What’s a Part?On Formalizing Part-Whole RelationsSimone Pribbenow*University of Hamburg, Computer Science DepartmentAbstract. This paper deals with commonsense understanding of part-wholerelations. A unifying definition for the different kinds of parts is proposed forone domain, that of rigid, man-made objects. First, the representation of objectsvia basic dimensions, reference systems and attributes is described. Then,different kinds of parts, based on the classification of Gerstl and Pribbenow(1996), are examined. Several problems with the seemingly uncomplicatednotion of "part" are discussed. Modifying the representation of objects makes itpossible to give one single definition of "a part P of an object O".1IntroductionThe objective of this article is to investigate the following question: What are possibleparts of objects of everyday use like cups, chairs or ball pens? The commonsensenotion of part-whole relation(s) is an important aspect of knowledge representation,cognitive modeling as well as of the more technical area of knowledge engineering.The part-whole relation(s) are essential for different cognitive tasks, e.g., objectrecognition, reasoning about objects, and language understanding. The same hold fortechnical domains like model based configuration or diagnosis.Part-whole relations are investigated from different perspectives.1 Mereologicalapproaches focus on calculi based on the "part-of" relation and their use in formalontologies of different domains (e.g., Simons (1987), Smith (1982)). Linguisticallyoriented approaches examine the role of part-whole relations as semantic primitivesand their relation to natural language expressions (e.g., Cruse (1979)). Psychologicalwork concerns the role of parts in object recognition (e.g., Biederman (1987)) or inconcept theory (e.g., Tversky (1990)). In cognitive science, classifications of part-whole relations are developed (e.g., Winston et al. (1987)) and in artificial intelli-gence, special formalisms for part knowledge are designed.All approaches mentioned above concentrate on single topics. What is normallymissing is a characterization of the notions of "part" and "whole" and the interactionbetween them. In order to achieve such a characterization, two questions must beanswered: *I wish to thank Emile van der Zee, Peter Gerstl, Eibo Thieme, and Bettina Berendt as well astwo anonymous reviewers for their comments on the manuscript and for correcting myEnglish. And it is also my dearest wish to thank Mr. and Mrs. Brauer for showing me thatprofessional competence and warmth can go together very well.1A more detailed overview over the current approaches to part-whole research can be found inGerstl and Pribbenow (1995).

1.)What is a part? Is there any unique definition that formalizes the (commonsense)notion of a part?2.)How can parts be combined to wholes? In which way do the features of the partcontribute to the features of the whole object?I will try to answer the first question in this paper for a restricted domain, thedomain of man-made, rigid objects without taken temporal change into account. Inthis short paper, I will not try to answer the second question, but give a short outlookon the problems of the notion of a whole at the end of the paper.2The representation of objectsThis paper considers only man-made, three-dimensional objects that do not havemovable parts and that do not change their form in any other way. This means thatliquids like (non-frozen) water are thus not considered. Artifacts are easier to examinethan natural objects because their general structure and function is clearer to us as aresult of their being designed by humans. Nevertheless, there is a good chance that theresults can be extended to natural object. The objects should be rigid to allow for asimple spatial description of the whole. Additionally, the exclusion of time makes itimpossible to describe the motion of parts and leads automatically into a domain ofrigid objects. The timeless point of view also allows to ignore the problem of identityof one individual that undergoes any change in its parts, e.g., a chair of which one leghas fallen off and replaced by a new leg to get a complete, fully functioning chairagain. Even though most objects in the domain form a spatially connected whole, self-connectedness is not a necessary condition. The object can have removable parts likethe cap of a bottle or the parts can be disconnected in space like in a deck of cards.The objects in the domain are described by basic dimensions and attributes. BeforeI start with the analysis of parts, a first approach to the representation of objects willbe given. The result of the analysis of parts will reveal whether this approach issufficient or should be modified.Basic dimensionsAs stated above, the basic dimensions of our domain are three spatial dimensions andeach object is associated with its "spatial extent", that is the subspace occupied by theobject. It is possible to infer the volume, the form, and gestalt aspects like squarenessfrom the spatial extent of an object. The extent of an object remains the same underspatial translation (shift from one position in space to another) or rotation. One resultof these invariances is that extent does not take into account the position of an object.The extent of an object is normally connected but it could be scattered as in the abovementioned case of the single cards of a deck.To each object, an own reference system consisting of three axes is assigned thatreflects the canonical alignment of the object (see Figure 1b).2 The object«s referencesystem is augmented by labels to make it possible to differentiate between the 2For artifacts, the three axes of the object«s reference system almost always are straight andorthogonal. In the domain of natural objects, exceptions from straightness are, for example,streets or rivers with one curved axis and exceptions from orthogonality are, for example,crystals.

different sides of the object, e.g., its top and its bottom. If such canonical orientationsdo not exist at all as in the case of a perfect sphere or not for all axes as in the case ofa pencil which lacks the top/bottom and the left/right orientation, the undetermineddimension axes are chosen arbitrarily. To distinguish object-determined from arbitraryaxes, the two directions of the object-determined ones are labelled with the alignmentthey represent, e.g., top - bottom for the vertical axis, while the arbitrary ones do notget any labeling. An object«s reference system can be related to the basic dimensionsif this relational information is needed for some task.As shown in definition (Def 1), an object is described along the basic dimensionsby its extent, its reference system, and the labels of its reference system.3(Def 1): Basic representation of an objectBasic dimensions: D = D1 x D2 x D3 with Di and Dj orthogonalExtent:ext: {objects} --> P(D) a function that assigns to each object O its extentRef. system:rs: {objects} --> {(R1, R2, R3)}Labels:label: {objects) --> {(Ri, (L1, L2)) for each canonically aligned Ri of rs(O)}Object O:D � ext(O) the extent of an object, a subspace of Drs (O)the object«s reference systemlabel (O)the set of labels belonging to the object«s reference systemAttributesAll other knowledge about an object is given by attributes or features. As objects areconcrete entities they have a unique unambiguous name or reference. They areinstances of a concept from which they inherit what attributes are applicable togetherwith the possible value range of these attributes. In the chosen domain, the mostimportant attributes are the features "material", "color", or "function". Other possible(abstract) features are the monetary or subjective "worth", "beauty", or "dangerous-ness". For the characterization of an object the attribute slots inherited by the appro-priate concept are filled with concrete values, e.g., the set of specific materials fromwhich the object is built up. The basic representation of an object given in (Def 1) isnow augmented by attributes as shown in (Def 2).(Def 2): Complete representation of an object OBasic representation: ext(O), rs (O), label (O)extent, reference system, and labels of OAttributes:reference (O), concept (O)unique name and concept of O{(attri (O): values)}concrete values for all attributes inherited by the concept (O)Figure 1a shows a concrete object, my personal Biedermeier lady«s desk. Its extentand the object-determined reference system is shown in Figure 1b. My desk is aninstance of the concept "desk" which is a subconcept of "table". The material is woodand leather (at the top), the colors are dark brown and dark green. Its function is toserve as a desk and to contain things in its drawers. A partial attribute description isgiven in Figure 1c. 3Similar theoretical considerations about object representation have been made by Landau andJackendoff (1993) and van der Zee (1996).

topbottom frontback

rightleft reference (O1) = personal deskconcept (O1) = desk{ (material: wood, leather) (color: dark brown, dark green) (function: serve as desk, store small things) .........}a.) objectb.) extent, reference system, labelsc.) attributesFig. 1. Representation of my personal Biedermeier lady«s desk3What can be a part?Let«s go back to the main question of the paper about the nature of the parts of anobject. Examples of different kinds of parts are given which constitute different kindsof relations between a part and the corresponding whole. In this article, only examplesare given. A classification of part-whole relations, its comparison with otherapproaches, and examples for its use can be found in the papers of Gerstl andPribbenow (1995, 1996).4 Further information on how the different kinds of parts canbe represented and/or constructed in a mental model approach can be found inPribbenow (1996).In the following, for each kind of part-whole relation the underlying definition of apart is given in terms of definition (Def 2).Structure dependent parts1a.)the top / a leg - my deska component of a complex object1b.)one card - a deckan element of a collection objectThe pairs under 1a.) are examples for the most typical notion of "part". The top ora leg are so-called components of a desk or a table where the whole is conceptualizedas a complex object. Complexes are wholes with an inherent part structure, where allparts play a special role with respect to spatial, temporal, functional, and otheraspects. In example 1b.), the deck is composed of a number of cards which areuniform under the chosen perspective. In this case, the whole object is a collection ofundistinguishable elements. Components and elements are called structure dependentparts because in both cases the dismantling of the respective whole in parts is given apriori by conceptual knowledge.Each component or element has a three-dimensional extent and an object referencesystem that may be different from that of the whole. It has a unique reference, is aninstance of a concept, and is described by the attributes inherited from its concept.The only difference between components and elements is that components aredescribed by different concepts while all elements of a collection by definition belongto the same class.Some of the attributes of components and elements are the same as those that holdfor the whole object, e.g., "material", "color", "function", or "worth". The values ofthe attributes are in general different from those of the whole, except the values of the 4In the examples, the quantity - mass relation (see Gerstl & Pribbenow 1995, 1996) is omittedbecause mass objects like liquids do not belong to the domain under consideration.

substantial attributes like "material" which are a subset of those of the whole. Toaccount for that difference, the definition (Def 2) is modified by distinguishingbetween substantial and abstract attributes. An attribute is called substantial if it isdefined for all —˚material˚— pieces of the whole object and if the attribute«s values canbe determined for all materially occupied subspaces of the object«s extent. Opposite tothat, abstract attributes like "function" or "beauty" are restricted in their applicabi-lityand are only defined for the whole object and — at most — certain parts of it. Forexample, there may exist attributes for the whole that cannot be used for all of itsparts like "maximum load" for "table" but not for "table top". Therefore, the differen-ce between substantial and abstract features is not the difference between physicallyconcrete and abstract attributes but between overall defined and restricted attributes.(Def 2’): Modified complete representation of an object OAttributes:substantial ones {(attri(O): values)}attribute-value pairs defined for all pieces of Oabstract ones {(attrj:(O) values)}attribute-value pairs defined for O or some parts of OThe rest of the definition remains the sameAt first glance, components and elements can be described in nearly the same wayas whole objects and definition (Def 2’) seems to be a correct and exhaustive way torepresent the structure dependent parts. This is true for most cases although there areexceptions like 1c.) and 1d.).1c.)the left drawer«s interior - my deska component of a complex object1d.)the keyhole - a locka component of a complex objectThe drawer and its interior are surely important parts of my desk because theyallow me to store objects like pencils and papers. The dimensions of the interior andnot that of the whole drawer determine what objects can be put into the drawer. Inexample 1d.), the keyhole is regarded as an essential part of a lock. The two examplesshow that it is necessary to consider non-material components.5 They form dependentparts of an object because they could not exist independently of the whole like adrawer or a leg. In all other ways, dependent components equal "normal" components.In order to deal with those dependent but sometimes essential parts, definition (Def˚1)must be extended. The whole object must include its non-material components likethe interior of rooms, drawers or cups. Therefore, the extent of an object must bedefined as the sum of the materially occupied spaces and the associated spaces of anobject (see Def 1’). This definition corresponds to the extent shown in Figure 1b) thatincluded the interior of the drawers.(Def 1’): Modified basic representation of an objectExtent:ext: {objects} --> Da function that assigns to each object O as extent its materialoccupied and associated spacesThe rest of the definition remains the sameSummary: Considering components and elements together with (Def 1’), a part canbe defined as a subspace of the extent of the whole object but with a differentreference system. A part can be described along the lines of definition (Def 2’). Each 5Landau and Jackendoff (1993) also consider this kind of parts. They call them "negativeparts".

part has a unique reference, a concept, and is characterized by concrete values of theattributes inherited and restricted by its concept. The values of the substantialattributes are restricted by the values of the whole object.Temporarily constructed parts2a.)the wooden parts of my deska portion of an object2b.)the upper half of my desk a spatial segment of an objectIn example 2a.), the wooden parts are that portion of the desk that are made out ofa specific material. To compute portions, properties of the whole object are used toselect those parts of the whole that have special values for certain attributes. Toconstruct portions it is necessary to know the possible attributes of an object and theirvalue distribution over the object. The upper half in example 2b.) is a segment of thespatial extent of the object, computed with the help of the object«s or an external(deictic) reference system and based on volume proportion.In general, spatial segments like halves or corners are determined by the spatialproperties of volume proportion and gestalt/form of whole and part while portionsmake use of attributes provided by the concept of the whole. Although theconstruction procedures are quite different, both kinds of parts can be defined as asubspace of the extent of the whole object, including non-material parts if necessary.As opposed to components and elements, segments and portions cannot be describedusing all features of definition (Def 2) because they are temporarily constructed byattributes or schemata and therefore are not necessarily instances of a concept.6 Ingeneral, segments and portions can only be described by the substantial attributes ofthe whole object like "material" or "color", an exception is the description of a portionby the abstract attribute that was used to define it. As segments and portions aresubspaces of the spatial extent it is possible to infer volume or form aspects (seesection 2, "Basic dimensions").As the considerations above show, a segment or portion can be described alongthe same basic dimensions as its whole and by the substantial attributes of the whole.A problem with this rather elegant and satisfying part definition arises if exampleslike 2c.) are considered:2c.)the upper surface of my deska spatial segment of an objectA surface is normally defined as a two-dimensional entity that cannot exist - likean interior - independently of the whole. A surface is a rather problematic entity: Ithas no volume but a form/gestalt, the attribute "material" is not applicable but"texture" and "color" normally are. If such entities are accepted as parts, the generalnotion of a part cannot any longer be described by the same basic dimensions as itswhole because it might not be three-dimensional. There are three ways out of thisdilemma:A.Allow only three-dimensional parts and interpret a surface as a three-dimensionalpart with minimal thickness analog to the view of wallpaper as surface of a wall. 6Especially for artifacts, portions tend to correspond to one or a small number of componentsbecause most components are designed for providing one function, being made of onematerial, and so on.

B.Allow only three-dimensional parts and interpret a surface as an abstractconstruction that is not a "real" part.C.Change the definition of a part radically to the following: A part is a zero- tothree-dimensional entity embedded in the extent of the whole. If it is more thanzero-dimensional it has an appropriate reference system and the substantialattributes appropriate to the given dimensions.All alternatives have advantages and disadvantages. Alternative A implies asatisfying definition of "part" and follows the philosophy that our world has a three-dimensional nature but it does not take into account the rather abstract mathematicalnotion of a surface.7 Alternative B also implies a satisfying definition but at the costthat it restricts the possible parts. Alternative C gives a liberal definition of part bywhich, in consequence, a part can no longer be described as a subspace of the extentof its whole. The alternative to be chosen partially depends on the application. Fortasks involving mathematical or formal thinking, the abstract notion in C might beappropriate. For purely commonsense tasks, the three-dimensional nature is importantand therefore C is excluded. Alternative B is not a good alternative if the whole rangeof part phenomena should be considered. Therefore, alternative A is chosen for thedefinition given in this paper.Summary: Considering segments and portions, a part can be defined as a subspaceof the extent of the whole object. Normally it does not belong to a concept and has noreference system. In general, a part can be described by the substantial attributes ofthe whole object where the part«s values of these attributes are a subset of the valuesprovided by the whole.Arbitrary parts3.)a splinter of the top of my deskan arbitrary piece of an objectArbitrary parts could be regarded as segments without a definite spatialcharacterization or as portions without a characterization via the values of someattributes. Therefore, these parts could be defined with the definition of segments andportions given above.Given the considerations about structure dependent parts (components andelements), temporarily constructed parts (segments and portions), and arbitrary parts,the notion of a part can be determined as given in (Def 3) that is based on thedefinitions (Def 1’) and (Def 2’).(Def 3): Definition of a part P of an object OP is a part of O iff(1)P is described by the basic dimensions D with the additional conditionext(O) � ext(P)(2)P is described with the same substantial attributes as the whole with the conditionvaluesO � valuesP for all substantial attributesFollowing this definition, everything is a part that shares extent and certainattribute values. The definition does not say anything about which kind of part, e.g., a 7Although alternative A interprets a surface as three-dimensional, this does not prevent thesurface from being conceptualized as a two-dimensional entity for some tasks.

component or an arbitrary part, a specific part belongs to. This simple definition isonly possible because the extent of a whole was extented to associated, not materiallyoccupied spaces and the possible attributes were distinguished in substantial andabstract ones.4OutlookAs stated in the introduction, the characterization of the commonsense notion of part-whole relations consists of two subquestions. In this paper, I have tackled the firstquestion about the definition of the notion of "part". The second question to bediscussed concerns the notion of "whole" and how a whole is constructed out of itsparts. The answer to that question is a current research topic, of which only a briefoutlook can be given at the moment. Following an old proverb, a whole is more thanthe sum of its parts. Therefore, the commmonsense notion of a (complex) wholeassumed an additional structure between the different parts in order to build up thewhole. This structure involves at least spatial and functional aspects of the part-structure. As a consequence, the notion and construction of a whole cannot beregarded as the mere inverse of the notion of a part.ReferencesBiederman, I. (1987): Recognition-by-Components. A Theory of Human Image Understanding.Psychological Review 94, 115—147Cruse, D. A. (1979): On the Transitivity of the Part-Whole Relation. Journal of Linguistics 15,29-38Gerstl, P. / Pribbenow, S. (1995): Midwinters, End Games, and Bodyparts: A Classification ofPart-Whole Relations. International Journal of Human-Computer Studies 43, special issueon "Formal Ontology in Conceptual Analysis and Knowledge Representation", 865-889Gerstl, P. / Pribbenow, S. (1996): A Conceptual Theory of Part-Whole Relations and itsApplications. Data and Knowledge Engineering 20 (3), special issue on "Part-WholeRelations", 305-322Landau, B. / Jackendoff, R. (1993): �What� and �where� in spatial language and spatialcognition. Behavioral and Brain Sciences, 16, 217-238Pribbenow, S. (1996): Parts and Holes and their Relations. to appear in: Ch. Habel / G. Rickheit(eds.): Mental Models in Discourse Processing and Problem SolvingSimons, P. (1987): Parts. A Study in Ontology. Clarendon Press: OxfordSmith, B. (1982) (ed.): Parts and Moments. Studies in Logic and Formal Ontology.Philosophia: MunichTversky, B. (1990): Where Partonomies and Taxonomies Meet. In: S. L. Tsohatzidis (ed.):Meanings and Prototypes: Studies in Linguistic Categorization. Routledge: New York, 334-344van der Zee, E. (1996): Spatial Knowledge and Spatial Language. Dissertation, ISOR/UtrechtUniversity, Utrecht, The NetherlandsWinston, M. / Chaffin, R. / Herrmann, D. (1987): A Taxonomy of Part-Whole Relations.Cognitive Science 11, 417-444