be used at the data levef]. Here again, rules
on how to compose a concept based on a concept type definition can be stated
at the metalevel (see Section [B]). These rules ensure that the syntactical forms
are used according to the metalevel definitions on which the acquired objects
are based.

Genus and Differentia: def

In Figure[T] it is stated that a driver is a person who drives a car. The genus of
the definition is thus the concept of type Person; its differentia is the statement
that s/he must drive a car to be recognized as a driver. This statement is equiv-
alent to the lambda expression of Figure Additional validation rules can be

Driver(x,) = [Person: A x,]—>(drives) —[Car]

Fig. 2. The lambda expression extracted from the definition graph of Figure 1

stated (as shown in Section [6) on how to ensure that the definition graph has
a concept whose referent is 7x, and that the concept type of this concept is in
accordance with the concept type which is the destination concept of the csubt
relation.

2 The use of *x in the syntax graph and ?x in the definition graph is a lexical convention
(see /refCGIG for semantics of *x and 7x). That does not mean they refer to the
same individual except if there are in the same graph
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Constraints on the Use of Types: rstrct

There are two types of restriction graphs, each one imposing a constraint on
the use of the concept type being defined: restriction graphs and rule graphs.
Restriction graphs introduce graphs that must never project themselves onto any
other graph in a CG systemﬁ. Therefore, they are graphs that represent situations
that must never occur. In our example of Figure[l] a driver cannot drive two cars
at the same time. Rule graphs introduce complementary definitions to the main
definition of a type, but only under certain conditions. With our example, when
a driver drives a car that is on the road, then s/he must have a driver’s license.
That is, when the if-graph projects itself onto some graph in the CG system,
then the then-graph must also project itself onto the same graph (providing that
the coreferenced variables are bound to the same concepts). Restriction and rule
graphs permit the representation of a large subset of the semantic constraints
found in database literature. They were introduced under a slightly different
representation in [I8]. For a more complete introduction on restriction and rule
graphs see [I7] and [13]; for a formal definition of their associated extensional
semantics see [15].

3.2 Defining Relation Types

As before, a predefined RelationType concept type is required to express that
some object is a relation type. The primitive relations defined above either hold
for the definition of relation types or have counter-parts. Figure Bl gives some
example of the definition of a relation type.

Subtyping: rsubt

In Figure Bl relation type goingto is defined as a subtype of the Link relation
type. A relation type hierarchy can be built from the rsubt relations found in the
definitions of all relation types. Here we chose to specialize the type inheritance
relation (subt) for concept types (csubt) and relation types (rsubt). This choice,
rather than using the subt relation directly, is justified for the following reasons.
First, linked elements concept types and relation types are different. Second, the
way to verify the validity of the relation is also different (See metarules in Figure

and Figure [18])

Using a Relation type at the Data Level: sntx

Finally, the use of the relation type r at the data level must be represented.
The syntax graph associated with the definition of r does that. As mentioned
before, syntactical formation rules can be expressed at the metalevel in order to
validate the use of a relation type at the data level (see Section [).

3 The projection that we consider here is injective. See [9] for the appropriate moti-
vation. We believe that under certain simplifying assumptions (see [14]) an injective
projection should be sought.

4 The relation type Link is primitive and states a relationship between two concepts.
Link is at the top of the relation type hierarchy.
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RelationType:goingto |

RelationType:Link |

RTDefinitionGraph:
OO ER

RestrictionGraph:

RestrictionGraph:

City:*x, Continent:Europe |
Then:
| Person:?x, @ AirLineTicket |

SyntaxGraph:

@

Fig. 3. The definition of a relation type..

Genus and Differentia: def

From Figure Bl one can see that the relation type goingto between two param-
eters x1 and x2, is defined as a person x1 who is the agent of a verb Go, for
which the destination is a city x2. From this (relation type) definition graph, the
lambda expression of Figure Hl could be extracted. Again, a metalevel rule can
be expressed to verify that the definition of a relation type r conforms to the
relation type of its supertype r' (according to the rsubt relation) (see Section [6).
Using the lambda expression produced from the definition of a relation type r,

goingto(x , ,x,) = [Person: A x,] = (agnt) - [Go]< (dest) < [Person: A x,]

Fig. 4. The lambda expression extracted from the definition graph of Figure [3]

the signature of r is then known. Therefore the canonical basis of the CG system,
B, can be built from the analysis of the definition graph of each relation type.
Also, a metarule enforcing the signature of each relation type can be expressed,
as will also be presented in Section [Gl.
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Constraints on the Use of Types: rstrct

As with concept type definitions, restrictions can be defined on the use of
a relation type at the data level. For instance, Figure [ states that a person
cannot go to two different cities that s/he cannot go to a city where s/he is
already located, and that when a person is located in North America and goes
to a city in Europe, then s/he must own an airline ticket.

4 Mapping Metalevel to Data Level

In [9] we defined a function that maps higher level to a lower level objects.
Let us recall that definition.

Definition 1. Function w is defined over C — & where C is the set of concepts
that represent entities of the system and & is the set of all referenced elements
(internal and external elements?).

Applied on a concept, function w returns the entity represented by the concept.
Obviously, the function is defined on the set of concepts that represent entities
of the system, i.e., internal elements. Figure [l shows the way the function w
may be used. Let us have (a) graph [City:0ttawal->(cap)->[Country:Canadal
identified by the internal referent #4387, (b) two different ways to speak about
this conceptual graph, and (c) the application of w on the first concept of (b).
Figure [Bl presents how the type of a concept could be accessed using a meta-level

(a) #4387 @ Country:Canada
(b) [ Graph:#4387 Graph: [ City:Ottawa

Country:Canada

© o ([Grpnmezer ]) = [Ciyotawa |—(c)

Fig. 5. Function w.

CG describing the concept. Let us consider [Concept: [City:0ttawall that is
the concept that represents the concept [City:0ttawal. Using the predefined type
and ref relations and Concept and Referent concept types, let us have the graph of
Figure[6l Figure [[lshows the mapping from a higher level to its immediate lower
level. Applying function w on the concept of type Concept in the meta-level CG
of Figure Bl we obtain the (data level) concept representing the city of Ottawa.

® The function w is a generalization of the Sowa’s functions 7 and p[24]. w is different
of Sowa’s function referent that returns the lexical of the referent field[25].

5 In the metamodel we distinguish two types of element, the external elements, exter-
nal with the language, and the internal elements which are the components of the
language. The external elements represent the objects of the universe of the speech
which is outside the system and which can be referred by internal elements.
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Referent:Ottawa

Concept: [ City:Ottawa

w (l Concept |) = | City:Ottawa |

Fig. 7. From a higher level to a lower level.

5 Defining Subtypes of the Primitives of Section [3]

The definition primitives of Section Bl and the mapping operator of Section H]
allow the objects of any level to be described by definitions found one level up,
at their metalevel. This provides for many layers of modeling levels. One use for
such layers is the definition of the modeling primitives from which the modeling
language that we are describing in this paper is composed of, allowing different
modeling languages to be mapped onto one another. This section will illustrate
these ideas by defining subtypes of certain relation types, creating classes of
relations, thus specializing the modeling language even more (Section [E1]) and
classes of specialized graphs (Section[5.2]). By doing so, we aim at demonstrating
how general the framework described in this paper is.

5.1 Creating Classes of Relations

The RelationType concept type, used as a primitive element in our modeling
language ontology so far, is itself a concept type. Therefore, it could be defined
using the definition primitives introduced in Section Bl Doing so will allow
specializations of it to be defined, refining further the modeling language that will
be handed out to the knowledge acquisition modules in charge of modeling the
actual application domain. In this section, we intend to show the expressivity of
the simple representation tools introduced in SectionsBland[4. As a first example,
let us say that a relation type is a type that is subtype of another relation
type. Figure 8 below illustrates this definition. Notice that there is no syntax
graph associated with it since a syntax graph represents a precise syntactical
form, therefore, a predetermined and fixed number of parameters (the arity of
relations of that type) would be required. Therefore, syntactic considerations
lead us to define fixed-arity relation types. Figure [0 shows a specialization of
concept type RelationType, BinaryRelationType, which will be useful for defining
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ConceptType:RelationType |

ConceptType:Type |

CTDefinitionGraph:

Fig. 8. The definition of a relation type.

binary relationd. Tt imposes a particular syntax graph to all of its elements,
providing a fixed arity of two for all relations of that type.

| ConceptType:BinaryRelationType |

ConceptType:RelationType |

CTDefinitionGraph:

RelationType:?x @
SyntaxGraph: @

Fig. 9. The definition of a relation type for binary relations.

Other subclasses of relation types can be defined in the same way. For in-
stance, it is possible to define a class of transitive relations through the definition
of a subclass of BinaryRelationType. Figure[Ill gives such a definition. Other classes

| ConceptType:TransitiveRelationType |

ConceptType:BinaryRelationType |

CTDefinitionGraph:

@ | BinaryRelationType:?r |

If
T o) (o=
Then:

Fig. 10. The definition of a class (type) for all transitive relations.

" As introduced in [9) in order to simplify the notation we replace
w([RelationType:*r]) by wr
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of relations can be defined to match particular properties of relations, like sym-
metry (see Figure[IT]), anti-symmetry (see Figure[12)), and reflexivity (see Figure

ConceptType:SymmetricalRelationType |

ConceptType:BinaryRelationType |

CTDefinitionGraph:
| BinaryRelationType:?r |

If
T*x @ Ty
Then:

Fig. 11. The definition of a class (type) for symmetrical relations.

ConceptType:Anti-SymmetricalRelationType |

ConceptType:BinaryRelationType |
CTDefinitionGraph:
'. > | BinaryRelationType:?r |

RestrictionGraph:
| T:?y | | T:?x |

Fig. 12. The definition of a class (type) for anti-symmetrical relations.

In Figure[T2 the restriction graph states that if  is in relation r with y and y
is in relation r with x then z and y may not be two distinct concepts. In Figure
[[3] we need to use the syntactic graph to identify in the rule graph the type that
the relation may link.

5.2 Creating Classes of Graphs

The CTDefinitionGraph concept type, used as a primitive element so far, may
be defined as a concept type. A Concept Type Definition Graph (CTDefinition-
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ConceptType:ReflexiveRelationType |

@ ConceptType:BinaryReIationType|

CTDefinitionGraph:

| BinaryRelationType:?x }—»@

SyntaxGraph: (=)

6

'
. Then:

Fig. 13. The definition of a class (type) for reflexive relations.

Graph) is a specialization of DefinitionGraph. Figure [[4] presents the definition and
restriction graphs of CTDefinitionGraph. The definition graph states that a CTDef-
initionGraph has at least one concept with a question mark and the restriction
graph states that a CTDefinitionGraph may not have two distinct concepts with
question marks. As CTDefinitionGraph above, the CTSyntaxGraph concept type

ConceptType:CTDefinitionGraph |

ConceptType:DefinitionGraph |

CTDefinitionGraph:

@ DefinitionGraph:?x @

Fig. 14. The definition of a class (type) for Concept Type Definition Graph.

may be defined as a concept type. A Concept Type Syntax Graph (CTSyntax-
Graph) is a specialization of DefinitionGraph. Figure [Bl presents its definition and
restriction graphs. The definition graph states that a CTSyntaxGraph has at least
one concept and the restriction graph states that a CTSyntaxGraph may not have
two distinct concepts. In this section we demonstrated how the definition primi-
tives of Section Bl and the mapping operator of Section[ can be used to describe
objects of any level by definitions at their metalevel. In the next section we will
show how we can complete specifications by adding metarules.
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| ConceptType:CTSyntaxGraph |

ConceptType:DefinitionGraph |

CTDefinitionGraph:
DefinitionGraph:?x
If

CTSyntaxGraph:*x

)b

Fig. 15. The definition of a class (type) for Concept Type Syntax Graph.

6 Metarules

This section presents metarules we introduced in earlier sections. The first
metarule, as illustrated in Figure[I6], states that the definition graph of a concept
type has a concept whose referent is ?x, and whose concept type is in accordance
with the concept type which is the destination concept of the csubt relation.
The second metarule presented here, illustrates the composition rule for concept

If
ConceptType:*x

Then:

ConceptType:?x @ ConceptType @
'l CTDefinitionGraph ll

Fig. 16. Concept Type Definition Graph Composition Rule.

type syntax graphs. The metarule (see Figure [IT7) states that the concept type
of the concept that appears in the syntax graph is the concept type itself. In

If:

ConceptType:*y

Then:

ConceptType:?y

CTSyntaxGraph

Fig. 17. Concept Type Syntax Graph Composition Rule.



Conceptual Graphs and Metamodeling 257

section we argued that a metalevel rule can be expressed to verify that the
definition of a relation type r conforms to the relation type of its supertype r’
(according to the rsubt relation). Figure [I8 presents this metarule. If two con-

If:

)
Concept: Concept:

Then:

ConceptType ConceptType

Fig. 18. Signature Compliance Rule.

cepts [Ta:*y1] and [Tb:*y2] are linked by a relation whose relation type is r
then the two types Ta and Tb are in csubt relation with the two types of the
signature of r as expressed in its syntax graph. Concept [Ta:*y1] identified as
the source of the relation has a type that is a specialization of the concept type
of the concept (element of the syntax graph) whose referent is *x;. Respectively,
Concept [Tb:*y2] identified as the destination of the relation has a type that is
a specialization of the concept type of the concept whose referent is *x,. These
few examples demonstrate that conceptual graphs can easily be used to state
restriction or define rule at a metalevel.

7 Conclusion and Future Work

Metamodeling and therefore metamodels are important because they formally
define the modeling primitives used in modeling activities. In this paper we intro-
duced basic building blocks in order to use Conceptual Graphs in metamodeling
activities. We have seen a metamodeling approach is important because it al-
lows declarative and formal definition of modeling constructs (Section Bl and
B). It authorizes validation of acquired knowledge through formal definition and
metarules(Section [B). In this paper we demonstrated that CGs are powerful
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enough to be used as an universal metamodeling language but a lot of work
remains to be done to define a complete metamodeling framework based on
CGs. In [9] we demonstrated that CGs may be used to model the main model
component of KADS [22]23] (a methodology to develop knowledge-based sys-
tems), and more generally, we are currently working on the development of a
meta-metalevel where we could, using formal definition of modeling languages,
specify a mapping between modeling languages. This will allow integration of
information systems even if based on different paradigms.
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Abstract. Virtual professional communities increasingly make use of standard
information tools, like mailers and groupware applications, to support their col-
laborative activities. However, the requirements of these communities and the
technologies in use change rapidly, so that requirements and available function-
alities continuously need to be recalibrated. Changing their mappings is not triv-
ial, because of the many dependencies between the business processes and tool
components. To increase the efficiency of the specification process, functionality
matching approaches need to be developed that are sensitive to the socio-technical
semantics of the community. In this way, the technical feasibility of a proposed
change can be more easily determined.

In this paper, we propose a concrete matching approach based on the RENISYS
method for legitimate user-driven system specification. The approach consists of a
series of matching process steps which are based on a functionality matching meta-
model. We illustrate how such an approach could be used in practice by applying
it to a proposed system change process in the case of an electronic journal.

1 Introduction

Virtual professional communities and their information systems are good examples
of complex socio-technical systems. There is significant pressure on these systems to
change, because of change drivers of many different kinds. Technological, economic,
political and many other factors contribute to a continuous need for evolution of the
requirements and supporting information technologies. However, change processes are
costly, and effects of changes are often unclear. Therefore, often considerable resistance
to change exists. To reduce this resistance, it must be clear to users what are the conse-
quences of a proposed change in the socio-technical system. An important barrier is taken
away if changes are legitimate, in the sense that they are both meaningful and acceptable
to the community. One approach increasing this legitimacy is the RENISYS method
[5]. Other effects of change, such as those on non-functional constraints like quality
and usability aspects, need to be taken into account as well. Yet another very important
category of change aspects is ensuring a good match between functional requirements
and the available IT resources. The question "do we still have adequate technological
support after implementing the proposed change?" needs to be answered positively, es-
pecially since in virtual communities work processes are complely or mostly enabled
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by information technologies. Otherwise, disruption of the socio-technical infrastructure
will interrupt the evolution of the community. Furthermore, when the technical complex-
ity of specification changes can be reduced, then the efficiency of the change process
can be increased so that more attention can be paid to other, non-functional aspects.
This will lead to information systems that are better tailored to the specific needs of the
community.

In Sect. 2] we first give an overview of existing theory and practice concerning func-
tionality matching, and introduce a case to illustrate the ideas. In Sect.[3 we then intro-
duce a meta-model specifically developed for matching required and enabled function-
alities in virtual professional communities. This meta-model is based on the RENISYS
method. A concrete matching process, grounded in this meta-model is introduced in
Sect.dl Some conclusions and directions for future research are given in Sect. 5.

2 Functionality Matching: Theory and Practice

In this section, we first define our view on functionality matching. After reviewing related
work, we introduce a case that is used to explain the ideas introduced in this paper.

2.1 Theory: What Is Functionality Matching?

Information systems for virtual professional communities are generally not constructed
from scratch. Instead, applications supporting collaboration are developed by experi-
menting with widely available information tools, which originally were often developed
for other purposes [7]]. We define an information tool as a unit of software that completely
or partially enables some information and communication processes. An information
process allows a single user to produce a new information object out of already existing
objects. An example is a researcher writing a review of a paper. The focus of a communi-
cation process, which involves multiple communicating entities, is on the transfer rather
than on the production of information objects. Examples of information tools range from
mailers, list servers, and chat tools to numerous kinds of web applications.

In order to understand the role that an information tool plays as part of the socio-
technical network information system, we need to look at both the functionality that the
tool provides and its usability, which concerns the extent to which the functions provided
by the tool are understood and applied by its users to their particular tasks. Together,
these notions determine the effective functionality [9], which we define as that part of
the available functionality used to support the activities of the community. This needs
to be known to assess the effect of changes in the information system.

Usability is not a property of the tool itself, but rather of the tool in its context of
use. Therefore, usability has been defined as the evaluation of the extent to which users
can translate their intentions into effective actions to access the functionality [8]. We
have decomposed this definition to focus on two aspects: (1) who can access a particular
information tool in which capacity and (2) how to represent the user requirements, the
tool functionality and their linkages. To deal with the first aspect, some framework is
needed to model the functionality of tool types and the access rights of particular users to
particular instances of these tools. The second aspect requires some ontology describing
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Fig. 1. Functionality Specification Example: The Paper Submission Process

the key entities of the complete socio-technical system, in order for users to propose and
discuss about functionality specifications. In the RENISYS method, both aspects are
addressed by the reference framework that is used to represent specifications that define
the socio-technical system. The reference framework consists of a problem domain
ontology modelling goals and activities, a human network ontology representing the
organizational structures in which these tasks are carried out, and an information system
domain ontology in which the technical functionality used by the virtual community
for its work is defined. An example of the dependencies between elements from these
domains is shown in Fig. [[l The relationships between the particular elements of the
figure are explained in Sect. 23]

2.2 Related Theory and Approaches

To some extent, research into matching algorithms that compare the functionality of two
software components on the basis of some kind of component specification, has been
done in the areas of information retrieval [[15]], cooperating (or interoperable) information
systems ([13]], [3]) and software reusability ([[14], [12]]). These solutions assume that the
functionality of components can be represented as a collection of signatures.

A component signature explicitly separates the definition of the services of the com-
ponent from the actual implementation. The services are defined as methods (functions)
with input parameters, input types and the output type. This separation is critical for
interoperability across programming languages, operating systems and even networks.
The Interface Definition Language (IDL) is a prominent example of a interface specifi-
cation language, that has been proposed by the Object Management Group (OMG) and
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constitutes the foundation for their object request broker (middleware) architecture. IDL.

specifications can be used to specify component attributes, parent classes, typed events,

methods (including input and output parameters and their data types), and exceptions.
In the following excerpt we give a simple example of an IDL specification:

module MyCommunity {
interface Administrator : Person {
attribute integer ID;
void registerNewMember (in short MemberID, in integer ID,
in String Community) raises (NotAuthorized);
void deregisterMember (in short MemberID, in integer ID,
in String Community) raises (NotAuthorized);}
} /* End MyCommunity

The excerpt specifies an interface of a Administrator component. This class in-
herits the characteristics and behavior from the parent class Person. Administrator
has an attribute ID with integer as its datatype. Moreover, this class exhibits three
methods to other interested classes: registerNewMember, deregisterMember and
NotAuthorized. The exception NotAuthorized occurs whenever the person that tries
to invoke one of these methods is not authorized.

Most interface matching approaches now compare the methods, and pre and postcon-
ditions of a collection of interface specifications, that are stored in some kind of interface
repository, with a given specification. The solutions generally have some mechanism to
deal with partial matches, and result in the best matching interface specification(s).

Although these ideas are applicable for acquiring potentially reusable component
definitions for example from a component repository, they do not deal with the specific
functionality evolution characteristics of virtual professional communities. More partic-
ularly, such socio-technical systems require efficient mechanisms to deal with changes
to configurations of tools, requirements, and users. Besides that, current matching ap-
proaches only match functionality in the narrow sense, omitting the usability aspect.

In our view, mapping tool functionality to the requirements of virtual communities,
requires firstly a functionality specification language that adds more social-technical
system semantics to the rather low-level interface definitions, and secondly, a mapping
procedure thatis based on a more sophisticated process that makes use of these semantics.

This does not mean that component mapping is unnecessary. On the contrary, these
approaches are essential to construct the support information tool components, e.g.,
mailing component, chat enabling components and registration components for com-
posing virtual community applications. However, they are not capable of dealing with
the more complex, and high level information tool requirement specifications specified
by the (mostly non-technical) community members themselves. Questions like "do we
still have enabling components if we change the community structure?" can not be an-
swered with interface mapping approaches as the specification languages can not capture
the semantics.

Thus, what is needed are approaches that can deal with the specific functionality
matching problems of virtual communities, so that changes in functionality can be ana-
lyzed in their broader usage context.



264 A. de Moor and W.-J. van den Heuvel

2.3 Case: The Electronic Journal on Comparative Law

IWI, a Dutch organization stimulating new ways of distributing scientific information,
funded a project to create an Electronic Journal on Comparative Law (EICLJ]. The
project group included participants from various academic law institutes, university
libraries, and computer centers. The goal was to have all publishing activities, ranging
from paper submission to editing, peer review, and publication, being done completely
via the Web. The initial basic set of requirements defined by the project team members
gradually grew in scope and complexity. Furthermore, the set of simple information
tools over time included more advanced groupware applications.

One interesting observation from a functionality matching perspective concerns the
definition of the technological support for the paper submission process (Fig.[I)). The
submission of papers was considered as a document transferring process, which consisted
of two required communication processes: first, an author has to upload a file, then
he sends an e-mail to the editor with the submission details. The technical committee
responsible for the selection of the right tools proposed to enable the file uploading
process using a standard FTP tool. This tool enables basic file transfer. However, the
project coordinator then proposed to use a BSCW-server instead. This tool has been
optimized for file distribution processes, as it enables advanced, userfriendly, and secure
file transfer. Furthermore, it can be used to send e-mails as well as monitor changes
in file updates and accesses. The effects of replacing the FTP-server with a BSCW-
server are not clear. Both tools enable their own sets of information and communication
(IC) processes. Their effective functionality needs to be known before this change is
technically feasible. The approach we introduce next is capable of dealing with such
change complexities.

3 A Functionality Matching Meta-model

To develop an approach that can facilitate the functionality change process, we first need
to define a functionality matching meta-model. This metamodel can be used to model
the exact relations between tools, users, and the functionalities that are required and
enabled. We use this static model to define the actual functionality matching process in
Sect. @l

Before presenting the meta-model, we first operationalize the concept of effective
functionality by listing a number of axioms.

Effective Tool Functionality Axioms. These axioms form the foundation of the func-
tionality matching meta-model. In any change process, their validity must be guaranteed.

— An information tool can enable one or more information and communication pro-
cesses.
Example: a mailer allows a user to compose a mail (information process) and send or receive
a mail (communication processes).

! http://law.kub.nl/ejcl
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— Different information tools may have partially overlapping functionality, i.e. each
enabling the same information or communication process, while also enabling dif-
ferent such processes at the same time.

Example: Both a mailer and a web browser allow one to send a mail. However, only with
a mailer can a user also organize sent and received messages, whereas sophisticated HTML
document access is just possible with a web browser.

— All network participants involved in a required information/communication process
must have at least one enabling information tool at their disposal.

Example: a participant may have a required communication process of sending a mail. Thus,
the participant must have access to, for instance, a mailer or a web browser.

Fig. 2. A Functionality Matching Meta-Model

The Meta-model. In the meta-model, we describe how in RENISYS the following
elements are specified: (1) the enabled functionality (which tools enable which IC-
processes), (2) the required functionality (which IC-processes are required), (3) the
enabling functionality (which required IC-processes can be enabled by the tools), (4)
functionality access (which users have access to which tool instances), and (5) function-
ality assignment (which users use which tool instances for what workflow mappings).
Fig. Rlshows the relations between the different entities necessary in the functionality
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specification process@. The semantics of this figure are explained in the remainder of
this section.

Enabled Functionality. Any IC-process enabled by some information tool is called an
enabled IC-process. Such a process is represented as a a state definition which conforms
to a specialization of the following type definition of the enable-relation:

[Type : [Enable : *x] — (Def) — [T : *x|—
(Inst) — [Info_Tool]
(0bj) — [IC_Proc]].

Example
The following state definition says that uploading a file is enabled by an FTP
tool:
[State : [Enable : #267]—
(Inst) — [FTP]
(0bj) — [Upload_File]].
O

Required Functionality. The RENISYS reference framework distinguishes three do-
mains, as mentioned before. Workflows from the problem domain are called activities,
from the human network interactions and from the information system domain /C-
processes. Functionality requirements consist of information or communication (IC)
processes in their usage context. Requirements are represented by workflow mappings,
which relate a workflow from the problem domain, via one in the human network domain
to a workflow in the information system domain. For example, a workflow mapping can
say that a (problem domain) editorial process is a form of a (human network) discussion
process which is supported by an (information system) file sending process, among oth-
ers. The required IC-process then is the IC-process part of the workflow mapping, in this
case the send file-process. The activity and interaction part of such a mapping together
identify the usage context in which the required IC-process operates. A particular work-
flow mapping is represented as a state definition which conforms to a specialization of
the workflow mapping type definition. This definition is:
[Type : [Workflow Mapping : *x] — (Def) — [Mapping : *x]—

(Part) — [Activity]

(Part) — [Interaction]

(Part) — [IC_Proc]].

Example
[State : [Workflow Mapping : #123]—
(Part) — [Submit_Paper]
(Part) — [Transfer_Document]
(Part) — [Comm Process]].

2 The diagram is a variant of NIAM-notation [6]. Bold arrows indicate subtype relations, the
predicates represent other relations. Only the entity types User, Info_Tool, IC_Process, and
Workflow_Mapping are basic concept types. The other entities distinguished in the functionality
specification process are roles that these types play. They are denoted by an asterix.
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This workflow mapping specifies that ‘the paper submission process is a docu-
ment transfer process that is supported by some communication process’. The
latter process is thus a required IC-process. Note that this process is defined as a
generic communication process, because the specifier does not either know, or
care, by which particular type of communication process the paper submission
process is to be supported. This means that many degrees of freedom are left in
the choice of the tools that are to support this particular workflow mapping.

267

Enabling Functionality. For the required IC-process of each workflow mapping, a
set of potentially enabling IC-processes exists. These are those IC-processes that are (1)
enabled by some tool and (2) are a subtype of the required IC-process. This makes sense,
because the specifiers of a workflow mapping would define the required IC-process to be
generic if they are indifferent or do not know yet which particular enabling IC-process
should satisfy it, as in the previous example. So, the more generic the required IC-
process, the more enabled IC-processes can match with it, thus the more potentially
enabling IC-processes for a particular workflow mapping there are. Out of this set of
potentially enabling IC-processes, at least one enabling IC-process must be selected for
the workflow mapping to become operational.

Example

O

Assume the workflow mapping #123 defined earlier, and assume that the set of
enabled IC-processes equals

{[Send Mail], [Receive Mail], [Send File|, [Edit_Textfile|}, of which all but
the edit-textfile process (which is an information process) are communication
processes. The set of potentially enabling IC-processes is

{[Send Mail], [Receive Mail], [Send_File|}, since these are all subtypes of the
communication-process. Out of this set of potentially enabling processes, the
specifier selects the send mail-process as the (actually) enabling IC-process.

Functionality Access. Each user has access to a certain set of fool instances, represented
in the form of state definitions that conform to this type definition of the access-relation:

[Type : [Access : *x] — (Def) — [T : *x|—
(Poss) « [User]
(0bj) — [Info_Tool]].

Example

The following state definition (representing a state-of-affairs in the domain)
indicates that John has access to mailer #4 at the Infolab.

[State : [Access : #213]—
(Poss) <« [User : #John]
(Obj) — [Mailer : #4@Infolab]].



268 A. de Moor and W.-J. van den Heuvel

Some types of information tools are complex, in the sense that users can access only
part of the functionality of the tool. A typical example of such a complex information tool
is a web server that consists of many different pages, each enabling different functionality.

The meaning of a complex information tool is the following:

[Type : [Complex_Info_Tool : x| — (Def) — [Info_Tool : *x|—
(Part) — [Entity]].

Example
This definition of a complex information tool indicates that user John only has
access to the home page of the BCFOR-web server:

[State : [Access : #215]—
(Poss) <« [User : #John]
(Obj) — [Web_Server : #BCFOR] — (Part) — [Web_Page : #home.html]].

Functionality Assignment. For each workflow mapping, it should be determined for
all users in the community whether the workflow mapping applies to them. If so, out of
the tools accessible to a particular user, one or more should be selected. This selected
tool is to support him in the required IC-process that is part of the workflow mapping.

Users are in the set of assignable users, a subset of all community members, for a
workflow mapping if he or she is permitted to be involved in it. Such permissions can
in principle be calculated from the action norms that define the workflow behaviour of
users (see [3]]), however, for simplicity, we allow users to be assigned to a workflow
mapping manually here.

An information tool is in the set of assignable tools for a workflow mapping if it
enables the enabling IC-process, i.e., the particular IC-process type chosen to match with
the required IC-process. Thus, assignable tools for the send mail required IC-process of
the previous example could be, for instance, mailers and BSCW, since both tools offer
some form of mail-sending functionality.

The actual assignment of the tool that is to support a particular assignable user in a
specific workflow mapping is not automated in our approach. The main reason is that
the choice of which tool to use for a work process depends on many circumstances
beyond functionality matching, such as the non-functional requirements mentioned in
the introduction. For example, the users themselves could be intensively involved in this
assignment process, since they can best assess their own requirements and preferences.

The functionality assignment is represented by a so-called support-relation. This
definition assigns some assignable user and an assignable tool to the workflow mapping.
This user is referred to as the assigned user, the tool is called the assigned tool. The type
definition of the support-relation is:

[Type : [Support : x| — (Def) — [T : *x]—
(Poss) « [User]
(Inst) — [Info_Tool]
(Obj) — [Workflow_Mapping]].
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Example
The requirement that user John is to use (possibly among other tools) BSCW
server #3 to enable him to submit papers is represented by:

[State : [Support : #167]—
(Poss) « [User : #John)]
(Inst) — [BSCW : #3]
(Obj) — [Workflow Mapping : #123]].

Often, it may be necessary to specify that a particular required IC-process is to
be supported by a particular type of tool, without knowing yet who are its users. For
example, a team leader wants all of his staff to use the same tool for a particular workflow.
The representation of such a required implementation is:

[Type : [Req-Impl : *x] — (Def) — [Entity : *x|—
(Inst) — [Info_Tool]
(0bj) — [Workflow_Mapping]].

Example
The following state definition concisely represents that all users should be able
to access the BSCW-server for submitting papers:

[State : [Req-Impl : #165]—
(Inst) — [Web_Server : #BSCW]
(O0bj) — [Workflow Mapping : #123]].

4 The Functionality Matching Process

In the previous section, we introduced the static meta-model in which the matching
relations between requirements (i.e. workflow mappings), tools, and users were specified.
Next, we use this model to construct a process that can be used to assess the effects
of changes in the system specifications on the match between required and enabled
functionalities. We briefly introduce the matching steps in Sect. and we illustrate
the process using material from the case described earlier in Sect. 2.3.

4.1 Matching Process Steps

The matching process consists of 5 stages: (1) creating a base of system specifications,
(2) proposing some change to the specifications, (3) formulating a set of functionality
matching criteria, (4) calculating the match, and (5) interpreting the results.
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1. Define System Specifications. Virtual professional communities are continuously
changing socio-technical systems. At a time t=0, before the change is proposed, we
assume that the current system specifications are properly matched with respect to the
required and enabled functionalities.

Example A set of enabled-functionality state definitions declares that FTP enables
the upload file-process; BSCW enables the upload file, send e-mail and monitor change-
process; mailers enable the send e-mail process. To model the required functionality, two
workflow mapping definitions WM1 and WM?2 represent that the submit paper-process
is a transfer document-process which is enabled by the upload file-process (WM1) and
the send e-mail-process(WM2), respectively. For WM, the only potentially enabling
IC-process is the upload file-process (enabled by FTP and BSCW), for WM2 the only
potentially enabling IC-process is send e-mail (enabled by BSCW and mailers). These
are also selected as the enabling IC-processes for the workflow mappings. The selection
process is trivial in this case, since there is only one potentially enabling IC-process
here. In other cases, however, there may be more options to choose from, if there are
deeper IC-process type hierarchies. Two functionality access definitions declare that
John has access to mailer #4 and FTP-server #EJCL, three other definitions say that
Mary has access to mailer #22, FTP-server #EJCL and BSCW-server #EJCL. Finally, to
assign the functionality, two support definitions declare that John is supported in WM 1
by FTP-server #EJCL and in WM2 by mailer #4. Two other definitions say that Mary is
supported in WM1 by FTP-server #EJCL and in WM2 by mailer #22.

These definitions are represented in the Peircel] conceptual graph workbench. To
illustrate, one of these definitions is given here:

[State: [Support:#300] -
<~ (Poss) <- [User:#John]
-> (Inst) -> [FTP:#EJCL]
-> (Obj) -> [Workflow_Mapping:#WM1]].

2. Propose Specification Change. At t=1, some specification change is proposed by
one of the users. Such a change concerns the creation, modification or deletion of one
or more specification knowledge definitions like the ones presented above. Note that
the legitimacy of the user being involved in such a change process is guaranteed in
the RENISYS method by performing the proper calculations on the set of applicable
composition norms (see [S]). These norm calculations say which users may, must, or
may not be involved in these knowledge definition change processes. For instance, there
may be a norm that says that all system administrators must be involved in the creation
of new access-definitions. A change proposal can be in any part of the socio-technical
system.

Example Instead of using FTP to upload files in the paper submission process, the
project coordinator proposes to use BSCW. This means that the support for workflow
mapping WM1 needs to be changed.

3. Formulate Matching Criteria. Many different kind of functionality matches are
conceivable. Matching criteria (or constraints) need to be specified on which the match

? http://www.cs.adelaide.edu.au/users/peirce
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is to be performed. Such criteria are expressed in terms of the elements of the meta-
model. For instance, one criterion could be that when upgrading a tool by installing a
new version (i.e., changing its enabled functionality), all existing workflow mappings
that the old version supports must still be supported after the change. Once formulated,
each criterion needs to be expressed in one or more matching criteria graphs. These
graphs are the CG-queries necessary for retrieving the knowledge definitions that satisfy
the matching criteria.

Example The change process concerns the replacing of tool instances in support-
definitions (i.e., definitions that say which users use what tool instances to enable a
particular workflow mapping). The matching criteria are (1) all tool instances of FTP in
support-definitions of WM need to be replaced by tool instances of BSCW. Before this
can be done, however, (2) all users that are part of the support definitions selected in (1)
need to have an access-relation to at least one instance of the BSCW-tool. In this way,
their requirements continue to be enabled. The accompanying matching criteria graphs
are:

(1) [State: [Support] -

(Inst) -> [FTP]

(0bj) -> [Workflow_Mapping: #WM1]]
(2) [State: [Access] -

(Poss) <- [User:#x]

(0bj) -> [Bscwll

4. Calculate the Match. Using the functionality specifications of step 1 and the match-
ing criteria graphs of step 3, the actual match is calculated. In general, such a match
can be calculated by projecting the matching criteria graphs on the knowledge base of
functionality specification graphs.

Example Matching criteria graph (1) is first projected on the specification knowledge
base. Using the specialisations function of the Peirce workbench, the following result is
returned:

> (Specialisations) -> [[State: [Support] -
-> (Inst) -> [FTP]
-> (Obj) -> [Workflow_Mapping:#WM1]1]?

[State: [User: #Mary]->(Poss)->[Support: #302]-
(Inst)->[FTP: #EJCL]
(0bj)->[Workflow_Mapping: #WM1],].

[State: [User: #John]->(Poss)->[Support: #300]-
(Inst)->[FTP: #EJCL]
(0bj)->[Workflow_Mapping: #WM1],].

true

>

This means that two users, Mary and John, currently make use of an FTP server.

Next, the matching criteria graph (2) is projected in similar fashion on the knowledge
base, with *x replaced by #Mary and #John, respectively. Only for Mary, a specialization
is returned. This means that she already has access to the BSCW tool, but John not yet.
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5. Interpret the Matching Results. Based on the criteria of step 3, the matching results
of step 4 can be interpreted in different ways. Different courses of action can be taken
to deal with functionality mismatches. For example, if one criterion says that no users
should have access to a particular type of tool, then nothing needs to be done if no results
are returned in step 4, whereas otherwise one or more functionality specifications may
need to be redefined.

Example Since for John no access-relation has been returned, there first must be
a specification process that gives him access to the BSCW-tool. To do so, an e-mail
could automatically be sent to the system administrator. After access has been granted
by means of an access-definition, the now superfluous definitions that described the
FTP-support for the upload-file process can be removed.

4.2 Discussion

The functionality matching meta-model was based on the semantics introduced in the
RENISYS specification method, which was explained in detail in [5]. In the literature,
such a meta-model plus approach for supporting virtual communities in the specifi-
cation of their network information systems was lacking at the time. Extensions are
needed in various directions to realize a practical methodology. For example, we now
assume that semantic mismatches between the required and the enabled functionality
specification have already been resolved. In reality, much middleware consists of func-
tionality components, such as information services, that are much more complex than
the heavily simplified information and communication processes described in this pa-
per. Furthermore, for implementation purposes links to low-level technical functionality
specifications need to be established.

Another required extension is to expand the functionality matching metamodel with
roles. In the current approach, users (e.g. John and Mary) are directly coupled to infor-
mation tools. However, roles are an important construct for functionality specification
to become more efficient. Roles can be loosely defined as collection of information and
communication processes that can be performed by an actor. An actor role, such as an
editor, can be played by various users at the same time. In our view, this concept enhances
the matching process by limiting the necessity to determine for each individual user its
workflow mappings and tool assignments.

Another limitation of the current approach is that only a few dependencies between
specifications have been modelled so far. For example, besides the basic assignment de-
pendencies, there are many others conceivable. One issue concerns the relations between
client and server tools: installing a BSCW server also means that users need to have a
BSCW client (i.e. Web browser). This dependency has not been modelled yet.

We do not claim that from a theoretical perspective, this RENISYS-based approach
is the only or even the best possible one. However, we do claim that the issues raised and
elements of the functionality matching approach introduced are relevant in all matching
approaches.

Once implemented and sufficiently extended, we also think that the functionality
matching approach could become a true application, in the sense of [4]. Such an ap-
plication should aid in the solution of actual problems, and be more than just a tool.
Generic CG tools already exist and can be used to provide the basic functionality of
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the application. An important application area of our approach could be in developing
testbeds [2]], such as envisioned in the PORT project [1], in which many members of
the CG-community are involved and which aims to develop a testbed methodology:
*“...The testbed methodology in a collaboratory research program provides a virtual ob-
servational context in which to study the needs of collaborators (in remote interaction
with instruments, colleagues, and data) and to develop technology in response to those
needs, for testing in that context. In testbeds, those collaborating must be able to moni-
tor themselves in the process of examining how a proposed technology might augment
their work.’fl. We feel that our approach, including its meta-model, could help to pro-
vide such a virtual observational context. One tool we are currently experimenting with
is WebKBI. This tool seems to be well suited to construct such testbed applications,
since it combines relatively advanced graph operations with a user-friendly, web-based
interface. In this way, for example pulldown-lists can be easily generated with options
for users to choose from, i.e. the list values are derived from graph operations on the
knowledge base.

5 Conclusions

In this paper, we introduced a concrete functionality matching approach that aims to
support virtual professional communities in order to achieve a more adequate evolution
of their network information systems. The approach is based on a meta-model containing
a detailed high-level, socio-technical semantics of the relations between requirements
in the form of information and communication processes, users, and information tools.
The approach was illustrated by a real-world case: an electronic law journal.

The functionality matching approach proposed here bridges two theoretical worlds.
It is on the one hand related to work on component interface matching, which currently
dominates middleware research. A major drawback of existing approaches is that they
are defined at a very low level and do not contain any semantics of the evolution of
the socio-technical system of virtual professional communities. On the other hand, our
approach makes use of the power of conceptual graph theory, notably the availability
of graph generalization hierarchies for efficient specification representation and easy
calculation of graph matches by means of basic projection operations. Of course, the
proposed approach is only a very simple one. The most important contribution currently
is that the approach (1) makes explicit use of a functionality matching meta-model to
describe high level socio-technical semantics; it recognizes that different communities
(2) may apply different matching criteria, so that they can define their own, customized
constraints on the evolution of their socio-technical system and (3) interpret the results
in their own way by taking potentially different courses of action in case of violation
of matching constraints. This tailored approach to defining the implementation of net-
work information systems does justice to the unique and volatile nature of many virtual
communities.

* Proposal for Workshop on the Semantic Web for ICCS 2001, PORT-mailing list, 24 December
2000
> http://www.webkb.org
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Abstract. RDF(S) is the emerging standard for knowledge representa-
tion on the Web. In the CoMMA European IST project dedicated to
ontology guided Information Retrieval in a corporate memory, the se-
mantic annotations describing the Intranet documents are represented
in RDF(S). In this context, the RDF(S) expressivity appears to be too
much limited for efficient IR. In this paper, we present DRDF(S), an
extension of RDF(S) to express class and property definitions and ax-
ioms as ontological knowledge, and more generally contextual knowledge
on the Semantic Web. Our approach is underlain by the existing map-
ping between RDF(S) and CGs: DRDFS -the extension of RDF(S) we
propose- is based on features of the Conceptual Graphs model. We ar-
gue that CGs meet the needs of the Semantic Web and we hope that
DRDF(S) will contribute to the ongoing work of the W3C committee for
improving RDF(S).

1 Introduction

The need of a Semantic Web is now well recognized and always more emphasized
[1]. The huge amount of information available on the web has become overwhelm-
ing, and knowledge based reasoning now is the key to lead the Web to its full
potential. In the last few years, a new generation of knowledge based search
engines has arisen, among which the most famous are SHOE [9] and Ontobroker
[6]. They rely on extensions of HTML to annotate Web documents with seman-
tic metadata, thus enabling semantic content guided search. For interoperability
on the Web, the importance of widely accepted standards is emphasized. The
Resource Description Framework (RDF) is the emerging standard proposed by
the W3C for the representation and exchange of metadata on the Semantic Web
[I1]. RDF Schema (RDFS) is the standard dedicated to the representation of
ontological knowledge used in RDF statements [12].

In the CoMMA European IST project dedicated to ontology guided Information
Retrieval (IR) in a corporate memory, RDF(S) is the knowledge representation
language used to annotate the documents of an organization’s intranet. These
annotations are translated into conceptual graphs which are then exploited for
knowledge based IR on the intranet by using the CORESE inference engine im-
plemented in our team [2]. However the expressivity of RDFS appears too much

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 275-289] 2001.
© Springer-Verlag Berlin Heidelberg 2001
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limited to represent the ontological knowledge of the corporate memory. Ax-
iomatic knowledge -concept definitions, algebraic properties of relations, domain
axioms- is crucial for intelligent IR on the Web and the need for inference rules is
well-known since the first IR systems on the Semantic Web: they are the key to
discover implicit knowledge in Web page annotations for IR to be independent of
the point of view adopted when annotating [7]. The need for additional features
and conventions in RDF is claimed in [10].

When compared to Object-Oriented Languages(OOL), Description Logics(DL),
or Conceptual Graphs(CG), RDF(S) does not enable to declare class or prop-
erty definitions, nor axioms [4] [5]. In this paper, we propose an extension of
RDF(S) with class and property definitions and axioms. We call it DRDF(S) for
Defined Resource Description Framework. DRDF(S) more generally enables to
express contextual knowledge on the Web. Because the RDF philosophy consists
in letting anybody free to declare anything about any resource, the knowledge
of by who and in which context a special annotation has been stated is there-
fore crucial: DRDF(S) enables to assign a context to any cluster of annotations.
The representation of class and property definitions and axioms is based on this
general notion of context.

Our approach of RDF(S) is underlain by the existing mapping between RDF(S)
and the CG model: DRDF(S) is based on features of the CG model that pro-
vide further representation capabilities. The existing knowledge representation
languages have a crucial role to play in providing the grounds of a standard
language for the Semantic Web. We argue that the CG model meets the needs
of the Semantic Web and we hope that DRDF(S) will contribute to the ongoing
work of the W3C committee for improving RDF(S).

Sections 2 and 3 are dedicated to the presentation of the RDF(S) model and
its comparison with the CGs model. Section 4 presents the extension of RDF(S)
with contexts and existential quantification. The extensions of RDF(S) with class
and property definitions and axioms are then presented in sections 5 and 6. The
metamodel of DRDF(S) is described in section 7. Finally, we compare DRDF(S)
with other Web languages in section 8.

2 RDF(S)

2.1 RDF and RDFS

RDF is the emerging Web standard for annotating resources, such as images or
documents, with semantic metadata [IT]. These Web resources are identified by
their URIs. In addition, anonymous resources provide a limited way of existential
quantification. An RDF description consists in a set of statements, each one
specifying a value of a property of a resource. A statement is thus a triple
(resource, property, value), a value being either a resource or a literal. The RDF
data model is close to semantic nets. A set of statements is viewed as a directed
labeled graph: a vertex is either a resource or a literal and an arc between
two vertices is labeled by a property. RDF is provided with an XML syntax.
Figure [ presents an example of RDF graph and its XML serialization. It is
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the annotation of the Web page of T-Nova which is a subdivision of Deutsche
Telekom. The examples highlighting our paper are all based on the CoMMA
ontology.

subdivisionOf
<rdf:Description about=‘www.T-Nova.de’>

www.DeutscheTelekom.de
<subdivisionOf rdf:resource="www.DeutscheTelekom.de’>

type <rdf:type rdf:resource="#TelecomCompany’ />
</subdivisionOf>

TelecomCompany </rdf:Description>

Fig.1. An RDF annotation

RDF Schema (RDFS) is dedicated to the specification of schemas represent-
ing the ontological knowledge used in RDF statements [I2]. A schema consists
in a set of class and property declarations. Multi-inheritance is allowed for both
classes and properties. A property is declared with a signature allowing several
domains and one single range: the domains of a property constraint the classes
this property can be applied to, and its range the class the value of this prop-
erty belongs to. The RDFS metamodel is presented in Figure[2 It is a recursive
definition, the RDFS metamodel being defined as a set of RDFS statements by
using the two core RDFS properties: subclassOf and type which denote respec-
tively the subsumption relation between classes and the instantiation relation
between an instance and a class.

- ™ type
— subclassOf

Resource

‘ subPropertyOf

[o]
ConstraintProperty
- . subclassOf

Fig. 2. The RDFS metamodel

To represent domain specific knowledge, a schema is defined by refining the
core RDFS. Domain specific classes are declared as instances of the Class re-
source, and domain specific properties as instances of the Property resource.
The subclassOf and subPropertyOf properties enable to define class hierarchies
and property hierarchies.
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2.2 RDF Limitations

e A Triple Model. The RDF data model is a triple model: an RDF statement
is a triple (resource, property, value). When asserted, RDF triples are clustered
inside annotations. An annotation can thus be viewed as a graph, subgraph of the
great RDF graph representing the whole set of annotations on the Web. However,
‘there is no distinction between the statements made in a single sentence and
the statements made in separate sentences’ [11]. Let us consider two different
annotations relative to two different research projects which the employee 46 of
T-Nova participates to:

— {(Bas,worksIn,TNova), (Ess, project, CoM M A), (E4s, activity, endU ser)}
— {(Eys,worksIn, T Nova), (Esg, project, projectX), (Esg, activity, developer)}.

The whole RDF graph does not distinguish between these two clusters of
statements. Employee 46 is both endUser and developer: the knowledge of which
activity inside of a project he is implicated in is lost.

e RDF Reification. The RDF model is provided with a reification mechanism
dedicated to higher order statements about statements. A statement (r,p,v) is
reified into a resource s described by the four following properties: the subject
property identifies the resource r, the predicate property identifies the original
property p, the object property identifies the value v of p, the type property
describes the type of s; all reified statements are instances of the Statement
class. Figure [3] presents the following reification: ‘Observer 3002 says that the
rating of Newsletter 425 is seminal’.

Observer—3002

‘ Statement ‘ ‘Newsletter—425‘ ‘raling‘ ‘ seminal

Fig. 3. An example of reification

Let us consider now the reification of a set of statements. It requires the use of
a container to refer to the collection of the resources reifying these statements.
This leads to quite complicate graphs (see [T1], Figure 10). Moreover a statement
containing an anonymous resource can not always be reified: the values of the
subject and object properties must have an identifier.

e FEuxistential quantification. The RDF model focuses on the description of iden-
tified resources but allows a limited form of existential quantification through
the anonymous resource feature. Let us consider the RDF graph describing an
anonymous resource in Figured] It is handled by automatically generating an ID
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for the anonymous resource. However, such a handling of existential knowledge
through constants is a limited solution and a graph containing a cycle with more
than one anonymous resource can not be represented in RDF.

worksIn project <rdf:Description>
www.T—Nova.del [ \ [ CoMMA <workslIn rdf:resource="www.T-Nova.de’ />
: | ‘ | ‘ <project rdf:resource="#CoMMA’ />
</rdf:Description>

Fig. 4. An example of anonymous resource

e C(lasses and properties. An RDF Schema is made of atomic classes and prop-
erties. The RDFS model does not enable the definition of classes or properties.
More generally, axioms cannot be represented in the model.

3 RDF(S) and Conceptual Graphs

3.1 Mapping of the RDF(S) and CG Models

Here we present the common features the RDF(S) and CG models share.

e Both models distinguish between ontological knowledge and assertional knowl-
edge. This distinction is common to most knowledge representation languages.
First, the class (resp. property) hierarchy in an RDF Schema corresponds
to the concept (resp. relation) type hierarchy in a CG support; second, and
more important, RDFS properties are declared as first class entities like RDFS
classes, in just the same way that relation types are declared independently of
concept types. This common handling of properties makes particularly relevant
a mapping between RDF(S) and CG models. In particular, it can be opposed
to OOL approaches, where properties are defined inside of classes.

e In both models, assertional knowledge is positive, conjunctive and existential.
e Both models allow a way of reification.

e In both models, assertional knowledge is represented by directed labeled graphs.
An RDF graph G may be translated into a conceptual graph CG as follows:

— Each arc labeled with a property p in G is translated into a relation node of
type p in CG.

— Each node labeled with an identified resource in G is translated into an
individual concept in CG whose marker is the resource identifier. Its type
corresponds to the class the identified resource is linked to by a type property
in G.
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— Each node labeled with an anonymous resource in G is translated into a
generic concept in CG. Its type corresponds to the class the anonymous
resource is linked to by a type property in G.

A mapping holds between RDFS and a large subset of the CG model and a
translation of RDF(S) into CG has been presented in [2].

Regarding the handling of classes and properties, the RDF(S) and CG
models differ on several points. However these differences can be quite easily
handled when mapping RDF and CG models.

e RDF binary properties versus CG mn-ary relation types. The RDF data
model intrinsically only supports binary relations, whereas the CG model
authorizes n-ary relations. However n-ary relations can be represented by binary
properties by using an intermediate resource with additional properties giving
the remaining relations (see [L1], section 7.3).

e  RDF multi-instantiation versus CG mono-instantiation. The RDF data
model supports multi-instantiation whereas the CG model does not. However
the declaration of a resource as instance of several classes in RDF can be
translated in the CG model by generating the concept type corresponding to
the most general specialization of the concept types translating these classes.

e Property and relation type signatures. In the RDF data model, a property may
have several domains whereas in the CG model, a relation type is constrained
by a single domain. However the multiple domains of an RDF property may be
translated into a single domain of a CG relation type by generating the concept
type corresponding to the least common generalization of the concept types
translating the domains of the property.

3.2 Additional Expressivity of the CG Model

The CG model is provided with additional features insuring a greater expres-
sivity. Regarding the existing mapping between the RDF(S) and CG models,
these features will be the key to an extension of RDF(S) based on the CG model.

e A graph model. A conceptual graph represents a piece of knowledge separate
from the other conceptual graphs of the base it belongs to. Let us consider again
the two projects of T-Nova which employee 46 participates in. The statements
relative to one project are clustered in one conceptual graph and then separated
from the statements relative to the other projects. The two conceptual graphs
are the following:

— [Project : CoM M A] + (project) < [T : Ess] — (activity) — [EndUser : ]
— [Project : Px] + (project) « [T : Eag] — (activity) — [Developer : x].
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e Reification. A conceptual graph G is reified into a marker whose value is
G. Let us consider again the following reification: ‘Observer-3002 says that
the rating of Newsletter-425 is seminal’. It is represented by the following
conceptual graph:

[T : Obs3002] — (say) — [Proposition : [T : News425] — (rating) — [T : seminal]].

In the RDF model, the reification of a set of statements requires the use of a
container to refer to the collection of the resources reifying these statements. In
the CG model, since the notion of graph is intrinsic to the model, the equivalent
reification remains based on the initial basic mechanism.

o FEristential Quantification. The CG model allows to represent every existen-
tial, positive and conjunctive proposition without any restriction.

o Type definitions and axioms. In the CG model, concept types and relation
types are either atomic or defined [I4][8] and graph rules allow the representa-
tion of axiomatic knowledge [T3].

Starting from the correspondences between the RDF(S) and CG models and
the higher expressivity of CGs, we propose an extension of RDF(S) based on
CGs features to provide RDF(S) with an expressivity equivalent to the CGs
one. We call it DRDFS for Defined Resource Description Framework.

4 Extending RDF(S) with Contexts and Existential
Quantification

4.1 Extending RDF(S) with Contexts

We introduce a notion of contert in the RDF model to express independant pieces
of knowledge through a general mechanism much more elegant than containers.
A context identifies a sub-graph of the whole RDF graph: RDF triples can be
clustered by being stated inside of a context. This extension is based on the
similarities between the RDF and CG models: a context is just the translation
of a conceptual graph. Indeed, a conceptual graph implicitly defines a context
and the CG model enables a ‘direct’ representation of contextual knowledge:
quotations, viewpoint, etc. This general notion of context will be the keystone of
further extensions of RDF(S), among which class and property definitions and
axioms.

To extend RDFS with contexts, we introduce the following new RDF primitives:

— Context: A context is a resource of type Context. Context is a subclass of
Class.

— isContextOf. A resource is linked by an isContextOf property to the context
it belongs to.
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— referent: An anonymous resource is linked by a referent property to the
identified resource it refers to.

The rules for constructing RDF contexts are based on the translation of concep-
tual graphs into RDF":

— An individual concept [C' : r] of a conceptual graph G is represented by three
RDF triples: (a, type, C), (a,referent,r) and (G,isContextO f,a), where a
is an anonymous resource (whose ID is automatically generated by RDF
parsers.

— A generic concept [C : #] of a conceptual graph G is represented by two RDF
triples: (a,type, C) and (G, isContextOf, a).

— A generic concept [C': #z] of a graph G is represented by three RDF triples:
(a,type, C), (a,referent, x) and (G, isContextOf,a), where x is an instance
of the class Variable (this class will be further described in next section).

— A relation R between two concepts [C : r1] and [Cy : 73] of a conceptual
graph G is represented by an RDF property P between the two anonymous
resources a; and as.

— The resource G is an instance of the Contezt class; this is represented by the
triple (G, type, Context).

Let us consider again the two projects of T-Nova which employee 46 partic-

ipates in. As shown in Figure @, the statements relative to one project can now
be clustered in a context and then separated from the statements relative to the

other projects.

CoMMA

referent

type

‘ isContextOf

‘ ‘ project ‘

\ \
T

type

Employee

type type

Citxtl Ctxt2

isContextOf
worksIn

referent

referent

Employee—46

referent

isContextOf ‘

‘ project ‘ ‘

\ \
T

referent

referent

isContextOf
worksIn

The rules for extracting the set S of the triples belonging to a context from the

Fig. 5. Two contexts about employee 46

whole RDF graph are the following;:

! Note that it could be sufficient to link a single anonymous resource of the context

to G by the isContertOf property
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— Select a resource G of type Context; S <+ {(G, type, Context)}.

Select all the anonymous resources a; for which the value of the isContextOf

property is G; for each i, S + S U{(G,isContextOf,a;)}.

— Select all the identified resources r; values of a referent property of a resource
a;; for each i, S < S U {(a;,referent,r;)}.

— Select all the properties p;; between two resources a; and ay; for each ik,
S« SU{(as,pir,ar)}-

A context is defined from a resource G of type Context as the largest sub-
graph of the whole RDF graph whose all internal nodes excepted G are anony-
mous resources a;. A context is thus an abstraction that enables to talk about
representations of resources (through anonymous resources) rather than directly
about resources. For instance, in Figure [, the resource F,g representing the
employee 46 is referred to by two distinct anonymous resources in two different
contexts. Anonymous resources are externally identified by the referent property.

4.2 Extending RDF(S) with Existential Quantification

The RDF model allows a limited form of existential quantification through the
anonymous resource feature. The introduction of the referent property provides
the RDF model with a general mechanism for existential quantification handling.
To extend RDFS with existential quantification, we introduce the following new
RDF primitives:

— Variable: A variable is a resource of type Variable. Variable is a subclass of
Class.

— parameter: A variable is linked by a parameter property to the context it
belongs to.

An existential quantification is represented by an anonymous resource de-

scribed by a referent property whose value is an instance of Variable. The scope
of a variable is the context it belongs to, just like in first-order logic, where the
scope of a variable is the formula it belongs to.
In an RDF graph, an anonymous resource can be duplicated into several anony-
mous resources coreferencing a same variable; the new graph remains semanti-
cally equivalent to the initial graph. This enables the XML serialisation of RDF
graphs embedding a cycle with anonymous resources. Figure[@ presents an RDF
graph that could not be represented in the XML syntax. The cycle is resolved
by introducing a second anonymous resource and two referent properties sharing
the same value x.

The extension of RDF(S) with class and property definitions and axioms will
rely on the notion of existentially quantified context.
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Fig. 6. An example of existential quantification

5 Extending RDF(S) with Class and Property Definitions

5.1 Type Definitions in the CG Model

A concept type definition is a monadic abstraction, i.e. a conceptual graph whose
one generic concept is considered as formal parameter. It is noted t.(x) < D(z).
The formal parameter concept node of D(x) is called the head of ¢., its type the
genus of t., and D(x) the differentia of t. from its genus [15] [8]. For instance,
let us consider the following definition of the WebPage concept type:

WebPage(z) < [Document : x] — (hasForReprSystem) — [System : Html|

This defines a web page as a document having HTML for representation system.
A defined concept type t. is a subtype of its genus: WebPage is a subtype of
Document. The classification of defined concept types in the concept types
hierarchy depends on the generalization relations between their differentiae.

A relation type definition is a n-ary abstraction, i.e. a conceptual graph with
n generic concepts considered as formal parameters. It is noted ¢,.(z1, ..., z,) &
D(xy, ..., zy,). For instance, let us consider the following definition of the colleague
relation type:

colleague(x,y) < [Person : z] — (workIn) — [Institute] < (workIn) < [Person : y|

This defines a relation of type colleague as holding between two persons working
in the same institute. Since the definition of relation types is not based on the
Aristotelian principle of genus and differentia, the classification of defined rela-
tion types takes into account the matching of formal parameters when projecting
a graph definition against another.

5.2 Class and Property Definitions in DRDF(S)

DRDF(S) class and property definition is descended from type definition in the
CG model. A class definition is a monadic abstraction, i.e. a context whose
one resource of type Variable is considered as formal parameter. A property
definition is a diadic abstraction, i.e. a context whose two resources of type
Variable are considered as formal parameters. To extend RDFS with class and
property definitions, we introduce the following new RDF primitives:



Extension of RDFS Based on the CGs Formalisms 285

— DefinedClass: A defined class is of type DefinedClass. DefinedClass is a sub-
class of Class.

— DefinedProperty: A defined property is of type DefinedProperty. Defined-
Property is a subclass of rdf: Property.

— hasDefinition: A defined class is linked by a hasDefinition property to its
definitional context.

— formalParameter: The variable linked to the definitional context by a for-
malParameter property corresponds to the formal parameter of a monadic
lambda abstraction.

— firstFormalParameter and secondFormalParameter: The variables linked to
the definitional context by these properties correspond to the formal param-
eters of a diadic lambda abstraction.

The WebPage class and the colleague property are defined in Figure [

2
<
K type
% hasDefinition isContextOf referent
& WebPage
§ FormalParameter
[N hasForRepresentationSystem
= isContextOf B 4
RepresentationSystem | HTML
type referent
referent type
first—fp -
> DefinedRelation isContextOf worksIn
5
&
=) hasDefinition isContextOf — type
(5] .
2 colleague Eerson
%ﬂ g
3
o
(5]
El isContextOf worksIn
second—fp
]
referent type

Fig. 7. Definition of the WebPage class and the colleague property

6 Extending RDF(S) with Axioms

6.1 Graph Rules in the CG Model

Graph rules are an extension of the core CG model introduced in [13]. A rule
R : G; = G5 is a couple of lambda-abstractions ((Az1,...2,G1), (A\x1,...2,G2)),
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where G7 and G2 are two conceptual graphs called hypothesis and conclusion,
and x1,...r, are ‘connection point’s corresponding to n co-reference links
between concepts of G; and G,. The following graph rule represents the
symmetry of the relation of type colleague:

Gy : [Person : x] — (colleague) — [Person : y|
=
Gy : [Person : y] — (colleague) — [Person : z

6.2 Axioms in DRDF(S)

DRDF(S) axioms are descended from graph rules of the CG model. An axiom
is a couple of lambda abstractions, i.e. two contexts representing the hypothesis
and the conclusion. To extend RDFS with axioms, we introduce the following
new RDF primitives:

— Axiom: An axiom is a resource of type Aziom. Axiom is a subclass of Context.
— 4f An axiom is linked by an if property to the context defining its hypothesis.

— then: An axiom is linked by a then property to the context defining its
conclusion.

The variables linked by a formalParameter property to the resource of type
Axiom correspond to the formal parameters common to the two lambda abstrac-
tions. Figure [§ describes the axiom expressing the symmetry of the colleague
property.

type type

isContextOf if then |: isContextOf
.
isContextOf

formalParameter isContextOf

type

I e B v B e B
colleague referent L2 referent colleague
formalParameter
referent referent
]

Fig. 8. An axiom representing the symmetry of the colleague property
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7 The Defined Resource Description Schema

DRDEF(S) is made of the set of all the RDF(S) primitives augmented with the
ones we have introduced in the previous sections. DRDF(S) is thus a refinement
of the core RDFS and remain totally compliant with the RDF triple model. The
DRDF(S) metamodel is presented in Figure [d.

— subclassOf

‘ Resource

- Property S.a

parameter

Context DefinedClass

/
/

‘ DefinedProperty ‘ i i

(o] [4]

hasDefinition

referent

s
/
. 4
/
/ /I

firstFormalParameter

secondFormalParmeter

isContextOf

Fig. 9. The DRDFS metamodel

The semantics of DRDFS relies on its translation into the CG formalism.
Conceptual graphs are themselves translated into first order logic formulae
thanks to the ¢ operator defined in [14].

8 Related Work

Several languages for ontology representation and exchange are existing[3],
among which RDF(S), OIL [5] and DAML [4] are dedicated to the Semantic
Web. Like DRDF(S), OIL and DAML are tentatives of improvement of RDF(S);
they are defined as an RDF Schema.

OIL enables to define classes and restrict property ranges and domains
through boolean combinations of classes. In particular, it enables negation in
class definitions, which is not provided in DRDFS. OIL is based on a DL. When
compared to it, what DRDFS provides with its CG’s expressivity is the possibil-
ity to express any positive, conjunctive and existential graph in a definition. The
absence of variables in DLs does not enable to express RDF graphs embedding
cycles; the class definitions in OIL are then limited to ‘serializable’ graphs. Con-
trary to OIL, DRDFS stays in the spirit of RDF(S), namely the representation
of positive, conjunctive and existential knowledge. In our opinion, this better
meets the needs of the Semantic Web.

DAML provides primitives to express relations between classes (disjonction,
intersection, union, complementarity, ...) and enrich properties (minimal and
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maximal cardinality, transitivity, inverse, ...). DAML is provided with OOL fea-
tures. It provides no mechanism for class or property definitions. It is therefore
orthogonal to both OIL and DRDFS. As the merge of DAML and OIL led
to DAML4OIL, it should be interesting to integrate the DAML features into
DRDEF(S).

In addition, DRDFS addresses the problem of the representation of contex-
tual knowledge on the semantic web. This is of special interest to identify the
origin of an annotation on the Web.

9 Conclusion

DRDF(S) is an extension of RDF(S) dedicated to ontology representation on the
Semantic Web. It enables the representation of axioms and class and property
definitions in ontologies. More generally, it provides a way to represent contex-
tual knowledge on the Web. In the framework of the CoMMA project, DRDF(S)
should enable the representation of rich domain ontologies for intelligent IR in a
companie’s intranet. Since DRDF(S) is an RDF Schema, it is compliant with ex-
isting RDF parser. However, the semantics of the primitives specific to DRDFS
can not be understood by them. We are currently working on a DRDF(S) inter-
preter for the existing platform CORESE.

The grounds of DRDF(S) rely on the existing mapping between RDF(S) and
CGs; it is an extension of RDF(S) guided by the CG features. Regarding the
similarities the RDF(S) and CG models share, it is a real challenge for the CG
community to contribute to the elaboration of a standard language for knowl-
edge representation, interoperability and reasoning on the Semantic Web. We
hope that DRDF(S) will contribute to the ongoing work of the W3C committee
for improving RDFS.
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Abstract. Formal concept analysis is increasingly used as a data min-
ing technique, whence the need of efficient algorithms for handling large
sets of volatile data. Recently, we designed a general framework for con-
structing concept (Galois) lattices from fragmented and/or evolving data
based on a lattice assembly operation. In this paper, the framework is
adapted to the maintenance of concept lattices upon the insertion of a set
of objects into the context, a problem which generalizes the insertion of
individual objects considered by the existing incremental methods. The
paper provides a set of structural results for the case of single object
insertions which underlie a new incremental algorithm. Our method is
shown to improve a key flaw of the major incremental technique.

1 Introduction

Formal concept analysis (FCA) [14] and Galois lattices are increasingly used
in the resolution of practical problems from software engineering [6] and data
mining [7/11].

Recently, we have been investigating the design of flexible algorithmic tools
to meet the increasing need for analysis of large and volatile datasets, typically
arising within the data mining process. The present paper focuses on the incre-
mental update of an existing lattice upon the extension of the target dataset
by a (set of) previously unseen individual(s). Incrementation by a single new
individual has been studied by Godin et al. [§]]. Our own approach relies on a
complete framework for lattice assembly from parts (see [13]) which is based on
operators on data tables, apposition and supposition [B]. First, the theoretical
results are provided which allow the set-wise increment to be dealt with as an
assembly of two lattices. In the case of single object incrementation, we adapt
parts of the assembly method to the procedure of Godin et al., to design a new
incremental algorithm whose worst-case complexity compares to that of the best
batch methods [I0].

The paper starts with a recall of the FCA basics (Section B)), followed by
a short presentation of the reference incremental algorithm (Section B]). It then
shifts to context assembly and nested line diagrams (Sections H]) before describing

! A sketch of an incremental algorithm could be found in [4] as well.

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAT 2120, pp. 290-303] 2001.
© Springer-Verlag Berlin Heidelberg 2001
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a procedure for assembling partial lattices (Section []). Finally, the new incre-
mental algorithm is presented and its worst-case complexity is compared to that
of the reference procedure (Section [G]).

2 Formal Concept Analysis Basics

Formal concept analysis [5] studies the partially ordered structure@, known under
the names of Galois lattice [1] or concept lattice [14], which is induced by a binary
relation over a pair of sets O (objects) and A (attributes).

Definition 1. A formal context is a triple K = (O, A,I) where O and A are
sets and I is a binary (incidence) relation, i.e., I C O x A.

Within a context (see Figure[Ilon the left), objects are denoted by numbers and
attribute by small letters. Two functions, f and g, summarize the context-related
links between objects and attributes.

Definition 2. The function f maps a set of objects into the set of common
attributes, whereas g is the dual for attribute sets:

— f:P(0O) = P(A), f(X)={a € AlVo € X,0la}
—g:P(A) - P(O), g(Y)={o € ONaeY,ola}

For example, w.r.t. the context in Figure [[] f(134) = fgh and g(abc) = 1273,
Furthermore, the compound operators go f(X) and fog(Y) are closure operators
over P(O) and P(A) respectively. Thus, each of them induces a family of closed
subsets with f and gﬂ as bijective mappings between both families. A couple
(X,Y), of mutually corresponding closed subsets is called a (formal) concept.

Definition 3. A formal concept is a couple (X,Y) where X € P(0),Y € P(A),
X =Y andY = X'. X is called the extent and Y the intent of the concept.

For example, (134, fgh) is a concept, but (16, e fh) is not. Furthermore, the set Cx
of all concepts of the context K = (O, A, I) is partially ordered by intent/extent
inclusion:

(X1,Y1) <k (X2,Y2) & X; C Xo(Yo CY9).

Theorem 1. The partial order L = (Cx,<i) is a complete lattice with joins
and meets computed as follows:

k k k
- V}Czl(XuYZ) = ((Lii=1 Xi)//’loizl Yi),
- /\i:l(Xi7 Y;) = (mizl X, (Ui:l Yi)").
For example, the join and the meet of the concepts ¢; = (123,¢f) and ¢z =
(1246, ef) (see Figure[Mon the right) are (12346, f) and (12, abcef) respectively.

2 An excellent introduction to partial orders and lattices may be found in [3].

3 Standard FCA notations use a separator-free form for sets, e.g., 127 stands for
{1,2,7}, and ab for {a,b}.

4 Hereafter, both f and g are denoted by ’ and compound operators by ”.
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123456789 _Q O

© 0~ O T Wi

Fig. 1. Left: Context K (adapted from [5]) with O = {1,2,...,9} and A = {a,b, ..., h}.
Right: The Hasse diagram of the concept (Galois) lattice derived from K.

3 Building the Lattice Incrementally

A variety of efficient algorithms exist for constructing the concept lattice of a
binary table [2,84,10]@, most of them being designed to work on small tables that
can easily be stored and managed in main memory. However, current databases
and data warehouses are known to be volatile and very large in size and therefore
require incremental and highly scalable analysis algorithms.

In what follows, the first algorithm constructing Galois lattices incremen-
tally [8] is described and a possible generalization is suggested.

3.1 Principles of the Incremental Approach

Incremental methods construct the lattice £ starting from a single object 01
and gradually incorporating any new object o; (on its arrival) into the lattice
L;—1 (over a context K = ({01, ...,0,-1}, A, I)), each time carrying out a set of
structural updates [12].

The basic approach in [§] follows a fundamental property of the Galois con-
nection established by f and g on (P(O), P(A)): both families of closed subsets
are themselves closed under set intersection [I]. Thus, the whole insertion pro-
cess is aimed at the integration into £;_; of all concepts (called new) whose
intents correspond to intersections of {o;}’ with intents of existing concepts,
which are not themselves the intent of an existing concept. Hence, three cate-
gories of concepts in £;_; are distinguished: generator concepts (G(0)) give rise
to new concepts; modified concepts (M(0)) evolve by integrating o; into their
extents; old concepts (U(0)) remain completely unchanged. The delimitation of

® See [8)9] for comparative studies.
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the three sets together with the creation of the new concepts and their subse-
quent integration in the existing lattice structure constitutes the main part of
the algorithm’s task.

3.2 Description of the Algorithm

The original incremental algorithm (see Algorithm ﬂ:ﬁ) could be split into two
parts. The first part (lines 5 —13) is in charge of any specific treatment required
by the presence of some attributes in the description of o; which are not in A; =
U;<i{oj}'. The second part (lines 14 —29) consists of a top-down traversal of the
lattice £;_1 with a recognition of the current concept’s category (lines 20—26). As
for the updates, modified concepts merely receive o; in their extent, whereas the
detection of a generator c leads to the creation of a new concept ¢ with an intent
Intent(¢) = Intent(c) N {o;}' and its extent Fxtent(¢) = Extent(c) U{o;}. The
new concept is then integrated into the (partially) completed lattice £;, a task
which requires the detection of all its upper covers, as described by Algorithm
This procedure looks through a superset of the actual covers and picks those
nodes up: the candidate set is made up of all concepts whose intent is strictly
smaller in size than Int(¢). A candidate qualifies only if it is a super-concept of ¢,
but none of its lower covers (Cov') is a super-concept of ¢ on its own. An upper
cover is linked to ¢ and the obsolete links, i.e., those between the generator and
an upper cover of ¢, are removed. Finally, ¢ is linked to its generator (line 27).

Ezample 1 (Insertion of object 3). Assume L is the lattice induced by the ob-
ject set 12456789 (see Figure [3 on the left) and consider 3 as the new object.
The three categories are U(o) = {cur7,cpot, M(0) = {cp1, o2, ca}, G(o) =
{cu3, C45, C6, C8, C#10, C#11, C12 - The set of new concepts (identified by their
extents) is: {13,123,134,1378,1346,12378,12346}. For example, the computa-
tion of the upper covers of the concept (134, fgh) considers the following set of
candidate concepts (identified by their intents): {0, f, g, ¢, d, ed, be, fh,ef {l. The
actual upper covers are {g, fh}, a result that requires 15 to 20 set operations.
The result of the whole operation is the lattice £ on the right of Figure Il

3.3 Requirement Evolution

The one-increment, i.e., adding a single object at a time, as described above, is
only a partial solution to the problem of volatile data. As a matter of fact, in
most databases and data warehouses, the updates are not object-wise, but rather
group-wise, meaning that a whole subset of objects 60 = {0;41, ..., 0,11} are to
be added at a time. Instead of inserting them one by one into £;, one may think
of first extracting the lattice §£ corresponding to §O and then construct L£;y;
from £; and 0L. The challenging problem is then the merge or assembly of both
lattices, a task which generalizes the conventional, single-object incrementation.

5 The original version is preserved except for early termination tests.
" cf may as well qualify depending on the order in Classes[4].



294 P. Valtchev and R. Missaoui

1: procedure ADD-OBJECT(In: £ a lattice, o an object; Qut: L a lattice)
2:

3: Local : Classes, Classes-New : array [0..||A U {o}'||] of concept sets

4:

5: if £ =0 then

6: LT « {NeEw-Concept({o},{0o})}

7: else

8: if {o} Llntent(L(L)) then

9: if Extent(L(L)) = 0 then

10: Intent(L(L)) « Intent(L(L)) U {0}

11: else

12: ¢ + NEw-CONCEPT(0, Intent(L(L)) U {o}') ; NEW-LINK(c, L(£))
13: ADD(L,c) ; L(L) + ¢

14:  for i from O to ||A U {0}’|| do

15: Classes[i] < 0 ; Classes-New([i] < 0

16:  for all ¢ in £ do

17: ApD(Classes[|| Intent(c) ||], €)

18:  for i from 0 to ||A U {o}’|| do

19: for all ¢ in Classes[i] do
20: if Intent(c) C {0}’ then
21: ADD(Extent(c),0) {(¢) is modified}
22: else
23: Int < Intent(c) N {0}’ {(¢) is old}
24: if not (Int’, Int) € Classes-New[||Int||] then
25: ¢ <+ NEw-CONCEPT(Extent(¢) U {o}, Int) {(¢) is generator}
26: ADD(Classes-New([||Int|]], c)
27: FIND-UPPER-COVERS(¢,¢) ; NEW-LINK(E, ¢)
28: ADD( Classes-New([i],c)

29: LT« ULZ‘SJ{O}/” Classes-New([i]

Algorithm 1: Insertion of a new object into a concept (Galois) lattice.

1: procedure FIND-UPPER-COVERS(In: new, gen concepts)
2:

3: Int « Intent(new)

4: for j from O to |[Int|| — 1 do

5. for all ¢ in Classes-New([j] do
6: if Intent(¢) C Int then

7 Cover < true

8: for all ¢ in Cov'(é) do

9: if Intent(¢) C Int then
10: Cover < false

11: exit-for

12: if Cover then

13: if gen € Cov'(é) then
14: Drop-LINK(gen, ¢)
15: NEW-LINK(new, ¢)

Algorithm 2: Insertion of a new object into a concept (Galois) lattice.
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In a recent paper [13], we have proposed an approach for the resolution of the
dual problem, i.e., assembly of lattices over contexts sharing the same objects
but with different attributes. The assembly procedure relies on a theoretical
framework whose keystone is the context apposition operation initially intended
to support lattice visualization.

4 Visualization Framework

The research in FCA has yield an original method for visualizing complex con-
cept lattices (see [A]). The method relies on two dual operators for assembling
contexts called subposition and apposition respectively. To facilitate the under-
standing of complex structures, the lattice corresponding to a context is drawn
as a nested structure reflecting the direct product of two or more smaller lattices
built on top of some parts of the initial context.

4.1 Subposition of Contexts and Partial Lattices

Subposition is an assembly of contexts sharing the same attributes [5].

Definition 4. Let K1 = (01, A, 1) and Ko = (O3, A, I5) be two contexts with
the same set of attributes A, then the context K = (O1UO4, A, [1UI3) is called
the subposition of K1 and Ko: K = %

For example, with a global context K = (O, A,I) as given in Table [[l where
O = {1,2,3,4,5,6,7,8,9} and A = {a,b,c,d,e, f,g,h}, let O; = {1,2,3,4}
and O2 = {5,6,7,8,9}. The two lattices corresponding to Xy and K3, which
will further be referred to as partial latticedy £1 and Lo, are given in Figure Bl
We consider the direct product of £, and Lo, Ly = L1 X Lo, which is itself a
lattice. The nodes of Ly are pairs of concepts (c1,c2), where ¢; appears in £;
for ¢ = 1,2, and its order relation <y is the product of both lattice orders. The
concrete concepts will be further identified by an index in the respective lattice,
i.e., a unique number ranging between 1 and ||Cx;, ||, denoted #i. Thus, (cx7, c43)
denotes the product of (14,efgh) from L1, and (6,efh) from L,.

4.2 Nested Line Diagrams

Nested line diagrams (NLD) [5] are a visualization means which allows a lattice
L to be drawn as a sub-structure of the direct product Ly of a set of partial
lattices £;. A NLD basically represents the product lattice L« by combining the
respective line diagrams of the lattices £; into a unique complex structure. How-
ever, neither the nodes of £« nor their precedence links are directly represented.
Instead, the information about them is spread over the various levels of nesting.
Figure ] on the right presents the NLD of the product lattice L, = L1 x L.
As it can be seen, the line diagram of the lattice £ is used as an outer frame

8 As K1 and Ko are partial contexts for IC.
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1 Y abcdefgh

Fig. 2. Left: Partial lattices £; and L2 built from a horizontal decomposition of the
context in Figure[Il Right: The nested line diagram of the lattice £1 X La.

in which the diagram of Lo is embedded. The lattice £ is represented by an
isomorphic sub-structure of £y which is exactly the image of £ by ¢ (see next
section). Within a NLD, the product nodes belonging to the sub-structure, fur-
ther referred to as full nodes, are marked in black, whereas the remaining nodes
(called wvoid) are left unfilled. Moreover, a node (c;, ¢;) of the product is located
by first finding the node for ¢; in the outer diagram and then, finding the re-
spective node ¢; within the local £ diagram. For example, the node (cx1, cx3)
(see the numbering in Figure[2) of the product lattice is located within the NLD
on the right side of Figure Rlat the node cy3 of the inner lattice inside the node
c41 of the outer lattice and corresponds to the concept (12346, f).

4.3 Linking the Global Lattice to the Partial Ones

Any concept of £ can be “projected” upon the lattice £, by subsequently re-
stricting its extent to the set of “visible” objects in O; and Os. The resulting
mapping constitutes an order homomorphism between £ and the direct product.

Definition 5. The function ¢ : C — Cx, maps a concept from the global lattice
into a pair of concepts of the partial lattices by splitting its extent over the partial
context object sets Oy and Oy:

QO((X, Y)) = ((X NOq, (X n 01)/) s (X NOs, (X N 02)/))

For example, ¢ maps the concept (1278,bc) (see Figure [) into
((12,abcef), (78,bcd)) from Ly and Lo respectively (see Figure ). The map-
ping constitutes an order embedding of L into L, ¢ : L — L, which preserves
lattice meets.

The homomorphism 1 maps £1 X Lo into L.
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Definition 6. The function ¢ : Cx — C maps a pair of concepts over partial
contexts into a global concept by intersecting their respective intents:

(X1, Y1), (X2, ¥2))) = (1 NY2)", YiNYa).

For example, the image of the pair (cx7, cx3) (see Figure ) by 1 is the concept
(146,efh). The mapping 1 is an order-preserving homomorphism whereby the
equivalence classes of its kernel relation are convex subsets of Cy.

The above properties have a direct impact on visualization: the fact that £
is isomorphic to its image by ¢ on L, allows the global lattice to be represented
by a proper sub-lattice of the direct product (the one induced by the full nodes).

5 Assembling Partial Lattices

In [13] we described a lattice assembly procedure based on structural results
about apposition of contexts. In this section, an appropriate procedure is pro-
vided for the dual subposition operation.

5.1 Characterizing the Global Lattice

Three problems need to be tackled for concept lattice building from parts: iden-
tification of concepts (filtering full nodes of the product lattice), computation of
concept intent/extent, and detection of the precedence relations between con-
cepts (upper and/or lower covers).

The relevant structural results could be summarized as follows. First, given
a global concept ¢, its image by ¢ in the product lattice is the minimum of all
its antecedents by .

Proposition 1. Ve € C, ¢(c) = max(y) "1 (c)).

The set of antecedents are exactly the nodes of the product for which the inter-
section of the respective intents is equal to the intent of c.

Proposition 2. Ve € C,¢71(c) = {(c;, ¢;)|[Int(c;) N Int(c;) = Int(c)}.

To ease the effective detection of ¢~!(c) members, we define the function @Q
with the obvious property that [n]g = ¥ ~1(1)(n)) where n is a node in Ly:

Definition 7. The function Q : Cx — 2% computes intent intersections for
concept pairs: Q(¢,c) = Intent(c) N Intent(c).

Intents/extents of global concepts can be computed in a direct way, i.e.,
without looking at the context, from the characteristics of their images by ¢:

Proposition 3. For any concept ¢ = (X,Y) with ¢(c) = ((X1,Y1), (X2, Y3)),
X = X1UX2 and Y = YleQ.

Finally, the immediate successors, or upper covers, of ¢ in £, Cov*(c), could
be determined by only examining the upper covers of its image ¢(c) in the
product lattice. Actually, the set Cov*(c) is made up of the minima among the
images by 1 of the upper covers of ¢(c).
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Proposition 4. Cov¥(c) = min({¢(¢)|c € Cov*(p(c))}).

The above stated properties underly an algorithmic procedure that builds
the global lattice by only looking at the structure of the partial ones.

5.2 Description of the Algorithm

The algorithm represents a top-down traversal of the product lattice. Each node
(ci,cj) is tested for being void or full. For that purpose, the images by 9 of
the upper covers of (¢;,c¢;) in the product (PsiImages) are compared to the
intent of the image of (c;,¢;), i.e., the intersection of both intents. A full node
generates an intersection which is not the intent of an already generated global
concept. In this case only, a new global concept c is created whose intent and
extent are computed according to Proposition Bl Finally, the upper covers of ¢
are computed as the minima of the previously examined set of global concepts
(PsiImages). The traversal follows a linear extension of the product lattice order

: procedure ASSEMBLY(In: L1, Lo partial lattices; Out: £ the global lattice)

1
2:
3L+ D

4: for all Ci, Cj in C1 X CQ do

5: I < Intent(c;) N Intent(c;); Psilmages < ¢ (UPPERCOVERS(cs, ¢;))
6:  if not FIND-PsI(I, Psilmages) then

7 ¢ + NEW-CONCEPT(FExtent(c;) U Extent(c;),I)

8 for all ¢ in MIN(Psilmages) do

9 NEW-LINK(c,¢)

0 L+ LU {c}

Algorithm 3: Assembling the global Galois lattice from a pair of partial ones.

Juy

which is achieved through a preliminary sorting of both sets C; and Cy. Most of
the primitives admit very efficient implementations which take advantage of the
lattice properties (see [13] for implementation details).

In what follows, a special case of the assembly framework is used in the design
of a more powerful incremental algorithm.

6 Improved Incremental Algorithm

Although suitable, Algorithm Blmay prove inefficient in the case of single-object
incrementation because the exhaustive examination of the nodes in £ x L(o
may lead to many void nodes. In contrast, Algorithm [ examines only actual
concepts of the target lattice, which warns at using it as a “short-cut” for lattice
traversal in our own incremental method.

9 L(0) is the lattice built for the object set {o}.
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6.1 Mapping Concept Categories into Partial Lattices

A preliminary step is the mapping of modified (M(0)), ordinary old (U(0)) and
generator (G(o)) concepts of L into void and full nodes in £x £(0). This requires
a deeper insight into the structure of £(0).

A single-object lattice £(o) has at most two concepts: a top one, T, =
({o},{0}’) and a bottom one, L, which only exists if some attributes in the
context corresponding to £ are not in {o}’. In this case, 1, = (0, AU {o}’) (see
the lattice £(3) shown in the middle of Figure B). The lattice resulting from the

@~ abcdefgh

Fig. 3. Left: Lattices £ (objects 1,2,4, ...,8) and £(3). Right: The nested line diagram
of the lattice £ x L£(3).

assembly of £ and L(0) is isomorphic, in the sense of FCA, to LT, obtained by
the “insertion” of o into £, so it makes sense to consider the embedding of £
into the product Ly = L x L(0), and thus to look at its image by .

If £(0) is a singleton, LT is easily obtained from £ since all existing concepts
are in M(o) (so they merely integrate o).

Let 31, AT, and consider the order intervals of product nodes that corre-
spond to a concept ¢ in :

Definition 8. The function 6 : C — Cx maps each concept ¢ from L into the
part of Ly incident to c: 0(c) = [(¢, Lo), (¢, To)].

A chain of the above kind will be referred to as a 6-chain, and the nodes
(¢, Lo) and (¢, T,) will be denoted as 6'(c) and 6%(c) respectively. It is note-
worthy, that both ¢ = (X,Y) and the image by 9 of §!(c) have the same intent:
Intent(c) = Intent((0'(c))), i.e., the node 6 (c) is in 1y~ (Y’,Y), where (Y',Y)
is the concept in LT that corresponds to ¢ (by intent equality).

Proposition 5. Given a concept ¢ in L, at least one node in 6(c) is full.

10 These are actually two-element chains.
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Proof. Recall a full node is the unique maximum of its class in kernel(v)
whereby all class members share the same value for Q. Thus, given ¢ = (X,Y),
0(c) € @Zfl(Y’,Y). Next, Q is non-increasing upon the product order <y
Consequently, max(v~1(Y",Y)) € {6'(c),0"(c)}.

In other words, only three out of the four possible combinations for nodes in
6(c) being full or void, do occur. Moreover, these are in bijection with concept
categories in £ (e denotes a full node and o a void one):

Proposition 6. Givencin L, ¢ € U(o) if and only if 6(c)

= [e,0], ¢ € M(o)
if and only if 0(c) = [o,e], and c € G(o) if and only if 0(c) =

[0, 0].

The proposition states that an old concept ¢ = (X,Y) is represente in the
product lattice by the full node #(c), which is further mapped to the concept
(X,Y) in Lt (see Proposition B). Modified concepts are represented by 6“(c)
and mapped to (X U {o},Y). Generators, like old, are represented by #'(c) and
mapped to (X,Y). However, the second full node in the respective 6-chain,
0% (c), represents the generated new concept, (X U {o},Y N {o}’). For example,
on Figure [3, the concept cys is in G(0) (see Example [I) and 6(cg3) is of the
type [e, o], whereas cx4 € M(0) and 6(cu4) is of the type [o, o].

The upper covers of a full node are invariably computed according to Propo-
sition @l and this is to be matched to the various cases distinguished by Godin et
al.. The correspondence is immediate in the case of a new concept, but the exist-
ing concepts deserve further considerations. The following proposition presents
the way the upper cover sets for a concept ¢ = (Y”,Y) in £ are computed with
respect to the category of its antecedent in £, ¢ = (X,Y).

Proposition 7. Given a concept ¢ in L:

— if ¢ € U(o) then Cov*(¥(6'(c))) = v (6'(Cov*(c))),
— if ¢ € M(o) then Cov*((0%(c))) = (0% (Cov¥(c))),
— if c € G(o) then Cov"((0'(c))) = 1 (#'(Cov*(c) — M(0))) U {1(6"(c))}-

In other words, for both old and modified concepts, the upper covers of the
1 image of the full nodes in their respective #-chains, correspond to their own
upper covers. In contrast, for a generator concept, Cov®(1(0'(c))) differs signif-
icantly from the pure set concepts corresponding to the generator upper covers,
(6" (Cov¥(c): it includes the generated new concept whereas all modified upper
covers are dropped out.

In sum, we have confirmed the findings of Godin et al., which, besides being
a proof of the method’s correctness, enables its use in our framework.

1 Here ’ is computed on the augmented context.
12 Tn the sense of the equality between the concept intent Y and the value of Q for the
node.
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6.2 Description of the Algorithm

Space limits keep us from providing a completely re-engineered version of Al-
gorithm [I. Thus, we only provide the code of FIND-UPPER-COVERS-BIS which
replaces FIND-UPPER-COVERS in the original version. Based on the above struc-
tural results, the new subroutine explores a minimal part of £*. It starts by

1: procedure FIND-UPPER-COVERS-BIS(In: new, gen concepts)
2:
3: Candidates + (0% (Cov*(gen))); TrueCovers <— MIN(Candidates)
4: for all ¢ in TrueCovers do
NEwW-LINK(new,¢)
if ¢ € M(o0) then
DRroP-LINK(gen, ¢)

Now

Algorithm 4: Insertion of a new object into a concept (Galois) lattice.

computing the candidate upper covers, i.e., the images by ¢ of all §%(c) where
c is an upper cover of the generator. Here neither ¢ nor 6% needs an effective
computation. In fact, 1(6“(c)) is the concept of LT corresponding to an intent
Intent(c)N{o} . It can be computed as follows: for ¢ € M(0), it is ¢ itself, for ¢ €
G(0), it is the respective new, and for ¢ € U(o), the value of ¢(6%(c)) is shared
with any upper cover of ¢ which is itself in [¢]g. In the last case, the values can
be “inherited” if properly stored in a vector during the traversal.

Ezample 2. Let new be (134, fgh) and gen be cx11 = (14, efgh). The candidate
upper covers are the images of (cu4, T,) and (cus, To) by ¥, ie., Candidates=
{(1345, g), (1346, fh)}, and both of them are further kept as actual covers and
linked to new. Finally, as (1345, g) is in M(0) (see Example[), its link to gen is
dropped out.

6.3 Complexity Issues

The following table presents basic parameters used in the estimation of the
worst-case complexity for both incremental algorithms.

Variable|Stands for||Variable|Stands for
m [ A] k 10l
! ]l d(£) maxcec([|Cov®(c)])

The global cost is split into two separate values that are to be summed up.
The fist one assesses the traversal of the initial lattice £ (lines 5 — 24 and 28
of Algorithm [I) and is therefore identical in both cases. The second one focuses
on the overhead induced by the processing of new nodes and varies according to
the upper cover computation method.

The lattice traversal takes O(l) concept examinations which, when imple-
mented in an optimal way (e.g., using a trie for concept lookup [IU]) require
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only a fixed number of intent manipulations. These are essentially set oper-
ations and an appropriate set representation (e.g., as sorted lists) would keep
their cost linear in the size of the set (O(m)). Hence the first cost value is O(ml).
Actual upper covers of a new concept ¢ are detected in FIND-UPPER-COVERS
by examining a candidate set made up of all concepts with intent size less than
[ Intent(c)||. Although hard to estimate exactly, the number of such candidates
will be in O(1), hence the cost of the upper cover computation for a single concept
is in O(ld(L)m). In contrast, FIND-UPPER-COVERS-BIS takes O(kd(L)) time,
which is actually the cost of minima selection (see [L3] for details). The entire
overhead further depends on the actual number of new concepts, say A(l).

’Method \Traversal\ Single insertion \Entire construction‘
original method | O(ml) O(mlA(D)d(L))) O(kmlA(l)d(L)))
improved method| O(ml) |O(ml+ A(l)kd(L))|O(k(ml+ A(D)kd(L)))

Thus, for lattice construction, our method is comparable to the (theoretically)
most efficient batch algorithm [T0] (O((k + m)lk) time).

Concerning practical performances, [§] empirically proved the superiority of
the incremental approach over batch algorithms in sparse context 13 However,
recent findings [9] indicate that the incremental algorithm may lose its supremacy
when the context gets denser. We believe that this shift is due to the inefficient
upper cover computation, a flaw that is missing in our own incremental method.

7 Conclusion and Further Research

The present study was motivated by the need for a theoretical and algorithmic
contribution to the problem of the incremental update of concept (Galois) lat-
tices when a set of objects need to be added at a time. To achieve the defined
goal, we presented an extended framework as a generalization of the work done
by Godin et al., and considered two scenarios: (i) update the initial lattice by
considering new objects one at a time, and (i) first build the partial lattice over
the new object set and then merge it with the initial lattice. We provided two
algorithms carrying out these two scenarios. The first one is an improvement
of a well-known incremental algorithm [§], while the second one is an assembly
procedure based on context subposition. The first scenario seems to be the right
choice for small sets AO, whereas medium-size AO might favor the assembly
scenario. When a large set of new objects need to be added, constructing the
lattice from scratch may be the best solution.

The lattice assembly framework we described in this paper speaks in favor of
a theoretical approach towards the algorithmic design of concept lattices. This
could be a starting point for the design of an algorithmic meta-strategy which,
based on the recognition of particular relation classes, chooses automatically
the best algorithm to apply to a concrete context, or even to context fragments
before the assembly of partial lattices.

13 je., with very few attributes per object.
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Abstract. We introduce a new method for representing and solving a
general class of non-preemptive resource-constrained project scheduling
problems. The new approach is to represent scheduling problems as de-
scriptions (activity terms) in a language called RSV, which allows nested
expressions using pll, seq, and xor. The activity-terms of RSV are sim-
ilar to concepts in a description logic. The language RSV generalizes
previous approaches to scheduling with variants insofar as it permits
xor’s not only of atomic activities but also of arbitrary activity terms.
A specific semantics that assigns their set of active schedules to activity
terms shows correctness of a calculus normalizing activity terms RSV
similar to propositional DNF-computation.

Based on RSV, this paper describes a diagram-based algorithm for the
RSV-problem which uses a scan-line principle. The scan-line principle is
used for determining and resolving the occurring resource conflicts and
leads to a nonredundant generation of all active schedules and thus to a
computation of the optimal schedule.

1 Introduction

Ever since the introduction of the pioneer works of Kelly [13] and Wiest [27] very
much has been reported for the classical resource-constrained project schedul-
ing (RCPS) but most approaches solving this problem use either heuristic algo-
rithms ([11], [5], [3], [14], [19]) or exact algorithms ([21], [23], [24], [26], [7], [8],
[18]), are restricted to the case in which each job could be performed in only
one prescribed way. Although Schrage [23] and Konig et al. [16] suggested the
possibility of generalization to “OR” activities, there are only a few publications
([10], [25]) which deal with a class of resource-constrained scheduling problems
with variants, where “OR” was restricted to atomic activities.

This paper generalizes resource constrained project scheduling with variants
(RSV) to allow “OR” of compound activities. The use of semantic methods from
description logics ([22,9] is the key for understanding the meaning of compound
activity terms (for more information see [15]).

Description Logic emerged from KL-ONE-based, terminological knowledge rep-
resentation systems and is now an active field of research in artificial intelligence

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAI 2120, pp. 304-318, 2001.
© Springer-Verlag Berlin Heidelberg 2001
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with its own conference(s). Characteristics of descriptions logics are a term lan-
guage for concepts and other notions, a clean denotational semantics, and spe-
cific calculi (like subsumption) based on the semantics. There are extension of
description logics by temporal operators (see e.g. [1,2]), which allow reasoning
about concepts in time.

Scheduling is roughly the problem, given certain tasks, their duration and re-
source usage to find an optimal conflict free schedule, usually on a discrete time
line. It is possible to encode these problems into temporal description logics,
though it appears to be inconvenient, since for scheduling problems, time has to
be measured and added, and the goal is finding an optimal schedule. Further-
more reasoning is not optimized to deal with the constraint of exclusive resource
usage.

The methods proposed so far for solving scheduling problems are mostly based
on integer programming. In that approach it is generally difficult to read the flow
structure and the content of a scheduling problem (for example, which activity
requires what resource).

This motivates to use a term language RSV for activity terms and to model
its semantics in a way best suited to the specific time and resource constraints.
Based on this semantics, a calculus is defined which can transform each activity
term A into a semantically equivalent, normalized activity term B, which is
a nonredundant disjunction of reduced activity terms corresponding to A. For
every reduced activity term, optimal schedules (with the minimal makespan)
can be computed using an algorithm for solving the classical RCPS-problem.
For any RSV-activity term the optimal schedules can be computed by this two-
step process using a final minimization. It is non-obvious how to compute the
active schedules of compound activity terms in another way.

Further we introduce a new diagram-based method, which represents reduced
activity terms graphically as RSV-diagrams. Based on this method, an algorithm
for generating all nonredundant active schedules for a reduced activity term is
described, which uses a time-based scan-line principle to determine and resolve
the occurring resource conflicts. The principle of using a scan-line is well known
in the area of geometrical algorithms ([20], [28]) and may be used for example
to solve problems occurring during the design of VLSI circuits.

This paper is structured as follows. First, the scheduling language RSV is defined
in section 2. Then the calculus is described in section 3. The optimal solution
algorithm and the correctness proof for it are given in section 4. The last section
5 contains conclusions and future work.

2 The Scheduling Language RSV

A terminological language RSV that may be used to model a new general class
of resource-constrained project scheduling problems with variants is defined as
follows:
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2.1 The Syntax of the Language RSV

Definition 1. The vocabulary of RSV consists of two disjoint sets of symbols:

— A set of atomic activities, also called ground activities. Fach atomic activity
consists of a name and two integer constants (written like arguments of a
predicate symbol). The first denotes a resource; the second a duration. For P
a name and r,t € IN, P(r,t) is a ground activity. The name of each ground
activity is uniquely chosen. For a ground activity A let r(A) and d(A) denote
its associated resource and duration, respectively.

— Three structural symbols (operators) seq, xor and pll.

The activity terms of RSV are inductively defined as follows:

1. Each ground activity is an activity term.

2. If Ay, Ag, -+, Ag are activity terms, then
(Seq A17A27 T 7Ak)z
(XOI’ Al,A27~ H ,Ak),
(Pl Ay, Ag, -, Ag)

are also activity terms.
The operators ‘seq’, ‘xor’ and ‘pll’ have the following meaning:

— ‘seq’ : This operator specifies the sequential processing of an activity term
or activity terms (precedence constraints).

— ‘xor’ : This operator can be used to select an activity term among several
different alternative activity terms. Ezactly one activity term among the
alternatives must be selected and executed.

— ‘pll’ : This operator specifies the possibility of parallel processing of activity

terms.

2.2 Reduced Activity Terms

An expression of RSV which is xor-free is called a reduced activity term. For a
project represented by a reduced activity term there is no selection possibility
for any part of it.

B is a reduced activity subterm of A, if B can be derived from A by repeatedly
replacing subterms of the form (xorCy,---,C},) by exactly one C; (i = 1,---
or n) so that B is xor-free. Associated with any activity term A of RSV, there
exist finitely many different reduced activity terms which can be derived from
A. These reduced activity terms take partially different paths but complete the
same project.

Ezxample 1. We show how to encode the small project of preparing food for two
persons and then eating this food. The project is to either putting 2 pizzas in
the oven, or putting 4 toasts into the toaster, and then eating them. Let resource



A Term-Based Approach to Project Scheduling 307

1 be the oven, resource 2 be the toaster, 3 and 4 are the two persons. Then a
description could be

(seq (xor pizza(1,15) (pll toastfst(2,2), toastsnd(2,2))))
(pll arne_eating(3,10), pokson_eating(4,12))

Note that we permit several occurrences of the same ground activity in an activ-
ity term but this is not permitted for a reduced activity term, i.e. each ground
activity can occur once and only once in a reduced activity term.

2.3 Schedules

For a reduced activity term A let g(A4) = {A1, -+, A, } be the set consisting of
all ground activities occurring in A. The activity term A defines a strict partial
order <4 on {4y, -+, A,}, using the sequentiality operator. It is generated on
the set S of subterms of A as follows:

— (Squl,... ,Bm,) GS/\’L<]:>B1 <A Bj.
— Bi1,By € SA By <a By = B} <4 B for every subterm B} of B;,i =1,2.

Definition 2. Let A be a reduced activity term and g(A) = {A1, -, An}.
An active schedule for A is a set of starting times of ground activities {ta, €
IN | A; € g(A)} such that:

— The precedence constraints are satisfied: ta, + d(Ap) < ta, for each A; and
each immediate predecessor Ap with Ap <a A; ,

— The resource constraints are satisfied: ta, > ta, +d(A;) orta, > ta, +
d(Ap,) for all Ay, Ay, € g(A) with r(A;) = r(An)(1 Am) and

— No ground activity can be started earlier without changing other start times:
There does not exist another set {t'y |A; € g(A)} with a ground activity A;,
which satisfies the precedence and resource constraints, such that ta, = t;xi
fori /=5 and ta, > t;‘j.

The makespan of an active schedule is the duration from the first starting time
min;(ta,) to the stopping time max;(ta, + d(A;)).

Let A be an activity term. Then the set of active schedules for A is the union of
the set of active schedules for all reduced activity subterms of A.

Since time is discrete it is easy to see that for any activity term A the set of active
schedules derived from A is finite. In the following all schedules are assumed to
be active.

2.4 The Semantics of the Language RSV

Definition 3. The model-theoretic semantics of activity terms in RSV is given
by an interpretation T which consists of the set D (the domain of T) and a
function T (the interpretation function of I). The set D consists of all active
schedules derived from activity terms in RSV. The interpretation function -~ as-
signs to every activity term A the subset of D that consists of all active schedules

derived from A.
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2.5 Scheduling Problem

The objective is minimizing the project makespan, i.e. finding an active schedule
with a minimal duration. So, we define the scheduling problem RSV as follows:

Definition 4 (The scheduling problem RSV).
For a given activity term A of RSV an (active) schedule corresponding to A
which has the minimal project makespan has to be determined.

3 A Calculus for the Scheduling Language RSY

Two activity terms are semantically equivalent, if the interpretations of the two
activity terms are identical. For example, the following two activity terms

(pll (seq Ps(c, 15), Py(c, 16)), (xor Ps(c,3), Ps(d,5))) (1)
and

(xor (pll (seq P3(c,15), Py(c, 16)), Ps(c, 3)), @)
(pll (seq Ps(c, 15), Py(c, 16)), Ps(d, 5)))

are semantically equivalent, i.e. the set of all schedules which may be derived
from (1) and the set of all schedules which may be derived from (2) are identical.
An activity term such as (2) in which the xor-operator occurs only once in the
leftmost position is called a normalized activity term. In this section we will
define a calculus that may be used to transform any RSV-expression A into a
semantically equivalent normalized RSV-expression B. Further we will show the
calculus to be correct, i.e. in the calculus only such syntactical derivations which
cause no semantical change are permitted. So, if A - B, then A = B holds, as
illustrated in Figure 1.

Syntax I Semantics
RSV D

deriving

Fig. 1. Graphical representation of a scheduling equation A = B
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3.1 The RSV-Calculus

Similar to the computation rules for a disjunctive normal form in propositional
logic, a RSV- calculus is defined:

Definition 5. If Ay, As,--- , Ak, B1, -+, Bi, Agya,- -+ , An are activity terms,
the calculus has the following 3 associative rules (3,4,5) and 2 distributive rules
(6,7). Each associative rule describes that a subexpression combined by ‘seq’,
xor’ or ‘pll’ which is an argument of the operator ‘seq’, xor’ or ‘pll’ respec-
tively may be flattened. FEach distributive rule describes that if the operator xor’
occurs as an argument of the operator ‘seq’ or ‘pll’, the operator xor’ may be
moved to the leftmost position:

(Squ17A27"' 7Ak7(squlaBQ7"' 7Bl)7Ak+27Ak+37'” aAn)
(SqulaA27”' ?Ak:aBlvBQa”' 7Bl?Ak+27Ak+37"' ;An)

3)

(XOI‘A17A2,"' 7Ak,(XOI' BlaB27"' 7Bl)aAk+27Ak+37"' aAn)
(XOI' A17A27”' 7AkalvB27"' 7BlvAk+27Ak+37.” 7A

(PI1 Ay, As, -+ Ay, (PI1 By, Ba, -+, By), Akt2, Akys, -+, An)
(p11A17A27"' ?Ak:aBl7BQa"' aBlvAk-‘erAk-‘r?n”' 7A

(Squ17A27"' ,Ak,(XOI' Bl;B27"’ aBl),Ak+2»Ak+37"' aAn)
(xor (seq Ay, Aa, -+, Ak, B, Apra, Apya, - An
(Squ17A2a” : 7Ak7BQ?Ak+23Ak+3a"' aAn

(Seq Ala A27 o 7Ak:7 Bl7Ak+27Ak+37 T 7An))

(pllAl,AQ’..~ ,Ak,(XOI'Bl,BQ,..o aBl)aAk+23Ak+3,"' 7An)
xor ((pll Ay, Ay, -+, Ay, Br, Apya, Agys, -, A
(pllAl,AQ,..- ,AkaB27Ak+27Ak+3,"' 7141,71

(Pl Ay, Ag, -+ Ap, By, Ao, Ay, -+, Ap))
Lemma 1. The RSV-calculus is a correct calculus.

Proof. A rule in the form

A

B

is “correct” iff the interpretation of the upper expression A and the lower ex-
pression B is identical ( AT = BZ). In the following we show this for each of the
5 rules.
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Rule (3): The set of all active schedules derived from the upper and lower expres-
sion is obviously identical, because both expressions describe the same ordering
of the activity terms Ay, -+, Ag, By, -+, B, Agyo, -+ , Ap—1 and A,,. Otherwise
the expression transformation doesn’t make changes. Therefore, the following
equation holds:

(seq A1, Az, , Ay, (seq By, By, -+, By), Apya, Apys, - An)t
= (Squ17A27"' 7AkalaB27"' ,BlaAk+23Ak+3a"' 7A’n)I

Rule (4) and Rule (5) may be proved similarly to rule (3).

Rule (6): For the k + 1-st argument of the operator ‘seq’ a choice possibility
exists. One of the [ activity terms By, --- B;_1 and B; must be selected. For each
choice of B; (i =1,---,1) a set of all schedules derived from the expression

(Seq A17A27 e 7Ak7Bi7Ak+2>Ak+37 T ;An)

denoted by Mp, is determined. Then the set of all schedules which may be derived
from the upper expression

(Squ15A27"' ,Ak,(XOI‘ 317327"' aBl)aAk-‘rQaAk-‘rSa"' 7An)

corresponds to the union of the sets Mp, --- Mp, , and Mp,. Further this union
corresponds to the set of all schedules which may be derived from the lower
expression. So, the following equation holds:

(seq Ay, Ag, -+, Ay, (xor B, Ba, -+, Bl), Agra, Agis, -+, An)t
= (xor (seq A1, Aa, -+, Ap, B, Aky2, Apgsz, -+, Ayp)
(seq A1, Ag, -+, A, Ba, Apyo, Ajgs, -+, Ay)

b
)

(Seq A17 AQ; R Ak‘7 Bl) Ak+27 Ak+37 Ty An))I
Rule (7): This may be proved similar to rule (6).
The correctness of the RSV-calculus permits to formalize the following theorem:

Theorem 1. For any activity description A of RSV all operators xor’ in the
interior of A always can be moved to the leftmost position such that A is trans-
formed to a semantically equivalent, normalized activity term A’ in which the
operator xor’ can occur uniquely once in the leftmost position combining all
reduced activity terms derived from A.

Proof. 1t is sufficient to show that for any expression A of RSV all derivations
terminate in a normalized expression. This is the case when no further RSV-rules
can be applied.

Using an innermost strategy and induction on the number of occurrences of
xor’s it is easy to see that in every expression containing the ‘xor’-operator, it
can be shifted to the topmost position.

Thus all ‘xor’-operators in the interior of the activity term A may be moved
stepwise to the left until at most one topmost xor remains. a
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Theorem 1 shows that the RSV-problem can be solved by first transforming
each activity term A into a semantically equivalent, normalized activity term
B and then computing the schedules with the minimal project makespan for
every reduced activity term of B separately. A final minimizing step computes
the minimum makespan for A.

In the following section we describe a solution algorithm that nonredundantly
computes all active schedules for each reduced activity term of RSV.

4 Solving the RSV-Problem Using Diagram-Based
Calculation

Many varieties of branch-and-bound-based implicit enumeration methods ([23],
[24], [26], [4], [7], [8], [18], [6]) for solving the RCPS-problem which may be also
used for determining the optimal schedules for reduced activity terms of RSV
have been reported. In this section we introduce a new diagram-based method
for representing reduced activity terms graphically. The resulting diagrams are
called RSV-diagrams. Further we show that based on the representation method,
a solution algorithm is described for explicit generation of all nonredundant
active schedules. This is illustrated graphically using RSV-diagrams.

4.1 The RSV-Diagram

A RSV-diagram has a time axis and a scan-line. The operator ‘seq’ is specified
using a continuous line while the operator ‘pll’ is specified using a broken line.
In the following two reduced activity terms are for example represented by a
RSV-diagram.

Example 2. The following two reduced activity terms
pll (Seq (pll Pl(av 1)a P2(b7 2))» PB(Ca 2))7
(seq Py(b,1), Ps(a, 1)),

P6((l, 2)7
(Seq P7(d7 1)7 P8(b7 2))

pll (seq Py (b, 3), P,
(seq Ps(a,2), Py
(seq Ps5(a,4), Ps

(c;4)),
(b,3)), and
(b,2))

may be represented by the RSV-diagram 1 and 2 of Figure 2 respectively.

4.2 Solution Algorithm Axsy Based on a Scan-Line principle

In a RSV-diagram each ground activity has a left and a right end point (a
start and end time). The left and right end point of any ground activity P(r,t)
denoted by LE(P(r,t)) and RE(P(r,t)) are referred to as stopping times of the
scan-line. (D, t) with ¢ > 0 denotes that the scan-line is found at the stopping
time tgr, =t in the RSV-diagram D. The scan-line is used for determining and
resolving resource conflicts. Instead of continuously moving, the scan-line jumps
from one stopping time to the next right stopping time while determining and
then resolving resource conflicts.
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o

Fig. 2. RSV-diagrams with the scan-line on the stopping time ts;, = 0.

In the beginning the scan-line is found at the time tg; = 0 and the diagram is
empty. The diagram is accompanied by a given input activity term A and an
actual activity term T', where in the beginning A = T holds.

Step 1: Attaching start ground activities to the scan-line: First all start
ground activities of A (or T') which have no predecessors in A are attached to
the scan-line. “Attaching a ground activity P to the scan-line” means that P is
placed in the diagram so that the time at which the scan-line is found is assigned
to P as its start time.

Step 2: Moving the scan-line: The scan-line jumps to the next stopping time.

Definition 6. In a RSV-diagram (D,tgy) with ts, > 0 a ground activ-
ity P(r,t) is called a (tsp-time) scan-line activity iff LE(P(r,t)) < tsr and
RE(P(r,t)) > tsr, holds. A scan-line activity P(r,t) with RE(P(r,t)) = tsr, is
called a (tsr-time) direct scan-line activity. A direct scan-line activity P(r,t) is
called a (tgr-time) conflict-free activity iff there is no other scan-line activity
that requires the resource r, i.e. P(r,t) is a unique scan-line activity requiring
the resource r. The resource r which is required by a direct scan-line activity is
called a (tsr-time) direct scan-line resource.

Definition 7. If in a RSV-diagram (D,tgsr) with ts, > 0, ground activities
Py(r,t1), Pa(r,ta), - and P, (r,t,)(n > 2) and are all (tsp-time) scan-line ac-
tivities requiring the same resourcer, Py(r,t1), Pa(r,t2), - and P, (r,t,) (n > 2)
are called to be involved in a (tsr,r)-resource conflict or tgy-time resource con-
flict iff r is a direct scan-line resource . This resource r is called a tgy-time
conflict resource. Further tthese activities Py(r,t1), Pa(r,t2), -+ and Py(r,t,)
(n > 2) are called (tgg,,r)-conflict activities or tgr-time conflict activities.

Step 3: Determining and resolving resource conflicts; Freezing all def-
initely placed ground activities: First, because the begin and end times of
all tgz-time conflict-free activities have been definitely determined, all gy -time
conflict-free activities are frozen. If several scan-line activities require a conflict
resource r simultaneously, a resource conflict occurs. A resource conflict is re-
solved by selecting an activity and shifting all the other activities behind the
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selected activity. In this case the begin and end time of this selected activity are
definitely determined. In order to mark that a selected activity must no longer
be moved, it is frozen.

At any stopping time tgy, several different tgy-time resource conflicts can si-
multaneously occur. In this case exactly one (tsy,r)-conflict activity for each
tsr-time conflict resource r is selected in order to freeze it. There exist several
different combinational possibilities for selecting activities. Such a combination
is called a conflict combination and is formally defined as follows:

Definition 8. Let ry,79,--+ ,r, be tgp-time conflict resources in a RSV-
diagram (D,tgr). Let Py 1, -+, Pr g, be all (tsp,r1)-conflict activities,
Pr1,--  Prym, be all (tsp,re)-conflict activities, ---, and Pr 1, -+ , P, m.,

be all (tsr,mn)-conflict activities. An element of the following set

P,

T‘n,in”?'l:la"' 7m1322:17"' , M2, - 7Zn:1a"' 7mn}

{[Pﬁ,iwp'r"

2,29 " "
1s called a tgp-time conflict combination.

In the case of the definition 8 there exist altogether my X mgo X -+ X m,, tgp-
time conflict combinations. In order to pursue all possible precedence orderings,
the actual RSV-diagram (D, tsy,) is multiplied by the number of the existing
conflict combinations. Every conflict combination is assigned to one of the mul-
tiplied diagrams respectively. In every diagram, the assigned conflict activities
are frozen and all the other tgz-time conflict activities are moved behind each
corresponding frozen activity respectively. We proceed with the step 4 for every
diagram accompanied by A and T'.

Step 4: Deleting all tg;-time direct scan-line activities from the actual
activity term T': If in the diagram (D, tgy,) tgz-time direct scan-line activities
exist, they surely have been frozen in the last step 3. Now all tg-time direct
scan-line activities in (D, tgy) are deleted from T of (D, tsy). So T may become
smaller.

Step 5: Attaching further ground activities to the scan-line: Further
ground activities from the actual activity term 7" which can be attached to the
scan-line are determined in order to place them. If in an actual diagram (D, tgy)
a scan-line activity P(r,t) with RE(P(r,t) > tsr has been frozen, the resource
r is being blocked until the time RE(P(r,t)). So, all further ground activities
requiring the tgr,-time blocked resource r which have not yet been placed in the
diagram and have no predecessor in T must wait until the scan-line has jumped
to the time RE(P(r,t)). For (D,tsr)(tsr, > 0) with an input activity term A
and an actual activity term 7', a ground activity P(r,¢) of T' can be attached to
the scan-line iff

1. P isn’t from the diagram (D,tgr,),

2. in (D, tsy) there exists no frozen activity Q(r,1) for which LE(Q) < tsz and
RE(Q) > tsr, hold.

3. in T' P has no predecessor.
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Furthermore the steps 2, 3, 4 and 5 are recursively applied until all ground
activities have been placed in the diagram and all activities in the diagram have
been frozen so that T is empty and an active schedule is completed. Among all
computed schedules, those that have the minimal project makespan are delivered
as the optimal schedules for A.

1 D 2 D1
] Pi(a,1) Pi(a, 1)_
™ P | P2
1
Py(b,1) Py(b,1)
Py(a,2) Py(a,2)
Pi(d,1) Pi(d.1)
1 f f f f f f = f f f f f
6 t 6 t
3 D1 4 D11
—+> -+
| £ile ), Py(c,3) | Pl 1), Pi(c.3)
Py(b,2) Pi(b,2)
Py(b.1) Pub,1) | Py(d, 1)
Polfn,2) Pi(a,2)
Pi(d, 1), Li.1(0e) B | Pild. 1), Bk |
f =y f f f f f f f f =y f

Fig. 3. RSV-diagram-based calculation of active schedules for the reduced activity
term of example 2

Ezample 3. In order to demonstrate that computing with the aid of RSV-
diagrams makes the algorithm easily understandable, we consider the second
reduced activity term of example 2. In the beginning, the input activity term
and the actual activity term are identical. There are start activities Py, Ps, Py, Ps
and P;. The diagram 1 of figure 3 shows the resulting diagram after applying
step 1, in which the scan-line time 0 has been assigned to these start activities
Py, P>, Py, Ps and P; as their start time. In step 2, the scan-line jumps into the
next stopping time tg;, = 1 and we have the resulting diagram (D, 1), in which
there is one 1-time conflict free activity Pr and two 1-time conflict resources a
and b. So there exist four 1-time conflict combinations [Py, Ps], [Py, Py, [P2, Ps]
and [Py, Ps] altogether. The diagram (D, 1) is multiplied 4 times, let these be
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D1,--- ,D4 and [Py, P, [P1, Py, [ P2, Ps), [Py, Ps] are assigned to D1, - -+, D4 re-
spectively. In every diagram, the 1-time conflict free activity P; and the assigned
1-time conflict activities are frozen and the other 1-time conflict activities are
moved behind each corresponding frozen activity. Subsequently we proceed with
the next step 4 in every diagram accompanied by the input activity term and
the actual activity term.

If we pursue (D1,1) to which the combination [P, P5] is assigned, we have di-
agram 2 of figure 3 where P;, P, and P; have been frozen and P; and FPs have
been moved behind P, and P; respectively. Now the two 1-time direct scan-line
activities Py and P; in (D1,1) (diagram 2) have to be deleted from the actual
activity term. After deleting both activities we have the following new actual
activity term for (D1,1):

pll (Seq (pll P2(b7 2))a P3(C7 2))a
(seq Py(b,1), Ps(a,1)),
Pﬁ(a72),

(seq Ps(b,2))

Pg is here the unique activity which has no predecessor and isn’t yet included
in the diagram, but it requires the 1-time blocked resource b. So in the next
step 5 there is no activity to be attached to the scan-line. After applying the
further steps 2, 3, 4 and 5 to the diagram 2, we have the diagram (D1,2) the
diagram 3 of figure 3 shows, where the two further activities P; and P newly
have been attached to the scan-line. The information that P; corresponds to
the immediate predecessor of Pgs could be read from the input activity term
accompanied. So, Py, for example, has been placed behind P in the diagram.
After applying the next step 2 to the diagram 3 we get (D1, 3), in which there is
a 3-time conflict resource b. (D1, 3) is duplicated 2 times, let these be (D11, 3)
and (D12,3) where 3-time conflict activities P, and Py are assigned to (D11, 3)
and (D12, 3) respectively. In (D11, 3) the 3-time conflict free activity Ps and the
assigned activity Py are frozen etc. Finally, from the diagram (D11, 3), one active
schedule requiring the project makespan 5 is generated which the diagram 4 of
figure 3 shows while from the diagram (D12,3), one active schedule requiring
project makespan 6 is generated. For this example, there are 4 different optimal
active schedules with project makespan 5 altogether.

4.3 Proving Correctness of Agrsy

A correctness proof for Arsy is given as follows:

Theorem 2. For any given reduced RSV-activity term A, Arsy generates
nonredundantly all active schedules which may be derived from A.

Proof. We show the theorem through structural induction on the term construc-
tion of A.
Induction base: If A is a ground activity, the proof is trivial.
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Induction step: In the beginning the scan-line is found at the time tg;, = 0. After
applying the first step all start activities of A are attached to the scan-line. In
the following the scan-line jumps to the next stopping time [. Let Gy, -+ ,G),
be all [-time direct scan-line activities, i.e. it holds that RE(G1) = RE(G2) =
-+ RE(G,) = l. Now, the following 2 different cases have to be distinguished:

Case 1: There is at least one activity G; which corresponds to a [-time conflict-
free activity. First, all [-time conflict-free activities are frozen and then the oc-
curring resource conflicts are resolved. Here, let the diagram be multiplied to
k diagrams Dq,---, Dy so that each [-time conflict combination is assigned to
a diagram respectively. After resolving the resource conflicts, for every diagram
all [-time direct scan-line activities are deleted from the actual activity term T
respectively. So, in every diagram the corresponding actual activity term T be-
comes smaller since at least one [-time conflict-free activity G; is deleted from 7.
Furthermore, Agrsy is applied recursively to every diagram accompanied by the
corresponding actual activity term 7". By induction hypothesis, Arsy generates
nonredundantly all active schedules for every diagram since every corresponding
actual activity term 7T is smaller than A. Moreover, Arsy generates nonredun-
dantly all active schedules for A since D1, ---, Dy are pairwise different. It is
obviously true for the case k =0, i.e. all Gy, --- , G, are [-time conflict-free too.
Case 2: Each activity G; is involved in a I-time resource conflict, i.e. there is no
[-time conflict-free activity. First the occurring resource conflicts are resolved.
Let the diagram be multiplied to k diagrams Dy, ---, Dy so that each I-time
conflict combination is assigned to a diagram respectively. For any D, the fol-
lowing two subcases have to be distinguished:
Case 2.1: There is at least one activity G; which is frozen. This case is very
similar to the case 1.
Case 2.2: None of the [-time direct scan-line activities G1,---,G, is frozen.
Then, there are further [-time conflict activities which are frozen. Let these be
Hy,---,H,, where RE(H;) > [ for each j must hold. Eventually Hy,---, H,,
will be deleted from the actual activity term 7" and in the result T will become
structurally smaller. So, by induction hypothesis, Arsy generates nonredun-
dantly all active schedules.
Consequently, for the case 2, Arsy generates nonredundantly all active sched-
ules for A since D1, -, D} are pairwise different.

O

5 Summary and Future Work

The methods of description logics have been applied in order to formulate and
solve a new general class of resource-constrained scheduling problems. Scheduling
problems with variants are defined as activity terms of a concept language RSV.
The logic of RSV offered an effective approach for solving the AP-complete
RSV-problem. Furthermore, based on the language RSV a new diagram-based
method for representing reduced activity terms of RSV has been introduced.
The nonredundant generation of all active schedules for any reduced activity
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term could be described graphically using RSV-diagrams, in whose center a
scan-line principle stands.

The resource availability we discussed in this paper falls into category of type
n/1/1, according to Holloway et al.’s [12] notation, where the most general cate-
gory of type n/n/n stands for multiple resource types, multiple units of resources
and multiple number of resource types required by a ground activity. Until now,
many models which deal with the classical RCPS-problem and fall into the cat-
egory of type n/n/n (e. g. [17], [7], [8], [18]) have been introduced. In these
models, a constant amount of each resource is assumed to be available through-
out the duration of the project and to be also demanded by a ground activity
throughout the duration of the ground activity.

Future work may investigate a generalization of resource availability of type
n/n/n for the language RSV. Such general problems may be easily formulated

by generalizing the syntax P(r,t) to P((r1,7r2, -+ ,7n),t), where n corresponds
to the number of resource types and r; (i = 1,--- ,n) and 0 < r; < b; describes
required units of resource type ¢ by P. Here, each resource typei (i =1,--- ,n)

is assumed to be available in a constant amount b; throughout the duration
of the project. Otherwise the three structural symbols (operators) ‘seq’, ‘xor’
and ‘pll’ and the inductive rules for constructing activity terms may be applied
unchanged.
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Abstract. Query-directed browsing of unstructured Web-texts using
Formal Concept Analysis (FCA) confronts two problems. Firstly on-line
Web-data is sometimes unstructured and any FCA-system must include
additional mechanisms to structure input sources. Secondly many on-
line collections are large and dynamic so a Web-robot must be used to
automatically extract data. These issues are addressed in this paper. We
report on the construction of a Web-based FCA system for browsing
classified advertisements for real-estate properties'. Real-estate adver-
tisements were chosen because they are typical of semi-structured textual
information sources accessible on the Web. Furthermore, the analysis of
real-estate data using FCA is a classic example used in introductory
courses on FCA. However, unlike the classic FCA real-estate example,
whose input is a structure relational database, we automatically mine
Web-based texts for their structure.

1 Introduction

Mixed initiative[6] is a process from human-computer interaction involving hu-
mans and machines sharing tasks best suited to their individual abilities. The
computer performs computationally intensive tasks and prompts human-clients
to intervene when either the machine is unsuited to make a decision or resource
limitations demand human intervention. Mixed initiative requires that the client
be able to determine trade-offs between different attributes and alter search con-
straints to locate objects that satisfy an information requirement. This process
is well suited to FCA and demonstrated in our previous work[1-3]. This paper
reinforces these ideas by re-using the classic real-estate browsing application do-
main. The main difference with our previous work is that the browsing program
for real-estate advertisements is more primitive than the CEM[1-3], which uses
concept lattices to browse Email, and is also Web-based. However, when analysis
becomes more demanding, we demonstrate how CEM can be re-used to produce

! In FCA the word property has a meaning similar to attribute. In this paper property
is only be used with the meaning of real-estate property, e.g. a house or apartment.

H. Delugach and G. Stumme (Eds.): ICCS 2001, LNAI 2120, pp. 319—@ 2001.
© Springer-Verlag Berlin Heidelberg 2001
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Fig. 1. The Homes On-line home-page. The site acts as the source of unstructured
texts for our experiment.

nested-line diagrams for real-estate data imported from the Web. Other related
work demonstrates mixed initiative extensions by using concept lattice anima-
tion, notably the algorithms used in CERNATO? and joint work in the GODA
project? is underway to engineer tools for Web-based FCA solutions that feature
nested line-diagrams as well as lattice animation.

This paper is structured as follows. Section 2 describes practical FCA sys-
tems and their coupling to relational database management systems (RDBMS).
This highlights the necessity of structured input when using FCA. Section 3 de-
scribes the Web-robot used to mine structure from real-estate advertisements.
This describes the methods required to extract structured data from unstruc-
tured Web-collections and measures their success. Section 4 shows the Web-based
interface for browsing structured real-estate advertisements. Section 5 demon-
strates how real-estate data can be exported and the CEM program re-used to
deploy nesting and zooming[7].

2 Formal Concept Analysis and RDBMSs

FCAJ5] has a long history as a technique for data analysis. Two software tools,
ToOSCANA([8] and ANACONDA embody a standard methodology for data-analysis
based on FCA. Following this methodology, data is organized as a table in a

2 See the paper “Multi-dimensional Representations of Conceptual Hierarchies” by
Peter Becker in these proceedings where the nested-line diagram is animated to
reveal structure.

3 GoDa is a Griffith/Darmstadt collaboration funded by the ARC and DFG.
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RDBMS (see Fig. 2) and is modeled mathematically as a multi-valued context,
(G, M, W, I) where G is a set of objects, M is a set of attributes, W is a set of
attribute values and I is a relation between G, M, and W such that if (g, m,w,)
and (g,m,ws) then w; = wy. In the RDBMS table there is one row for each
object, one column for each attribute, and each cell can contain an attribute
value.

Organization over the data is achieved via conceptual scales that map at-
tribute values to new attributes and are represented by a mathematical entity
called a formal context. A conceptual scale is defined for a particular attribute of
the multi-valued context: if S,,, = (G, M, In) is a conceptual scale of m € M
then we require W,,, C G,,. The conceptual scale can be used to produce a
summary of data in the multi-valued context as a derived context. The context
derived by S,, = (G, My, In) w.r.t. to plain scaling from data stored in the
multi-valued context (G, M, W, I) is the context (G, My, J,,) where for g € G
and n € M,,

gImn < JweW: (gom,w) el and (w,n)€ I,

Scales for two or more attributes can be combined together in a derived context.
Consider a set of scales, S,,, where each m € M gives rise to a different scale.
The new attributes supplied by each scale can be combined together using a
special type of union:
N = U {m} x My,
meM

Then the formal context derived from combining all these scales together is
(G, N, J) with

gJ(m,n) ©: JweW: (¢gmw) €l and (w,n)€ I,

The derived context is then displayed to the user as a lattice of concepts.

A formal context is a triple (G, M,I) where G is a set of objects, M is a
set of attributes, and I is a relation between the objects and the attributes, i.e.
I C G x M. A concept of a formal context (G, M, I) is a pair (A, B) where
ACG,BCM, A={geG | VYmeB:(gom)el}and B={meM | Vg€
A : (g,m) € I}. For a concept (A, B), A is called the extent and is the set of
all objects that have all of the attributes in B. Similarly, B is called the intent
and is the set of all attributes possessed in common by all the objects in A. As
the number of attributes in B increases, the concept becomes more specific, i.e.
a specialization ordering is defined over the concepts of a formal context by:

(A1,B1) < (49,B2) & B, C By

More specific concepts have larger intents and are considered “less than” (<)
concepts with smaller intents. The same partial ordering is achieved by consid-
ering extents, in which case more specific concepts have smaller extents. The
partial ordering over concepts is always a lattice and commonly drawn using
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Object | # Bedrooms | Views b|h|c
1 3 beach {3
2 2 {beach} X
3 1 beach, hills {hills} X
5 4
6 city {beach,hills,city} | x | x | x
Multi-context Scale Context for Views

G={1,2,34506}
M = {Bedrooms, Views}
W = {1,2,3,4,{beach},{beach,hills} {city}}

city beach Lattice of Conceptual
Scale for Views

hills

Concept Lattice derived
from the Scale for Views

Fig. 2. Example showing the process of generating a derived concept lattice from a
multi-context and a conceptual scale for the attribute Views.

a Hasse diagram. Attribute and object labels are disambiguated by attaching
object labels from below and attribute labels from above.

Consider Fig. 2. A RDMS table contains a list of real-estate properties (ob-
jects 1-6), the number of bedrooms and the type of views the properties afford.
The multi-valued context has two attributes: #Bedrooms and Views. Views is
organized by the scale context shown on the top-right of Fig. 2. The scale con-
text has all possible combinations of beach, hills, and city views as objects and
introduces three new attributes: b, h and c. The set of scale objects must contain
all the attribute values taken on by objects for the attribute being scaled. The
scale is applied to the multi-valued context to produce a derived context giving
rise to the derived concept lattice shown in Fig 2 (lower-left). This lattice reveals
that there are no objects having both views of the hills and city since the most
specific concept (the concept at the bottom of the lattice) has an empty extent.
Furthermore any object in the data set that has a view of the hills (there is only
one, object 3) will also have a view of the beach. With large data sets (small
numbers of attributes of interest, large number of objects) concept lattices are
vastly superior to tables in their ability to communicate such information.

In practice it is easier to define a scale context by attaching expressions to
objects rather than attribute values. The expressions denote a range of attribute
values all having the same scale attributes. To represent these expressions in the
mathematical description of conceptual scaling we introduce a function called
the composition operator for attribute m, ., : Wy, — G, where W,,, = {w €
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Fig. 3. Interface to WebRobot that “extracts” the advertisements from the Newclas-
sifieds Web-site.

W | 3g € G : (g,m,w) € I'}. This maps attribute values to scale objects. The
derived scale then becomes (G, N, J) with:

gJ(m,n) & JweW: (g,mw) el and (ap(w),n)el,

The main purpose of this summary of FCA is to reinforce that in practice
FCA works with structured object-attribute data in RDBMS form, in conjunc-
tion with a collection of conceptual scales.

3 Web-robot for extracting structured data from
unstructured sources

We were unable to negotiate cooperation with Newslimited, the owner of copy-
right on the real-esttate advertisements. Our initial intention was to obtain ac-
cess to their structured classifieds database for student experiments introducing
FCA. Undeterred, a purpose built script and interface to determine the query
parameters from the Newslimited Web-site is shown in Fig. 3.

We therefore began with a sequence of real-estate advertisements in an
HTML file rather than with the ideal format, an RDBMS export format. The first
task is to separate the advertisements from the surrounding HTML mark-up and
segment the advertisements into self-contained objects, one for each property.
This was done using a string processing algorithm. An example advertisement
is shown in Fig. 5. The text refers to six different properties, three with a rental
price $250 per week and three with a price of $300. All properties are located
in the suburb of Arundel. The format of the advertisements presents three main
challenges: (i) the information about properties overlap, i.e. the single instance
of the word Arundel indicates that all six properties are in Arundel, (ii) there are
many aliases for the same basic attribute, e.g. double garage and dble garage,
(iii) some information is very specific, e.g. 1.up garage or near golf course.

An LL(1) parser was constructed using the Metamata Java Compiler Com-
piler (JavaCC*) to parse advertisements of this type. The parser is able to handle
the first two of these challenges with reasonable success. The parser recognizes
pre-defined attributes and discards all unrecognized information.

4 see http://www.metamata.com/JavaCC/
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Fig. 4. Extraction DataFlow System Diagram.

The initial segmentation of the advertisements was able to extract 89% of ad-
vertisements. The remaining 11% were of low quality and omitted, they did not
include a rental price and were therefore not meaningful. The parser recognized
64 attributes of which 53 were single valued, i.e. true or false. The remaining 11
attributes, including rental price, number of bedrooms and car park type, were
multi-valued. To assess the accuracy of the parser, precision and recall were mea-
sured for each attribute and then aggregated. A summary of the most common
and most important attributes for 53 rental properties is given in Table 1.

Location Price Bedroom Furnished Car Park Other
Frequency| 100% 100% 100% 26.4% 50.9% 88.7%
Precision 100% 100% 100% 100% 100% 100%
Recall 94.3% 100% 98.1% 71.4% 96.3% 68.1%

Table 1. Recall and Precision for 53 unseen real-estate adverts.

N4 is the number of identified words and Np the number of correct words.
The precision of multi-valued attributes is calculated as the number of correctly
identified attribute values (|JN4NNp|) as a proportion of the number of identified
attributes values (|N4|). The recall is the number of correctly identified attribute
values (|[Na N Ng|) as a proportion of the number of correct attribute values

(INB)).
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FOR RENT - ARUNDEL - Phone 55948184

$300

4 Bedrm, in-grnd pool, dble garage, near shops and school

3 bedrm, tripple garage, immac. presented, close to transport

Exec. 3 Bedrm + study, pool, dble garage, all ammen. close to school
$250

Leafy 3 bedrm, double garage, avail. Aug.

3 bedrm townhouse, resort fac. l.up garage, 2 bathroom and on-suite.
Townhouse, 2 bedroom, resort fac. garage, near golf course and transport.

© 00 ~NO O WN -

Fig. 5. A rental classified advertisement illustrating multiple aliases for attributes (as
in abbreviations such as Bedrm=bedroom), multiple objects (as rental properties de-
scribed on lines 3, 4, 5, 7, 8 and 9) in a single advert (all lines) clustered on an primary
key attribute: in this case the two prices $300 and $250.

Averaging the most important attributes — Location, Price, Bedroom, Fur-
nished, and Car parking — weighted by their frequency yields a precision of 100%
and a recall of 95% while the inclusion of the Other attribute reduces the recall
to <70%. All real-estate advertisements leave out some information about the
property they advertise, presumably because of the per word cost of advertising
space. As a result we would expect the recall of actual information about the
property being advertised to be much less w.r.t. the actual property.

One of the strengths of FCA is that it allows the user to compose views of
the data that separate objects at different levels of detail. For example the user
may have a coarse distinction based on price, but a fine-grain distinction based
on proximity to facilities. Table 1 shows poor recall for attributes in the group
Other. When combined with the knowledge that the adverts contain only partial
descriptions of the data this places a practical limit on the level of detail that
can be usefully explored. This limit could be extended if the initial data source
was a database or XML file containing more extensive information about the
features of properties for rent.

The LL(2) parser was very fast, building the relational database and storing
the multi-valued context in under 8 seconds on a Pentium-III 300 MHz for an
entire week’s worth of adverts, approximately 3,400 properties listed in the local
newspaper.

4 RFCA - the Web-based FCA Interface

The Web-based user interface presents a Web page with a scale selector as shown
in Fig. 6. The client selects a suitable scale to browse through the newsclassified
advertisements. The scales are pre-defined. The newsclassifieds are now in a
structured database form after the parsing described in the previous section.
When the user selects a scale, a new Web page is loaded containing the scale
image. This image now contains all the resulting extent numbers from the scale’s
interrogation of the database. The number of objects in the extents are displayed
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Searching, Retrieving & Visualising Real Estate
Classifieds Using Formal Concept Analysis

Context Name region =] | Use Imagemap = | Invoke comext!|

1 file(s) moved.

Context displayed: parking

Parking not mentioned

[ oo | o % SR @ 2

Fig. 6. The RENTAL-FCA prototype: Scales are pre-defined and selected off the “Con-
text Name” menu (top-left). This figure shows the conceptual scale used for car parking
and the extent numbers for each formal concept.

over each vertex in the usual way. The same scale selector is also available on
the Web page displaying the scale image. This allows the user to select a new
scale without having to go back to the previous page. In other words the same
scale selection should be present on each of the pages displaying a selected scale.

A process that reproduces the Web page dynamically with different scales
and extent numbers was implemented. This program creates the scale images
after each selection by the user. A database connection and support for reading
the scale files from the server are supported.

The Web pages with extent numbers do not exist as files but are generated on
demand. When a scale is selected, the script calls the graph drawing program as a
system command with the new scale name as parameter. This drawing program
draws a concept lattice corresponding to the context. The result is stored as a
PNG file representing the scale image and an image map representing the coor-
dinates for the vertices in the graph. The image map also contains SQL queries
extracted from the current context file. Queries in the image map corresponding
to vertices in the PNG file are used to interrogate the database. After executing
the graph drawing program the script starts to build the client-side image map.
All the vertex coordinates are read in sequence from the image map and trans-
formed to “hot” regions in the click-able image. Each hot region is linked to a
CGI script with the SQL queries also read from the image map. When the user
clicks a vertex in the scale image the browser loads another database extraction
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Browser Server
Page Request
»
P HTTP
h CGl
Page & Image program
RDBMS

Fig. 7. System diagram of the Web-based FCA browser for real-estate classifieds.

Fig. 8. From the scales view shown in Fig. 6 the user can navigate to the objects which
are displayed in the structured extracted form as a database table.

script which produces a new Web page displaying the selected data. Such a Web
page with a scale presenting classified data is displayed in Fig. 6.

The systems diagram for the Web-based front-end is shown in Fig. 7. Re-
sults must be displayed in the form of a table with the data extracted from
the structured database. The Win32::0ODBC module provided a secure way to
establish a connection between the data extraction script and ODBC under Win-
dows NT. A HTML table is built using the adverts received as rows from the
database. A Web-page with the resulting HTML table of adverts is showed in
Fig.8. All attributes are listed for each advert, boolean attributes replaced with
an image-hook and abbreviated attributes replaced with full descriptions. Back-
ground colors for each advert row are alternated so the user can follow an advert
when scrolling sideways.

Sometimes the original advert contains attributes not included in the database
that can be of additional interest. The first column in the table is a running num-
ber that uniquely identifies the advert. This number is inserted when parsing the
adverts. The table contains a column named Id. Id contains the number of the
section from where the advert was parsed. So, if the advert was originally located
in the third section in the free-text of the rental classifieds file, the column has
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the value 3. Using this number, we can create a link from the database adverts
to the originals in the downloaded text file. An example of a resulting Web page
displaying the original adverts is shown in Fig. 9.

Fig. 9. By navigating by the Id in Fig. 8 the user can recover the text of the original
unstructured text. This text can be dynamically generated by a query against the
Newclassified Web-site if copyright is a concern.

5 Reusing CEM for Nesting and Zooming

Nesting and zooming][8, 7] are two well established techniques used in FCA. To-
gether these techniques allow a user to wander around in a conceptual land-
scape[9] attempting to find concepts that satisfy their constraints. When search-
ing for a real-estate property, there will obviously be compromises between loca-
tion, price and other factors. By using concept lattices to show how constraints
can be satisfied users are able to adapt their search to areas more likely to bear
fruit. We re-used the CEM program to reinforce these ideas although the same
approach could be implemented with some effort in the RENTAL-FCA prototype.

This contrasts with current on-line real-estate systems which ask the user
to provide a specification for the type of property they are interested in and
then (in most cases) provide either an empty list or a very long list of candidate
properties. Using nesting and zooming in FCA allows questions like, “What are
the possibilities for a mid-range house close to the city with a view, maybe close
to park, shops or transport” as opposed to a question like: “List all mid-range
houses that are close to the city, have a view, are close to a park, close to shops,
and close to transport.”

Consider a person who is new to a city and looking for accommodation. A
good place to start is a decision about price. Fig. 10 shows a conceptual scale
defined for price. The scale shows that most properties are either mid-range or
expensive and that roughly 3/5’s of each of the mid-range and cheap houses
are in the intersection of mid-range and cheap. Consider that without more
information the user is uncertain of what price range they are interested in.
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Fig. 10. Derived concept lattice showing how the properties are distributed with re-
spect to three linguistic variables (scale attributes): cheap, mid-range, and expensive.
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Fig. 11. A combination of the scales for price and furniture using a nested line-diagram.

They decide to add more information to the lattice by combining it with a scale

specifying whether or not a property is fur

nished.

Fig. 11 combines the price scale with a scale for furnished, using a nested
line-diagram. The rules for reading a nested line diagram are similar to reading
a normal lattice. Thick lines connect ovals containing small lattices. The small
grey circles show a location for a potential concept which is not instantiated by
the data. The first thing to notice about the diagram is the large number of times
that the middle concept of the inner diagram (the small lattices) is grey. The
grey vertex indicates no mid-range or expensive partially furnished properties so
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the user needn’t spend time looking for such a feature. Furthermore looking at
the small lattice inside the top oval we see that most properties are unfurnished
— 104 furnished as compared with 752 properties unfurnished.

The user may have an interest in investigating fully-furnished mid-range
properties and is able to zoom into this concept by selecting it and selecting
the zoom operation. He/she could have been more specific and selected a prop-
erty in the intersection of mid-range, cheap and fully-furnished since there is such
a concept but for now consider he/she selected mid-range and fully-furnished.
The zoom operation restricts the objects shown in the lattice to only those in
the extention of the selected concept.

Efe Amibules Labce
[eixre-ca]
B chesp ::‘ [\ | une Dingram | Local isgram | view Enan |
s

1%

45

19/
g 19 e ———

fShupu‘wA}‘i “ i ‘
UwchMuw:'Tl \Tﬂ ﬁ](‘
A0l

Fig. 12. A concept lattice showing access to resources such as water, shops, sports etc.
The set of objects has been restricted to fully-furnished, mid-range properties, evident
from the zooming history in the lower left-hand corner.

Fig. 12 shows a scale that has been zoomed. A small panel in the lower left
hand corner shows the zooming history. The two arrow buttons in the tool-bar
allow moving backwards and forwards with respect to the zooming operation
in a manner similar to forward and backwards in Web browsers. The concept
lattice now contains only 69 real estate properties since the zooming operation
has restricted the object set to the extent of the concept for fully-furnished and
mid-range. The conceptual structure in this lattice is different from the general
picture without zooming. In the 69 properties shown, proximity to shops implies
proximity to water (Close Water), and it is impossible to satisfy a desire to be
close to University and close to shops in this restricted set of properties.

The user is now able to make a decision between different criteria, perhaps
zooming further into the concept labeled Close Water or alternatively retrieving
all four properties that are close to shops. Similarly the user is free to go back and
make different zooming choices or include another scale with still more criteria
to the current scale.



Browsing Semi-structured Web Texts Using Formal Concept Analysis 331

6 Conclusion

The paper demonstrates how FCA can be of use to search for rental properties on
the Web even when the structure of the source data is unknown or unavailable.
We believe the same technique is of use in browsing other unstructured legacy
data on the Web.

A number of problems remain to be solved. The current browsing system
is implemented as a stand-alone application and can only browse real-estate
adverts with pre-defined scales. In order to be widely available it would have to
extend to a distributed framework. A good candidate would be a Java Applet
implementation of the graphical user interface communicating with a server. A
Web-based FCA implementation of this sort is presently being engineered as
part of the GODA collaboration.

Another difficulty is that many users are unfamiliar or uncomfortable with
concept lattice diagrams and require a form-based interface. In this way, the
process and interpretation of the diagrams can be taught to the user while using
the tool for the first time. The advantage of FCA, even without the concept
lattice, is that feedback can be given on the volume of data satisfying search
constraints.

The system we implemented obtained its data by parsing small textual de-
scriptions of objects. The increasing use of the Internet is encouraging the storage
of more structured information and thus in the future we expect the difficult task
of constructing one-off parsers to suite specific textual descriptions will disappear
as data is directly entered with structure. In other words, browsing XML data
using FCA on the Web is vastly more simple than what has been described here
although the techniques for mining structure from unstructured textual sources
will be of value in various intelligence applications.
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Abstract. As virtual reality systems achieve new heights of visual and
auditory realism, the need for improving the underlying conceptual mod-
elling facilities becomes increasingly apparent. The Ossa system provides
a media-independent modelling environment based on a production sys-
tem model that uses conceptual graphs to represent both the facts and
the rules. Using conceptual graphs allows for interaction with the virtual
world using multiple modalities (e.g. graphics and natural language).
Conceptual graphs also allow for highly expressive facts and rules, and
a diagrammatic programming technique. The motivation, design, and
implementation of the Ossa system are discussed.

1 Introduction

In recent years virtual reality (VR) research has produced incredible sensory
realism for large and complex worlds. In scientific visualization, engineering,
education, and entertainment it is making rapid advances. The construction of
virtual worlds may be divided into two broad areas: presentation and modelling.
The presentation domain is primarily concerned with the rendering and interface
presented to the user. The modelling domain is concerned with the simulation
of behaviours and relationships amongst objects. It focusses on representing and
manipulating knowledge about virtual worlds, often involving a variety of broad
domains.

On the presentation side, significant progress has been made in producing re-
alistic graphical and auditory environments. User interfaces have also improved,
although not to the same degree. However, on the modelling side there has been
less progress, except within specific sub-areas. For example, numerical modelling
of physical laws has seen substantial advances, but the conceptual modelling of
arbitrary relationships between objects has been neglected. This leads to virtual
worlds with sensory verisimilitude and convincing physical behaviour but with
“shallow” causal relationships and limited, often “scripted”, interaction between
virtual agents and objects.

To address these shortcomings, we present the design and implementation of
Ossa [I], a conceptual modelling system for the development of virtual worlds
which employs conceptual graphs (CG’s) as its key method for representing
knowledge and employs a production system to handle the world dynamics.
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2 Background

2.1 Conceptual Modelling in Contemporary VR

Among the earliest examples of conceptual modelling that may be related to
modern virtual reality are those found in traditional planning and robotics re-
search. These problem domains involve reasoning about a model of the real world
(e.g. STRIPS [2]). In such models, an agent interacts with the world producing a
sequence of changes in that world, often with some sort of feedback to the agent.
In selecting this comparison, we seek to introduce a broader conception of the
term “virtual reality” than is popularly accepted. We will here state a simple
definition to clarify our position:

virtual reality: a computer-based model of some aspects of reality includ-
ing the virtual presence of an agent that can perceive and interact with
the model

We do not assert that this definition is more or less appropriate than any other
definition. It is only provided to delimit the scope of our discussion. Note that we
place no restrictions on how the virtual world may be presented or manipulated.
We also state only that “some agent” interacts with the world. While the agent
may often be human, it could be non-human (e.g. an animal employed in a
pyschological study or a robot being trained or tested). We specify an interactive
world to distinguish virtual realities from the broader class of “simulations”.

With this definition in hand, we can again consider the kind of virtual worlds
that bear a resemblance to early planning research. While not directly inspired
by that research, a significant body of text-based virtual realities exist that offer
similar conceptual models of reality, focussing on relationships between objects
rather than on numerical simulation.

Originating in simple, single-user games and amusements, such systems un-
derwent a rapid advancement in the early 90’s forming a set of text-based, multi-
user, internet-accessible virtual worlds commonly known as MUD’s (from the
name “multi-user dungeon”) [3]. These systems originally described the world
using only text and accepted interactions in the form of highly simplified natural
language commands (e.g. ”get the ball”, ”look”, " give the apple to the moose”).
More recently, people have experimented with adding two- and three-dimensional
graphical interfaces [][5], and are rapidly advancing towards the more popular
conception of VR.

The conceptual modelling facilities offered in modern MUD’s are, in most
aspects, considerably more advanced than those offered by multimedia systems.
With few exceptions (the most notable of which is LogiMOO [6]), the most
powerful MUD’s use an object-oriented (OO) language to build their concep-
tual models. The languages offered in LambdaMOO [7] and its like are very
full-featured, offering a variety of features such as multiple-inheritance, polymor-
phism, garbage-collection, dynamic class-loading, and more. They have allowed
the creation of highly sophisticated virtual worlds that deal in both concrete
(e.g. walls, doors) and abstract (e.g. hostility, emotional state, desire) concepts.
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2.2 Limitations of the Object-Oriented Approach

When exploring the design and construction of existing environments, we have
found that the object-oriented model can serve as a hindrance to the ongoing
expansion and refinement of a virtual world. Rome was not built in a day, and
neither are complex virtual worlds. Their design is frequently revised over time to
include new domains and new levels of detail. We found object-oriented models
difficult to maintain in these circumstances, owing chiefly to the necessity of
rewriting class interfaces or rearranging the inheritance hierarchy. The problems
with object-oriented design in conceptual modelling and software design have
been noted elsewhere [§][9], but we will briefly describe the chief problems for
VR design here.

In many cases, relationships amongst entities are more plentiful and more
complex than the entities themselves in a virtual world. The object-oriented
model can complicate the implementation of relationships amongst entities, es-
pecially relationships involving many objects. Encapsulation can introduce un-
natural and conceptually unnecessary boundaries into the description of a re-
lationship. Such boundaries arise when the designer must decide how to divide
responsibility for the relationship between classes (e.g. which classes should store
the different pieces of information about the relationship). Such decisions can be
complex and time-consuming, and subsequent revisions even more so.

Finally, object-oriented systems require an event model to detect changes
in the world and respond to them. Events are typically modelled as messages
originating from the object(s) involved in the event. It is difficult to foresee all
the events that may be of interest in the future and the facilities for generating
a given event must be explicitly provided. Adding support for events that may
never be needed is wasteful but adding them at a later date may require extensive
redesign.

In dealing with these issues we concluded that the best idea was to ” promote”
the role of relationships within the system to have a status equal to that of other
entities and, at the same time, shed the encapsulation of the object-oriented
approach while preserving inheritance capabilities. Additionally, we decided to
replace the message-based event model with an execution model that can readily
and flexibly detect and respond to any changing patterns (events) within the
world’s knowledge base. These two goals led us to the choose a production system
for the execution model and conceptual graphs to fill the role of the basic unit
of knowledge representation.

3 Alternate Approaches

3.1 Conceptual Graphs

Conceptual graphs offer an attractive set of features for knowledge representa-
tion. First and foremost, relations and concepts have an essentially equal footing
in CG’s. Relations have no constraints on their valence other than those imposed
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by the designer, and have a type hierarchy of their own allowing for specializa-
tion/generalization, a key feature offered by the object-oriented approach. Fur-
thermore, the use of nested contexts allows for a great deal of expressive power
while retaining some of the benefits found in an OO language’s encapsulation.

In terms of interface modalities, CG’s are attractive because of their close
relationship with natural language processing. This means that natural language
interfaces for designing or interacting with a virtual world are straight-forward
compared to the object-oriented approach, and by separating the semantic infor-
mation in the CG’s from the actual words used, descriptions of the world may
be rendered into several human languages. CG’s are also mathematically for-
malized, which allows their expression using formal languages and mathematical
formulae.

There is a diagrammatic representation of CG’s which has reasonably wide
acceptance. This allows for diagrammatic programming of the virtual world.
While diagrammatic programming can easily become cumbersome in large sys-
tems, it may provide a useful way to browse the VR system. Diagrams may also
offer a gentler learning curve to new programmers of the system (in the authors’
experience, it is not uncommon for members of a VR user community to partic-
ipate in development efforts and occasionally progress from complete novices to
competent programmers).

Finally, work has been done on constructing three-dimensional graphical
models[10] from CG’s. While still in its infancy, this work is very important
for using the world model in multimedia environments.

We envision that a CG-based virtual world would offer multi-modal interac-
tion and rendering. An architectural project could begin with two-dimensional
schematics of a building constrained by physical laws represented through mathe-
matical formulae. The architect could then navigate through a three-dimensional
rendering of the building and use simple verbal and gestural instructions to make
minor alterations. Even details such as decoration and furniture layout could be
included in the virtual specification. Naturally, this is far beyond our current
reach, but we regard this as the goal towards which we should strive and which
is best served by using an interface-independent knowledge representation like
conceptual graphs.

3.2 Production Systems

In object-oriented VR work, there is a great tendency to ”script” sequences of
actions in a deterministic and fairly rigid manner. This is a natural side-effect
of using the procedural programming approach. The result is a world in which
only prescribed chains of events occur. This situation can be improved but it
requires the creation of a sophisticated and time-consuming messaging event
model that offers sufficient detail in its events to allow for a wide variety of
” cause-and-effect” relationships.

Another popular means for describing dynamics is a Petri net [I1]. While
these provide a clean representation for a fully described set of processes, and
moreover have a mapping to CG’s, it is not immediately obvious how they can
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be applied without giving rise to the same “scripting” effect described above.
Directly mapping an entire world state to a subsequent state is precisely what we
strive to avoid. Rather, we wish to allow several distinct aspects of the world state
give rise to several distinct consequences in an approximately parallel fashion, as
occurs in the real world. Only a small portion of the world’s state would provide
the basis for the kind of simple cause-and-effect events we are attempting to
capture, and so the Petri net’s enumeration of the relevant states would be
complicated and contrary to our goals.

The choice of a production system to provide the execution model stems
directly from this simple view of “cause-and-effect” dynamics. Some subset of
the world’s state constitutes a cause which automatically gives rise to a change
in the world state (an effect). Rather than explicitly scripting chains of events,
the dynamics may be factored into simple pre-/post-condition pairs.

We believe that the production system approach offers this complexity of
cause-and-effect in a relatively straight-forward fashion. Effects and their causes
are expressed using production system rules. Adding a new cause-and-effect re-
lationship is simply a matter of adding a new rule. Since a production system
typically has unlimited access to its knowledge base, these rules can be based
upon any set of facts the programmer chooses. This allows for virtually unlim-
ited development of the system, unfettered by the need to elaborate an event
model. Also, since production rules are independent of the facts they deal with,
changing behaviours requires only the modification of a small number of rules,
unlike the object-oriented approach where methods are bound to data struc-
tures and interfaces in such a manner that changes are often difficult or costly
to implement.

4 The Ossa System

4.1 The Architecture of Ossa

Having identified CG’s as our knowledge representation and production systems
as our execution model, it was decided to fuse the two by using CG’s to represent
the facts and rules of a production system. Similar work has been done in the
past within the CG community [12][I3][14]. In our case, we decided to maximize
the expressive power of our facts and rules by allowing the use of compound
CG’s. This can improve efficiency in the system by hiding details within nested
graphs and by making rules that deal with these more focussed contexts. The
result is the Ossa system. The name is taken from the Latin word for ”skeleton”,
representing our belief that VR systems should have a strong conceptual model
at the core of their construction.

Ossa is built using the three-layer architecture shown in Figure [l The hori-
zontal layers represent the three software layers which comprise the system. The
two columns on the right represent the conceptual division of each layer into the
two components of a production system, the working memory and the knowledge
base (or rule set). The downward arrow represents the downward dependence
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of the layers, with each layer depending only on the layer below it and knowing
nothing of the layer above it.

Knowledge Base Working Memory
S A Model MRL Program for Current State
_______________ | Layer | World Dynamics of World
S Execution Engine
Muto System Core
for MRL Programs
............... iyl '|
|
! CG Conceptual Graphs
Notio Layer and Operations Conceptual Graphs

Fig. 1. Architecture of Ossa

The bottom layer, which is called the Notio layer, provides the raw CG rep-
resentation and handling ability. It is the reference implementation of our No-
tio API [15]. It provides facilities for constructing, manipulating, and matching
CG’s. Tt also provides a Conceptual Graph Interchange Format (CGIF) parser
and generator for input and output. It is a general-purpose API which is flexible
enough to be used for Ossa. From the production system perspective, CG’s in
Ossa form the facts of the working memory and are used in the construction and
evaluation of rules for the knowledge base.

The middle layer, the Muto layer, provides the basic production system capa-
bilities of the Ossa system. It is responsible for managing the CG’s which make
up the working memory, and for parsing and evaluating the rules that make
up the knowledge base. It uses the classes and methods of the Notio layer to
accomplish these tasks. It is divided into two basic parts. The core is essentially
the working memory. It stores the CG’s that are the facts describing the current
state of the virtual world. The other part is the execution engine which evaluates
and executes the production rules. It is called the production agent and oper-
ates by parsing and executing a set of rules written in the Muto Rule Language
(MRL) . The MRL is described in greater detail below. The overall architecture
of the Muto layer is shown in Figure B.

The topmost layer is the model layer, which we have called the Mundo layer.
This is the layer which is used to describe the conceptual model of the virtual
world. It is created by writing a set of MRL rules that describe the dynamics of
the world. There is typically a "bootstrap” rule as well which is automatically
executed when the system is started. It is used to initialize the state of the
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Production |-
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Fig. 2. Architecture of the Production System Layer

world by asserting a set of initial facts. The Mundo layer is unique for each
world, although they may well share rules and facts in common.

Interaction with the virtual world is accomplished through clients that di-
rectly access the core of the Muto layer and assert facts about user actions. Any
change in the Muto core is broadcast to the production agent, so it can respond,
and to the clients so the world view can be updated for users.

4.2 The Muto Layer

MRL Rules. A very important feature of the Ossa system is the Muto Rule
Language which is used to describe a virtual world’s model. The MRL uses
a small set of keywords in combination with CG’s expressed using CGIF to
describe the production system rules. Typical production system rules are com-
posed of a precedent and an antecedent. The precedent is a pattern which is
matched against the working memory to determine if the rule fires. When a rule
fires, the antecedent determines the changes made to the working memory. Any
relationships between the facts matching the precedent and the changes made
by the antecedent are usually described using labeled variables.

The use of variables adds considerable complexity when CG’s are used to
describe the rules and facts. It requires variables linking multiple graphs which
lead to confusing rules. We solved this problem by combining both precedent
and antecedent in a single graph. The graph describes the elements that must
be matched, and what changes are made once the match is found. Thus, a single
graph contains both the precedent and antecedent for a single rule.
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The graphs themselves are called operational graphs since they incorporate
all operations involving the graph into the graph itself. There are four basic op-
erations associated with operational graphs: matching, asserting, retracting, and
replacing. These operations are indicated by annotating the CG’s with ”plus”
and "minus” signs to indicate assertion and retraction respectively. These anno-
tations are added to nodes as CGIF node comments, so that any CGIF-compliant
editor can be used to create and edit them. Unannotated nodes are considered
to be match nodes. Replacement operations are specified by linking an asserting
node and a retracting node with a coreference link.

Rule:

Agent

-

e
Corr-,loble\/
| -

Sting: Salence:
"executeGets’ 100

Fig. 3. A graphical view on an MRL rule

The diagram in Figure [3 shows a graphical view of an MRL rule which
represents the action of picking up an object. The Rule concept is given both a
name and salience (see below) using relations. The graph nested within the Rule
concept is an operational graph with matching, asserting, and retracting nodes.
The rule in Figure[3 and the rest of an associated MRL world file are shown in
linear MRL notation in Algorithm .

Operational Graphs. The basic way in which an operational graph is evalu-
ated is as follows:

1. find all projections of the operational graph, O, in the working memory
graph, M, ignoring any asserting nodes in O

2. if one or more projections exist, the operation graph is said to have fired

3. for each projection found for a fired graph

! Note that the CGIF syntax used in MRL is based on an early draft of the CGIF
standard and does not conform completely to more recent versions of CGIF.
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Algorithm 1 A sample MRL world file

world SimpleSample;

// A rule to initialize the world.

// It detects the presence of a [__Start] concept,

// retracts it, and creates some

// concept and relation types.

rule initializeWorld(salience 1000) {

/* Match, and if found, retract a __Start concept. */
if {{ [__Start;-] }} then {

concepttype Agent;
concepttype Gender;
concepttype Location;
concepttype Carryable;
concepttype Male < Gender;
concepttype Female < Gender;
concepttype Brick < Carryable;
concepttype Person < Agent;
concepttype Man < Person, Male;
relationtype Acts;
relationtype Gets < Acts;
relationtype Carries;
relationtype Occupies;

}
}

// Detects a "Gets" act, retracts the [Gets] concept,
// retracts the (Occupies)relation of the Carryable object
// and asserts the new (Carries) relationship
// between the Agent and the Carryable.
rule executeGets(salience 100) {
execute {{ [Agent*x] [Carryablexy] (Gets?x?y;-)
[Location*z] (Occupies?x?z) (Occupies?y?z;-)
(Carries?x?y;+)
1
}

a) any nodes in M that correspond to retracting nodes in O are removed
from M

b) any asserting nodes in O are copied and joined to M using matching
nodes as join points

If multiple rules are matched by the current state of the working memory, conflict
resolution is applied. There are many kinds of conflict resolution [16], but we have
implemented an extremely simple form which establishes a precedence amongst
rules by assigning them a salience value. Rules of higher salience are executed
first. If two or more rules of the same salience are matched, they are all fired.
For example, the rule shown in Figure ] has been assigned a salience of 100.
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MRL Statements. The MRL contains four statements that control the effect
of a rule.

An execute statement takes an operational graph as an argument. It simply
evaluates the graph and fires it if appropriate. An if-then-else statement uses an
operational graph as a condition. If the operational graph fires, the statement
block following the then keyword is executed. If it does not fire (no projection
is found), the else block is executed.

This allows for a rule to contain several, nested sections with different opera-
tional graphs. Graphs in different statement blocks can be linked via coreference
labels. This forms an extremely powerful means for producing multi-function
rules.

The last two statements, concepttype and relationtype, are used for declaring
new types and can optionally specify sub- and supertypes for the new type.

Muto Clients. The Muto system consists of the core, which holds the current
state of the world, and a set of clients (or agents) that interact with the core
to produce changes. The clients typically represent user interfaces which present
some information about the world state to the user by querying the core and
rendering the result. The rendering depends on how the client is designed to
present the world. For a text-based client, the world may be presented in En-
glish text, or perhaps in some other natural language. Alternately, the client
could provide a 3-dimensional renderinﬁ. The clients also take user commands
and translate them into operational graphs which are submitted to the core for
possible execution. This clearly requires another level of translation depending
on the type of client. This issue of client translation is clearly important, but is
not addressed in this paper which concerns only the internal representation.

One special client, called the production agent, is responsible for executing
the MRL rules that drive the world and respond to changes introduced by the
user. This functionality is separated from the core to allow for several separate
agents that would govern world control. This offers the possibility of future
modularity and allows for control schemes other than MRL. At present only a
single production agent is used in practice.

The Muto Core. All of the facts about the world are contained within the
Muto core. In the current implementation, this is simply one, large (usually
disconnected) CG represented using instances of the Notio API classes. The
core is manipulated by clients issuing core requests. These are instructions for
the core, but are called “requests” because the core may opt to ignore or only
partially fulfill a request. This allows the core to prevent clients from causing
problems or exceeding some fixed set of capabilities. There are four kinds of
request:

2 In Figure[T] the clients shown in dotted have not been implemented. Only the debug
client, which uses annotated CGIF has been implemented at the time of writing.
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1. Query Requests: The requests consist of a query graph. The results of match-
ing this graph are returned to the issuing client only. Such graphs might be
used to obtain information required for rendering a user’s view.

2. Change Requests: These requests usually consist of an operational graph
which is executed against the graph stored in the core. If the changes are
accepted by the core, they are not immediately made, but are instead added
to a schedule of changes. This prevents the results of a series of changes from
interfering with each other. Commands from users and triggered events in
the world typically result in change requests.

3. Commit Request: These requests simply ask the core to commit the changes
currently pending in the schedule. For example, a client may issues several
change requests that establish some effect they wish to have on the world.
Once all have been submitted and accepted, the client would issue a commit
request to activate the changes.

4. Rollback Request: These requests ask the core to clear all pending changes
from the schedule. This can be used by a client to cancel a partially issued
series of changes as the result of user input or the failure of a prior request.

Query and change request graphs are issued to the core using annotated CGIF.
When changes are commited, the effects of the changes (i.e. the projections and
asserted /retracted nodes) are broadcast to all clients via a Muto event. Clients
can use these events to update their rendering of the world or as a basis for
requesting new information. The production agent uses the events to detect
changes in the world and test the appropriate rules in its world file to see if some
response is required. Any response by the production agent is submitted in turn
as a change request.

5 Conclusions

Ossa, as specified above, has been fully implemented and used to create a simple
virtual world. This world offers features commonly found in MUD systems, such
as taking and carrying objects and moving between different locations (a model
of several locations at the University of Guelph campus). It also features some
more advanced abilities which are non-trivial, even in advanced MUD’s, such as
preventing entrance to a location. The world proved very easy to develop and
involved considerably less code than equivalent object-oriented approaches (tens
of lines vs. hundreds of lines). Making substantial changes to the behaviour of
the world was easy as well, since they generally required the modification or
addition of a very few rules, or simple changes to the type hierarchies. While not
nearly as extensive as typical MUD’s, this simple world has served as a successful
proof-of-concept for the modelling approach and revealed some advantages and
disadvantages to the approach.

Some care has to be taken while building in order to understand the inter-
action of the various rules. Unforeseen interactions can be a major problem in
any production system. However, we think that the complexity gained through
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the interactions of simple rules can greatly enhance the resulting world. We also
believe that tools can be developed to help designers detect and understand the
interactions within a rule set so that they can be exploited rather than allowed
to cause problems.

The current implementation offers only a single client for interacting with the
system, called the debug client. The interaction is entirely via annotated CGIF
statements that are used to issue commands and see the results. Natural language
and graphical interfaces are clearly of great interest but a richer conceptual model
is required before they can be attempted. In particular, spatial and temporal
ontologies need to be explored that can be effectively rendered into different
forms.

Some possible enhancements to the MRL and the Muto core include more
sophisticated conflict resolution, more control over criteria used to find projec-
tions into the working memory, new operations that allow direct changes to the
type or referent of a concept (this can already be achieved in a somewhat crude
fashion using replacement), and improving the efficiency of the rule matching.

Conceptual modelling using CG’s is an active area of research. Probably the
greatest problem we encountered while working with Ossa was the temporal
arrangement of events. In abandoning the procedural approach and adopting
a production system model, we have to contend with the complex execution
patterns that can occur. Guaranteeing that events occur in a sensible fashion is
a task which we believe depends greatly on the modelling technique and ontology.
We hope to exploit existing research on temporal modelling [17][18] using CG’s
in future efforts.

Finally, the Ossa system has served to demonstrate that VR may be built on
the principled foundations of knowledge representation and logic. It is our hope
that other researchers will apply advanced conceptual modelling technologies to
VR systems and help to breach one of the most significant barriers to a complex
virtual world.
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Abstract. Prolog+CG is a CG-Based logic programming language which
integrates Prolog, the manipulation of conceptual graphs (CGs), Java and
object-oriented constructs. It provides a powerful development environment for
the creation of knowledge-based applications and their integration on the web.
Java provides object-oriented capabilities allowing the development of multi-
platform applications. Object-oriented Prolog provides the full power of an
object-oriented logic programming language and CGs provide the expressive
power of an advanced knowledge representation language. This paper presents
the recent extensions that have been added to Prolog+CG and illustrates some
typical uses of the environment for the development of various applications.

1 Introduction

The language Prolog+CG has been developed by A. Kabbaj [2, 3] in order to extend
the Prolog language in two main directions : a conceptual extension allowing the
representation of goals with conceptual graphs (CGs) and the manipulation of simple
and compound CGs (type hierarchy, operations on conceptual graphs, etc.); an object
oriented extension allowing the manipulation of objects (object specification,
inheritance mechanisms, etc.).

Recently, Prolog+CG has been extend to include a natural and powerful interface with
Java. This integration benefits from the fact that both the Prolog+CG language and its
development environment are implemented using Java. Hence and thanks to this new
interface, Prolog+CG can be called from a Java code and inversely, Java classes can
be manipulated from a Prolog+CG program.

The integration of Java, object-oriented Prolog and the manipulation of CGs
provides a powerful development environment for the creation of knowledge-based
applications and their integration on the web. Java allows the development of multi-
platform applications as well as the capabilities of object-oriented languages. Object-
oriented Prolog provides the full power of a logic programming language well suited
for natural language processing, inference and symbolic manipulations. CGs provide
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the expressive power of an advanced knowledge representation language (advanced
semantic nets, type hierarchy, schemas, notion of context, etc.). During the past six
months an intensive and productive collaboration between A. Kabbaj and the other
authors has enabled the development of new extensions to Prolog+CG which are
strengthening the integration of its three language paradigms and providing new
capabilities. This paper reports on the authors’ experience using Prolog+CG language
and its development environment. Some aspects of the language and its environment
have been refined, some bugs have been identified and fixed and several extensions
have been suggested and implemented.

The paper is organized as follows. Section 2 reports on the extension of
Prolog+CG which allows calling a Prolog+CG program from a Java program. Section
3 illustrates the expert system mode available in Prolog+CG. Section 4 reports on the
extension of Prolog+CG which enables the call of applications from a Prolog+CG
program. Section 6 presents the extension of Prolog+CG which allows the use of Java
code : creation of an instance of a class, accessing attributes and calling methods of
instances or classes. It also illustrates how these extensions can be used in a natural
language processing context. Section 6 and 7 present two other case studies. Section 8
discusses future orientations, and the potential use of Prolog+CG for the development
of advanced applications.

Other extensions of Prolog+CG, such as types hierarchy operations and operations

on simple and compound CGs with sets and co-references are described in [4].
Figure 1 shows a snapshot of the new Prolog+CG environment : the main frame is a
split pane that can be used to edit a program (in the top pane) and to interact with the
interpreter (in the bottom pane). Prolog+CG 2.5 provides also a visual debugger
which shows the construction/deconstruction of the inference tree (Figure 1) and an
“inspection” feature which allows the user to have a detailed description of the
inference tree node (Figure 1, the window at the bottom) or to have the value of a
variable. More details on the new Prolog+CG environment is provided through the
Help menu and the site : www.insea.ac.ma/CGTools/PROLOG+CG.htm

2 Calling Prolog+CG from Java Programs

The Prolog language provides powerful reasoning and symbolic manipulation
capabilities, but it is not well suited to implement the interface functionalities
(windows, menus, link to data bases, etc.) that object-oriented languages provide.
Hence, a good development strategy consists in using each Prolog+CG programming
paradigm to implement the functionalities that it best supports. It is recommended to
develop programs using Java and to call the Prolog+CG modules when it is
appropriate. This section presents a set of primitives that Prolog+CG 2.5 provides in
order to call Prolog+CG modules from Java programs. The use of these primitives is
illustrated using a simple example.

Four primitives are used to exploit a Prolog+CG program from a Java program
v" void LoadFile(String fileName) : “fileName” is the name of a Prolog+CG

program. The role of this primitive is to load a Prolog+CG program contained in the
file “fileName”.
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v" Vector Resolve(String Quest [, boolean convertResult] [, boolean
ExpertSystemMode]) : the parameter “Quest” is the request that Prolog+CG should
resolve and the two other arguments are optional :
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Fig. 1. The new Prolog+CG 2.5 Environment

° “convertResult”, if it is specified, is a boolean that indicates if the returned result
should be converted to String or to be returned as Java objects. This argument is set to
true (i.e. convert to String) by default.

e “ExpertSystemMode”, if it is specified, is a boolean that indicates if Prolog+CG
should behave like an expert system shell or like a Prolog interpreter. This second
argument is optional and it is set to false by default.

The primitive goal Resolve/3[]returns all the solutions in a Vector of hashtables; one
solution being represented by a hashtable. Since a solution is a set of couples
<Variableldentifier, VariableValue>, it is natural to represent it as a hashtable with
Variableldentifier as a key. To get the value of a variable in a solution, one has to use
the hashtable method “get(key)” where key stands for a variable identifier.

v" void SaveFile(String fileName) : saves the current program in the Prolog+CG
file “fileName”.

v" void PurgeMemory() : deletes the current Prolog+CG program from memory.

' Resolve/3 means a predicate with identifier Resolve and three arguments (i.e. arity 3).
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Example :
Assume that we have a Prolog+CG program “FamilyRelations.plgCG” which
contains, among other things, the following facts and rules :

[Man : John]-fatherOf->[Man : Peter].
[Woman : Deborah] -motherOf->[Man : Peter].
[Man : John] -fatherOf->[Woman : Claral.
[Person : x]-parentOf->[Man : y] :-
[Person : x]-fatherOf->[Man : y].
[Person : x]-parentOf->[Woman : y] :-

[Person : x]-motherOf->[Woman : y].
From a Java program, we can assert new facts and retract existing facts from the
above Prolog+CG program and we can ask questions and get answers. Here is an
example:
//PrologPlusCG is implemented as a Java Package
import PrologPlusCG.PrologPlusCGFrame;
public void example() {
any Java code
// Load a Prolog+CG File
LoadFile (“*FamilyRelations.plgCG”) ;
any Java code
// Resolve a question
Vector solutions =
Resolve (" [Person : x]-parentOf->[Person : yl.”);
// Make access to the solutions and to their
content
Hashtable solution;
String valX, valy;
For (Enumeration e = solutions.elements() ;
e.hasMoreElements () ; ) {
// Make access to a solution
solution = (Hashtable) e.nextElement () ;
// Make access to the variable’s value for
the solution
valX = (String) get(“x”);
valY = (String) get(“y”);
// Make use of the variable’s value

}i

// Assert a new fact in the Prolog+CG program
Resolve (“asserta ([Man : Marc]-fatherOf->[Man : Clark],

0).");

// Save the current program in a new file
SaveFile (“FamilyRelsl.plgCG”) ;

// Purge the current program from the memor
PurgeMemory () ;
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The four primitives “LoadFile”, “Resolve”, “SaveFile” and ‘“PurgeMemory” are
“external” primitives of Prolog+CG and constitute the interface from Java to
Prolog+CG : they are used in a Java Program to make use of a Prolog+CG program.
These simple external commands may look like details but they are a tremendous step
forward in making the Prolog+CG language a concrete development tool. The
interface inability to convey a sense of usability and user-friendliness has long been a
major obstacle in using logic programs in real end-user developments.
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CallOfCthulbu
Find RPG Information oK
(a) an input screen (b) output screens

Fig. 2. Front/end interface for a Prolog+CG program

For instance, it is not unusual to have many lines of Prolog code to enter before
making a useful query. In addition, a lot of parameters in these lines of code are very
sensible to error and require that the user know the program's internal workings fairly
well to be able to get any valuable information from the system. In addition, the
answer has the typical Prolog form (an output list) and it is sometimes very hard to
read. The output list (i.e. the solution) is neither sorted alphabetically nor numerically.
Finally, if the user wants additional information on one of the listed items, an
additional query is necessary. All these considerations find an elegant solution using
the Java/Prolog+CG interface. We have used this interface to develop a simple
Prolog+CG program (Figure 2). The front/end interface has been implemented using
Java and the reasoning part using Prolog+CG. The input screen (Figure 2.a) offers
lists and slider bars and actually writes in the Prolog+CG program four assertions for
the user, using his selections. A results-screen (Figure 2.b) then presents the output
list which can be sorted using any criteria. Additional information on a given list item
can be obtained with the simple press of a button (Figure 2.b). Using this example, we
wanted to emphasize the importance of having interfaces between languages thus
allowing each to be used for what it is best at.

3 The Expert System Mode of Prolog+CG

Prolog+CG 2.5 provides two resolution modes : a Prolog-like resolution which is the
default mode and an expert system shell mode. In the first mode, when a goal is not a
primitive nor a defined goal, the resolution process assumes that it is false. In the
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expert system mode however, the resolution process asks a question to the user in
order to establish the truth of such a goal and it records it (using an assert operation).

Example : A excerpt from a simple expert system about animal classification
Universal > Object, Animal, Person, Action, State,
Attribute.

Object > Hair, Meat, Teeth, Claw, Eye.
Animal > Mammal, Carnivore, Cheetah.
Person > Man.
Action > Eat.
State > Belong.
Attribute > Color, Component, Tawny, Dark, Pointed,
Forward.
Man = Robert.
Animal = Yala.
[Animal : x]-is->[Carnivore] :-
[Eat] -
-obj->[Meat],
-agnt->[Animal : x].
[Animal : x]-is->[Carnivore] :-
[Animal : x]-poss->[Teeth]-attr->[Pointed],
[Animal : x]-poss->[Claw].

[Belong] -

-bnfcre->[Man : Robert],

-pat->[Animal : Yalal] -

-colorOf->[Color] -attr->[Tawny],
-poss->[Teeth] -~attr->[Pointed] ;.

After the compilation of this example, the user can set the expert system mode to “on’

by activating, from a Prolog+CG menu, the action “Build/Expert System Mode”.

Here is an excerpt from the interaction that took place :

s

?- [Animal : Yalal-is->[Cheetahl]l, /.

==> The goal : [Animal : Yala]-poss->[Hair] cannot be
infered from what is known, so

==> Is it true that : [Animal : Yala]-poss->[Hair] °?
tape y (for yes) or n (for no) : vy.

As a side effect of the whole interaction, the following facts are added to the database
[Animal : Yalal -poss->[Hair].
[Eat] -

-obj->[Meat],
-agnt->[Animal : Yala].

[Animal : Yalal -partOf->[Component]-attr->[Dark].
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The expert system mode of Prolog+CG can be exploited from a Java program by
using the primitives described in Section 3. In this case, the third argument of the
primitive “Resolve/3” should be used and should be set to “true”.

To make the expert system mode of Prolog+CG a kernel for a complete expert
system shell we are implementing the explication capability (i.e. respond to
Why/How/What questions).

4 Calling Applications from a Prolog+CG Program

Prolog+CG 2.5 provides two primitives which allow calling an executable application
from a Prolog+CG program. This is another way to make use of Prolog+CG 's
capabilities to work as a component of a larger system.

v" exec(ExecFileName) : starts the execution of the application “ExecFileName”
and continues the current resolution.

v execAndWait(ExecFileName) : starts the execution of the application
“ExecFileName” and waits for its termination. Then it resumes the current resolution
of the Prolog+CG program.

Example :
exl :-
eq(x, 45),
exec ("Synergy.exe"),
write ("Continue without waiting for the end of
Synergy..."), /.
ex2 :-
eq(x, 45),
execAndWait ("Synergy.exe"),
write ("Continue after the end of Synergy ..."), /.

5 Using Java Code from Prolog+CG

Prolog+CG 2.5 provides several primitives allowing the use of Java code and
providing access to object-oriented capabilities. Indeed, new Java objects can be
created, used and destroyed from a Prolog+CG program. These objects are considered
as “global objects” of a Prolog+CG program.
This section presents these primitives and briefly illustrates their use.

v" new(NewObjectldent, JavaClass, ConstructorArguments) : this primitive
goal enables the creation of a new Java object. It corresponds to the following Java
instruction :

JavaClass NewObjectIdent = new JavaClass
ConstructorArguments;

v" destroy(ObjectIdent) : this primitive goal destroys the Java object identified by
“Objectldent”.
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v" destroyAll : this primitive goal destroys all the Java objects that have been
created in the current program.

v' get(Data, Attributeldent, ObjectIdent) : this primitive goal can be used to get
the value of the attribute "Attributeldent” of the object "Objectldent”. The value is
then unified with the first argument "Data".

v' set(Data, Attributeldent, ObjectIdent) : this primitive goal can be used to set
"Data" as the value of the attribute "Attributeldent” of the object "Objectldent”.

v' execMethod(Data_Or_void, JavaClass_Or_Objectldent, MethodIdent,
MethodArguments) :

this primitive goal can be used to call a method "Methodldent", of a Java class (in the
case of a static method) or of a Java object with the argument list
"MethodArguments". If the method is of type void then the first argument of the
primitive execMethod should be the keyword "void". If the first argument of
execMethod is a global variable (a new feature in Prolog+CG), then the result of the
method is assigned to the variable, otherwise the returned value is unified with the
first argument of execMethod.

An application that calls Java code : SHRDLU-PCG

To illustrate the expressive power of Prolog+CG and to show its usefulness for the
development of natural language processing applications, we developed SHRDLU-
PCG, a reformulation in Prolog+CG of some aspects of the classic SHRDLU program
[10]. In the Prolog+CG program (see below), one can note the natural use of CG as a
data structure, beside term and list, and also the very use of variables in CG : a
variable can hold for a CG, a concept, a concept type, a referent, a co-referent, a
concept description (or value) and a relation. This flexibility is very important from a
programming perspective.

SHRDLU-PCG also illustrates how Java classes (and their attributes and methods)
can be used from a Prolog+CG program.

SHRDLU-PCG simulates a very restricted natural language dialog between a user
and a robot that operates in a block-world. The robot can create, move, push and pop
3D blocks. The robot is able to “understand” declarative, imperative and interrogative
sentences and to react accordingly. The 3D animation that results from such a dialog
is monitored thanks to the “cooperation” of the Prolog+CG program SHRDLU-PCG
with a Java3D program which provides the capability to create a 3D canvas, to fill it
with 3D objects (cube, cylinder, sphere, pyramid) and to do some actions on them.

First, let us consider how the semantic analysis of a sentence and especially the
analysis of an imperative sentence is carried out. Examples of imperative sentences
are “create a red pyramid pyramid4.”, “push the red pyramid on the big cube.” and
“move the blue sphere at the left of cubel.”.

As the components of the sentence are analyzed, CGs that represent their semantic
meaning are constructed and then joined. This dynamic construction of CGs is in
itself an important feature of Prolog+CG.

// lexicon (Word, SyntaxicCategory, TypeOrCGCanon)
lexicon ("push", wverb, [Push]-

-obj->[0Object],

-on->[Object] ) -
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lexicon ("create", verb, [Create]-obj->[0Object]-colorOf-
>[Color]) .
Lexicon ("sphere", noun, Sphere).

Verb(V, CGCanon) :- lexicon(V, verb, CGCanon).
// Syntax of imperative-sentence = Verb NP
Complement.

// Complement = [Prep NP].
imperative sentence ((V|P1),
[Proposition : G]-mode->[Modality : imperativel]) :-
Verb (V, G V),
NP(P1, P2, E NP1, S1),
eq ([T Verb]l-obj->E N G1, G V),
maximalJoin(G V, E N G1, S1, E NP1, G1 S1, ),

complement (P2, T Verb, Gl _S1, G).

Comment on Verb/2 : checks if V is a verb, if so, return the canon of the verb.
Comment on imperative_sentence/2 :

imperative_sentence(P, G) receives a sentence P, as a list of words, and produces a
CG G that represents its meaning. It starts by recognizing the verb and then the noun
phrase. The canon of the verb (G_V) is then joined with the CG corresponding to the
noun phrase (S1). This maximal join should satisfy however the following constraint :
the concept that represents the head of the noun phrase has to be joined with the
concept that represents the object of the verb. So we have to locate these two concepts
in the two CGs respectively and then we have to consider them as “entry concepts”
for the maximal join in question; this later should start by the join of the two entry
concepts.

The entry concept for the CG G_V that represents the semantic meaning of the verb is
located by the following goal : eq ( [T_Verb]-obj->E N G1, G V).

To understand the effect of the above goal, let's consider this request :

?- eq(G_V, [Create] -obj->[Sphere:spherell]l ), eq([T_Verb]-
obj->E N G1, G V).

{G v = [Create] -obj->[Sphere:spherel], T Verb = Create,

E N Gl = [Sphere:spherell] }

As a result of the above unification eq/2, the variable “E_N_G1” refers to the concept
in G_V that represents the object of the verb. Note how the variable “T_Verb” stands
for the type of the concept and the variable “E_N_G1” stands for the whole concept.
The defined goal NP/4 : NP(P1, P2, E_NP1, S1) returns the graph S1 that represents
the meaning of the noun phrase as well as the entry concept E_NP1 in S1.

After the analysis of the verb and the noun phrase, the maximal join of their
semantic representations is done, producing a CG G1_S1 and then, the semantic
analysis of the complement is initiated. If the complement is specified, its semantic
representation will be computed and then joined with the CG GI1_S1. A detailed
description of maximalJoin and other CG operations in Prolog+CG is given in [4].

After the semantic analysis of an imperative sentence, the “robot” will consider its
meaning as an order to be executed. Hence and as a result of such an execution, the
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knowledge of the “robot” will change (for instance, the position of an object has to be
modified) as well as the 3D animation that shows the visual simulation of the robot
behavior. The following Prolog+CG code shows how all these aspects are related.
Shrdlu :-
new (aShrdlu_Canvas3D, "PrologPlusCG.Shrdlu Canvas3D",
),
read_sentence(_sentence),
ShrdluDialog(_ sentence), /.

ShrdluDialog(("end", ".")) :- /.
ShrdluDialog( sentence) :-
Semantic Analysis( sentence, _CG),
CG,

Eead_sentence (_s),
ShrdlubDialog( s), /.

Comment on the main goal Shrdlu : this goal initiates the 3D simulation as well as
the restricted natural language dialog. In particular, it specifies a call to the primitive
goal “new” in order to create an instance of the defined Java 3D class
Shrdlu_Canvas3D. Such a creation will involve, among other actions, the display of a
frame that contains a “robot” (Figure 3.a).

Comment on the goal ShrdluDialog : in the above definition of “ShrdluDialog”
goal, note how the meaning of the sentence (i.e. the CG “_CG” that results from the
semantic analysis of “_sentence”) is put as a goal to be interpreted. Thus, in the case
of an imperative sentence, the goal-variable “_CG” will be bound to the following CG
[Proposition : G]-mode->[MODALITY : imperativel

The proposition G (the variable G will be bound to a CG) is interpreted as an order
that should be satisfied. Here is the Prolog+CG rule that naturally formulates this
interpretation :

[Proposition : G]-mode->[MODALITY : imperative] :- G.

Each order is then executed according to its semantic interpretation. For instance, the
order to create an object with a specific name and color is defined as follows : first
assert the existence of the object in the data base, then create a physical object in the
3D canvas. Each kind of object (Cube, Sphere, Pyramid) is created by a
corresponding method in the defined Java class “Shrdlu_Canvas3D”.
[Create] -obj->[T _Obj : IdObj]-colorOf->[Color: C] :-
asserta (object ([T _Obj : IdObj]-colorOf->[Color
cl), 0O),
execMethod (void, “PrologPlusCG.Shrdlu Canvas3D”,
T Obj, (_Idobj, C)), /.
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6 A Simple Natural Language Analyzer for English Sentences

Prolog is a popular language for the development of natural language processing
(NLP) applications. CGs are well-suited for the semantic representation of NL
sentences. Having both Prolog and CG manipulation mechanisms integrated in a
single environment provides a powerful platform for NLP. We present the results of a
preliminary investigation of Prolog+CG’s potential for NLP. We selected a NL
analyzer for English written in Prolog [1] and we reprogrammed it using Prolog+CG.
The resulting program was much more concise and readable thanks to the CG
manipulation mechanisms and to CGs’ expressive power.
We built the lexicon as a lexical type hierarchy composed of lexical categories and

elements. Here is the top-level of this hierarchy illustrated on a simple example:

universalGram > verb, noun, determiner.

verb > transitive, intransitive, copular.

noun > commonNoun, properNoun.

determiner > detSing, detPlur.

detSing > a, the, that, this.

detPlur > the, these.

commonNoun > dog, cat, ...

transitive > eat, chase, ...

intransitive > sleep, ...
Such a representation is well-structured, clearer and shorter than the standard Prolog
predicates used to represent lexical entries such as:

lexicon(dog, commonNoun).

lexicon(cat, commonNoun).

lexicon(eat, verb)...
For the semantic analysis, we naturally used a concept type hierarchy which can be
expressed in a Prolog+CG program in a very concise way (no need of Prolog
predicates for that). Here is part of our simple example:

universalSem > animate, inanimate...

animate > animal, human.

inanimate > object, plant.

animal > carnivorous, vegetarian, omnivorous.
We also used CGs to represent conceptual schemas in a very legible and concise way
compared to the equivalent Prolog entries. For example, expressing the property that
"carnivorous eat meat" is a simple Prolog+CG entry:

mySem ( [carnivorous]<-subj-[eat]-obj->[meat] ).

The program performs semantic analysis in two steps. The first step consists in
building the CGs corresponding to the analysed sentence in parallel with the syntactic
analysis. When the program finds a syntactic pattern which matches the NL entry, a
"high level CG" is built using the syntactic concepts (Verb, Noun, Adjective, etc.) and
relations (Subj, Obj, Attr, etc.). When all the parts of a sentence have been analysed,
the resulting CGs can be easily joined in order to create the graph corresponding to
the whole sentence, thanks to Prolog+CG’s graph manipulation operations such as the
maximalJoin primitive. For example, applying the maximalJoin primitive on the two
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following parts which result from the analysis of the sentence’s noun-phrase and verb-
phrase portions :

[verb]-obj->[meat]-attr->[adjective] and [dog]<-subj-[eat]-obj->[noun]
we get the following CG: [dog]<-subj-[eat]-obj->[meat]-attr->[adjective]

It is clear that developing the equivalent program in pure Prolog would require
much more effort. Hence, thanks to Prolog+CG graph manipulation mechanisms and
to few instructions integrated in the syntactic part of the NLP analyser, we get the
results of the syntactic analysis in the form of CGs.

The second step of the semantic analysis consists in performing the semantic
validation of the CGs obtained after the syntactic analysis. The idea is to isolate
different parts of a resulting CG and to check if they match conceptual schemas
contained in the system’s knowledge base. For example, from the graph:

[dog]<-subj-[eat]-obj->[meat]-attr->[tasty]
the program extracts two graphs
[dog]<-subj-[eat]-0bj->[meat] and [meat]-attr->[tasty]
and checks if they are compatible with schemas contained in the knowledge base.

In this program we have explored only few NLP mechanisms. We think that almost
all knowledge levels of a NL analyser could be encoded thanks to CGs mechanisms,
from the morphological level to the semantic level, including lexical and syntactic
levels. This point will be the subject of a forthcoming paper. Prolog+CG’s graph
manipulation mechanisms and CGs’ expressive power greatly improve the
construction of NLP applications, providing more concise, legible and efficient
programs.

7 Evaluation of the Semantic Similarity between Two CGs

We explored the interest of using Prolog+CG to develop a program aiming at
evaluating the semantic similarity between two CGs. For example such a program can
be useful to search similar cases in a case base [6].

Let’s consider for instance these two CGs :

CGl : [Eat]- CG2 : [Eat]-

-agnt-> [Monkey] -agnt-> [Human]
-obj->[Bananal -obj->[Vegetable]
-mnr->[Fast] . -col->[Green].

We can observe two main differences between CG1 and CG2. First, there is a
semantic distance between corresponding nodes. For example, the agent of eating in
CGl is a “monkey” and “human” in CG2. These two concepts are linked by their
common super-type “Animal” in the type hierarchy. We can also observe that the
global structures of the two CG’s are dissimilar.

Several authors proposed similarity algorithms which make use of these
differences [7, 8, 9, 11]. The evaluation of semantic distance is called surface
similarity while the evaluation of maximal common structure is called structure
similarity. Maher's Absolute Distance (8) and Yang et al.’s Degree Of Inheritance
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(DOI) are useful to evaluate the semantic distance between two concepts. We have
written a Prolog+CG program that compute both.

Poole and Campbell [9] presented a complete structure similarity algorithm in their
publication. PROLOG+CG’s advanced knowledge manipulation capabilities allow us
to directly find the common generalization of two CGs using the generalize primitive
:generalize( CGl, CG2, CommonStructure).

Applied to our example, the program finds the following CG and the associated
semantic distances.

[Animal] <-agnt- [Eat] -obj->[Comestible] .

8Monkey ,Human = 2 DO IMonkey ,Human = 0
8E}at,Eat =0 DOIEat,Eat =0
6Vegetal, Banana — 3 DOIVegetal,Banana =1

An overall similarity percentage can be deduced from these information according to
specific domain constraints.

In 1999, Nadeau developed this program using WinProlog. The program had 360
lines of code. The program’s new version, written in Prolog+CG, has only 74 lines of
code. Again, we found that Prolog+CG offers a greater expressive power than pure
Prolog, greatly improving the legibility and conciseness of the programs.

8 Future Works and Conclusion

Prolog+CG is a CG-Based logic programming language; CGs play the same role as
terms, i.e. they are used to represent goals and data structures. Moreover, Prolog+CG
provides several primitive goals to manipulate concept type hierarchy and CGs [4].

As illustrated in this paper, Prolog+CG 2.5 integrates not only object-oriented
Prolog and CG formalism, but also Java technology. It then offers a great potential for
the development of a large variety of applications.

Because Prolog+CG is based on an interpreter written in Java, it is slower than
commercial Prolog systems such as WinProlog. We are confident that Prolog+CG’s
performance will significantly improve during the coming year. However, the
system’s current performance is already quite reasonable for the development of
prototype systems, and Prolog+CG’s offers such a rich prototyping environment for
the development of knowledge-based applications. More and more applications are
developed using Java. Prolog+CG enables developers to integrate some kind of
intelligence in such applications, taking advantage of the expressive power of CGs
and the reasoning capabilities of Prolog. It will be easy to create modules that handle
ontologies (using the CG type hierarchy and CGs as concept schematas), sub-systems
that provide some natural language capabilities, components that provide all sorts of
reasoning capabilities using structures expressed in CGs.

Many specialized libraries are available in C++. We plan to develop in the coming
year a link between Prolog+CG and C++ in order to take advantage of the
functionalities provided by such libraries. With this link to C++, Prolog+CG will
become a very powerful platform for the development of applications integrating
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object-oriented components and knowledge-based systems taking advantage of the
expressive power of CGs and the reasoning capabilities of Prolog.
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Abstract. The Sisyphus-I initiative consists of a constraint satisfaction problem
in which a group of people in a research environment must be allocated rooms.
Numerous constraints are detailed by the problem description which together
impose a partial ordering on any solution. A solution to Sisyphus-I is presented
in order to illustrate pCG, a CG-oriented programming language which
embodies Mineau’s (1998) state-transition based process mechanism. We
consider pCG to be an experimental language and believe that feedback from
the CG community would be useful at this stage of development. A non-trivial
application with which the community is already familiar is an effective means
by which to accomplish this. The solution involves automatic extraction of most
of the information required to represent the problem from the Sisyphus-1 web
page, and a pCG program which produces suitable room allocations via a
process. The means by which the presented solution could be further
constrained to increase its robustness is briefly discussed, as is the likely future
development of pCG.

1 Sisyphus-I

Sisyphus-I was used at ICCS99 as an example of a non-trivial problem that could be
represented using conceptual graphs (CGs) [:9]] In this paper, we show a solution to
the problem using Mineau’s process mechanism , . The problem statement [E]
calls for “...traces of the problem-solving processes...This means that...we want
descriptions of operational problem solvers.”

The Sisyphus-I room allocation problem is a constraint satisfaction problem in
which a group of people in a research department each with particular needs must be
allocated rooms. It is a means by which to test knowledge acquisition and reasoning
strategies. Numerous constraints are detailed by the problem description and are
intended to impose a partial ordering on any solution. One constraint is that the head
of the YQT research department must be allocated alone to a large room. Another is
that smokers and non-smokers may not share rooms. Yet another is that researchers
should share rooms with people from different projects to prevent insularity. There
are two slightly different problem statements given in [@]] The difference between
them is that Katharina, the head of a project and a smoker is replaced by Christian, a
researcher and smoker. Katharina is immediately eligible for a single room by virtue
of her lofty status as a project lead. However, Christian ought to share a room with
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another person due to his more lowly status, unless doing so would place him with a
non-smoker, or unless there are only single rooms remaining.

Many techniques were used in the 1999 solutions of the original Sisyphus-I
initiative. Agents were used to represent the knowledge in while other authors
used a rule base, either for the meta-knowledge [3] and [1] or for the domain facts
[. Mineau’s solution in was to represent the constraints and goals on graphs,
and then use subsumption to compare graphs and find falsehoods, which represent
invalid states. A similar method for finding invalid states, using projection, was
employed by [[L].

While our solution, on the surface, seems only to represent yet another rule-based
solution, the rules are represented by dynamic CGs with processes. The significance
of our solution is that the graphs are used to represent both the declarative facts of the
current context and the process knowledge of the domain. Projection is the basis for
graph matching in the solution presented here, with type subsumption employed in
one of the rules, and restriction on concepts used extensively elsewhere in the process
definition. Matched graphs representing rooms and people are retracted from a
knowledge base (KB) as constraints are satisfied, with room allocation graphs being
asserted into the KB. The frame problem[][ is avoided since graphs are retracted,
not negated, decreasing the burden for future KB searches.

2 Processes

Mineau proposed the notion of processes to overcome the fact that Conceptual
Structures Theory (CST) does not cater for the dynamic retraction and assertion of
graphs in a CG-based KB ]. Mineau’s processes are one kind of executable
conceptual graph formalism. Other work has been carried out in this domain by the
CG community, for example [@] @], E6]] @], @], ], ], ], . Some authors
have focussed upon the execution of a graph by special status being given to
particular nodes, while others have taken a state transition approach, or both. Some
mechanisms manipulate only concept referents, while others utilise concepts or
graphs.

A number of authors use the term process either to describe what their formalism is
simulating, or in the case of , as the name of a formalism. In Sowa remarks
that processes can be classified as continuous and discrete. An example of the former
is a physical process such as the world weather system. Continuous processes are best
simulated on analog computers, although they can be approximated by sufficiently
fine-grained discrete processes. A discrete process consists of a series of events and
states over time, which is the kind of process that is catered for by Mineau's
formalism.

A recurring theme is the apparent utility of state transition based systems, of which
[ is an example. Some authors use state-based systems to solve particular
problems, such as {2, [11]], and [16]]. Sowa remarks that State Transition Diagrams
are a common way of representing discrete processes. Sowa discusses Petri nets as a
powerful and generic state transition mechanism.

Mineau suggests that actors and demons are specialisations of processes [.
Actors take concepts of a predetermined type as input and yield a specialisation (by
referent) of a predetermined concept type as output, by means of some computation

! Increasingly more is asserted about what is not the case, eg that a room is no longer vacant.
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based upon the input concept referent . Demons consume input concepts and
assert other concepts as output [p]. Processes generalise demons by taking CGs as
input and asserting or retracting CGs as the result of their processing. The relationship
is not really this simple however since, for example, Mineau’s 1998 factorial example
uses actors within preconditions. So, on the one hand we have the suggestion that
there exists a generalisation hierarchy between actors, demons and processes, ie
actor < demon < process. On the other hand, there is at least one example of
a process using an actor as part of its definition, essentially a uses or has-a
relationship. It is arguable that without actors, process preconditions of even moderate
complexity would not be possible since arbitrary referent values could not be easily
computed or manipulated. A concept is a singleton graph, so a case can be made for a
process being a generalisation of a demon as Mineau has suggested, especially since
assertion and retraction is the primary mechanism for both.

Mineau’s claim is that his process formalism minimally extends CST. Essentially,
[ calls for the following: CGs are grouped into rules consisting of pre and post
conditions, an attempt is made to specialise a rule's preconditions to graphs in a KB,
and if this succeeds, the KB is updated using post-condition graphs. This is repeated
as many times as there are precondition matches. The first rule's preconditions and the
final rule's post-conditions may be added to via parameters.

Lukose describes Executable Conceptual Structures (ECS) in , an executable
conceptual modelling language. Components of the system include: concept types
(differentia graphs defined in terms of a lambda expression); actor types (scripts with
a main method); precondition and post-condition graph lists; lists of graphs to be
deleted; a notion of short and long term working memories. ECS also provides special
concepts representing predicates (eg [LTEQ] ) and statements (eg [ASSERT] ), along
with constructs to express temporal relationships, and others to package problem
solutions. When taken together, complex systems can be built for problem solving. A
complete description of ECS cannot be provided here. What can be said however is
that ECS provides a similar capability to Mineau's process formalism, at the expense
of a greater number of parts.

Cyre asks the question: given an arbitrary CG, what would be required to execute
it? He points out that complex, possibly hierarchical graphs may be difficult to reason
about, so may require simulation to understand, and believes that simulation can be
useful for predicting the consequences of behaviour described by a CG. A ball-
throwing example is given in [E] involving a CG containing a Throw action concept.
Cyre laments that most researchers have extended CST with special nodes (eg actors
or demons), and suggests that instead, Throw be associated with some procedure
which “knows” what kinds of concepts it can work with, and how Throw affects
them. Here, concepts rather than relations are being used as the active elements in a
graph. What this amounts to, however, is that certain types must be marked as having
special roles by some interpreting system, instead of explicitly using actor nodes.
Moreover, special relations are added to express inclusive and exclusive logical
disjunction [%

These and other executable CG mechanisms are reviewed in detail in . Mineau's
executable CG mechanism strikes a balance between simplicity and expressive power.
Correspondence with Mineau at the time |3|] was embarked upon confirmed that there
had been no implementation of the process mechanism, "...only a theory which needs
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to be refined, implemented and applied.’ﬁ That is exactly what the work described
herein entails. A major motivation for any implementation of the process mechanism
is to determine whether it works, and if so, in what ways it requires improvement.

3 The pCG Language

We believe that someone wishing to use processes should be able to do so by
expressing them directly in a suitable source language, so as to be able to work
closely with the fundamental entities. Mineau provides the beginnings of such a
language in , and that paper’s stated long term goal of the development of a
Conceptual Programming Environment (CPE) combining logic and imperative
programming suggests a direction. Such a language would also provide a means to
embody the process engine. An alternative is to develop an Application Programming
Interface (API) in a popular language, such as C++ or Java. One problem with this
approach is that the complex details of using an API can quickly obscure the problem
domain. For the purpose of understanding the likely use of processes and for ease of
their application to a particular problem, it was decided that a language, pCG, and an
interpreter for it be developed.

The primary motivation for pCG is to make available a concrete implementation of
Guy Mineau's process mechanism , ] for empirical investigation of its strengths
and weaknesses. A secondary motivation is to provide an easily extensible general-
purpose language with CG processing functionality which makes the primary entities
of interest in the domain (eg CGs, actors, and processes) first class values, and
permits object-based, functional, and declarative programming styles, which is
consistent with Mineau's idea for a CPE.

The pCG distribution is available on the webﬁ and is available under the Gnu
Public Licence. The complete pCG solution to the Sisyphus-I problem described in
this paper is also provided in the distribution, along with many other example
programs. We consider pCG to be an experimental language and believe that
feedback from the CG community will be useful at this point in time. A non-trivial
application seems to be an effective means by which to accomplish this.

3.1 Design

CG tools such as [§]] have been developed to support purely visual programming. We
have taken the approach of acknowledging that traditional programming languages
have a role to play. In short, CGs are used where knowledge representation is
required, while traditional constructs are used where imperative or functional
programming is most appropriate. Languages such as Perl (lists, foreach), Lisp
(dynamic typing, lambda), Java (objects), and Prolog (assert, retract, pattern
matching) have all influenced pCG. The choice of a new language is a deliberate one,
to clearly state that something different is being represented, and to avoid confusing
similarities with existing languages. Given that major new constructs are required (eg
actor type definition, process statement) which will take the form of new syntax, and
that significant new types must be introduced (eg concept, graph), an existing

2 E-mail correspondence from Guy Mineau to David Benn, December 1%, 1999.
3 See http://www.adelaide.net.au/~dbenn/Masters/ for the archive and other information about
pCG.
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language would require significant extension. CG languages and platforms other than
Synergy are considered in . One drawback of creating a new language is that no
pre-existing utility source code in that language exists, but since pCG has an
extensible type system, utility code written in Java can be used.

3.2 Key Features

The pCG language is interpreted for rapid development. It is dynamically typed since
values not variables determine type. pCG is lexically scoped since functions and
processes introduce a new lexical scope when invoked. pCG can also be characterised
as an object-based language since its fundamental types have state and operations on
that state. However, pCG does not support the creation of arbitrary object types within
the language, but it is possible to easily add new types or modify existing ones using
Java without change to the interpreter itself. All values in pCG are objects with
associated attributes (eg length), operations (like methods in Java), and operators (eg
+). For example, CG operations such as join and project are supported as operations
on graph objects. Some attributes may appear on the left side of an assignment
statement (eg myConcept.designator=2). All attributes may appear in
expressions. Objects have a type attribute indicating the name of a value’s type, and
the is operator can be used for run-time type identification. Objects in pCG are
garbage collected when they can longer be reached.

The pCG language is multi-paradigm, since apart from its object-based nature,
pCG supports imperative (variables, assignment, operators, selection, iteration),
functional (higher order functions, values, recursion), and declarative styles of
programming. The latter is supported in the form of processes, since one specifies
rules containing pre and post conditions representing knowledge. The details of
testing preconditions against the KB, and the assertion/retraction of post-conditions in
the KB are left to the process execution engine. Apart from the essential iteration and
selection constructs found in any modern language, three control constructs are
central to pCG: functions, actors, and processes. There is currently no provision for
concurrent execution in pCG.

3.2.1 Actors
Consider the following function and actor definitions in pCG:

function sqgr(n,m)

nVal = n.designator;
if not (nvVal is number) then

exit "Input operand to " + me.name + " is not a number!";
end

m.designator = nVal*nVal; // example of setting an attribute
end

actor SQR(x) is ‘[Num:*a’*x’] [Num:*b’*y’]<sqr?a|?b>";

The actor defines a dataflow graph which contains a single actor node or executor.
This executor is defined in terms of a pCG function, sgr, which takes a source and a
sink concept as parameters. The sink concept’s designator is mutated according to the
square of the source concept’s designator, which is first tested to ensure it is a
number. In the actor definition, *a and *b are defining variables, ?a and ?b are
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bound variables for identifying concepts, while *x and *y are variables representing
designator values. Such variables derive from the original actor notation of [.

One way to invoke this actor is to write: g = SQR (4) which results in a mutated
copy of the defining graph being assigned to g thus: [Num:*a 4] [Num:*b
16] <sgrra|?b>.

A point of departure in pCG’s implementation of actors compared to is that
only the input parameter is specified in the actor definition’s parameter list for the
purpose of binding. The actor mechanism can otherwise determine the correct order in
which to pass concepts to a particular executor, so long as the arcs are correctly
ordered. Assuming the executor (a function or other dataflow graph) performs
correctly, the returned mutated graph copy will have appropriately mutated sink
concepts. The above invocation method is not useful when an actor appears in a
process rule’s precondition. An invocation graph may be constructed and the graph
activated directly, for example:

n = 4;
mySqrGrStr = “[Num:*a ” + n + “] [Num:*b'*y'l<sgrral?b>";
g = activate mySqrGrStr.toGraph() ;

Notice that no actor definition is required here. The graph is constructed as a string,
the source concept’s referent is bound in that string, and the string is converted to a
graph which is then activated, returning the mutated graph copy. This is akin to actor
invocation that occurs during process execution, except that the process engine
implicitly activates precondition graphs containing actors. The process definition of
section 4 contains no actors, but H gives an implementation of Mineau's iterative
factorial process [[13] which does use actors in preconditions.

3.2.2 Processes
An abstract process is defined in as: process p(in gl, out g2,...) is { r, = <pre,
post>, V.e[1,n] } . In pCG, the syntax for a process is:

‘process’ name ‘(' in | out parameter [, ..]')'
[‘initial’ block]
(‘rule’ ident
[option-1list]

\pre I
[‘action’ block] (['~’] pre-condition) *
‘end’
‘post’
[‘action’ block] (post-condition [option export])*
‘end’
‘end’ ) *

‘end’

A process has a name and a list of in and out parameters, followed optionally by a
block of code for miscellaneous initialisation purposes, followed by a set of zero or
more rules. Each rule consists of an arbitrary identifier, optionally followed by a list
of one or more options for the rule, and a pre and post condition section. A
precondition section consists of an optional action block and zero or more possibly



366 D. Benn and D. Corbett

negated graph expressions. A post-condition section consists of an optional action
block and zero or more graphs (in contexts — see below) to be asserted or retracted.

A block consists of arbitrary pCG code. The intent of such blocks is to aid in the
debugging of processes, to provide useful output during process execution, or to
otherwise combine procedural and declarative programming styles. Such code may
also be used to construct graphs which are subsequently used in precondition graph
matching, or post-condition graph assertion or retraction. Only retraction of whole
graphs from a KB, not partial graphs is possible in pCG.

Contexts with concept types PROPOSITION, ERASURE, and CONDITION are
essentially used as a packaging mechanism for passing parameters to a process.
PROPOSITION and ERASURE context types are also used in the body of post-
conditions to distinguish between assertions and retractions. An alternative to the
latter is discussed in section 6. A precondition is an arbitrary graph expression. If
preceded by a ‘~’ character, the sense of the match for that graph is reversed.

An input parameter must be a context and have a type of PROPOSITION or
CONDITION. The descriptor of a PROPOSITION context is asserted before process
execution starts, the corresponding graph acting as a trigger which (along with other
asserted graphs from the caller's KB) causes a suitable rule to fire. A CONDITION
context’s descriptor graph is added to the precondition list of the first rule of a
process. Output parameters — contexts of type PROPOSITION or ERASURE — are
appended to the post-condition list of the last rule. When this rule is reached, the
specified graphs are asserted or retracted in the caller’s KB.

When a process is invoked, the first rule is retrieved, and each graph of the rule’s
precondition is tested in turn. If one does not match, matching for that rule is
discontinued and the next rule is retrieved. If no matching rule is found, the process
terminates. If one is found, the post-conditions of the matched rule are retrieved. For
each post-condition, its descriptor graph is either asserted or retracted — depending
upon the type of its context — from the local KB, or the caller’s KB if an export
option (see section 4.3) is active. The process engine then starts again at the top of the
ordered rule collection, and attempts to find a matching rule during the next cycle.

The projection operation is central to the matching algorithm of pCG’s process
execution engine, and the algorithm used by pCG is similar to that given in Theorem
354 of except that relation type subsumption is also permitted. A match may be
partial.  For  example, a  process rule  precondition such  as
[Person:*a’*name’] [Role: *b’Researcher’] (Chrc?a?b) would be
sufficient to retrieve the complete graph of Michael T. shown in section 4.2 if present
in a KB, and if it were encountered first during search.

A process invocation introduces a new KB scope. So, there are two run-time stacks
in pCG: one for variables and another for KBs. There is one of each at the top-level
for global code execution. KBs in pCG store concept and relation type hierarchies,
and a set of graphs. The content of a process caller's KB is copied to the invoked
process’s KB. Look-up and, by default, assertion and retraction are confined to the
KB which is top-most on the stack. The alternative is a proliferation of graphs in the
caller’s KB, meaningless outside of a given process, which would need to be retracted
by some other means upon exit from that process.
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4 A Sisyphus-I Solution in pCG

What follows is a detailed description of how the Sisyphus-I problem is represented
and solved with a pCG program, the bulk of which consists of a process definition.

4.1 Assumptions and Interpretations

This section briefly documents assumptions made and interpretations of [E]] for the
purpose of problem representation and solution.

The criterion to be used for determining room centrality is unclear from [9]. The
criterion used for the current solution is physical connection to room C5-118 (The
Tower), implying that rooms C5-113 to C5-119 are central. An alternative
interpretation is that any room which is near C5-119 could be considered to be
central. For example, C5-120 could be argued to be central by virtue of physical
proximity to C5-119. Another reasonable interpretation is given by [ which suggests
that C5-116, C5-117, and C5-119 are central. It is assumed that the black square on
the room graphic in [Q corresponds to room C5-123.

In section 2.1.1 of B], "true" and "yes" are both used to indicate boolean true
values. The problem representation converts all occurrences of "true" to yes".

4.2 Representing the Problem

All the information required to solve the problem is contained in section 2.1.1 of the
HTML found at the URL of @] A Perl script was applied to the HTML to generate
simple CGs each of which represents some aspect of each YQT member. One such
graph set is shown below in CGIF:E]

."] [Role:*b’Researcher’] (Chrc?a?b)

."] [Project:*b’BABYLON Product’] (Member?a?b)
.1 [Smoker:*b’No’] (Chrc?a?b)

. "] [Hacker:*b’Yes’] (Chrc?a?b)

."] [Person:*b’Hans W.'] (Coworker?a?b)

[Person:*a’Michael
[Person: *a’Michael
[Person:*a’Michael
[Person: *a’Michael
[Person:*a’Michael

e N B

The following graphs for Katharina N. apply to the first problem statement, with
almost identical graphs for Christian I. in the second.

[Person:*a’Katharina N.’] [Role:*b’Researcher’] (Chrc?a?b)
[Person:*a’Katharina N.'’] [Project:*b’MLT’] (Member?a?b)
[Person:*a’Katharina N.’] [Smoker:*b’Yes’] (Chrc?a?b)
[Person:*a’Katharina N.’] [Hacker:*b’Yes’] (Chrc?a?b)

It is inefficient to process many small graphs, so the graphs for each person are joined
into a single graph by pCG code. These multi-relation graphs are then asserted into
the top-level knowledge base (KB). As an example, Michael T’s graphs are joined into
the single graph shown below in LF and CGIF, respectively:

[Person: 'Michael T.'] - [Person:*a'Michael T.']
(Chrc) -> [Role: 'Researcher'] [Role:*b'Researcher']
(Member) -> [Project: 'BABYLON [Project:*c'BABYLON

Product'] Product']
(Chrc) -> [Smoker: 'No'] [Smoker:*d'No']

4 The Conceptual Graph Interchange Format is used in pCG examples throughout this paper.
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(Chrc) -> [Hacker: ’'Yes’] [Hacker:*e’Yes’]

(Coworker) -> [Person: ’'Hans W.'’] [Person:*f’'Hans W.']
(Chrc?a?b)
(Member?a?c)
(Chrcra?d)
(Chrc?are)
(Coworker?a?f)

The following pCG code joins and asserts the graphs into the KB:

ygt = file inFilePath;
lines = yqgt.readall();
ygt.close () ;
g = n Ill.
foreach line in lines do
if line.length > 0 then
if g is graph then

g = g.join(line.toGraph()); // add to current graph
end else
g = line.toGraph(); // new person
end
end else
assert g; // add current person’s graph to KB
g = ""; // prepare for next person
end
end

Although most information can be automatically extracted, a few facts can not, so
these are joined to existing graphs and reasserted, thus:

function addTo(addition)
newConcepts = addition.concepts;
foreach g in _KB.graphs do
gConcepts = g.concepts; // are the head concepts identical?

if newConcepts[l] == gConcepts[l] then
retract g; assert g.joinAtHead(addition); return;
end
end
end

addTo (" [Person:*a’ThomasD.’] [Head: *b’YQT'] (Chrc?a?b) ') ;

addTo (' [Person:*a’Hans W.’] [Head:*b’BABYLON

Product’] (Chrc?a?b) ') ;

addTo (" [Person:*a’Joachim I.’] [Head:*b’Other’] (Chrc?a?b) ") ;
addTo (' [Person:*a’Katharina N.'’] [Head:*b’Other’] (Chrc?a?b) ') ;

The additional information above concerning Katharina N. ensures that her room
allocation will have a higher priority than it would otherwise, which will become
apparent in the discussion of process rules to come.

Information about the available rooms is next asserted in the top-level KB with
large central rooms being C5-117 and C5-119, small central rooms being C5-
113..116, and large non-central rooms being C5-120..123.
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rooms:{"[LargeRoom:*b’CS—117’][Location:*c’Central’]
[Integer:*d 2] (Chrc?b?c) (Vacancy?b?d) ",

" [LargeRoom: *b’C5-120’'] [Location: *c’NonCentral’]
[Integer:*d 2] (Chrc?b?c) (Vacancy?b?d) ",

"[SingleRoom: *b’ C5-
116'] [Location:*c’Central’] (Chrc?b?c) "};
foreach room in rooms do
assert room.toGraph() ;
end

The top-level KB now contains graphs representing information such as that there
exists a large room whose location is central and whose vacancy count is 2, which
corresponds to the first graph above. While the characteristic of largeness and the
vacancy count may seem to be redundant information, the latter is used in the process
of the next section to differentiate between full and partially tenanted large rooms.

4.3 The Rules

This section details a pCG process definition which yields a solution to the first and
second statements of the Sisyphus-I problem. Action blocks are shown for the first
rule, but omitted thereafter to save space. In each rule, the precondition action block
prints a question that asks whether a particular kind of person needs to be allocated to
a room. The post-condition action block calls functions which direct information to
standard output and to a graphical room display regarding a room allocation if the rule
of which it is a part fires.

The process definition that follows is punctuated with commentary regarding
particular rules where deemed necessary. The process is dependent upon other user-
defined functions. For the complete code listing see the pCG distribution.

The Sisyphus process is first named for invocation purposes, and in this case, no
input or output parameters are passed to it, but B] and ] provide examples of their
use. The first rule simply allocates any large central room to the head of department.

process Sisyphus ()
rule allocateHeadOfYQT
pre
action
println "Need to allocate room for the head of YQT?";
end
‘[Person:*a’ *name’] [Head: *b’YQT'] (Chrc?a?b) *;
' [LargeRoom: *a’ *roomLabel’] [Location:*b’Central’]

(Chrc?a?b) ‘;
end
post
action
label = getRoomLabel(); // uses _MATCHES array

name = getPersonName () ; // also uses _MATCHES array
showAllocation ("Head of YQT", name, label);
plotName (name, label, 1, headColor) ;

end

‘' [PROPOSITION: [Person: *a’ *name’] [Room: *b’ *roomLabel’ ]
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(Occupant?a?b)]‘'; option export;
mkErasureGraph ( MATCHES[1]); // erase person
mkErasureGraph ( MATCHES [2]); // erase room

end
end // rule allocateHeadOfYQT

The PROPOSITION context in the post-condition block directs pCG to assert its
descriptor graph into the KB. The caller’s KB is targeted rather than the local KB of
the process by the export directive. Any modifications to the process’s local KB
will not affect the caller’s KB, except when "option export" is applied to a post-
condition graph, or when the final rule fires. The former applies here with the result
that the selected post-condition graphs are asserted in the top-level KB.

The _MATCHES list contains each complete graph that was matched by the rule’s
precondition graphs via projection onto the graphs in the current KB. The list is
created by the pCG interpreter during rule invocation. The getter functions in the
action block are invoked to iterate over another special list, KB.corefvars,
which stores name-value pairs of concept designator variable bindings (such as
*name and *roomLabel) from the matching operations. The only reason for
invoking mkErasureGraph () is to yield an ERASURE contextﬁ The fact that this
is necessary at all suggests that the generic post . . end syntax ought to be replaced
by something more specific. See also section 6.

The next rule must come before allocateFirstSecretary, otherwise the
latter will fire twice, yielding allocation into two different large rooms. The rule
allocateFirstSecretary allocates one secretary to an empty large central
room and decrements the vacancy count of that room by the retraction and assertion
of room graphs. The allocateSecondSecretary rule looks for a large central
room with one vacancy. Both secretaries are thus allocated to the same room, due to a
particular rule sequencing.

rule allocateSecondSecretary
pre
‘' [Person:*a’*name’] [Role:*b’Secretary’] (Chrc?a?b) *;
' [LargeRoom: *a’ *roomLabel’] [Location: *b’Central’]
[Integer:*c 1] (Chrc?a?b) (Vacancy?a?c) ';
end
post
' [PROPOSITION: [Person:*a’*name’] [Room: *b’ *roomLabel’ ]
(Occupant?a?b)]‘'; option export;
mkErasureGraph ( MATCHES[1]); // erase person
mkErasureGraph ( MATCHES [2]); // erase room
end
end // allocateSecondSecretary

rule allocateFirstSecretary
pre
‘ [Person:*a’*name’] [Role:*b’Secretary’] (Chrc?a?b) ‘;
' [LargeRoom: *a’ *roomLabel’] [Location:*b’Central’]
[Integer:*c 2] (Chrc?a?b) (Vacancy?a?c) ‘;

5Code such as (" [ERASURE:" + _MATCHES[1] + "]").toGraph () isused.
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end
post
* [PROPOSITION: [Person: *a’*name’] [Room: *b’ *roomLabel’]
(Occupant?a?b)]‘'; option export;

mkErasureGraph ( MATCHES[1]); // erase person

' [ERASURE: [LargeRoom: *a’ *roomLabel’] [Location: *b’Central’]
[Integer:*c 2] (Chrc?a?b) (Vacancyra?c)]';

' [PROPOSITION: [LargeRoom: *a’ *roomLabel’] [Location: *b
"Central’] [Integer:*c 1] (Chrc?a?b) (Vacancy?a?c)]"';
end
end // allocateFirstSecretary

The third post-condition expression in allocateFirstSecretary could be
replaced by "mkErasureGraph( MATCHES[2])" in order to erase the
corresponding room graph, but the current code displays a symmetry between erasure
of the old room graph and assertion of the new room graph.

The next two rules (allocateManager and allocateAHead) are similar to
allocateHeadOfYQT except that different constraints are applied in the person
and room preconditions.

Rules for allocating first and second researcher pairs are similar to those for
secretary allocation shown above. In a similar manner,
allocateSecondResearcher must come before
allocateFirstResearcher, otherwise the latter will fire twice, yielding
allocation into two different large rooms, making the final 3 pairs of allocations (see
actions 8, 9, and 10 in g]) impossible without a smoker/non-smoker conflict. This
ordering is akin to a degenerate recursive step. The lesson here is that the more
constrained rule should appear first. We allocate non-smoking researchers with this
and the next rule, handling smokers later.

Once again, allocateSecondSmoker must precede
allocateFirstSmoker, otherwise the latter will fire twice, yielding allocation
into two different large rooms. Here we are trying to pair off smokers into large
rooms. If we have an odd number of smokers or non-smokers, we may have no choice
but to allocate smokers with non-smokers, or to allocate a smoker to a single room.

The final catch-all rule is designed to cope with the Second Problem Statement
(section 2.2 of @]]). It simply says that any remaining researcher should be allocated
to any remaining room. There should in fact be three rules: two to handle a large room
in the manner above, and one to handle a single room (eg allocate{First,
Second}RemainingResearcher, and allocateRemainingResearcher). It just so happens
that we know from the problem statement that there is only one small room remaining
by the time this rule applies, and that the process will terminate on the following cycle
since no room or people graphs will be left in the local KB of the process.

rule allocateRemainingResearcher
pre
‘[Person:*a’*name’] [Role:*b’Researcher’] (Chrc?a?b) ‘;
‘* [Room: *a’ *roomLabel’] [Location: *b’ *somewhere’ ]
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(Chrc?a?b) ‘;
end
post
‘' [PROPOSITION: [Person: *a’ *name’] [Room: *b’ *roomLabel’ ]
(Occupant?a?b)]‘'; option export;
mkErasureGraph ( MATCHES[1]); // erase person
mkErasureGraph ( MATCHES[2]); // erase room
end
end // allocateRemainingResearcher
end // process Sisyphus

4.4 The Results

The pCG program described above is invoked via the following code:
"Sisyphus ()". The result of this invocation is text on the standard output and a
window with a room graphic, both of which are updated during the course of the
program run.E|A sample of the text output is shown for the first problem statement
below.

Asserting YQT member graphs.

Asserting more information about certain YQT members.
Need to allocate room for the head of YQT?

--> Head of YQT ’'Thomas D.’ allocated to C5-117
Need to allocate room for the head of YQT?

Need to allocate room for second secretary?

Need to allocate room for first secretary?

--> First secretary ’'Monika X.’ allocated to C5-119
Need to allocate room for the head of YQT?

Need to allocate room for second secretary?

Second secretary ’‘Ulrike U.’ allocated to C5-119

Need to allocate room for the head of YQT?

Need to allocate room for second secretary?

Need to allocate room for first secretary?

Need to allocate room for the manager?

Need to allocate room for a head?

Need to allocate room for a second researcher?

Need to allocate room for a first researcher?

--> First researcher ‘Michael T.’ allocated to C5-122
Need to allocate room for the head of YQT?

Need to allocate room for second secretary?

Need to allocate room for first secretary?

Need to allocate room for the manager?

Need to allocate room for a head?

Need to allocate room for a second researcher?
Second researcher ’'Harry C.’ allocated to C5-122

The text output reflects the pattern of rule firings. The final several lines of code
iterate over the top-level KB once the process has terminated, sending to standard

¢ This takes approximately 10 seconds on a 550 MHz Pentium III Linux workstation.
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output the final room allocation graphs. This code and the output for the first problem
statement is shown below, in that order.

println "Room allocation graphs:";
filter = ‘[Person:*a’*x’] [Room:*b’*y’] (Occupant?a?b) *;
foreach g in _KB.graphs do

h = g.project(filter);

if not (h is undefined) then println " " + h; end
end

[Person:*a"Thomas D."] [Room:*b"C5-117"] (Occupant?a?b)
[Person:*a"Monika X."] [Room:*b"C5-119"] (Occupant?a?b)
[Person:*a"Ulrike U."] [Room:*b"C5-119"] (Occupant?a?b)
[Person:*a"Eva I."] [Room:*b"C5-113"] (Occupant?a?b)
[Person:*a"Hans W."] [Room:*b"C5-114"] (Occupant?a?b)
[Person:*a"Joachim I."] [Room:*b"C5-115"] (Occupant?a?b)
[Person:*a"Katharina N."] [Room:*b"C5-116"] (Occupant?a?b)
[Person:*a"Werner L."] [Room:*b"C5-120"] (Occupant?a?b)
[Person:*a"Jurgen L."] [Room:*b"C5-120"] (Occupant?a?b)
[Person:*a"Marc M."] [Room:*b"C5-121"] (Occupant?a?b)
[Person:*a"Angi W."] [Room:*b"C5-121"] (Occupant?a?b)
[Person:*a"Michael T."] [Room:*b"C5-122"] (Occupant?a?b)
[Person:*a"Harry C."] [Room:*b"C5-122"] (Occupant?a?b)
[Person:*a"Andy L."] [Room:*b"C5-123"] (Occupant?a?b)
[Person:*a"Uwe T."] [Room:*b"C5-123"] (Occupant?a?b)

5 Discussion

The key difference in the second problem statement is that Christian is allocated last
after all higher priority constraints have been satisfied, whereas in the first problem
statement Katharina is allocated much earlier, due to her higher status. This is
reflected in the static rule orderings of the process. @] suggests the general approach
that should be followed, such as allocating the head of the YQT department, followed
by secretaries, then heads of projects, then smokers, and other researchers. Examples
of who should be allocated to which rooms are also given. The current solution
departs from the one suggested in that smokers are allocated after all non-smoking
researchers, which still produces the desired outcome. The rationale is that the non-
smoking mandate is a high-priority constraint.

In a number of cases, two rules are required for correct allocation to large rooms
that can hold two occupants. The ordering of these rules is important, as others have
found (eg , ]). For example, the allocateSecondResearcher rule looks
for a large room in which there is already an occupant. The immediately following
rule is allocateFirstResearcher which will fire first in the absence of such
half-tenanted rooms, assigning a non-smoking researcher and decrementing the
room’s vacancy count. Such rule pairs have already been noted. An earlier version of
the program used an actor to obtain a decremented vacancy count in a rule's
precondition block, which was utilised in a post-condition graph of that rule. Since the
vacancy count is first 2 then 1, actors are overkill in this context, hence the current
solution which simply retracts a room graph with a vacancy count of 2 and asserts an
otherwise identical room graph with a vacancy count of 1. This is also faster since
actor execution involves additional execution steps.
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The final rule in the Sisyphus process (allocateRemainingResearcher)
uses type subsumption on the Room concept. Concept and relation type hierarchies
are declared before the process definition, but only two actually matter:

concept Room > SingleRoom;
concept Room > LargeRoom;

This permits the final rule to ask for any room, rather than a single or large room.
These types were inspired by . An earlier version of the pCG program instead had
a size relation in each room graph. While using a size concept such as [Size:
*dontCareHowBig] and an associated relation in precondition graphs works,
having one less node in each room graph permits more efficient precondition
matching, and a more elegant solution based upon type subsumption rather than
referent specialisation.

As already mentioned, the program solves both problem statements, however no
rule imposes a constraint which ensures that people on the same project are not
allocated to the same room. The process works without such a constraint given the
supplied ordering of YQT members in @], but if the order of graphs originally
asserted in the KB were to change, this constraint could be violated. One approach is
for graphs representing two different individuals to be compared in terms of the
coworker or project relations, perhaps via a NotSame actor. However, identical
precondition graphs in a single pCG rule will yield identical matches, for example:

[Person: *a ‘*namel’] [Project: *b ‘*projl’] (Member?a?b)
[Person: *a ‘*name2’] [Project: *b ‘*proj2’] (Member?a?b)

This suggests that process rules ought to employ backtracking, essentially treating the
conjunction of precondition graphs as a goal, to ensure that different *proj1 and
*proj2 combinations are tried. It is not currently possible in a single precondition
block to find all combinations of graphs in the KB which match the graphs in that
precondition. One can only do this in pCG via explicit iteration and projection over a
KB’s graphs. and also point to a possible solution in terms of the application
of constraints. This problem requires further investigation.

Information that is not used in the current solution is the project, hacker, and
coworker concepts and their associated relations. An interesting question is whether
the current solution could be made more robust by making use of some or all of these
relations. However, coworker information sometimes does not correspond to project
membership as obtained from the information provided in [@

6 Conclusions and Future Work

We believe that pCG shows promise as a general CG language, and in particular as a
means by which to explore Mineau’s process mechanism, but improvements are of
course possible. An operational solution to the Sisyphus-I room allocation problem
was presented. The pCG language was used as the basis for this, and while successful
in solving the problem, the attempt revealed shortcomings in both the solution and the
language. The requirement that two researchers on the same project should not share
an office might be solved by an application of constraints (eg , ), or by
treating the conjunction of preconditions in a rule as a goal and employing
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backtracking if necessary. If such functionality were implemented in pCG, the
language’s problem solving power would be increased.

The generic post . . end syntax in rules ought to be replaced by assert. .end
and retract. .end, each of which would contain a sequence of simple graphs
instead of ERASURE and PROPOSITION contexts. The content of
_KB.corefvars could be made available to process action block code on the local
stack frame of the executing code.

Where complex pre or post-condition graphs are required, a CG graph editor
capable of generating CGIF can be used, and later read from a file for use in a process
definition. Perhaps a graphical front end could be used to draw and generate complete
process definitions.

The pCG language has the advantage of simplicity, and being interpreted,
"compile" is removed from the edit-compile-run cycle, speeding up development of
pCG programs. It is also extensible by the addition of Java code, as has been noted.
However, it is not a refinement of a widely used existing languagel] Given that the
implementation of pCG cleanly separates the parser (around 500 lines of code) from
the core interpreter, the source language for pCG could just as easily be Lisp, if so
desired. Feedback from the CG community would be of benefit with respect to the
usability of pCG.

Other future work relating specifically to pCG is detailed in [E]. Such work
includes the reconciliation of the graph assertion and retraction mechanism with the
rules of inference ], , improvements to graph matching efficiency,
implementation of the conformity relation, and the addition of further attributes and
operations to pCG objects to make the intrinsic types more useful.
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