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Abstract. The incorporation of semantics into conceptual models has for
long been a goal of the data/knowledge modelling communities. Equally,
conceptual models strive for a high degree of intuitiveness in order be better
understood by their human users. This paper aims Lo go one slep in this
dircction by introducing the part-of relation as a special case of aggregation.
To do so we invesligale the scmantic constraints accompanying this
specialization and suggest diffcrent ways of incorporating part-of semantics
into data/knowledge modcls. Further, it is demonstrated that, in analogy with
IS-A rclations, part-of relations form hicrarchics (dag's) which constitute an
tmportant conceptual aid in understanding complex sysiems. Finally, we
investigate the conditions under which the part-of rclation exhibits transitive
behavior which can be exploiied for automated inferences facilitated by the
transilivity property.

keywords: data/knowledge modelling, knowledge representation, conceplual
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"The whole is more than the sum of its parts"
1 Introduction

1.1 Motivation and Related Work

The overall objective of information systems (1S) modelling is 1o build models which
conlidently represent parts of the real world. The resulting need to model complex objects
for advanced applications has lcad (o the development of a number of semantic and object-
oricnted models that attempt (o capture more ol the meaning as well as the structure and
bechavior of the data than traditional models [18, 30]. In this context it is important to
appreciate why it is usclul to incorporatc abstractions and additional scmantics into
information system dcsign mcthodologies, in particular in the early phases of the
devclopment process. Davis and Bonncell |11, p.85] arguc that it is imporlant Lo incorporate
appropriale abstraction mechanisms that can be used o idenlifly suitable categorics with
which (o describe phenomena in the real world. This is motivaled by the notion that much
of what is perceived in the world is generally well-structured information and that a large
problem in constructing complex systems capable of intelligent behavior is in clarifying
these structures by using appropriate abstraction mechanisms. Furthermore [30], some of
the benclits that gencrally have been identificd as being associated with semantic models
are: cconomy of expression, inlegrity maintenance, modelling [lexibility, and simplifying
querying.
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Whilc by far most research on extending IS design methodologics to caplurc more meaning
has concentrated on the generalizalion/specialization abstraction and the accompanying
mcchanism of inherilance (c.g. 14, 22}), this rescarch focuses on the part-of relation. The
latter is deduced as a subcategory of the aggregation abstraction and enriched with additional
semantlics. Aggregation has been delined as an abstraction in which a relationship between
objecls is considered as a higher lcvel (aggregate) object [35]. When considering the
aggregaic, details of the constituent objects are suppressed. An example of aggregation is
depicled in figure 1-1a. Nolc, that the aggregate object (c.g. room) consists of a number of
arbitrary constitucnt objccts and/or attributes. This reflects the situation most olten
cncountered in current conceptual modelling and knowledge representation techniques. In
particular, it is hardly cver distinguished between parts and other constitucnts making up
some cnlity in the domain of discourse. In short, in data/knowledge modelling the part-of
relation has not (yet) been devoted special attention.

Inspired by rescarch on parts conducted in cognitive psychology [37], we suggest to sec a
conceptual entity to consist of parts and, in addition, other attributcs. At this point there is
a strong temptation to wonder whether the distinction is not superfluous, since, attributcs
are parts that constitute the description of some whole. In which way, then, should there
cxist attributes which arc net parts? The answer is casy, bul only if carc is laken 1o
distinguish between real-world concepts and their representation as data structures in some
formal notation uscd to model these concepts: Whercas, obviously, all altributes
characicrizing somce concept arc parts of the data structure modelling this concept, not all
attributes are parts of the concept as such. Consider, for cxample, a class (or any similar
structure) used to model a room. While ceiling, floor, wails, window, door are parts of the
real world concept of a room (comparce figure 1-1b), owner, size, and location definitely arc
important constituents (modelled c.g. as attributes), but they are in no case parts of rooms.
Neverthelcss, owner, size, and location are part of the class representation of rooms.

room
aggregate-of

[ tloor |lwalls | Window| | door] [owner] [size | [location |

Fig. 1-1:
a) The aggregate room as an example of aggregation  b) The composite room demonstrating
the part-of relation

In this paper it is argued that the part-of relation carries specilic semantics which can be
exploited to enrich conceptual models and o provide for specific infercnees. Furthermore,
repeated application of the part-ol relation results in a hicrarchy (more preciscly a dag),
hercatier referred to as partonomy. Partonomics organize concepts in terms of conncctions
between parts or components and wholes or compositcs.

Within the field of computer science, partonomics play an essential role [or modclling
systems decomposition in almost all traditional software development methodologies, such
as SADT [33] or JSD [19] and, morc recently, object-oriented (OO) analysis and design
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(c.g. [2, 23]). Nevertheless, despite the importance of managing sysiems decomposed into
scveral thousands ol partls and subparts, cte. [39], the specific semantics of part-of rclations
have hardly cver been investigated in the context of software engincering. In the rcalm of
Al, the object-oricnted programming language LOOPS |1 pioncers in providing linguistic
means to model composite objects. The mechansisms lor processing parts, howcever, arc
‘hardwired' into the language with almost no support for incorporating additional scmantics.

In particular, recent techniques [or OO analysis and design have rediscovered the importance
ol aggregalion. Some techniques (such as e.g. |9, 13, 23]) even oller specific construets 1o
model aggregation which often is rclered to as the part-of relation. No specific semantics,
however, are delined for such parts. Morcover, the examples given in the respective
documecntations (except [23]) indicatc that the general case of aggregation is meant. In
comparing OO analysis methods, De Champeaux and Faure [12] nicely capture this
situation and its ramifications by arguing that 'the notion of the part-of relationship is
problematic when its semantics arc not clarified. For instance, it is oftcn unstated whether
part-of is assumcd to be transitive and what its behavioral ramilications are. Should the
destruction of A imply the destruction of B when B is part of A? Can an object be a subpart
of morc than onc superpart? ... As a result of the ambiguitics surrounding part-of, an
analyst should make explicit the intended semantics before using part-of.!

The situation is dilferent in the context ol object-oriented databases (OODBs), most
prominently ORION [20], where partonomics have been suggested as a means of modelling
composilc objccts and their semantics. Besides discussing the role part-of relations play in
schema evolution, Kim ct al. go as [ar as proposing parts as a basis {or authorization and
locking. The approach taken here is different. While drawing on Kim ct al.'s results
regarding the semantics of parts (c. [. section 3.1), the emphasis is on a broader discussion
of part-of semantics in the context of conceptual modelling, along with the impacts, such
as infercnees lacilitated by the distinction of parts [rom other attributes and by transitivity.
This discussion is molivaled by the endeavor o cxploit the semantics inherent in part-of
rclations in order to allow to build models that morc closely match human
conceptualization. Such modcls, we claim, are casicr to understand and to reason aboul.

The goals of this rescarch are Lo

* cxaminc the representational power of partonomies in their role in data/knowledge
modclling,
Jjustify the importance ol the part-of relationship [rom a cognitive point of view,

* introduce semantics of the part-of relationship and show how (0 incorporate them into
data/knowledge modcls,

* open room [or inference mechanisms bascd on the transitivity of the part-of relation.

Belore giving a more dctailed account on the points mentioned, let us view the part-of
relation as a specific case of a semantic relation and consider its representation in conceplual
models. Graphical displays of entitics and rclationships, such as entity-rclationship (ER)
diagrams, have been popular since almost two decades for providing high lcvel
representations of some parts of the rcal-world [10]. Their immensc usclulncss and
conceptual aid for databasc design has been proven in many applications. ER diagrams have
also been extended (EER, [36]) to provide specific constructs for modelling
generalizalion/specialization relationships. The (E)ER notation scrves to provide a fairly
complete picture of the entitics and relationships underlying some model. Thus it oficn
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coexists with object browscrs [ 15] which were invented by the object oricnted programming
(OOP) communitly as a complement 10 more complele represcatations such as (E)ER
diagrams. Object browsers were designed to display objccts (corresponding to cntitics) with
only one or two kinds of relationship, namely subclass (or specialization) and instance-of
relations. Specifically, they were not designed to display the part-of structure of objccts
which, as will be argued shortly, is a further [undamental organizational principle.
Therefore, complementing object browsers to depict part-of relations should provide more
complete cognitive maps which lacilitale the understandability of the underlying models. In
any case, the nced to visualize complex objects situated at different levels of a parlonomy
has been recognized in the arca of CAD applications. In this context, Udagawa designed an
claborate algorithm for browsing compositc objccts [38].

1.2 Terminology

Before moving on, let us agree upon the meaning of some fundamental terms which have
been used across various liclds in compuler science with different semantics. Talking about
an object we mean a symbolic structurc denoling somc conccptual entity. Each object has a
unique object identilication (oid), a name, and consists of an aggregation ol any number of
attributcs which collectively characterize the object. Furthermore, an object may be
associated additional semantics in which way so cver.

Attributes can either be structural, in which case they are also referred to as semantic
rclations, or behavioral, most prominenily methods. We suggest lo distinguish between
two categories of semantics relations (sec also figure 1-2): ordinary reference relations!,
such as works-{or or uscs, and rclations which scrve as basic organizational principles, such
as 'is-a' [6, 4, 3], 'instance-ol" [18, 27}, "part-of' [40], and others {25]. To do so is not ncw!
It is just an cxtension to further organizational concepts, in particular to part-of relations.
Strongly simplified, an organizational principle (also called a structuring concept) must be
an abstraction useful for understanding the organization or structure of complex systems and
abstract from application specific relations among the cntities represented in some model.

Semantic Relations

| Organizational Relations| | Reference Relations

is-a I instance-of | Ipart-ofl

Fig. 1-2: Fragment of a taxonomy of semantic relations

I Sometimes, for example in the ER model, attributes having elementary ranges, such as
age: 1..100, are distinguished from relations, such that only the {ormer arc called attributes.
We do not draw this distinction and usc the term altribute in a generic sense, since the
distinction is not relevant in our context.
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1.3 Overview of the Paper

The incentive 1o superimpose part-of semantics on aggregation |35}, comes from (wo
perspectives: cognitive psychology and data/knowlcdge modcllingz. The psychologically
based arguments stem from experiments assessing the importance of attributes being parts:
subjccts tend to describe coneepts primarily in terms of parts. More on this can be found in
scction 2.1. The incentives [rom the modelling disciplines center around the incorporation
of semantics being peculiar to part-ol relations as well as on the exploitation of the
transitivity property of the part-of refation. Additional scmantics allow to deduce integrity
constraints usclul, amongst others, in the casc of updales and schema evolution.
Transilivity, on the other hand, can be applicd for drawing infcrences of the kind: A part-of
B and B part-of C imply A part-ol C.

The paper is organized as [ollows. The next scction is aimed to provide cognilive evidence
on the role parts play in the human thought process. 1t thus serves as a justificalion Lo
consider the part-of relationship an organizational principle. This applics in particular to
notations supporting carly phases of development since such notations should be oricnted
toward the human uscr [29]. Scction three cxplores various issucs resulting {rom
distinguishing part-of relations from others taking a computer scicnee oriented perspective.
In particular, cardinality constraints and update semantics regarding subcategorics of part-of
relations arc studiced. Furthcrmore, the extensible CM and KR language Telos 28, 21] is
uscd to exemplily the incorporation of part-of semantics into a KR notation. Scction lour
cenlers on transitivity. The taxonomy of semantic relations suggested in [40] is used to
guide a discussion on the distinction of various subcategorics of part-of relations with
respecl to transitivity. In this conlext, a new break-down into subcalegories is suggested,
which is based on a more compuler science oriented perspective and which cstablishes
transitivity within a corc of part-of relations. A summary and indication of issucs [or further
rescarch round up the paper.

2 The Cognitive Perspective on Parts and Composites
2.1 The Role of Parts in the Human Thought Process

There is strong psychological cvidence thal part-of relalions associaling parts or
components with wholcs or composites arc one of the most important structuring concepls
underlying the organization of human knowledge. In a controlled experiment conducted by
Tversky ({37} based on work reported in [32]) subjects were asked to list attribules of both
artificial and biological kinds of objects. The attributes obtained were partitioned into two
calegorics: atlributes being parts and not-part atiribules. To distinguish between these two
categories of attributes two criteria were used. The first is a dictionary definition resulting
from the consultation of scveral dictionarics: "A part is onc ol the segments or porlions
into which somcthing is regarded as divided; a part is css than a whole; together, parts

2 Since the concepls presented in this paper cqually apply to conceptual modcelling as wcll
as 1o knowledge representation, we use the term data/knowledge modelling to subsume the
two fields. For a thorough and thoughtf{ul distinction between CM [Brodic84] and KR
[Mylopoulos90b] consult [Borgida91].
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conslitute a whole". The second gocs back to Miller and Johnson-Laird [24] who argue thal
a part-ol rclation is often cxpressed in a has-a scnlence [rame in a similar way as is-a
sentences often indicate taxonomic relations.

The most interesting result in the context of this paper is that, in general, part attributes
had a significant sharc: 58% of all attributes listed for astificial objects and 42,7% ol
attributes ascribed Lo biological calcgorics were parts. The prevalence of part lerms was
most significant at the so called basic level of genericity (exemplificd by concepts such as
bird or tablc). This can be explained by the fact that objects at that level mainly differ with
respect 1o parts and that parts arc associated with--and hence represent--different
functionalitics. Consider for example a chair consisting of a scal which serves for silling, a
back scrving for lcaning back, and of legs which scrve for moving and supporl.
Conscquently, it arc the parts of an object that arc intimately related 1o the objects' behavior
and that are considered perceptually most salient and [unctionally most significant.

Interpreting the prevalence of part attributes as shown in Tversky's experiment we conclude
that the part-ol rclation is an important abstraction underlying the organization ol human
knowlcdge. The consequence [rom the above for data/knowledge modcelling is
straighforward. Il thc part-of relation has been proved to underlic our internal
representation, it will be uscful to cmbody it into formal representations which aim (o
support understandability. In particular, the closc relation between the parts of an object and
aspects of this objects behavior underline the importance of parts in OO approaches, which
characlerize objects via Lheir structure as well as behavior. A complementary issuc is 10
which degree an organizational principle such as the part-ol relation proves usclul for the
representalion and rcasoning in formal models. This aspect will be subject to investigation
in the next scetion after discussing the relevance of our findings when applicd to graphical
representations.

2.2  The Representational Account of part-of Relations

In the loliowing let us approach the representational impact of part-of relations from a
pragmatic side and, for this purpose, consider IS design notations which have been proved
to be usciul tools for conceptualization. Perhaps the most broadly used high level graphic
notation is the ER diagram [10]. It confidently represents cntitics (concepts) and
rclationships holding betwceen these concepts. While it is perfectly helplul in modelling
small systems, it has been observed that (the original) ER diagrams lack abstraction
mechanisms to make them uselul to represent the structure ol very large systems. In this
respect, concept taxonomies and browsers have been appreciated. In a similar vein, the part-
of relation could be uscd o cxtract partonomics to be supported by browsers on the pari-ol
relation.

To demonstrate the situation, figures 2-1 and 2-2 show, respectively, an ER diagram and a
partonomy extracted [rom the ER diagram and complemented by lurther parts. Figure 2-2
displays the partonomy whilc abstracting [rom ordinary relerence relations. The figures
serve to provide a juxtaposition of the semantic relations of aggregation versus part-of. The
reader will agree that figurc 2-2 is less informative than figurc 2-1 but that it shows the part
structurc of the underlying application much more transparently. Not to be misunderstood,
the [oregoing discussion in no case should be interpreted as an argument against aggregation
which, by thc way, is the abstraction underlying the very essential construct ol a chunk or
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module. The juxtaposition should just scrve to demonstrale the complementanity of
aggregation and part-whole abstraction and to help o arguc in {avour of viewing
partonomics as a usclul complcment or spccialization of aggregates. Even more
importantly, the two [igures should help to show the importance ol distinguishing
aggregation from part-wholc abstraction. Whercas the lormer is well recognized across
different fields of compuler science, the latier has been overshadowed by aggregation, except
for a lew exceptions. These stem most notably from OOQDB's {20], CAD applications and,
1o a certain degree, from the modelling of complex objects in Al programming languages
such as LOOPS {1}.

Name Tool-system HW-system is-a

System

<G> 53> <gnsa>
SW-component SW-system eveloped- Company

@1» is-a

Interface | Applic.-system]

SW-componentl LSyst.-documentation

art-of |part-of art-of [part-of

Interface“Implementationl ef.-manua lUsers-guidEI llnstallat.-manual

Fig. 2-2: Partonomy of a softwarc system

Summarizing, we suggest that the part-of refation descrves specific support in notations for
data/knowledge modelling, in addition to the support of the aggregation abstraction. This is
due to the cognitive salicnce of parts as well as to the represcntational benefits resulting
from parionomies. Further note, ihat missing support of parts has been experienced and
documented to be a scrious drawback in the usc of hyperiext systems such as Nolecards
[16].
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3 Implications for Conceptual Modelling and Knowledge
Representation

3.1 Exclusive Versus Shared and Dependent Versus Independent Parts

As computer scientists we arc most prominently interested in the [easibility and in the
benefits of incorporating scmantic concepts into formal models. Therelore, this scction is
concerncd with the question which additional semantics can be altributed to part-whole
relations, how these semantics can be incorporated into modelling languages, and what
implications this has with respect to updates of the knowledge/databasc and with respect to
the support of inferences.

Subsection 3.1 almost compleiely borrows from [20]. In particular, the extremely useful--as
wce belicve--calegorization of parts into exclusive versus sharcd and dependent versus
indcpendent ones has first been suggesied by Kim ct al. |20} in the context of modelling
composite objects in the OODB ORION. The underlying mechanisms, though, will be
summarized in the following in order to make the paper sclf-contained. Also, to allow for
the discussion of conscquences, such as the implications on the formulation of cardinality
constraints and on inlerences facilitated by exploiting transitivity.

Kim et al. observed that while it is common for objects in OODB's to reference any number
of other objects, no specific semantics arc caplured by such reference links. The authors
therefore suggest o superimpose the is-part-of relation on nested objects such, that an
object may be part ol another object. A sct of component objects which form a single
conccptual cnlity (a wholce) is then referred to as composile object and the links connecting
the components with this object are called composite (or, in our terminology part-of) links.
Importantly, the model allows to specify for each composite link whether the reference is
exclusive, i.c. the component exclusively belongs to the composite, or shared, mcaning
thal the componcnt may possibly be part-of several composites. Further, a part-of link can
be defined o be cither dependent, which means that the existence of the component depends
on the cxistence of the composite, or independent, i.c. having cxistence irrespectively of the
composite. On the whole, four types of composites result from combining the two [catures.

Consider, for example the reference in figure part-ol paper. This reference should be modeled
as shared and independent in order Lo oblain the semantics Lthat cach figurc may appear in
more that onc paper and may cxist independently of any paper. (This can be implemented,
for cxample, by keeping ligures on a separaic [ile.) The situation is dillerent with the
scmantics of part-of in a sentence such as brain part-of person, in which brain would be
characterized as exclusive and dependent. This is because one brain cannot be part of more
than onc person and its lifetime depends on the lifetime of the person. As another example
imagine a situation as cxpressed in engine part-of car. In this case we miay want 1o modcl
the part-of link as exclusive but independent, to achicve the semantics that, at onc point in
time, an cngine can be part-of at most one car and can exist independently of any car.

Kim ct al. formalize the semantics of the different types of part-of references in lerms of
constraints which must hold if objects are created or deleted. To provide an example,
consider the delction of an object O
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If there exists a dependent and exclusive part-ol reference from O' o another object O
(i.c., O part-ol' O"), then it holds that the deletion of O' implics the deletion of O. In
casc that the reference is independent, however, the delction of O' docs not imply the
deletion of O.

In a similar vein, specific conditions on some atiributec A must hold, if onc wishes to make
an objecl O part-ol O' through this altribute. Furthcrmore, the semantics of composile
objccts arc formalized by stating topology rules, such as the following:

If an object O has an independent exclusive part-of reference lo it, then it cannot have a
dependent exclusive reference (fom another object, and vice versa.

The syntax for attribute specification (within class definitions) used in ORION to support
the full semantics of part-of links is the following:

syntax for atiribute definition: example: class Paper with
altribute figures:
(attributcName |:init InitialValue] {igures :init ...
[:composilc TrucOrNil] :composile tiue
[:exclusive TrucOiNil} :exclusive nil
[:dependent TrucOrNil] :dependent nil

3.2 Cardinality Constraints Associated with part-of Links

In conceptual knowledge/data modclling it is appreciated to annotale relationships (links,
slotis) with cardinality bounds.Thus ligurc 3-1 will be interpreted as lollows:

exclusive, independent

ENGINE
(0,1) part-of (1,1)CAR

@
CLASS Car
memberSlol
cnginc:EngincType
cardMin: 1
cardMax: 1
(b)

FFig. 3-1: Cardinality constraints expressed in an ER diagram- (a) and a frame based notation (b)
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Each enginc is parl-of at least zcro and, at one point in time, al most onc car. Similarly, a
(ordinary) car has, at onc point in time, al lcast onc and at mosl onc (i.c. exaclly onc)
cnginc. In a [rame bascd, object-oriented notation the former constraint is cxpressed as
shown in figure 3-1b.

Minimality and maximality constraints on the various types of part-of rclations can easily
be derived from the topology rules and constraints given in 20). Figurc 3-2 depicts the
results and furthcrmore provides cxamples [or cach type (combination of fcaturcs) of part-of
relation. While the first and last example in {igure 3-2 have alrcady been described above,
the sccond and third phrasc remain to be explained. The component paper, in paper part-of
journal is specified to be exclusive and independent. This is because we do not want the
same paper o appear in more than onc journal and wish to grant to cach paper an existence
which is independent of that of the journal containing the paper. Next, consider the phrasc
subprogram part-of program-library. In this casc the desircd scmantics arc such that on the
onc hand the subprogram shall be allowed to be shared (reuscd) among scveral software
products but, on the other hand, should ccasc to exist upon the delction of the program-
library, given the subprogram is no longer referenced as being part of some softwarc
product. Hence we assign the categorics shared and dependent. [n all the examples nole the
distinction between the type- and the token (instance) level: all the semantic constraints
associated with individual categorics of part-of relations are given at the type (or class)
level, such that they apply to all objects (lokens) being instances ol the corresponding types
(classcs).

From figure 3-2 it follows that pari-ol links which arc exclusive imply a onc as the
maximum cardinality on the component object (eft hand) side, while, obviously, shared
part-of links allow for a maximum cardinality of arbitrary many (**') on the lcft hand sidc.
Similarly, dependent part-ol links call for a one as minimum cardinality since, by
definition, the object they are part-of must exist, whercas the minimum cardinality of
independent part-of links is zero. Note, thal no cardinality constraints can be deduced for the
inverse rclation has-part (compare the irrcgularity of cardinality bounds on the right hand
side). This is because, in general, onc cannol deduce that some compositc object O has al
most onc component C of one type {rom the fact that C is an exclusive component of O.
If, for example, onc engine (al one poinl in time) can be part of one car only, one might
well envisage a car having a sccond (c.g. spare) engine as its part. Hence the minimum and
maximum cardinalities on the right hand sides are intended as examples only, with no claim
for generality. Note, however, that also the inverse relationship lo part-of, namely has-part,
can bc scmantically cnriched by using the featurcs exclusive/shared and
dependentindependent.
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exclusive, dependent
01 , 6P 02 e.g. brain part-of person

(1,1)  partof (1,1)

o1 exclusive, independent 02 e.g. paper part-of joural
(0,1)  part-of (1,*%)

o shared, dependent w e.g. subprogram part-of program-library
(1,¥)  part-of (0,%)

o shared, independent 2 e.g. figure part-of paper
(0,*)  part-of (0,%)

Fig. 3-2: Cardinality constraints depending on the type of part-of relation plus cxamples

3.3 The Knowledge Representation Perspective

Surprisingly, [rame based and object-oricnied KR languages, in general, do not support part-
of rclations, although part-of links used o play an imporiant role in scmantic nelworks
(sce, for cxamiple [5). Most probably the disappcarance ol part-of links is attributable to the
fact that they were generalized to become slots, which encode all kinds of references
including rcfercnces to parts. While the aggregation of slots Lo describe concepts or objects
has proven to be an cxtremely usclul mechanism, part-of scmantics, in general, are not
captured in such descriptions. To reconcile the notion of slots (or attribules) with that of
additional part-of scmantics, lct us discuss in which way a slot specification can be extended
to capturc part-of scmantics. Note, that KR languages designed for cxicnsibility arc
particularly well suited for such an cnlerprise. For this rcason we chose Telos [28] o
demonstrate the necessary build-ons. In the sequel, only a simplificd version of Tclos will
be used. Also, only the features necessary to understand the incorporation of part-of
scmantics will be described. For [urther details on Telos and on a formal account of its
syntax and scmantics consull |21, 28].

Telos explicitly supports the following three structuring concepts (compare also figure 3-4):

classificalion via keyword IN followed by list of classes
generalization via keyword ISA foliowed by list of classcs
aggregation via  keyword WITH followed by a list of attributes grouped

into altribute categorics;

Specifically, the WITH clause serves to associate not only propertics but also assertions to
classcs. One distinguishing featurc of Telos is its treatment of attributes as firsi-class
citizens, i.c. objects which have their own identificrs and can be organized along any of the
structuring dimensions mentioned. The attribute mechanism of Telos, in particular the
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handling ol autributes as [ull objccls and the capability of defining asscrtions as attributcs,
combined with a stratificd mulii-level classification lattice ailow Telos to be adapted o new
modelling needs [28, 27). In the sequel, this will bc demonstrated by using Telos to capturc
the semantics of altributes being parts belonging 1o any of the lour types specilied in
section 3.1.

To accomplish this, we first specily three attribule metaclasses, namely Part, ExclusivePart
and DependentPart, which, respectively, caplure the semantics of the various types of parts
as depicted in figure 3-3a-c. Interpreting the figurc in some morc detail, the atiribute
melaclass Part as such docs not include any integrity constraints, reflecting the semantics of
sharcd and independent parts. Nevertheless, the Part metaclass plays an important rolc in
allowing to distinguish and to group part-attributes. Moreover, it serves as the common
parcnt of ExclusivePart and DependentPart in the ISA hierarchy. The integrity constraint in
ExclusivePart (compare {igurc 3-3b) slatcs that, al any given time, an object O being an
cxclusive part of a compositc object O' cannot be part ol yel another composite object. (In
Tclos terms this is expressed such that part-of links having the same destination--the part,
denoted by to(x)--must have the same source--from(x).) Similarly, the integrity constraint in
DependentPart says that the lifetime of a dependent part, say O, ceasces if the lifetime of the
composite on which O depends comes to an end, and O is no longer referenced as being part
ol any other composiic object.

As can be seen [rom the ligure, attribute classes strongly resemble ordinary classes. The
main dilference is that the former more heavily rely on assertions (o formulate constraints
instcad on attributcs specifying relationships. In order (o associate the scmantics defined in
attribute metaclasses with an "ordinary" objcct's attributes, the metaclass of onc's choice is
inslantiated to become an attribute class or, synonymously, catcgory in some class C.
Further, an attribute of one's choice is associated with the corresponding attribute category
by listing it under that category (compare figurc 3-4). As an example consider the attribute
figures listed under the calegory part in figure 3-4. As another cxample consider the attribute
footnotes, which is associated three catcgorics part, cxclusive, and dependent, in order to
cxpress that [ootnotes cxclusively belong o one paper and ccase to be ol any interest when
the paper is no longer stored. The latter cxample demonstrates in which way attributes may
be associated with more than one category. In this case the conslraints stemming from the
corresponding attribute metaclasses lisled in the header are combined.

Note that, using attribute categorics, a part attribute is by default shared and independent
such that additional constraints can be imposcd on it by listing [urther autributc categorics.
Note further, that attribute mctaclasscs in Telos arc highly modular and reusable and not
particularly tied to part-of semantics. Onc could easily cnvisage Lo specily objects which
depend on other objects and yet arc not their parts.

So far we have argued that part-of semantics can be incorporated into KR languages via the
specification of attribule mcetaclasses, as in Tclos. But also languages with no support of
auribuic classcs can be cxtended to caplure part-of semantics if they provide for (user
delinable) annotations. Annotations arc associated with slots and serve lo capture some of
the semantics of the slot to which they arc associated. Typical cxamples of built-in
annotations are cardinality or type constraints on slot [illers (see, [or example, figure 3-1b)
[14]. Since most of the more advanced KR languages allow users 10 specily annolations
(most often using some host language such as LISP), part-of semantics can be capturcd by
defining annotations such as part, cxclusive, and dependent. Slots then arc annolated with
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any combination of the three annolations in a similar way as altributes arc associated
aitribute classcs. Noie, however, that the annotation approach docs not cncourage the
textual grouping of slots carrying the same semantics as has been the casc with altribute
classcs.

TELL CLASS Part /* sharcd, independent parls */
IN M1_Class, AtributcClass
END

TELL CLASS ExclusivePart
IN M1_Class, AttributcClass
ISA Part
WITH
intcgrityConstraint
cxclConstr: $ (Forall x, y/Attribute) (Forall z, 2/AttributeClass)
(Forall UTimclnterval)
( (2 in ExclusivePart) and (2' in Part) and (X in ) and (y in 2') and
o(x) = to(y) ==> [rom(x) = from(y) )jover ] $
END

TELL CLASS DependentPart
IN MI1_Class, AttributeClass
ISA Part
WITH
integrityConstraint
dpditConstr:  $ (Forall x/Autribute) (Forall z, z'/AuributeClass) (Exists
y/Atributc)
(Forall YTimclnterval)
( ( (z in DependentPart) and (x in z) ==> [when(to(x)) during when(from(x))] )
or
( (z in Part) and (y in z") and to(x) = to (y) and not (from(x) = from(y)) ) )
[overt] $
END

Fig. 3-3a-c: Specification of part-scmantics via atiribulc metaclasses in Telos.

TELL CLASS Paper
IN S_Class /* Simple Class */
ISA Document
WITH
attributc
author: Namc
part /¥ j.c. sharcd and indcpendent part */
ligurcs: Imagc
part, exclusivePart, dependentPart
footnotes: String

END Papcer

Fig. 3-4: Examplc showing the association of various attribute categorics 10 atltributes
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3.4 Further Categories of Parts and their Semantics

An analogous approach as that described in the previous subscctions can be taken to define
yet further calegories of part-of relationships and associate with them specific samantics.
For cxample. a parl can be optional, such as 'mousc part-ol PC' or essential, such as
‘processor part-of PC' carrying the following secmantics. Whercas the deletion of an optional
part will lcave the corresponding composite unaffccted, the deletion of an essential part will
cause the deletion of ‘its' composilc.

Although all examples of parts given so far have concerned data entities, the notion of parts
cqually applics Lo activities, which arc oficn encountered as scparate modelling primitives in
requirements modclling techniques. Considering aclivities, parts can be conceived as partial
activities or, in other words, as pliases ol some superordinate activity. Additional semantics
can be associated with phascs by formalizing the common scnsc lact that cach phasc must
take place within a time interval which is [ully contained in the time interval of the
superordinate activity. A sample specification ol phase-semantics in Telos is given in {igure
3-5. A lurther specialization of part semantics can be undertaken by dclining special
phases, such as initial, intermediate and final oncs: an initial phasc of an activity A is
defined to costart with A, an intermediale phase must start later and terminale sooncer than
A, and a final phasc must cnd simultancously with A. As an cxamplc for the application of
phase categorics consider a (meta)model of the software process. Such a model could
declaratively describe thal, at a gross Ievel, sollware development is split into three phases:
an initial phasc of requircments analysis, an intcrmediate phasc of design, and a final phase
ol coding.

TELL CLASS Phase
IN M1_Class, AttributcClass
ISA Part
WITH
intcgrityConstraint
phaseConstr: $ (Forall al,a2/Activity) (Forall x/Attribute) (Forall
z/AltributeClass)
(Forall 11, 2/Timelntcrvall)
( (z in Phasc) and (X in z) and (from(x) = al) and (lo(x) = a2) and
[t] during 12] and [from(x) during t1]) ==> [to(x) over 2] $

Fig. 3-5: Specification of the semantics of phases in Telos.

4 Transitivity

KR languages strive for powerful inference mechanisms allowing them to deduce new
knowlcdge from cxisting onc without human intcrvention. Onc familiar source of infercnce
is the law of transitivity which holds for example for is-a refations and largely contributes
lo the power of is-a inheritance. Inheritance, in gencral, does not hold lor part-ol relations:
the attributc numberOfWheels attached to the class Car docs not make scnsc to be attached
to the Class Enginc which is part-of Car. Neverthelcess, intuitively, we expect the part-of
rclation to be transitive. Knowing, [or cxample, that a processor is part-of a PC and a PC is
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part of a compuler system, it sccms plausible to conclude that a processor is part of a
compuler system. Nevertheless, on investigaling part-of relationships Winston ct al. [40]
have found that it is not in all cascs that the part-ol rclation is transitive. Consider, for
example, the syllogism:

the conductor's arm is part-of the conductor,
the conductor is part-of the orchestra,
# the conductor's arm is part-ol the orcheslra.

This transitive combination sounds very odd at best! The strange behavior around part-of
transitivity has Icd Winston cl al. to sysicmalically investigate the transitivity of part-of
relations. The authors found oul that the part-of relation can be partitioned into six semantic
categories, which are summarized and demonsirated by examples as [ollows:

category of part-of relation: example:
* component/object processor part-of computer
* member/collection conductor part-of orchestia
* portion/mass slice part-of pic
* stufl/objeet steel part-ol bike
* fcaturc/activity spoon part-of caling, or swallowing pari-of
caling
* place/arca Toronto part-of Ontagio

It is argued that transitivity always holds when semantic relations of the same calegory are
combincd. The authors further present cxamples to show thal the combination of part-of
rclations sicmming {rom diffcrent semantic catlegorics fcads to unsensical or at least highly
questionable results. Critical examination of these examples, however, leads us to propose
that only some of them scem 1o prove the intransitivity of the part-of refation (in the casc
that the two conslitucnts of the premisce cach stem {rom different calegories). Other
examplcs, conversely, at worst sound a bit strange but in no case wrong. This is because,
as we conjeclure, in natural language one would use a more specialized and hence more
suitablc term instcad of using part-of. As an cxample consider onc of the cxamples
classificd as a failure of transitivity in [40]:

The refrigerator is part-of the kitchen,
the kilchen is part-of the housc,
--> 7 the refrigerator is pari-of the housc.

I explained as: the refrigeralor is part of the equipment of the housc, or, in the context of
sclling the house and leaving the refrigerator in it such that the fridge constilules onc ilem
in asscssing the composite value of the house there does not scem anything wrong or even
strange about the transilive conclusion.

It is only fair to mention that Winston's taxonomy of part-ol relations has been designed
nol o cnsurc lransitivity, bulin the first place, o distinguish between scmantic
subcategorics ol pari-of rclations on the basis of similarity. Thus rclations belonging to the
same subcalegory are more similar in terms of sharing values for three features called
relational elements. Morc precisely, two part-of rclations belong to the same category if and
only if they share values for the relational elements functionalily, separability and
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homogencity [40]. Storey [34] gives cxcellent account on how the similarity among part-of
rclations belonging lo the same subcategory can be cxploited in conceptual databasc design
to add scmantics to the design and hence to build modcls which more faithfully capture the
intended subject matter. Note, however, that, in general, cardinality constraints do not
automatically follow from membership in some subcatcgory, as we have observed to be the
casc with distinguishing cxclusive/shared and dependent/independent types ol part-of
relations. We conclude that Winston's subcatcgories and Kim's features provide
complementary means lo cnrich data/knowledge modelling by supplying additional
scmantics of part-of relations.

Keeping transitivity in mind, a closer look--and, admittedly, some conceptual modelling
bias--al the examples and resulls in [40] leads us to suggest a different partitioning of part-
of relations on top of that proposcd by Winston ct al. . The stratcgy thereby is to group
those part-ol rclation catcgories which, when combined by transitivily, lead to acceplable
results, whilc scparating those which Icad to crroncous implications. The rcader will sce
soon that, interestingly, the results of this scparation process are completely in line with
the more computer science based conceptual modelling perspective. The following is
intended to document the process of extracting those semantic relations from the laxonomy
ol Winslon ct al. which impede transitivity across subcalcgorics.

Many semantic models such as SDM [17] or ACM/PCM [7] provide a specific type
constructor, called grouping or association, to model the relationship between members and
a collection. Thus, in semantic modclling, member/collection relationships arc scen to
conslitute a specific structuring concept rather than a subcalegory of part-of relations, as
suggesied in [40]. In fact, we obscrved that transitive combinations including exactly onc of
the premiscs from the member/collection calcgory are thosc that sound worst (or most
funny, if you like). The reader will remember the example of this combination given with
the conductor's arm being part of the orchestra. Clearly, the conductor in morc appropriately
a member of the orchestra, henee the odd conclusion above.

The situation is somewhat different with object/stul! relations, which are the next candidates
lo be climinaled as a subcategory from a more restricted the part-of laxonomy, since they
destroy transitivity. Object/stuff rclations, we suggest, shall be dealt with in a way akin to
other special purpose refations such as works for in employee works for company. They
seem to be situated on the very cnd of part-of relations anyway since the specific purpose
natural language term made-of fils much better than part-of to describe the situation. A bike
is clearly made of aluminium or made of steel rather than aluminium being part-of the bike
according (o the definition of parts given in scction 2.1. Furthermore, the substitutability of
part-of by the verb phrase madc-of is a simple criterion to sort out object/stull relations
from what we arc going to call the core part-of relations. Finally, a minor constraint on the
featurc/activity category is nccessary to ascertain the transitivity of the remaining corc part-
of relations. We consirain the [calure constituent in the feature/activity category to mean
only a phase or a subaclivily, such as starting is part-of driving (phase), or, breathing is
part-of jogging. Specifically, phrases such as running-shoces arc part-of jogging, or, a spoon
is part-of cating, do not qualily as proper part-of relationships, since shoes or a spoon arc
ncither phases nor subactivitics!

Excluding situations as the above from the core part-of relations does little harm, since,
firsuly, they are casy lo be distinguished and, sccondly, they can be modelled as any other
special purpose relerence relation. Again, we give a comparison with natural language: onc
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is morc inclined to say, for instance, running-shocs arc uscd {or jogging and a spoon is used
for caling than to consider the instruments part of the activity itscll. Constraining the
feature 1o be a phasc or subaclivity, or--in syntactic tcrims--a verb, is particularly usclul for
assuring lransitivity since it implicitly constraints the legal combinations of premises o
imply conclusions via transilivity: This is becausc activities are necessarily verb phrases, as
are phases and subactivities. Consequently, it is on synlactic grounds already that the
constrained feature/activity category, also referred to as verb-feature/activity category, is
scparaled [rom all the other catcgorics which happen Lo relale noun constitucnts,

In bricf, if the scmantic categorics member/collection, stuff/object, and noun-feature/activity
arc modelled by means other than parl semantics, i.c. by reference relations, we have
obscrved that the remaining part-of relation categorics, making up the core part-of rclations,
exhibil transitive behavior il combined in any arbitrary way. Explicilly, the {ollowing
categories arc defined as belonging to the core part-of relations:

componcent/object
portion/mass
verb-lcaturc/activily
place/arca.

®¥ X ¥ ¥

In order to argue in favor of the transitivity of the corc part-of relations two issues remain
1o be shown, namely that the verb-featurc/activity calegory is transitive in itscll (since it
can't bc combined with the other categorics on syntactic grounds) and thal any two-place
variation of the remaining three categories [rom the core part-of relations is transitive.
Although we arc {ully awarc of the fact that positive examples can, at their best, test, but
never verily a hypothesis, the interested reader is referred to the appendix for examples of all
variations. These cxamples scem to indicate the transitivity of the core part-of relations. In
any casc, lurlher empirical investigalion is necessary Lo gain confidence in the preliminary
results presented above.

Summarizing, the considerations in gaining or preserving transitivity have led us to define
core part-of relations. These constilute a more constrained class of part-of relations than the
join of the six subcategorics as proposcd by |40]. In this conicxt we have argucd that
inferences resulting from transitivity can salcly be drawn within the core part-of relations.
In particular, we have shown that member/collection relationships arc not transitive and
hence should be dealt with scparately ltom part of relations. This conclusion smoothly fits
the CM perspective, which traditionally has suggested the concept of grouping or
association o model member/collection relations.

5 Summary and Issues for Further Research

We have argucd on the prominent role parts play in human cognition and pointed Lo the
advantages of providing (formal) represeatations with a high degree of correspondence with
(natural) cognitive maps. Henee, we have investigated the idea of distinguishing parts from
other attributes in the field of data/knowledge modelling. In particular, three main benclits
were identificd to result from the distinction of parts from other attributcs:
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* the incorporation of additional semantics Icads to models that more closely match
{somc aspects of) the rcal world;

*  the representation of partonomies provides a conceptual aid since partonomics can be
sccn as parlial cognitive maps, much in the {lavor ol taxonomies bul orthogonal to
them;

* the exploitation of the transitivity property of part-of relations gives room for
powerlul automated infcrenees.

In order (o realize thesc bencfits, we have investigated various ways ol incorporating the
semantics of parts into data/knowledge modcls. Thereby exiensible languages were found o
be particularly well suited [or this purposc. Although we do not doubt that the specific role
parts play in human cognition should be given account in artificial representations, future
rescarch is still necessary Lo

¥ confirm or (o adjust our findings on transitivily;

* to find more precise and yel straightforward (easy to apply) criteria on whalt parls are,
in arcas such as social systems, [or cxample organizations, or social events, such as
the organization of a conference. In these systems the distinction of parts is by lar
less obvious than e.g. in CAD models or CASE applications (compare also ligurc 2-
2.

Further, following the research presented in [37], it would be worthwhile to investigate
object-oriented analysis design methodologics (for example [2]) which dislinguish a base
level of classification to contaminatc part attributes at the cost of super- and subordinatc
Ievels o concentrate of functional features and specializations of parts, respectively.
Finally, our rescarch is dirccled towards the investigation of (urther organizational principles
[26], such as perspectives, in order to examine their cognitive and representational account
as well as to determine their semanlic properties.
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Appendix

Examples Lo demonstrate the transitivity of arbitrary two-place variations of the corc part-of
categorics:

componcnt/object portion/mass  placc/arca
1) component/object and portion/mass 2) portion/mass and component/object
variable part-of statement, statemient part-of code,
statement part-of code code part-of soltware product
--> variablc part-of code; --> statement part-of software product;
3) component/object and place/arca 4)  place/arca and component/object
CN-Tower part-of Toronto; Toronto part-of Canada,
Toronto part-of Canada Canada part-of world
--> CN-Tower part-of Canada; --> Toronto pari-of world;
5 portion/mass and placc/ area 6) placcfarca and portion/mass
South of Everglades part-of Everglades, Toronto part-ol Canada,
Everglades pat-of Florida Canada part-ol contincnt
--> South of Everglades part-of Florida; --> Toronto part-of contincnt;

Example to demonstrate the transitivity of part-of relations belonging to the verb-
[caturc/activity catcgory:

7 tesling part-ol implementing,
implementing part-of developing soltware
--> lesting part of developing softwarc.



