- 1 -

Grand Tour of Concepts for Object-Orientation from a Database Point of View

Nelson M.Mattos^1, Klaus Meyer-Wegener^2, and Bernhard Mitschang University of Kaiserslautern Department of Computer Science P.O. Box 30 49 6750 Kaiserslautern Federal Republic of Germany e-mail: mitsch@informatik.uni-kl.de

Keywords: Object-Orientation, Semantic Modeling, Data Model, Database

Abstract

Over the last fewyears, object-orientationhas gained more and more importancewithinseveral disciplines ofcomputer science (e.g., programminglanguages, knowledgeengineering, and database systems). Numerous papers have defined one or another of its underlyingconcepts (sometimes in quite differentways), and some systems have been developed followingthose heterogeneous definitions. Nevertheless, papers investigatingthe dependencies and degrees of freedom of these concepts are rarelyfound.Forthisreason, the goal ofthispaper is notto add yet another definitionofobject-oriented concepts, but to identifyexistingrelationshipsamong these basic concepts that allowone to cover and classifyvarious conceivable combinationsofthese conceptual buildingblocks.Dependencies, orthogonalities, and relations among concepts likeobject identity,encapsulation, classification,generalization,inheritance,etc. are revealed, showingnumerous ways to compose differentshades ofobject-ori-entation. Thisleads to alternatives encountered when constructingobject-orientedsystems, whichare illustratedby classifyingsome well-knownsystems and prototypes fromdifferentareas. However,itis not our purpose to analyze the relativeimportanceofthese concepts. Instead, we investigate the concepts froma neutralpointofview,presenting (butnot evaluating)several degrees ofobject-orientation.

1. Introduction

Since the beginningof computer science, there has been a continuingeffortto cope withthe ever-in-creasing complexityofsoftware. Asoftware system constitutes a model ofthe real worldand contains

1. IBM Database Technology Institute, Santa Teresa Laboratory, 555 Bailey Ave., San Jose, CA, 95150 USA, e-mail: mattos@stlvm14.vnet.ibm.com 2. University of Erlangen-Nuremberg, IMMD VI, Martensstrasse 3, 8520 Erlangen, e-mail: Klaus.Meyer-Wegener@informatik.uni-erlangen.de in: Data & Knowledge Engineering 9 (1992/93), pp. 321-352, North Holland

- 2 - specificinformationneeded in an application[1, 7]. Hence, the process of software development can be viewedas the process ofbuildingan accurate modelofthe real-worldsituationat hand [10].Alotof research activities,mainlyinthe fieldsofprogramminglanguages, softwareengineering,artificialintelligence,and database management, have been focussingon the developmentofmodels that naturally and directlyreflectthe user’sconceptionofthe real worldindiscourse [38].Such a modelwillease the task ofthe modeler as wellas the user-system interaction,accelerating the process ofsoftwaredevelopment as a whole. One ofthe many research directionsthat have emerged inthe last years withthe purpose ofachieving thisgoal circlesaround the concept ofobject-orientation . Infact,an opalescent varietyofsystems that claimto be 'object-oriented'have been developed. Today,itis commonlyagreed to justifya system as being object-orientedjust by saying that it has encapsulation, inheritance, object-identity,and so on. Butwhatdoes itmean? Isthis'definition'precise enough? Forexample, inheritanceinPOSTGRES[50] is not the same as inSmalltalk[24]and both differfromKEE[23,26]!The reason forthese differentnotions is that the concept ofinheritance is not self-contained;rather itdepends on the notions ofclassificationand generalization.Since Smalltalkonlyallowstree-likegeneralizationhierarchies, there is no need to cope withmultipleinheritance. WithPOSTGRES itis just the opposite: network-likegenerali-zation hierarchies raise multipleinheritance. Both systems provide only for strict inheritance of attributes instead of default inheritance as addressed in KEE. Thus, there are several dependencies among the concepts (e.g. generalizationand inheritance)as wellas several degrees offreedom within such concepts (e.g. strictversus defaultinheritance)that are responsible forvarious shades ofa concrete concept as wellas fordifferentsystem’soverallfunctionalityand behavior.For this reason, when talkingabout the concepts required to accept a system as being object-oriented,it is not sufficientto claimfora group ofsystem characteristics (as discussed by [5,52]).Itis above allnecessary to investigate the dependencies and degrees of freedom of these concepts in order to be able to provide a sound basis for a definition of not one but several degrees or notions of object-orientation. The claimofthispaper is tomoveone step furthertowardsthisgoalbyidentifyingexistingrelationships among these basic concepts. Thus, existingdependencies and orthogonalitieswillemerge, showing conceivablecombinationsofthese conceptual buildingblocksthat compose differentshades ofobjectorientation.However,we shall not determine a precise borderlineofobject-orientedsystems, since we believe such a borderlinecan be quite differentfromapplicationarea to applicationarea. Instead, we show differentdegrees ofobject-orientationfroma neutral pointofview.Thus, we neglect a discussion about the specificimportance of or the comparison between object-orientedconcepts. Thisshould be carried out by the reader with the characteristics and requirements of a specific application in mind.

- 3 -

Althoughthe literatureon object-orientedconcepts isquiterich,the idea toidentifyexistingrelationships among object-orientedconcepts has not been the primaryissue inthe existingpublications.Some approaches (e.g. [5,52,44])explain and listthe concepts side by side, whereas other ones [53]broadly examine the originsand paradigms ofobject-orientedprogrammingand exploresome language design alternatives.Insome sense, the focus of[53],forexample, can be compared to ourapproach, however withthe maindifferencethat its interest is inthe fieldofprogramminglanguages, whereas we primarily concentrate on the areas of software engineering, artificial intelligence, and database management. Inthispaper, weorganize a grand tourofobject-orientedconcepts inthe formofa road map that covers several 'regions'resembling the conceptual buildingblocks investigated. The 'crossroads' withineach region form a classificationtree that visualizes alternatives and dependencies among the concepts. Movingalong the roads, one finallyreaches some 'stops'representing combinationsof concepts that can be foundinexistingsystems. The feasibilityofthisapproach isdemonstrated byclassifyingexisting systems and proposals from different computer science disciplines all along the way. In the firstregion, we define the basic concepts we have to deal with:objects and their differentkinds ofproperties . Inadditionto the usual descriptive properties (i.e., attributes),we also have to deal with operationaland organizationalproperties to cover the modelingconcepts underlyingobject-orientation. Operational properties are also calledmethods. Theyare indetaildiscussed inchapter 3 as we move to another region.Continuingourtrip,we reach the subsequent region,i.e., chapter 4, that contains the organizational properties . Here,weprovidea fine-grainedviewtothe well-knownabstractionconcepts ofclassification,generalization,association, and aggregation. Inchapter 5, we givea conclusionand a discussion of some intermediate stops not visited on this trip. Throughoutthe paper, we assume that the reader is familiarwiththe concepts normallyaddressed in object-orientedsystems. He/she shouldhave some basic understanding ofe.g., issues likeobject-iden-tity, encapsulation, overloading, late binding, classes, and inheritance as discussed for example in [6,44].

2. Objects and their Properties

Fromthe user’spointofview,a universe ofdiscourse iscomprehended interms ofentities [17].Toconstitute an entity, something must be • identifiable (have identity), • relevant (of interest), • describable, i.e., have characteristics.

- 4 -

The primecharacteristics ofentitiesrefertotheirstate (orvalue).Aspart oftheircharacteristics, entities may also have some meaningfulrelationships withother entities fororganizationalpurposes. Furthermore, activities (i.e.,operations on entities)occur over time,resultinginchanges to the entities’states and to theirinterrelationships.Boththe entitystates and the activitiesare subject to constraints which more preciselydefinethe characteristics, thereby distinguishing’reality’fromother possible worlds[15]. Assume forexample the constraint’alwaysincreasing’definedon the characteristic’salary’ofemployee entitiesthat expresses that an employee’ssalary does never decrease. Anotherexample is the constraint ’employeesolder than 60 years or workingformore than 25 years forthe company willnot be fired’; instead the only activity allowed is ’retiring’. This state-oriented viewof the worldis depicted in Figure 1 that shows the conceptual primitives,i.e., entities, having descriptive, operational, and organizational characteristics as mentioned above. By means ofthe modelingprocess, each entityrelevanttothe currentuniverse ofdiscourse is represented by a corresponding object in the model. Thus, when talkingin terms of the mini-worldmodel, we use the notionof object being the symbolicrepresentation of a real worldentity.Ofcourse, each object in the modelshouldhave properties expressing the characteristics ofthe correspondingentitiesinthe universe of discourse. For this reason, it is necessary to distinguish three kinds of object properties [40]: • Declarative properties are used for descriptive purposes. Sometimes they are called slots, variables, or simply attributes.

Figure 1: State-oriented view of modeling descriptive characteristics operational characteristics

structural properties organizational characteristics

modeling

entity characteristics

object properties

universe of discourse

modeled mini-world

procedural properties declarative properties

process

- 5 -

• Procedural properties are applied foroperational purposes. They reflectactivitiesofthe real world and are attached to objects to manipulate or access the object’sattributes. Here, we name them methods.

• Structural properties are employed for organizational purposes. They represent relationships among entities, e.g., abstractions like classification, generalization, association, and aggregation.

Concerningthe modelingprocess, itis evident that a one-to-one correspondence between the entities inthe universe ofdiscourse and the objects ofthe modelshould exist. Thisprevents, forexample, that informationabout a single entity(e.g., a person) willbe spread over several objects in the model, resulting in a number of obstacles concerning integrated and efficient management. Adetailed discussion ofallprocedural and structuralproperties willbe foundinthe next and its subsequent region(i.e.,chapters 3 and 4), whereas the declarativeproperties are withinthe scope ofthe region covered in this chapter.

2.1 Object Specification

Afterthese moregeneral remarks, weare nowready tostart ourgrand touron object-orientedconcepts. The firstregiontobe visitedpresents the essential objectspecificationsand is outlinedbythe road map shown in Figure 2. We use a tree-likeclassificationscheme to express the buildingrules of a specific concept. Normally,itis possible to combine several differentcriteriain various ways to reach different shades (forpossible destinations) of the concept at hand. Each criterionis assigned to a level of the tree listedto itsleftside, whereas the nodes (orcrossroads) represent the differentchoices (calledfeatures) belonging to the criterion. Allconceivablecombinationsoftwocriteriaon subsequent levels ofthe tree are represented by edges (correspondingtopossible paths) connectingthe appropriatechoices. There are twocombinationrules: alternative paths (i.e.,bifurcationsinthe road) are drawnas normaledges, whereas dependencies are drawn as arrows to a tinted criterion node representing the dependent choice (actually, no choice). Inthe contextofourroad map, the criteriacan be seen as intermediatecrossroads on the wayto a final destination, i.e., a specificsystem layout.Thus, the tree defines differentways to that stage, i.e., the variousshades ofthe currentconcept. Thisis illustratedbynamingsome well-knownsystems that can be found at the destination points. Please note that we have no intensionto classifyallsystems likethat, instead we simplywant to illustrate whatcertainshades ofconcepts mean. Thatimpliesthat wewillname a varyingnumberofsample systems fromtree to tree. Sometimes itis not possible to classifya system uniquelybecause ithas different versions or because there is a lack of detailed informationneeded to reach at a clear decision.

- 6 -

Furthermore, it is not always necessary, and sometimes very hard, to finda sample system foreach classificationpath. Ifitisobviousthat a specificpath isnotmeaningful,wehave labeled the corresponding destination with a question mark.

Referringto Figure 2, we can combine four quite importantcriteriato define various shades of basic object specifications.First of all, we have to decide where to go considering the criterion’declarative properties’.For completeness, we distinguishthe two alternatives shown; although the case that objects cannot have attributes seems to be somewhat strange; we are not aware of any system implementing this choice. Therefore, we have labeled this destination with a question mark.

The otherchoicemoves us tothe conceivablecrossroad where objects possess some attributes.Atthis crossroad of our road map, the alternative is whether an object has an identifieror not, i.e., whether object identity is supported or not [28];withthis, we mean that the object identifieris validas long as the objectexists and that itis neither updatable nor reusable. Apartfromthe CODASYLapproach (and

itsdatabase keyconcept; [45])conventionaldata models [18]and straightforwardextensions (e.g., NF^2 [19,47]) do not adhere to the latter category.

Movingfurtheron, we have to deal withthe criterion’proceduralproperties’that introduces the alternativeofhavingmethods attached to objects or not. Itis importantto say that bymethods we mean user-

? declarative properties

object identification

procedural

object encapproperties

sulation

• object-oriented

progr. languages (e.g., Smalltalk, C++, Eiffel) • ORION, GemStone, O2, ONTOS

• KEE • POSTGRES • KRISYS • Iris

• CODASYL approach • complex-object data models (e.g., XRM, MAD)

• conventional data

models (e.g., relational, hierarchical) • extensions of relational model (e.g., NF2) encapsulation ¬ encapsulation ¬ encapsulation ¬ encapsulation ¬ encapsulation methods id ¬ id object

attributes

¬ attributes

• data models with user-defineddata types (e.g., AIM)

¬ methods methods ¬ methods

Figure 2: Concept terrain for objects

- 7 - definedprocedures (i.e.,programs butnotgeneric operations ofa querylanguage (cf.section 4.5))that provideaccess to the attributes ofan object, i.e., to allinformationwithinan object. Thisis the case if, forexample, attributedomains can be abstract data types. Ifmethods are not permitted,there is only one wayto move further,i.e., to a destinationwhere the criteriaofobjectencapsulation cannot be supported: encapsulation is not possible because withoutmethods, attributes must be accessed directly. (Notethat encapsulation is guaranteed iffaccess to an object’sattributeis done onlyvia methods applicableto that object).Also,ifthe objectconcept does support methods, but not objectidentification,it is not possible to implementencapsulation since there wouldbe no way to address an object. Again, we have drawnthe correspondingdependency edge as a path inthe road map. Anexample ofthiscategory is AIM [34], a data model supporting user-defined data types. Instead of supporting methods, all (conventional)data models are equipped withpowerfulquery and manipulationlanguages. Thisis also true forsome data models withobjectidentification,e.g., the wellknownCODASYLapproach and the emergingnon-standard data models that supporta complex-object concept (XRM [35], MAD [42, 43] etc.). In the literature,most systems that provideattributes, object identification,and methods are basically termed object-oriented.The encapsulation criterionseparates mostlythe so-called object-orientedpro-gramminglanguages/environments (e.g., Smalltalk,C++[51],Eiffel[41])and some object-orientedda-tabases (OODBS;e.g., ORION[29],GemStone [37],Iris [22,36],O2 [20],ONTOS[46])fromthe socalled expert system tools (e.g., KEE)and some knowledgebase management systems (KBMS;e.g., KRISYS [39]). Nevertheless, there can be several degrees of encapsulation leading to ‘hybrid’encapsulation approaches or encapsulation on demand. Inthe O2 system, attributes are private(encapsulated) by default,but can be made readable and/or updatable. Methodsare publicby default,but can be made private, whichmeans that they can onlybe executed byother methods ofthe same object.Hence, encapsulationconcerns both attributes and methods, but ina differentway.Also,encapsulation can be total or partial.Inthe case ofmethods, systems either have onlypublicmethods or allowto declare some of them private;totalencapsulation does not make sense. Attributesare either allhidden or can be made visibleselectively;the case ofallattributesbeingaccessible is considered to be “noencapsulation”and has thus been handled inthe tree ofFigure2 already. Wedo not distinguishwhether attributesare hidden bydefaultand can be made visible(throughan “export”or“public”declaration,as inEiffel,ONTOS, and C++,respectively),or whether they are accessible bydefaultand can be hidden (AIM[34]);the resultwillbe the same. Ifwehave visibleattributes,wecan furtherdistinguishthe types ofaccess allowed: read onlyor update. Whilea C++ publicattribute cannot be write-protected,Eiffelexported attributes cannot be made available for change. Only O2 offers both alternatives.

- 8 -

2.2 Attributes: declarative properties

Afterhavingworkedout the variousroutes along the intermediatecrossings definedbythe above mentionedcriteriainthe firstregion,i.e., a course-grained specificationofconceivableobjectconcepts, itis now worthwhile to draw attention to the three object properties more distinctively. Figure 3. depicts the road map for attribute specificationbeing a particularizationof the feature ’attributes’ofFigure2. For explanatorypurposes, we have decided to use separate classificationtrees to represent these road maps instead of attaching them as subtrees to one single tree. This wouldhave resulted inan extremelyblownup and badlyarranged tree where itis almost impossibleto explainanything.

Afine-grainedviewto attributes is inclinedto the existence ofaspects . Infact,aspects are assumed as facilitiesto specifysome constraints on declarative properties such as possible values, default, cardinality,etc. Asa special case, theyare onlyused tospecifyan attribute’stypeas itisthe case insystems with typed attributes (e.g., the relational data model, C++, ONTOS, POSTGRES, and GemStone). Here, we do not distinguishwhether a type specificationis optional,as is the case in GemStone, or whether itis mandatory as forexample inthe relationaldata modelor inC++.Amore general range of use additionallyallowsforexplicitlydefined integrityconstraints via specificaspects, forexample, for cardinalityrestrictions, default values, used-defined specifications, etc. as done in systems likeKRI- SYS,KEE,ORION,and MADforexample. Astonishingly,systems likeSmalltalkhave neithertypingnor any other kindofaspect description.Therefore, they have no abilityto explicitlydefine any constraints that couldbe used forsystem-enforced integrity.Instead, everythinghas to be embodied inthe code of

Figure 3: Attribute specification

• relational model • POSTGRES, GemStone, O2 • C++, Eiffel, ONTOS

• KRISYS, KEE • ORION, Iris • MAD aspect description

range of use attributes

only type specification general range of use

¬ aspects aspects • Smalltalk

- 9 - methods. Withthis,Smalltalkstands alone facingapproaches that supportany kindoftypingorattribute description Here, we have restricted the use ofaspects withrespect to declarative properties. Ofcourse, itis conceivabletoenlarge the applicabilityofaspects also toexpress constraints on proceduralproperties(i.e., methods). Forexample,KRISYSallowssuch specifications.There, demon aspects (inthe sense ofprocedural attachment) mightbe used forconstraint specificationon both descriptionalas wellas procedural properties. Withthis it is possible to specify a so-called before demon that is evaluated before method invocationand an afterdemon forevaluationafterthe method is performed,thus checkingspecificconstraints before and/or after method execution. Eiffeluses pre- and post conditionsforthis purpose. Forproceduralproperties,wecan also perceive typespecificationsbymeans ofthe so-calledsig-nature concept that combines the name of the method, its parameters and theirtypes/classes as well as the method’s result type/class into the method’s signature.

3. Methods: procedural properties

The initialpurpose ofdefiningmethods was to protect (or to encapsulate) the declarative properties of objects frombeing read and manipulated in an arbitraryway. A second reason was to provide more abstract and problem-oriented ways of working with objects, e.g., having a function called ’hire_employee’instead of insertingtuples and updating attribute values in a lengthyand error-prone process. To stress the desired degree of data independence and the gap between the user and the object, the notionof’sendinga message’has been chosen as the onlymeans by whicha user can access an object. Amessage has to be sent to an object to inquireabout its state or to change its state. The object may or may not accept the message and returna value as a response. Amessage consists ofa receptor,a selector, and a varyingnumber ofarguments. The receptor specifies the objectto whichthe message is addressed. The selector tellsthe receptor what the user wants, i.e., itacts as a functionname oroperationcode. Thearguments are functionparameters oroperands as usual. Ifthe receptor accepts the message forprocessing, itanalyses the selector to determine the method to be executed. This is called binding, and we will return to it later on. Modifyingobjectstates onlybymethods seems reasonable because itguarantees consistent state transitionssupposing that the methods workcorrectly.Reportingobjectstates throughmessages, however, seems awkwardand cumbersome, but nevertheless has its advantages: The object hides the number ofinternalattributesas wellas theirstorage representation. Itmayeven compute values froma number

- 10 - ofother attributes. Thus, the internalobject structure can be changed (at least to some extent) without any user being affected. Thisis much likethe viewconcept in conventionaldatabases. Ifexported attributes are read-only,theiraccess and the invocationofa parameter-less state-reporting method can be made indistinguishableforthe user, supposed an appropriate syntax is used (e.g., ’person.age’not only as an attribute access, but as a method invocation, too; this is the case in Eiffel). Hardlyany system carries objectautonomythat far.Infact,some systems do not even support encapsulation, so that the user can access the declarative properties (the attributes) directly.To do so, genericoperations can be used, i.e., a querylanguage or data manipulationlanguage (DML).Wediscuss queryand manipulationlanguages ina separate section (section4.5),there takingalso intoaccount the concepts forstructuringpurposes to be introducedinthe meantime. Stillsuch a system can have methods. Theirpurpose then is to simplifyaccess to an object (instead of makingitpossible at all)as well as to integrate application-orientedoperations intothe object description.They are sometimes called ’storedprocedures’.For instance, inPOSTGRES they are used to locate components ofthe objectunder investigation from various other relations. Althoughthe purpose of a method is to report or change the state of one object, it can usually send messages to any other object, too. This is a very powerfulmechanism, but it can be misused in the sense that state changes propagate through the networkof objects in an uncontrollablemanner (see [32]forsome issues to avoidthisbymeans ofgood programmingrules). Fromthe user’spointofview, this may look like an immense number of side effects. Ofprimeimportanceare the issues ofbindingand overloading[6].Theirdependency on message sendingand method executionis depicted inFigure4. Asmentionedbefore, binding describes the process oflocatingthe procedure code ofan objectmethodgivena receptor and a selector. Assumingthat there is a user program containinga ’sendmessage’ operation to some object in some syntax, the binding can either be done at compile time (’early binding’) or at run-time (’late binding’). The firstcriterionto be considered here is that of method modification:Ifmethods can be changed at any timeduringsystem operation- includingdeletionand insertion-,the onlychoice is late binding.So, there is no way to restrictoverloadingand message specificationsto achieve bindingat compiletime. Hence, we have used onlyone dependency edge to represent this in Figure 4, although various combinationsofoverloadingand message specificationsare also possible here. Thisisthe case ofKRISYS, KEE,ORION,and POSTGRES. (Please note that an ’early’bindingwithan invalidationmechanism is just another form of late binding). Ifmethods are notmodifiedat run-time(thatis tosay, are notmodifiedaftercompilationofthe user program), the next crossroad is that ofmethod invocation.Ifthe syntax ofthe send-message statement in

- 11 - the user programallowsforvariables or even expressions used inplace ofthe selector, again, the only choice is late binding.However,ifthe selector must be specifiedas a constant, other choices show up due to the next crossroad ofoverloading . Overloadingmeans that methods indifferentobjects can be invokedusingthe same name (thesame selector).Itrequires the existence ofdifferentimplementations ofa same method. Ifoverloadingis not allowed,selectors are unique.Therefore,the dependent choice is that ofearly binding.Note that inthis case the waythe receptor is specifiedis irrelevantforthe decision on binding, since the selector alone suffices to identify the receptor. Incase ofoverloading,the object identificationcannot be derived fromthe selector, but must be taken fromthe receptor specificationinthe send-message statement. Again,itcan either be a constant or an expression. Here, early bindingis possible onlyifthe receptor is knownat compiletime,i.e., itis specifiedas a constant. Inthe other case, where the receptor specificationis done by variables or even expressions, the remaining choice is that of late binding.

Figure 4: Concept Terrain for Methods and Binding

changes

invocation method

receptor specification

binding method naming

• C++ • ONTOS

• �C++ (virtual)� • ONTOS (virtuell) • Eiffel

• �POSTGRES (POSTQUEL) • KEE, KRISYS • ORION, Iris, O2 methods

off-line at run-time

expr

overloading

¬ overloading

const expr

early early late late late

• Smalltalk • GemStone const

- 12 -

Wehave triedtointroducethe concepts oflate bindingand overloadingwithoutreferringtoclassification and generalization,since they are discussed in subsequent chapters. However,one can imaginethat earlybindingbecomes even moredifficultincases where methods are notstored withthe objects themselves butwiththeirclasses, orsuperclasses oftheirclasses ina class hierarchy.Thiswillbe discussed in a more general setting in the next chapter.

4. Object Abstractions: structural properties

Alsoveryimportantfeatures associated withobject-orientationare the so-calledabstractions. Theypermitthe suppression ofspecificdetails ofparticularobjects, emphasizing those pertinentto the problem or viewof informationat hand. They enrich the semantics of the underlyingmodel since they directly reflect the constructs people apply in the process of describing the real world [38]. Abstractionsare in general expressed as relationships between objects, having as their purpose the organizationofthese objects insome desired form.There are several kindsofabstractionrelationships: instance-of, subclass-of, element-of,subset-of, part-element-of,and subcomponent-of.Depending on the kindof relationshipexistingbetween objects of the model, the objects, likethe real worldentities, can playdifferentroles (i.e.,class, instance, set, element, aggregate, component)characterized byvery differentsemantics. However,the organizationof these objects by means of groupingthem together according to the specificsemantics ofan underlyingabstraction concept is the inherent propertyofall abstraction concepts: • grouping of components in the aggregation, • grouping of elements in the (set) association, and • grouping of instances in the classification. Consequently, an object may be found in different abstraction-specific groupings.

4.1 Classes

Classificationis one of the most important and the best understood form of abstraction. It provides means forintroducinggeneric informationintothe modelby allowingone to refer to a class as a representative orprototypeofseveral other objects (i.e.,the instances), whichhave the same properties and constraints. Actually,our notion of a class encompasses three differentconcepts that are often not distinguished properly.The firstone is a structuraldefinitionfora groupofobjects, that is the names and types oftheir attributes and their methods. This is to avoid repeated definitionand to enforce certain integritycon-

- 13 - straints (’ahuman must have an age’- even ifitis ’unknown’).The second one refers to the production ofnew objects, or instances ofthat class (i.e., the object factory).Thisconcept can be providedeither by the class itselfas is the case in some programminglanguages (e.g. Smalltalk)or by the run-time system (e.g., C++,Eiffel).Ineithercase the class definitionserves as a template.The last notioncovers the groupofobjects, that is the instances ofa class. Aswe said before, thisis inherentto each abstractionconcept and therefore also part of the meaning of ’class’.Further on, the notionof such a ’homogeneous’ set is very important in performing search. Ourclass definitiondiffersfromsome others, whichviewa class onlyas means forgroupingsome objects of one type defined by a type system [5].Thatis, they treat the structuraldefinitionof a group of objects as part of the semantics of types and onlythe meaning of grouping(buildingup collectionsof objects)as part ofthe semantics ofclasses. The reason forthisseparate meaning oftypes and classes comes fromthe need fora representation of various collectionsof objects having the same structure, i.e., type (forexample, ’greencars’,’redcars’,’expensivecars’,’cars fromCalifornia’,’cars fromEurope’).However,itis not necessary to make such a distinctionbecause there are other (better)ways to express these collections.One wayis the definitionofsubclasses withmore restrictiveconstraints (narrowingthe value range ofattributes,cf.section 4.1.2)and another wayis using the association concept (cf.section 4.2).Forthisreason, ournotionofclass includesthe above meaning oftypes and the notion of grouping the instances as already mentioned at the beginning of this section. Missinghere is a notionof’interface’ofa class (orofallitsinstances), whichis necessary when encapsulationis considered. Inour opinion,this is the rightnotionofthe 'type'concept (thus resembling the use of this term in programminglanguages). A type restricts the way certain objects can be used. If access to an object is through methods only,the type comprises just those methods, their selectors, parameter types (classes), and returntype (class). Hence, twodifferentclasses that offerthe same set ofmethods withdifferentinternal(hidden)attributes and differentmethod implementationscan stillbe of the same type and consequently behave in the same way (from an external point of view). Even ifencapsulation is less strictin that the attributes are visible,method implementationcan stillbe hidden. Then, the type must includethe attributetypes as well.However,classes can stillbe different internally (method implementation) and have the same type.

4.1.1 Handling Classes in a Model

There are basicallytwodifferentways to treat classes ina data model.First,classes can be viewedas a kindofmeta-informationdefiningthe structures ofobjects ofthe model.Inthissense, theyare, ingeneral, incorporated in the DB-schema or in the type system of the programminglanguage so that they

- 14 - are not treated as regularobjects ofthe model.Thisis the wayconventionaldata models viewclasses. The otherviewpointeliminatesthe differencemade byconventionalDBSbetween classes incorporated inthe DB-schemaand instances incorporatedinthe DB.Inthiscase, classes and instances are treated as regular objects ofthe modelso that definitionsofstatic structures as meta-informationare not completelyseparated fromthe objects themselves (i.e. ina database catalogue or incompilercode). Consequently, classes and instances are treated inthe same wayalthoughthey can have verydifferentsemantics in particularcontexts. For the user, itis, therefore, possible to apply operations to manipulate classes as he/she does to instances. Additionally,since classes are treated as regular objects of the model,they may have theirownattributes,methods, and related integrityconstraints. Thus, thisshiftof viewpointcovers the role of classes as the ’objectfactory’(supported, forexample, by Smalltalk)because ’createan instance’isusuallyone oftheirmethods. Itisimportanttonote, however,thatifclasses are treated as regular objects, they are instances ofanother class as well.Usually,this ’super’class is denoted object or global . Since globalis again an object,itis also an instance ofanother object,which is, inthiscase, itself.Such a well-knownparadox can onlybe ’solved’bymakingsome exceptioninthe model as for example ’global is not an instance of any other object’. Theroad map concerningclassificationispresented inFigure5. Thefirstcriteriontobe considered here is the existence ofclasses (ineither one ofthe above mentioned ways) inthe model.Ifclassificationis not supported, no typingconcept at objectlevelis providedbythe system. Thisis the case ofLISP[54] and the ACTORlanguage [3,4,33].However,even ifclasses can be definedinthe model,a typingconcept at objectlevelis notmandatory.Thisdepends on whetherthe existence ofan objectis necessarily bound to its role as an instance of a particularclass or not. That is, whether the system allowsforthe definitionofobjects bytheirownwithoutany association toa particularclass. Thisis onlypossible ifany object may contain the specificationof attributes, methods, or integrityconstraints, i.e., the system allows fora kindof ’self-describing objects ’.This is the case of some expert system modelingtools as wellas ofthe KBMSKRISYS.Ifproperties may be definedonlyinclasses, an object can onlyexist ifit has a class associated withit,otherwiseitwouldbe an ’empty’object.Systems followingthisapproach (Smalltalk,GemStone, relational DBS, POSTGRES, ORION,ONTOS etc.) allow only for class-de-scribed objects. For this reason, instances cannot change or extend the structure imposed by their classes since there is no facilityto manage definitionsin the instances. Therefore, the insertionof an objectis conditionedto the specificationofits class. That is, the objectrelationshipto classes is, inthis case, always mandatory. In the case of class-described objects, allattributes as wellas integrityconstraints defined by a class must be pertinent and applicable to all its instances. In other words, objects always have exactly the structurespecifiedbytheirclasses. Therefore,systems followingthe road that leads to1:nrelationships

- 15 - between classes and instances are adequate onlyforsupportingapplicationswitha strong homogeneitywithinan objecttype. Thisfinaldestinationcorresponds to the approach mostlyfollowedbyDBsystems. On the other hand, ifone takes the road leading to n:m relationships,heterogeneities withinan object type may be handled by specifyingadditionalclasses and relatinginstances to several different classes. Whatwemean here is that an objectcan be made an instance ofany numberofclasses (using e.g. the “AddInstance”database command of Iris),irrespectiveof relationshipsamong the classes. In particular,ifan objectcan onlybe an instance oftwoclasses at the same timeunder the conditionthat they are connected by the subclass relationship(see next section), we wouldstillconsider this to be of the “1:n”type. For this reason, most systems attemptingto support such applicationsprovideways to

Figure 5: Object classes and their relationship to instances

?

object classes

object relationship to classes

kind of relationship

• data models

(relational, MAD, NF2) • object-oriented

progr. languages (Smalltalk, C++, Eiffel) • �ORION, GemStone, POSTGRES, ONTOS

• KRISYS

• KEE

?

object description

class specifications changes to object

classes

¬ classes

mandatory mandatory optional class-described objects

any kind of changes allowed keeping classification semantics

1:n 1:n n:m n:m self-describing objects ?

between classes and instances

• Iris • O2

- 16 - incorporate attribute and constraints definitionsdirectlyinto the object descriptionleading to the selfdescribingobjects crossroad. These systems sometimes also address the problemofmodelinginstances that differfromthe structure imposed bytheirclasses. Byprovidingself-describingobjects, they can allowattributesthat are passed on toinstances tobe modifiedinordertoreflecta special, desired structure or behavior ina particularinstance. Whilemost DBsystems do not support such a concept ofexceptional instances, the O2 system as wellas most expert system tools (e.g. KEE,KRISYS)allowinstances to redefine the structure and the behavior of their classes. Inthe case ofbeing self-describing,objects may exist on theirown. Here, itis not logicallyimpossible to combinethe above mentionedsemantics ofmandatoryclasses withthe authorizationofinstances to change or extend the specificationreceived fromtheirclasses. However,this does not seem to make sense since all the facilitiesfor self-describingobjects are there anyway, and nothing can be gained fromforcingobjects to be an instance of some class. Optionalrelationwithclasses can be allowedat no extra cost. When the relationshipbetween objects and classes is optional,classes are onlydefined when several objects have the same structure. Here, classes are employedto abbreviate the descriptionsintroduced intothe modelinorder to avoiderror-proneredundancy. Startingfromthiscrossroad, there are twobasic ways toviewthe descriptionassociated witha class [38].The firstone, whichis the waymost expert system tools view classes, is that classes simply characterize prototypicalinstances. As a consequence, attributes and constraints specifiedby a class may be contradictedby instances ofit.Ata first glance, thisprototyperoleofclasses seems to be veryappropriate since itallowsfora directrepresentationofexceptions. However,itcontradicts the semantics ofthe abstraction concept ofclassification, hinderingthe definitionofoperations validforallinstances. Systems followingthisapproach (e.g., KEE) do not providemeans forintroducinggeneric informationthroughclasses impedinga more efficientimplementation.As a consequence, the abstraction usuallygained by classificationcannot be appropriately employed for query processing and optimization. The second way, whichrepresents the approach followedby O2 and KRISYS,views the description associated witha class as necessary conditions (i.e., attributes and constraints) that each instance must satisfy. Thus, instances of a class may have some additionalattributes and constraints or even restrictthe constraints received fromtheirclasses butare notallowedtocontradictthose definedbythe class. Here, changes of methods have to be considered apart: • Ifone viewsthe behavior ofinstances as part ofthe object specificationdetermined by classes, all instances must act inthe same way.Consequently,modificationsofmethods must be prohibited(for some exceptions, see section 4.1.2.1).

- 17 -

• However,ifone considers classes as onlyresponsible forthe specificationofthe interfaceofmethods (i.e., one explicitlydistinguishes between interface and behavior),changes on methods do not conflict with this semantics of classification, and may, for this reason, be allowed.

4.1.2 Class hierarchies and Inheritance

Sometimes, it is importantto have a formof referringto several differentclasses, or even to all their instances, abstracting the details ofeach one. Generalization providesthiswaybyallowingmore general classes, or superclasses , to be defined in order to capture the commonalitiesexisting between these differentclasses, or subclasses. Since generalizationmay be appliedrecursivelyto specifyother more general superclasses, it provides the means for organizing classes in a class hierarchy. The most importantfeature associated withsuch hierarchies is the concept ofinheritance . Since properties kept by superclasses are generallyalso validfortheirsubclasses, there is no need to repeat the descriptionstored in the superclass foreach of its subclasses. These properties are just inheritedby each subclass. There are several differentaspects involvedwithinheritance, as illustratedin the road map shown in Figure 6.

4.1.2.1 Default vs. Strict Inheritance

The starting pointof this part of our tour is, consequently, the existence of generalizationhierarchies, otherwise itmakes no sense to talkabout inheritance. From this starting point,the firstcriterionto be considered is the kindofinheritance supported by the model, whichinturn, determines the semantics of class descriptions. Ifinheritance is done by default (default inheritance ), inheritedproperties and associated constraints can be modified.That is, they are passed on onlyifthey are not overridden or redefinedina subclass. Inthiscase, superclasses are treated as ’prototypes’or’blueprints’oftheirsubclasses so that exceptions as wellas refinements of specified descriptions can be directlyhandled in the model.Forexample, even ifthere is a propertyinthe descriptionofthe class person whichsays that allpersons have an age inthe interval{0..100}and teenagers is a subclass ofpersons, teenagers are definedto have an age ina more restrictedinterval,and thus the inheritedpropertyshouldbe redefined in the subclass. Ifinheritance is strict(strict inheritance ), i.e., allinheritedproperties and constraints mustexistand mustnotbe overriddenorredefinedina subclass, superclasses are viewedas templates of or regulations fortheir subclasses. In this case, the representation of exceptions as wellas refinements cannot be supported, since subclasses must have allthe unchanged properties and constraints oftheirsuperclasses and may have new properties and/or new constraints inadditionto them. For this

- 18 - reason, it wouldnot be possible to assert that teenagers are persons having their age in the interval {10..19}.On the other hand, the support ofstrictinheritancesimplifiesthe implementationofan objectorientedsystem. Strictinheritanceguarantees that properties specifiedina superclass are foundinevery instance of its subclasses and withexactlythe same semantics (i.e., integrityconstraints). Therefore, there is no difficulty in defining operations specific for an object type.

Itmightbe importantto pointout here that differenttypes ofinformationcan be passed on bymeans of a generalizationhierarchydefiningconceivable 'heritages'that an object may receive. The simplest of such heritages comprises just the attributes and is also knownas type inheritance . If,inadditionto an attribute,also its value is inherited,then itis the case of value inheritance . Further on, itis also conceivablethat the attributeand onlythe associated constraints are inheritedor that the attribute,itsconstraints, and itsvalueare passed on viathe hierarchy.Ofcourse the kindofinheritance(strictordefault) and the heritage (type, value, constraints) are independent fromeach other allowingfordifferentcombinationsofthe twocategories. For example, the combinationoftype inheritancewithstrictinheritance or the combinationofvalue inheritancewithdefaultinheritanceare somehow obvious.Others are con-

Figure 6: Class hierarchies

• Smalltalk (considering attributes)

• POSTGRES (considering attributes)

• GemStone • Smalltalk (considering methods)

• KRISYS • ORION, O2, Eiffel, ONTOS, POSTGRES (considering methods) • C++

?

kind of inheritance

class specifications

form of hierarchy

inheritance conflicts generalization

changes keeping generalization semantics

strict default

tree network tree any kind of changes allowed

no conflicts no conflicts name and precedence

conflicts only name conflicts

• KEE

• Iris no conflicts network

- 19 - ceivable, too: the combinationof type withdefaultinheritance allowsforhomogeneous generalization hierarchies where specialization is still permitted. Alsoimportanttomentionis that systems do notnecessarily have tosupport a singlekindofinheritance foralldifferenttypes of informationpassed on. Actually,they impose distinctinheritance semantics to each type ofinformation.So, Smalltalk,forexample, supports a strictinheritanceofattributes but a defaultinheritanceofmethods. InKRISYSand KEE,on the other hand, the inheritanceofattributenames is strict, whereas their aspects are inherited by default. Inmany systems (e.g., most DBS,Smalltalk,and KRISYS),methods are inheritedby default,although these systems do notprovidemechanisms to’specialize’the implementationofsuch inheritedmethods inthe subclasses. Inthis case, to support some degree ofspecialization,such systems allowinherited methods tobe overriddeninthe subclasses, causing overloading.However,inother systems (e.g., ON- TOSand inmanyexpert system toolsas forinstance KEE),where mechanisms to ’specialize’methods are supported, methods are not necessarily overridden,but have their code extended or modified.In general, such mechanisms allowone totake the inheritedcode (usuallycalled’wrapperbody’)bya subclass and extend it withbefore and after code pieces (called before and after wrappers), so that the method maintainsitsbehaviorfromthe pointofviewofthe superclass, althoughitwas ’specialized’.Let us assume, for example, a class persons and a method ’have-birthday’whichincreases the age attribute.Suppose that employee is a subclass of person withan extra attributesalary. One could then specialize the ’have-birthday’method to raise the salary ofan employee every twoyears, that is, whenever his/herage turns out to be an odd number, and the method wouldstillbehave the same on allpersons’attributes. Thus, such a kindof specializationstillmaintains the semantics of classification(see section 4.1.1) and generalization. Inthe case ofdefaultinheritance,itis importantto differentiatebetween changes that are inagreement withthe semantics of the generalization concept fromthose that may contradict such semantics (as done forthe classificationconcept). Generalizationrequires that allproperties(i.e.,attributesand methods) as wellas integrityconstraints specified by superclasses must be validfortheir subclasses and (as a complementaryconcept to classification)to allinstances ofthese subclasses [38].Consequently, the support ofa generalizationconcept restricts allowedmodificationsto the additionofnew attributes, methods, or aspects or to the specializationof methods or the restrictionof constraints, requiringthat everythingelse must be kept constant. (Apopular way of restrictingconstraints is to modify“possible values”to a subclass ofthe inheritedentry.)Thismeans that KEEdoes not support the concept ofgeneralization(see Figure6). Since itallowsforchanges that contradictthe semantics ofthis concept, inheritance can be onlyused to save typingwork.(Notethat the above introducedcomments on the dif-

- 20 - ferent viewsof methods as wellas on the problems resultingfromthe support of any kindof changes in the instances of a class are also valid and relevant here.) When inheritanceis strictor when the applied defaultinheritanceguarantees the semantic ofthe generalizationconcept, then every instance ofa class is also an instance ofallsuperclasses ofthat class. Inthese cases, several implicit(or virtual)relationshipsbetween instances and classes are impliedby the system. They are called this waybecause they are not explicitlydefined by a user. For example, if John is defined to be an instance ofteenagers, the system implicitlygenerates a relationshipbetween John and persons, since teenagers is a subclass ofpersons. Noexplicitrelationshipbetween John and persons has to be explicitlyspecifiedby the user. Thus, when a relationshipbetween an instance and a class is defined by a user, not onlyone, but possiblyseveral relationshipsare set by the system. Although this may implyn:m relationships between classes and instances, we did not consider implicit relationships in our discussion on section 4.1.1. When talkingabout the kindof relationshipbetween classes and instances in section 4.1.1, onlyrelationshipsexplicitlydefined by the user were considered. Transportingthe semantics discussed in that section to the contextofgeneralizationwouldmean that the kindofrelationshipbetween instances and classes is n:monlyifinstances can have relationshipsto more than one class, whichare not ina (possiblyindirect)subclass relationshipto each other. Since a system willnever implysuch relationships, n:mrelationshipsbetween classes and instances can onlyoccurifthe user isallowedtoexplicitlydefine more than one class fora (or several) particularinstances. (Remember, however, that the classes of such instances should not be in a subclass relationshipto each other.) Whilemost DBS do not allow instances to have more than one class, most expert system tools providemechanisms to attach and detach instances to and from any class at any time. Anotherimportantobservation is the relationexistingbetween overloading and the kindofinheritance supported by the system. Ifinformationis passed on by default(and onlyinthis case), overloadingoccurs every time changes caused by overridingor specializinginheritedmethods are introducedin the class hierarchy.One couldthen conclude that defaultinheritanceis the indispensable requisite forthe occurrence of overloadingsince strictinheritance does not allowany kindof changes at all.However, this is not true!Actually,overridingand specializationsare the most common ways ofproducingoverloadingwithina class hierarchy,butnotthe onlyones. Even wheninheritanceis strictand, consequently,redefinitionsare prohibited,overloadingmay occur ifthe user specifies two or more methods with the same name in distinctobjects. In this case, differentmethods wouldbe invokedby means of the same selector but differentreceptors, i.e., sending the message to one or the other object(see chapter 3).

- 21 -

4.1.2.2 Single vs. Multiple Inheritance

Proceeding our tour on generalization,the next crossroad corresponds to the twoformsof class hierarchies. Actually,the formofa hierarchydetermines the amount ofheritage received by an object.For example, systems providingtree-likehierarchies allowonlyforsingle-inheritance , i.e., objects receivinginformationfromone singlesuperclass (e.g., Smalltalkand Gemstone). Onthe otherhand, networklikehierarchies may also support multiple-inheritance , i.e., objects receivinginformationfromseveral classes (e.g., POSTGRES, ORION, O2, ONTOS, KRISYS, KEE). Multiple-inheritancereflectsthe conceptualizationofthe universe ofdiscourse more directly.Ingeneral, real worldobjects present differentcharacteristics corresponding to the several distinctroles they play in the application.For example, trams have properties that describe their characteristics as a vehicle runningon railwaysand properties definingtheir role as a vehicle forpublictransportation. However, the price one pays for this flexibilityis reflected on the more complicated implementationof multipleinheritance as well as on the mechanisms necessary for handling conflicts.

Figure 7: Multiple-inheritance conflicts object A object B

object C

XA XB

X from A or B ?

a) example of name conflict

object D

object E

object I

XD

X�’D

XD or X’D ?

object H

object G object F

b) example of precedence conflict

- 22 -

There are basicallytwo kinds of conflictsthat may occur duringthe inheritance of information:name conflictsand precedence conflicts.Name conflicts,as illustratedinFigure7a, occurwhentwoattributes, methods, or aspects withthe same name have been definedfordistinctclasses ofa hierarchyand are inheritedby a common class. Such conflictoccurs because systems, in general, do not allowforthe existence ofduplicates ofattributeor method names ofa same objector ofduplicates ofaspect names ofa same attributeor method. Precedence conflictscan onlyoccur inenvironmentsinheritinginformationbydefault.Theyoccur when an attribute,method, or aspect has been once defined,howevermodifiedinsome place downinthe class hierarchy(see Figure7b). Note that such conflictwouldnot take place ifthe propertyhad notbeen modified.Inthiscase, any wellimplementedsystem wouldrecognize that itdeals withthe same property(i.e., originatingfromone single same class) however being inherited on twodifferentways. The problemwithprecedence conflictsis to identifywhichofboth inherited informationis 'morespecialized'(i.e., has precedence over the other) since itis the one that has to be taken. Such identificationis not always trivialbecause the specificationthat is closer to the object in whichthe conflictis occurringis not necessarily the preceding one (observe, forexample, the case illustrated in Figure 7b). Summarizing,we can conclude that inheritance conflictsmay occur onlyin network-likeclass hierarchies. Name conflictsrequire, additionally,the occurrence of overloadingof any kind,whereas precedence conflictmay happen onlywhen overloadinghas been generated by means of modificationson information inherited by default.

4.2 Sets

Frequently,itis necessary to group objects together not because they have the same properties (classification)butbecause itisimportanttodescribe propertiesofthe groupofobjects as a whole.Tomodel such situations, one has to use the abstraction concept ofassociation . Accordingto it,another kindof object,calledset, isintroducedtorepresent these kindsofproperties.Therefore,inthe association concept, the details ofthe element objects are suppressed and the properties ofthe groupare emphasized inthe set object[38].Thisconcept has itsorigininset theory,so that itdoes not allowforthe existence of duplicate elements. Consequently, it is different from the concept of bags [5]. The startingpointofour touron association is, therefore, the existence ofsets inthe model(Figure8). Ifthey are not supported, no set-orientationat object levelcan be providedby the system. Thisseems to be the case ofmost programminglanguages. However,sets are not the onlyprerequisiteforset-ori-entation. Itis also necessary that the system exploitstheirexistence inthe query, manipulation,or definitionlanguages provided.Thisis,forexample, lackinginsome expert system tools[16,CI85,13]which

- 23 - incorporatesome ofthe semantics ofsets in classes but do not providethe user withset-oriented op-

erations that manipulate collections of objects.

4.2.1 Handling Sets in a Model

Ifsets are supported, one has to decide whether or not set descriptions may contain the specification

ofa kindofconditionwhichhas tobe validforeach element ofthe set. Thisspecification,denoted mem-

bership stipulation [38],is a kindofattachment criterionforthe elements, i.e., an objectis an element

of a set only if it satisfies the set’s membership stipulation.

object sets

membership

dependence

kind of set • KRISYS (explicit

Figure 8: Sets

stipulation

• � Smalltalk • C++ • Iris

element object

¬ sets sets

implicit explicit explicit membership stipulation

¬ membership stipulation

attachment

as integrity constraint for element qualification

independent dependent independent dependent independent dependent

heterogeneous homogeneous heterogeneous homogeneous heterogeneous homogeneous use of membership stipulation

to other concepts

• KRISYS (implicit

• relational lmodel (considering views) • ORION (systemdefined set)

• relationalmodel (considering relations)

• ORION (userdefined), O2, Eiffel Gemstone, ONTOS • KEE

- 24 -

Membershipstipulation,just as inheritance,is another kindofbuilt-inreasoning facilityprovidedby the abstraction concepts [38]and therefore treated as another importantcrossroad ofourroad map. Itmay be used by the system either to make deductions (i.e., element qualifications)or as the basis forcontrollingsystem-inherentintegrityconstraints. Forexample, a modelsupportingmembershipstipulations coulddetermine whether a change inan element object may be allowedinorder to not violatethe semantics of its relationshipto a set. In case of violation,the system could either reject such a change (membershipstipulationtreated as integrityconstraint)or accept it.Inthe lattercase, the violatedrelationshipwouldbe dissolved and new ones, now satisfied by the ’new’object, wouldbe created by the system (membership stipulation treated as means for qualifying elements). Actually,the kindofreaction performedby the system is not governed by the membership stipulation, butbythe wayelements are attached to particularsets. Whenelements are explicitlyconnected to sets bythe user, forexample bymeans ofan insertoperation,the system has toutilizethe membershipstipulationas an integrityconstraintthat rules the semantics ofthe sets. So, the insertionofobjects notsatisfyingthe stipulationhas to be rejected inorder to keep the integrityofthe model.Ifthe attachment of elements is not defined by the user, the onlyway to findout whichobjects are validelements of a set is to use the membership stipulationas qualificationcriterionofthe set. Inthis case, objects not satisfying the stipulation criterion are simply not qualified. Itis importantto observe that the above definitionofsets and ofthe twodistinctways ofattaching elements builda sound basis forthe definitionofdifferentkindsofcollectionsto be supported ina model. They represent therefore importantcrossroads inthe map ofFigure 8. For example, viewsinthe relationalmodel can be treated as sets witha membership stipulationused forelement qualification(i.e., representing the viewdefinition).Relations, on the other side, can be treated as sets withoutmembership stipulations, whose elements have to be explicitly attached by the user (by an insert operation). Proceeding ourtouron association, the nextcrossroad corresponds tothe decisionwhetherassociation exists as an independent concept or onlybound to another abstraction concept. Systems allowingonly for sets bound to other abstraction concepts (mostlyclasses) cannot support the definitionof sets of heterogeneous objects. Ifsets can be heterogeneous and are attached to classes (i.e.,are typed),then the problem arises that fora same set two different(minimal)classes can be deduced depending on the actual constructionofthisset and on the existence ofclass hierarchies.Thus,bybindingassociation to classification,object qualificationsare invariablyrestricted to selections over an object type (i.e., class). Thisis, forexample, the case ofthe relationalmodelconsideringeither viewsor relations.However, such dependencies are not mandatory. Imagine,forexample, a query to qualifyallobjects (independent oftheirtype) havinga particularvalue ina specificattributeor inany attribute,corresponding to something like

- 25 -

SELECT * SELECT * FROM * FROM * WHERE attribute = value WHERE * = value Inthis case, the resultingset wouldnot be defined by any class so that association wouldbe an independent concept. The specificationofset/element relationshipwouldnot be based on the structure (or type) of the elements so that sets of heterogeneous objects would result.

4.2.2 Set Properties

In the next step of our tour, one has to define the way sets should be represented in the data model (Figure9). Basically,there are twodifferentways to do this.First,sets can be treated as any other regularobjectofthe modelinan explicitmanner. Inthiscase, they are treated justlikeinstances, classes, and elements although they are additionallycharacterized by a verydistinctsemantic. The other way, whichcorresponds to the viewofconventionaldata model,considers sets as the extension ofa collection.Inthis sense, they exist onlyas some definitioninthe DB-schema and are not incorporatedinthe DBas real objects. Theyare onlyimplicitlyrepresented as a groupofobjects whicheitherare instances of a base relation or have been qualified by a view or query.

When sets are explicitlyrepresented, they may have theirownattributes, methods, and aspects. Such set specific characteristics are denoted set properties and can be used to describe properties of the group ofelements ofa whole.Atthis point,another importantobservation, whichhas been considered

Figure 9: Set properties

kind of

• KEE, KRISYS • Eiffel,ONTOS(only

as methods) • GemStone(only as

methods)

• ORION • O2

• � relational model explicit implicit

set properties ¬ set properties

only system defined also userdefined properties set properties set representation asssociation

- 26 - at the next crossroad ofFigure9, refers to the kindofset properties allowedbythe model:onlysystemdefined (likenumber ofelements, most recentlyinserted element) or also user-defined. These properties express characteristics of the set as a whole,but they are determined based on properties of the elements, forexample:average, maximum,and minimumofvalues. Thus, whilechanges inthe classes implydownwardchanges inthe model(provokedby inheritance),changes inthe elements causes upward modificationsinthe set properties. For this reason, systems allowingforuser-defined set properties must supplythe user withmeans to specifyhowchanges inthe elements should be propagated to the sets.

4.2.3 Set Hierarchies

Analogous to classification/generalization,one can imagine to have ways to refer to several different sets, or even to alltheirelements, abstracting the details of each one. Set association provides these waysbypermittingthe specificationofmoregeneral sets, orsupersets , inordertocapture set properties definedover a widerspectrum ofelements. Thereby,subset-of relationshipsare generated, organizing the objects into an association hierarchy. Similarto the assertion made fora generalizationhierarchythat every instance ofa class is also an instance of the class’superclasses, elements of a set are here also elements of the set’ssupersets. In the same way,when supportingassociation, one has to decide whichformofset hierarchies should be supported. Actually,the formofa hierarchydetermines the degree ofdisjunctionexistingbetween sets and, consequently, the homogeneity of membership stipulationsand set properties. Tree-likehierar-chies allowonly for completelydisjointsets whereas network-likehierarchies permit the definitionof several sets overthe same elements forthe representation of,forexample, differentgroups ofset properties. However,independent of the formof set hierarchies, a set object can be a subset of another onlyifit presents a more restrictedmembership stipulation,otherwiseitcannot be guaranteed that itselements are also elements ofitssupersets. Thisprovidesmeans forembodyinga refinednotionofintegrityconstraints intothe model. This also enables the system to derive subset-relations fromthe membership stipulationdefined fortwogiven sets. Thereby, the calculationof the set properties forthe subset will be consequently restrictedto the correspondingsubgroup ofelements ofthe superset, determiningdifferent (probably,more specific)values forthese properties. Finally,this allowsthe constructionofhierarchies ofcollectionsofa particulartype by definingvarious sets withdifferent(more general or more specialized) membership stipulations, but all referring only to the instances of this type.

- 27 -

There are onlyveryfewsystems allowingforan objectorganizationon association hierarchies.KRISYS and KEE are examples of them.

4.3 Aggregates

Frequently,itis necessary to treat objects not as atomicentities, as classification,generalization,and association do, but as a compositionofother objects. Thisconformsthe abstraction concept ofaggregation, according to which a collection of objects is viewed as a single higher-level object. The above definitionshould make clear that aggregation, likethe other abstraction concepts, involves two types of objects. The simple objects are here called parts or components . They express atomic ones, i.e., those objects whichcannot be further decomposed. Together, they buildthe lowest-level composite objects or simplest aggregates. These can, in turn, be used to buildmore complexhigherlevel composites so that an aggregation or part-of hierarchy is formed. Ingeneral, data models (above allthose supportingthe semantics ofcomplexobjects [43,47, 50, 35]) allowforthe specificationofreferences between objects. Such references, however,do notcapture any special semantics, servingonlyas flexiblemeans forthe representation ofany kindofrelationshipsbetween the objects. Aggregationrelationships(orpart-ofrelations),on the other hand, have a veryspecificmeaning. Theyrepresent the idea that an object’consist-of’other objects, thereby expressing that an objectcannot ’consistently’existwithoutitsparts. Notethat thisrequirementmakes the aggregation concept quitedifferentfromthe others, since classes may existwithouttheirinstances, and emptysets may occur inthe association. Therefore, itis necessary to observe the importanceofmodelingaggregates by means of special-purpose relationships. This permits the incorporationof the semantics underlyingthe notionofaggregates inthe system, allowingforoperations that directlymake use ofsuch semantics, for example, to • determine the components of an object, • find aggregates of which an object is a part, • create an aggregate together with all its components in one single operation, or • remove all parts of an aggregate when it is deleted. So, the firststep ofour tour on aggregation is the support ofsuch a notionofaggregates, whichis not provided by Smalltalk, GemStone, ONTOS, and C^{++} (Figure 10).

- 28 -

4.3.1 Dependent vs. Independent Components

When supporting aggregation, twotypes of part-ofrelationships must be distinguished:dependent or independent [27].On the basis ofthis refinedsemantics, the existence ofparts willdirectlydepend on the existence ofits aggregates or not. Inthe case ofa dependent relation,forexample, the deletionof an aggregate willrecursivelyremove all its parts, freeing the applicationfromthe search and subsequent deletion of all parts of the removed object. However,dependent relations do not allowforlater reuse ofobjects inanother aggregate, whatiscertainlydesirable insome applicationenvironments.The concept of dependent vs. independent components is orthogonalto allother aspects discussed w.r.t. aggregation and is, for this reason, not presented in Figure 10. Likeassociation, aggregation is not dependent on the structure of the objects. Just on the contrary,it providesmeans forthe definitionofhighly-structuredobjects, allowinga user at a particularmoment to viewsuch structured objectas a singleunit(i.e.,together withitsparts) and at another timeto viewonly parts of itas independent or dependent objects. Bythe aggregation, objects are, therefore, treated in one context as objects of their own and in another as components of other objects.

4.3.2 Aggregation Hierarchies

Ifthe concept ofaggregation is available,then itis obviousto exploititmore than once, i.e., resultingin aggregation hierarchies. Therefore,a restrictionto onlyone levelofaggregation is not overlymeaningful.Hence, we have marked this crossroad witha question mark and we do not knowany system that belongs to this category. When observingcomponents withinan aggregation hierarchy,one can differentiate between exclusive components (i.e., those being part of onlyone composite object)or shared components (i.e., those being part of several aggregates) [27].Actually,the kindof components supported by the modeldetermines the formofallowedaggregation hierarchies (see Figure10). Tree-like hierarchies provideonlyforexclusivecomponents, whereas network-likeones also foraggregates with common/shared parts. This is reflected in Figure 10 by dependency paths between the respective crossroads. In the case of shared components, the support of object identityturns out to be quite important.Note that ifobjectidentityis notsupported, aggregation has tobe represented bymeans ofattributes(oftype set, list,table, etc.) whichcontain the components of the aggregate. Hence, shared components can onlybe expressed by repeating the same components in differentobjects, resultingin redundancy in the representation that must be controlled by the system.

- 29 -

Anotherimportantcriteriato be considered here and therefore used to definecrossroads is the support ofrecursion . Thisis certainlythe necessary concept forrepresenting aggregates that at the type level are recursively defined, e.g., the parts of automobiles consist of other automobile parts.

Finally,the support of reasoning facilitieson aggregation hierarchies should be considered. In other words, whether the system allowsforthe specificationof predicates based on common properties of components and aggregates bymeans ofwhichitmayeithercontrolthe semantic integrityormake conclusions about aggregates and/or components [38,48].For example, by expressing that the value ofa particularpropertyis upwardimplied(e.g., weight,completiontime),the system may controlwhether it increases going upward over the aggregation hierarchy, thereby either rejectingchanges that violate such predicate or triggering further changes to keep the truth of the predicate.

Figure 10: Aggregation

composite objects

form of hierarchy

recursively aggregates hierarchies ?

• NF2 • O2

• MAD • KRISYS

• ORION kind of allowed object

shared exclusive

¬ aggregates • relational model • Smalltallk, Eiffel • GemStone, Iris • ONTOS, C++ • KEE

¬ redundancy

¬ recursion recursion redundancy

¬ recursion recursion ¬ recursion recursion

¬ id id network tree

¬ hierarchies hierarchies aggregates

defined object identifier

redundancy in the representation components

- 30 -

4.4 Integrated View of Object Abstractions 4.4.1 Handling Different Object Roles

Untilnow, we have isolated the discussion about each abstraction concept fromthe others. Naturally, in the real world,such isolationoccurs seldom. Objects may obviouslybe instances of classes, elements of sets, and components of aggregations at the same time. Hence, objects may have up to six types ofrelationshipsto other objects (instance-of,subclass-of, element-of,subset-of, part-element-of, subcomponent-of)correspondingtothe differentroles theycan playineach abstractionhierarchy.Consequently, the semantic meaning of the objects can be very differentfromcontext to context in which they are found. There are objects expressing instances in one context and elements in another, and even objects representing classes, sets, and components in differentcontexts. Thus, the semantic meaning (i.e.,the role)ofan objectcan onlybe determinedinregard toa particularcontext(i.e.,together withthe correspondingabstractionrelationship).Asa consequence, objectdescriptionsmayembody both classification/generalization and association as well as aggregation properties. The criterionto be analyzed here is therefore related withthe number of differentdescriptions which may be integrated intoone single object, i.e., howmay different kinds of roles an object is allowedto play(Figure11).Systems allowingforobjects withjustone rolenecessarily make a strictdistinctionbetween ’regular’objects representing data (e.g., instances) and ’meta’objects describing other objects (e.g., classes). RelationalDBS,forexample, definethe roleofan objectregardingwhether itis part ofthe DBor ofthe DBschema. (Here, we are consideringthe contents ofthe DBschema as objects, too).Inother words, relationalDBSdo not allowforan integrationof several abstraction roles intoone single object of the model: objects are either instances (when part of the DB)or classes (when part of the DBschema). Consequently, the representation of real worldentities having several abstraction roles have to be spread out among several objects ofthe model,and the system has no wayto recognize the tightconnection existingamong them. (Forexample, between the tuple withprimarykey 'refrigerator'inthe relation 'productsof company X'and the relation 'refrigerator'in whichevery refrigeratorproduced by companyXisstored.) Additionally,since objects mayplayone singleroleand there isa clear distinction between classes and instances, no ways to allowforchanges on the kindsofroles ofan object during its life time can be provided. Incontrast to relationalDBS,systems allowingforobjects withdifferentroles providea more integrated viewofabstraction concepts. The more integrated such viewis, the more informationabout a real world entitymay be concentrated intoone object ofthe model.Thishas an additionaladvantage. Byconsidering all abstraction concepts together, descriptions of one concept can use the specificationof the

- 31 - others, enabling much richer and more precise descriptions of worldentities. In this way, objects can be conciselydescribed withoutlosingthe necessary flexibility,and some classical errors provokedby the introductionofredundancy can be avoidedbyreducingthe amount ofrepetitioninthe descriptions. Nevertheless, not allsystems providingobjects withseveral kindsofroles allowfora free combination ofsuch roles. Inorder to reflectthisfeature, we have introduceda criteriato measure the degree ofrole combinations.Ingeneral, systems prohibitthe combinationofclass and instance rolesat the same time. In ORION,for example, instances may be either components of other objects or aggregates but not classes. On the other hand, Smalltalk,GemStone, and ONTOSforexample, present an exception by permittingclasses tobe instances ofso-calledmeta-classes. Thatis, itstillmakes a distinctionbetween classes and instances but enables a combinationofclass and instance roles (at least) on the class lev- el. Anotherimportantobservation introduced as a criteriain Figure 11 considers the kindof changes allowed on the roles of the objects. The feature static means that an object must keep the role that is givenat its creation unchangeable. Since ORIONallowsforthe definitionofaggregates dynamically,it supports dynamicchanges ofobject roles. (Notehoweverthat inORIONthis is restricted to the roleof aggregates and parts and not to instances and classes.) The finaland most flexibleapproach is to enable a free combinationofabstraction roles. Systems supportingthis do not differentiatebetween data and meta-data, thereby treating all objects in the same way although itexactlyknows the semantic meaning of each one in every particularcontext of an abstractionconcept. Forthisreason, itis therefore possible to applyoperations to classes justas they are applied to instances, so that any kindof dynamicchanges are allowed.(Note that systems providing such an issue can be used as a kind of modeling tool as is the case of KEE and KRISYS).

4.4.2 Handling the Object Structure

Concentratingseveral roles intojust one object has, however,some furtherimplications.For example, objects playingthe role ofa set and a class at the same timewillalso pass on the set properties to its instances. This is, clearly,not desirable. To avoid this problem, it is importantto differentiateset and class properties (those definedforthe instances) inorder torestrictinheritancetoclass properties. This is achieved insome systems byincludinga propertytype (instance or own)associated witheach property. In this way, instance properties are those concerned withclassification/generalizationand own properties those withthe association. Instance properties are therefore inheritedsince they describe

- 32 - characteristics of the instances of a class, whileown properties are not inheritedsince they describe characteristics of the set objects themselves. Inthe case that an objectplays the roleofa class inone contextand ofan instance inanother, itis also importantto avoidinheritanceofinstance properties. Clearly,properties whichare inheritedby the object in the second context because it is an instance should not be furtherinheritedin the firstcontext where it is a class since they describe characteristics of the object related onlyto its existence as an instance. Because ofthis,such systems generalize the meaning ofthe own-propertiesbynotrestricting them to the association concept. Therefore,ownproperties express properties ofany objectitself,e.g., an instance ora set. (InSmalltalk,such ownand instance propertiesare denoted respectivelyclass and instance variables.) By combiningaggregation withthe other concepts, it is also importantto distinguishthe aggregation properties fromthe other properties ofthe objects since values ofaggregation properties are to be interpreted as other objects ofthe model.Asa consequence, some systems introduceinthe description ofeach object property(inadditionto the type ownor instance) an indicationas to whether a property describes an aggregation relationshipornot.KRISYS,forexample, indicates part-ofproperties as nonterminalones since theirvalues correspond toother objects ofthe model,whereas the other ones (generalization/classificationand association properties)are denoted as terminalproperties. (Similardifferentiation is also made by ORION).

4.4.3 Handling Specifications

In additionto explicitspecificationconcepts itis conceivable to apply also implicitspecificationthat is based on e.g. rules ortriggers.Ina firststage we can thinkofthose implicitspecificationconcepts being appliedat the attributelevel.Instead ofexplicitlysetting the attributevalue, we mightgivea ‘derivation’ (or’derivationrule’)that, ifperformed,produces the actual attributevalue. Forexample, support forderivedattributesisa mainfeature ofthe CACTISsystem [25],where any attributecan have attributeevaluationrules associated that describe howthe attributevaluecan be derived,and that are (re-)evaluated when the object is referenced. POSTGRES embeds either a QUELquery, a single procedure or even a trigger/rule,and KRISYSoffersa generic demon concept forthat purpose. Further implicitspecificationconcepts have already been mentioned before. One example is the transitivityof class instances that is implicitlyexpressed by the transitivityruletellingthat the instances ofa class are also instances ofthe class’superclass as wellas instances ofitssuper-superclasses and so on;the same implicittransitivityapplies forassociation and aggregation abstractions. Insection 4.1.2.1 we have termed the relationships resulting fromthat transitivityimplicitor virtualrelationships. Another example also men-

- 33 - tioned before are membership stipulationsthat can be used to automaticallyinsert elements (or sets) into their sets implicitly setting the corresponding association relationships (cf. section 4.2.1). Automaticclassificationofinstances intotheircorrespondingclasses as wellas automaticsubsumption of classes intothe class hierarchyare examples of implicitspecification,where the system knows the ‘insertionrules’to be applied. These concepts mainlystem fromthe area of modelingtools and are mostlyapplied by systems based on KL-ONE[14]as e.g. KRYPTON[9].In additionto these implicit specificationconcepts wecan also perceive explicitones. Forexample an explicitclassificationruletellingthat a person withage less than 20 has to be classifiedas a teenager, i.e., inserted as an instance ofthe teenagers class. Anotherkindofexplicitclassificationrulemightbe exemplifiedbythe ruletelling that all(directas wellas indirect)instances ofclass trucksthat have a loadingcapacityofmore than 10 tons are as well elements of the set called ‘potentially military vehicles’. Thislast example is veryclose to what viewsare used to, i.e. intentionalclasses based on viewdefinitions.Infact,there are OODBMSs,likethe COCOONsystem [49],where a viewconcept is used to implicitlydefine a class that is then automaticallyinserted into the class hierarchy. As other declarative approaches we can viewthe Frame-logic[31]that integrates objects, predicates, and rules as wellas the rule-based approach towards a deductive object-oriented database language reported in [2].

Figure 11: Integration of abstraction roles

number of

representation of

degree of

• relational model • C++, Eiffel • MAD • O2, POSTGRES data and meta-data

• Smalltalk • Gemstone • Iris, ONTOS

• ORION • KRISYS • KEE kinds of role

role combination

changes on the kinds object

one

distinguished

none

no integrated

unrestricted

dynamic distinguished

restricted

dynamic several

static of roles of objects

- 34 -

4.5 Query Languages

Originally,object-orientedsystems have been designed withoutany ad hoc query facility.Designers considered itto be irrelevant,because a richset ofmethods should be availableto retrieveand access objects. Thisisparticularlyjustified,ifclasses, sets and aggregates are themselves managed as objects withtheir own set of methods, e.g. a select method available on each class (ORION[Kim89],OPAL/ GemStone [37]).However,not everythingcan be easily assigned to a class; consider the equivalentof the famous relational joinoperation. In [21]it is shown why associate retrieval is difficultto support throughmethods onlyand advantages ofan embedded query and manipulationlanguage are demonstrated. Additionally,as pointed out in [8],a query language should be easy to use and need not be computationallycomplete; itwillbe used to retrievedata withouthavingto writea program. For example, ONTOSprovidesits Object-SQLas a report generation toolas wellas an ad hoc query language. Ifclasses, sets, and aggregates are represented as objects themselves, theirmethods can providethe power of a query language, otherwise the facilitiesof a query language must be providedby the runtime system. Aninterestingquestion is whether query formulationshould be allowedto break encapsulation. While this is the case in O2, itis not in ORION.The argument given in [8]does not give proper attention to state-reporting methods, so we would consider the decision still a matter of taste.

5. Conclusion

This paper should be viewed as a firstattempt to sort the large varietyof concepts related to objectorientationin the database field.The goal was not to add yet other definitionsof object-orientedcon-cepts, buttoidentifyexistingrelationshipsamong these basic concepts that allowone tocoverand classifyvariousconceivablecombinationsofthese conceptual buildingblocks.Thus, the maincontribution is the revealingofdependencies and degrees of freedom among the concepts, incontrast to manyother papers that onlylistthem side byside. Thismakes visiblenumerous ways to compose differentshades of object-orientationleading to alternatives encountered when constructing object-oriented systems. Weare certainlyaware ofthe factthat some classificationtrees couldhave been refinedand discussed inmore detail.Butwe hope to have reached a state ofexpertise that makes the reader sensitive forthe existence ofthese alternatives and encourage himor her to question the meaning ofubiquitousphras- es. Throughoutthe paper, we have revealed a lotof concepts that are related to each other. Sometimes even concepts fromdifferentareas show some dependencies. For example, the concepts oflate bind-

- 35 - ing,overloading,overriding,kindofinheritance,and message concept defineone ofthose ’dependency’groups: one importantusage of generalizationhierarchies is modelingof subclasses through specializationofthe superclasses’ attributes and methods. Ofcourse, this is possible onlyifdefaultinheritance and overridingare valid.Furthermore,overridingprovokesoverloading,whichinturnimplieslate bindingassuming that changes occur before runtimeand also assuming that messages have variable selectors or receptors. Note that in this case the language to specifymessages mightinfluencethese dependencies: ifthere are onlyconstants allowedto specifyselector and receptor, then itis the case forearlybinding.On the other side, strictinheritanceimpliesno overriding,and overloadingis reduced to onlyname conflicts,leavingearly or late bindingup to the language used to specifymessages. Another group ofconcepts worthmentioningconsists ofthe concepts set, class, or type. Thisgroup is different because itcomprises concepts that should be treated independent, i.e., orthogonal,froman abstractionpointofview,thus definingdegrees offreedom.Thisis true despite the apparent dependency of set elements normallybeing instances of (not necessarily) the same class. For example, when the elements ofa set are defined to be the instances ofthe root ofa generalizationhierarchy,then the instances ofthe correspondingsubclasses are automaticallyelements, too.Since these instances belong to differentclasses normallyshowingdifferentclass structures, the set defined is trulyheterogeneous. Automaticprojectionofthose instances to the class structure ofthe rootis not a set property,instead it belongs to the semantics ofclassificationand generalization.Ingeneral, we have argued foran orthogonal integrationofthe abstraction concepts allowingfora jointusage and mutualexploitationofthe abstractionconcept properties.InFigure11, wehave classifiedsome existingsystems and prototypesaccordingto theirabilityto integrate the abstraction concepts. There, itis evidentthat the systems that do fullyintegratethe concepts inan orthogonalwayare mostlymodelingtools,e.g., KEEand KRISYS.The other side ofthe spectrum where the concepts are kept separate, i.e., notintegrated, is taken bymostly database systems, which historically emphasize data management and not modeling. Inclassifyingsome well-knownsystems and prototypesfromdifferentareas (mainlyfromprogramming languages, knowledge engineering, and database systems), we have illustratedthe effectiveness of thisapproach. Froma high-levelview,ourexpectations were fulfilledbecause most systems presented expected properties. For example, those with programming language background are traditionally strong inproceduralsupport (i.e.,distinctivemethod properties, cf.Figure4) and encapsulation (Figure 2). Theyare not as good inapplicationmodelingas the knowledgeengineering systems. For that end, knowledgeengineeringsystems provide,beyondproceduraland declarativeproperties,manyconcepts and features (i.e.,structuralproperties)that allowforprecise and flexiblemodeling(cf.chapter 4, Figure 11). On the other side, systems withdatabase background were targeted towards plainbut sufficient modelinginorder to provideefficientdata management. Thisbecomes especiallyobviousinFigure11 where these systems do not allowforintegrationoftheirfew(and sometimes restricted, cf.chapter 4)

- 36 - abstraction concepts whichprohibitsthe mutualexploitationofthese abstraction properties resultingin weak modeling capabilities. However,our classificationhas also revealed some surprises duringour investigationof specificsystems. Forexample, KEE,being a well-knownand heavilyused modelingsystem, allowsforquitesome modelingflexibilitybecause itsupports integrationofitsabstractionconcepts combinedwithmanyways ofchanging the structures defined (Figure5 and Figure6). But,a detailed investigationofKEEclearly reveals that there are stillimportantthingsmissinginordertohave fullmodelingflexibility.Forexample, inKEEthere is no support foraggregation and onlya restricted kindofassociation (cf.chapter 4). This is even more surprisingbecause some systems comingfromthe database area (e.g., the complexobject data models) do already support aggregation directlyand association through theirviewconcept. Anothersurprise was Smalltalk.As already mentioned above, Smalltalkis quite strong in procedural properties due to its originfromthe programminglanguage area. But on the other side, since these kindsofsystems are knownfortheirsupport of(software)reusability,itis verysurprisingthat Smalltalk does not support defaultinheritance(Figure6) and overriding.Inadditionto this,Smalltalkhas no type supportsince there isno aspect description(Figure3).The absence ofsome importantabstractionconcepts (aggregationand association) and some restrictionsinclassification(Figure5)and generalization (Figure 6) causes only a limited modeling capability. Allin all, we do not want to judge any system mentioned - this is up to the reader, who may use our classificationtrees to make this judgement. Itis neither our purpose to analyze the relativeimportance ofthese concepts, because this is applicationdependent. We believe that what is required by one applicationarea not necessarily has to be supported foranother one. Inaddition,not necessarily the most ’powerful’system (in terms of concepts) is the best. In contrast, more concepts result, in general, in more compleximplementations,worse performance, difficultiesinunderstanding, inappropriateusage, etc. Therefore,we have investigatedthe concepts froma neutral pointofview,presenting (butnot evaluating)several degrees ofobject-orientation.Classifyingan applicationintoourclassificationtrees reveals the characteristics of a desired system, whichin turn defines the prerequisites forits implementation, representation, and optimizationissues. Implicationsand consequences of the chosen issues are beyond the scope of the paper and therefore left for future research.

Acknowledgment

The helpfulcomments ofS. Deßloch,L.Golendziner,E. Rahm, and U.Schreier are gratefullyacknowledged. Further we wouldliketo thank the referees fortheir suggestions that considerably helped improving the paper.

- 37 -

References

[1] Abrial,J.R.: Data Semantics, in:Data Management Systems, (eds.: Klimbie,J.W., Koffeman, K.L.), North-Holland Publ. Comp., Amsterdam, Netherlands, 1974.

[2] Abiteboul,S.: Towards a DeductiveObject-OrientedDatabase Language, in: Proc. ofthe 1st Int.Conf.on Deductiveand Object-orientedDatabases, Kyoto-Japan, Dec. 1989, pp. 419-438.

[3] Agha, G.: Semantic considerations in the Actorparadigm of concurrent computation, in: Seminar on Concurrency(eds.: Brookes,S.D., Roscoe, A.W.,Winskel,G.),LectureNotes in Computer Science No. 197, Springer-Verlag, 1985, pp. 151-179.

[4] Agha, G., Hewitt,C.: Concurrent Programmingusing Actors,in: Object-orientedConcur-rent Programming (eds.: Yonezawa, A., Tokoro, M.), MIT Press, 1987, p. 37.

[5] Atkinson,M.,Bancilhon,F., DeWitt,D., Dittrich,K.,Maier,D., Zdonik,S.: The Object-Ori-ented Database System Manifesto,in:Proc. ofthe 1st Int.Conf.on Deductiveand Objectoriented Databases, Kyoto-Japan, Dec. 1989, pp. 40-57.

[6] Bancilhon,F., Object-OrientedDatabase Systems:, in:Proc. of7thACMPODSConf.,Austin, TX, 1988, pp. 152-162.

[7] Bobrow,D., Collins,A.(eds.): Representation and Understanding, AcademicPress, New York, 1975.

[8] Bancilhon,F., Cluet,S., Delobel,C.: AQuery Language forthe O2 Object-OrientedData-base System, in: Proc. 2nd Int. Conf. onDatabase Programming Languages (Shalishan, 1989), pp. 122-138.

[9] Brachman, R.J., Fikes, R.E, Levesque, H.J.: KRYPTON:AFunctionalApproachto Knowledge Representation, in: Computer, Vol. 16, No.10, Oct. 1983, pp. 67-73.

[10] Borgida, A., Mylopoulos,J., Wong, H.K.T.:Generalization/Specializationas a Basis for Software Specification, in: [11], pp. 87-114.

[11] Brodie,M.L.,Mylopoulos,J., Schmidt,J.W.(eds.): On ConceptualModelling(Perspectives fromArtificialIntelligence,Databases, and ProgrammingLanguages), Topics in Information Systems, Springer-Verlag, New York, 1984.

[12] Brodie,M.L.,Mylopoulos,J. (eds.): On KnowledgeBase Management Systems (Integrating ArtificialIntelligence and Database Technologies), Topics in InformationSystems, Springer-Verlag, New York, 1986.

[13] Bobrow, D.G., Stefik, M.: The LOOPS Manual, Xerox PARC, Palo Alto, CA, 1983. [14] Brachman, R.J., Schmolze, J.G.: AnOverviewofthe KL-ONEKnowledgeRepresentation System, in: Cognitive Science, Vol.9, No. 2, 1985, pp. 171-216.

[15] Borgida,A.:Survey ofConceptual ModelingofInformationSystems, in:[12],pp. 461-470. []16 Carnegie Group Inc.: Knowledge Craft CRL Technical Manual, Version 3.1, Carnegie Group, 1987.

[17] Chen, P.P.: The Entity-RelationshipModel-Towarda UnifiedViewofData, in:ACMTransactions on Data Base Systems, Vol.1, 1976, pp. 9-36.

[18] Date, C.J.: AnIntroductionto Database Systems, Vol.1 and Vol.2, 3rd edition,Addison- Wesley Publishing Company, Reading, Mass., 1983.

- 38 -

[19] Dadam, P., et al.: ADBMSPrototype to Support Extended NF2-Relations:AnIntegrated Viewon Flat Tables and Hierarchies, in: Proc. ACMSIGMODConf., Washington, D.C., 1986, pp. 356-367.

[20] Deux, O., et al.: The O2 System, in: Communicationsof the ACM,Vol.34, No. 10, Oct. 1991, pp. 34-48.

[21] Orenstein,J., Bonte,E.:TheNeed fora DML:Whya libraryinterfaceisn’tenough, in:handout to OODBTG Workshop, Ottawa, Canada, Oct. 23, 1990, pp. 83-94.

[22] Fishman, D.H.,Annevelink,J., Chow,E., Connors, T.,Davis,J.W.,Hasan, W.,Hoch,C.G., Kent, W., Leichner, S., Lyngbaek, P.Mahbod, B., Neimat, M.A.,Risch, T., Shan, M.C., Wilkinson, W.K.: Overview of the Iris DBMS, in: [30], pp. 219-250.

[23] Fikes, R., Kehler,T.:The Role ofFrame-based Representation inReasoning, in:Communications of the ACM, Vol. 28, No. 9, Sept. 1985, pp. 904-920.

[24] Goldberg, A.,Robson, D.:Smalltalk-80- The language and Its Implementation,Addison- Wesley Publ. Comp., Reading, Massachusetts, 1983.

[25] Hudson, SE, King,R.:Cactis:EfficientSupportofFunctionally-definedData inCACTIS,in: Dittrich,K.,Dayal,U.,Buchmann,A.(eds.) OnObject-OrientedDatabase Systems, Springer, Topics in Information Systems, 1991, pp. 341-356.

[26] IntelliCorpInc.:The KnowledgeEngineeringEnvironment,IntelliCorp,MenloPark, California, 1984.

[27] Kim,W.,Bertino,E., Graza, J.F.: Composite Objects Revisted, in:Proc. ofACMSIGMOD Conf., Portland - Oregon, 1989, pp.337-347.

[28] Khoshafian, S.,Copeland, G.: Object Identity, in: Proc. OOPSLA’86. [29] Kim, W., et al.: Features of the ORION Object-Oriented Database System, in: [30]. []30 Kim,W., Lochovsky,F. (eds.): Object-OrientedConcepts, Applications,and Databases, Addison-Wesley, 1989.

[31] Kifer,M.,Lausen, G.:F-Logic:AHigher-OrderLanguage forReasoning AboutObjects, Inheritance, and Scheme, in: Proc. of ACMSIGMODConf., Portland - Oregon, 1989, pp. 134-146.

[32] Lieberherr,K.J.,Holland,I.M.:AssuringGoodStyleforObject-OrientedPrograms, in:IEEE Software, Sept. 1989, pp. 38-49.

[33] Lieberman,H.:Object-orientedprogramminginActI.,in:Object-orientedConcurrentPro-gramming (eds.: Yonezawa, A., Tokoro, M.), MIT Press, 1987, p. 41.

[34] Linnemann,V.,et al: Design and Implementationofan ExtensibleDatabase Management System SupportingUser DefinedData Types and Functions,in:Proc. ofthe VLDB88, Los Angeles, 1988, pp. 294-305.

[35] Lorie,R., Kim,W.,et al.:SupportingComplexObjects ina RelationalSystem forEngineering Databases, IBM Research Laboratory, San Jose, CA, 1984.

[36] Lyngbaek,P., Kent,W.:AData ModellingMethodologyforthe Designand Implementation of InformationSystems, in: On Object-OrientedDatabase Systems (eds.: K.R.DittrichU. Dayal, A.P. Buchmann), Springer-Verlag, Topics in InformationSystems, Berlina.o. 1991, pp. 207-227

- 39 -

[37] Maier,D.,et al.:Developmentofan object-orientedDBMS,in:Proc. OOPSLA’86,pp. 472- 482.

[38] Mattos,N.M.:AbstractionConcepts: the Basis forData and KnowledgeModeling,ZRIResearch Report No. 3/88, Universityof Kaiserslautern, in:7th Int.Conf.on Entity-Relation-ship Approach, Rom, Italy, Nov. 1988, pp. 331-350.

[39] Mattos,N.M.:KRISYS-AMulti-LayeredPrototypeKBMSSupportingKnowledgeIndependence, ZRIResearch ReportNo.2/88,UniversityofKaiserslautern,in:Proc. Int.Computer Science Conference - ArtificialIntelligence: Theory and Application,Hong Kong, Dec. 1988, pp. 31-38.

[40] Mattos,N.M.:AnApproachto KnowledgeBase Management - Requirements, Knowledge Representation, and DesignIssues, Ph.D.Thesis, ComputerScience Department,University of Kaiserslautern, April 1989.

[41] Meyer, B.: Object-orientedSoftware Construction, InternationalSeries in Computer Science, Prentice Hall, 1988.

[42] Mitschang, B.: A Molecule-AtomData Model for Non-Standard Applications- Requirements, Data model Design, and ImplemlentationConcepts (inGerman), DoctoralThesis, University of Kaiserslautern, Computer Science Department, Kaiserslautern, 1988.

[43] Mitschang,B.: Extendingthe RelationalAlgebrato Capture ComplexObjects, in Proc. of 15th VLDB Conf., Amsterdam, The Netherlands, 1989, pp. 297-305.

[44] Nierstrasz, O.M.: A Survey of Object-Oriented Concepts, in: [30], pp. 3-21. [45] Olle, T.W.: The Codasyl Approach to Data Base Management, Wiley & Sons, 1978. [46] Ontologic Inc., ONTOS Developer’s Guide, Version 2.01, Billerica, Mass., May 1991. [47] Paul, H.-B.,Schek, H.-J.,Scholl,M.H.,Weikum,G., Deppisch, U.:Architectureand Implementationofthe Darmstadt Database KernelSystem, in:ACMSIGMODConf.,San Francisco, 1987, pp. 196-207.

[48] Rosenthal, A.,Heiler,S., Manola,F., Dayal,U.:QueryFacilitiesforPart Hierarchies:Graph Traversal,SpatialData, and Knowledge-BasedDetailSupression, Research Report,CCA, Cambridge, MA, 1987.

[49] Scholl,M.,Laasch, C., Tresch, M.:UpdatableViewsinObject-OrientedDatabases, in:2nd Int. Conf. on Deductive and Object-Oriented Databases, Springer-Verlag, LNCS 566, 1991, pp. 189-207.

[50] Stonebraker, M.,Rowe, L.A.:The Design of POSTGRES, in:Proc. ACMSIGMODConf., Washington, D.C., 1986, pp. 340-355.

[51] Stroustrup, B.: An Overview of C++, in: SIGPLAN Notices, Vol. 21, No. 10, Oct. 1986. [52] Stonebraker, M.et al.: Third-GenerationData Base System Manifesto,MemorandumNo. UCB/ERL M90/28, April 1990.

[53] Wegner, P.: Concepts and Paradigms of Object-OrientedProgramming,in: OOPS Messenger, Vol. 1, No.1, ACM Press, 1990.

[54] Winston, P., Horn, B.: LISP, in: 2nd edition, Addison-WesleyPubl. Company, Reading, Mass., 1984.