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Abstract

Semantigelationshipsthoseclass-to-clasgonnections
that carry inherent support for constaints and various
otherfunctionalities play an importantrole whenbuilding
informationmodelsfor applications. Thisis true whether
oneemploystraditional data modelingtechniques knowl-
edge-representationanguages, or object-orientedmodel-
ing methodolgies. An exampleof sud a semanticrela-
tionshipis the part-wholerelationship.In fact, mostof the
popularobject-orientednodelingappmadiesincludesud
constructsin their repertoie of data modelingprimitives.
However, commecial object-orienteddatabase(OODB)
system®rdinarily do not provide built-in supportfor them.
In this paper we presenta methodolgy by which a seman-
tic relationshipcanbeincorporatedinto an existingOODB
systemAt first,wegivean overviev of thegeneral method-
ology for carrying out this integration task. Then,in order
to ground our work in a real systemwe showthe addi-
tion of a part-wholesemanticrelationshipto the ONTOS
DB/Exploer OODB manajementsystem.This implemen-
tationis currentlyup andrunning andan exampleapplica-
tion demonstating its useis availableon the \Weh

1 Introduction

Semantiaelationshipgplay a centralrole in building in-
formation modelsfor applications. This is true whether
one is using traditional modeling techniqueslike SDM
[18] and extendedER [10, 11], knowledge-representation
languagessuchas Telos [27] and K-Rep [25], or object-
orientedmodeling methodologiesncluding OMT [5, 36]
and Coad/Nourdon [8]. By “semantic relationship” we
meanmorethanjustanamedinaryrelationshighatcanbe
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modeledasa link (pointer)betweerobjectclassesr cate-
gories. Sucha relationshipcarriesadditionalsemanticsn
the form of constraintsand variousotherfunctionalities—
suchasinheritance operationpropagationor specialized
guery capabilities—thatllow it to more preciselymodel
theenterprisef interes{38, 41]. Someexamplesof seman-
tic relationshipsarethe part-wholerelationship4, 16, 28],
ownership[42], materialization21, 34], androle-of [12].
We will concentraten the object-orientednethodologies
andobject-orientedlatabaséOODB) systemdbecause¢hey
arecommerciallymostwidely available.

While popularobject-orienteanodelingtechniquesuch
asOMT, UML [39], and Coad/Yourdoninclude semantic
relationshipsfew, if ary, commercialDODB systemgro-
vide intrinsic supportfor their use. This engenderghe un-
acceptablesituationwherein orderto gain persistencdor
an application,someof its sophisticatiorin modelingthe
enterpriseof interestmustbe givenup. This directly con-
tradictsthe promiseof OODBsfor improved modelingof
applications.

In this paper we presenta methodologyfor incorpo-
rating semanticrelationshipgnto the repertoireof built-in
modelingprimitivesprovided by OODB systems.The un-
derlying objectmodel of sucha systemis extendedto in-
cludeadditionalsemanticghatbringit in line with thevar-
ious modelingtechniques.Whendevising our integration
methodology we imposedtwo major restrictions: (1) It
shouldnot causea majorupheaal in theunderlyingDODB
system(2) It shouldnotradicallyaltertheenvironmentthat
an applicationdeveloperis usedto working in. For exam-
ple, it mustnot introduceexotic syntaxinto the datadefi-
nition languaggDDL) andthe preferreddatamanipulation
languaggDML) of the OODB system.

Our methodologyaugmentghe OODB systems$ meta-
dataschemgsometimegalledthe “metaschemabr, more
commonly the “data dictionary”) and an application-leel
schemawith two additionalobjectclasses.The first class
supplementshe datadictionaryand providesrun-timeac-
cessto knowledgeaboutoccurrence®f the semanticre-



lationshipof interestappearingn a given OODB schema.
The secondclass,provided aspart of an OODB's classli-
brary, is usedto enhancehe structureandbehaior of ob-
jects(instancespf classeshatareconnectediatheseman-
tic relationship.In this manneythe objectsof the database
will exhibit functionality befitting participantan the given
semanticrelationship. In the caseof the part relationship,
for example,the objectswill behae like partsandwholes.
For the ownershiprelationship,the objectswill act like
ownersandpossessions.

It isimportantto notethattheincorporatiorof asemantic
relationshipnto an OODB via our approactrelievesappli-
cationdesigner®f agreatdealof tediouswvork. No burden-
somehand-codingf integrity checkgfalls ontheshoulders
of adesignemwho is interestedn modelingwith, say parts
andwholes. The designermakes a declaratve specifica-
tion of the desiredpart/wholesemanticsand canthenrest
assuredhatit is properlymaintainedhroughouthe entire
life-time of the OODB. A “part” or “whole” objectwill ex-
hibit appropriatdoehaior fromthemomentt is instantiated
by oneapplicationuntil thetime it is eventuallydeletedby
another

To groundour work in a real system,we will demon-
stratethe introductionof a part relationshipinto the ON-
TOS DB/Explorer (“ONTOS” for short) [30, 31], a com-
mercially available OODB managemengystem. This im-
plementatiorhasbeencompletedandis currently up and
running. A demonstratiorapplicationemploying the ON-
TOSpartrelationships ontheWeb[32]. Ourimplementa-
tion demonstratethata semantiaelationshipcanbeadded
to an OODB systemwithout causinga fundamentalup-
heaval andwithout drasticallyalteringits familiar develop-
mentervironment.

We have previously presentednalternatemethodology
for integratingsemanticrelationshipsnto OODB systems
[17]. Thattechniquehadthe muchmorestringentrequire-
ment that the OODB systeminclude supportfor “meta-
classes’asdefinedin [19, 20]. Most commercialsystems,
suchas ONTOS, ObjectStore[22, 29, 37], Versant[40],
etc.,do not have sucha mechanismA meta-objecproto-
col hasbeenusedfor theinclusionof semantiaelationships
in CLOS [21]. An extensie discussionof semanticrela-
tionshipsandtheir role in datamodelingcanbe foundin
[38]. Theset-membershipelationshig26] hasbeenshovn
to have a significantbearingon the definition of semantic
relationships.

The treatmentof userdefined relationshipsas “first-
class” constructsin OODBs was expoundedin the semi-
nal paperof RumbaugH35], andwasextendedby [3] and
[9], bothof which permitadditionalconstraint®ntheuser
definedrelationships.Therelationshipconstructof [3] has
beenincludedin the Fibonaccilanguagg2], while that of
[9] hasbeenimplementedn ADAM [33], a Prolog-based

OODB system. The SORAC model[24] utilizes relation-
shipsasa meandor specifyingconstraintson designsn a
knowledge-based/objefitamawvork. In contrasto this pre-
viouswork, we arenot introducinganothermodel of rela-
tionshipsfor OODB systems Our goalis to presenta gen-
eralmethodologythat canbe utilized for theincorporation
of semantiaelationshipsnto awide rangeof commercially
available OODB managemensystemswithout drastically
alteringtheir customaryworking ervironments.

The restof this paperis organizedasfollows. In Sec-
tion 2, we give a brief overview of the partrelationshipand
of ONTOS. Section3 presentour methodologyfor incor-
poratinga semantiaelationshipinto OODB systemsAfter
that,in Sectiond, we discusghe specificcaseof addingthe
part relationshipto ONTOS. Conclusionsappearin Sec-
tion 5.

2 Background
2.1 Part-Whole Semantic Relationship

In previouswork [13, 14, 16], we have developedacom-
prehensie part-wholesemantigelationship“part relation-
ship”) for OODB systems. This relationshipcan be used
by a designerto correctly capturethe proper part-whole
semanticsbetweenvarious objectswithin an application.
Thedesignesimply specifiesn adeclaratvefashionwhich
semantics—oubf a wide array of choicesavailable for
partsandwholes—isdesired. The burdenof ensuringthe
maintenancef the semanticss thenplacedsolely on the
OODB system.

Our partrelationshipis organizedinto four characteris-
tic dimensionseachof which is responsibldor oneaspect
of the semanticof partsandwholes[13, 14, 16]. These
dimensionsare: (1) exclusiveness(2) multiplicity, (3) de-
pendenyg, and (4) inheritance[15]. In the following, we
briefly describesachof thesein turn.

The exclusivenesslimensionprovides constraintdeal-
ing with the distribution of partsamongwholes. An exam-
ple would be a power boathaving its engineexclusively at
ary onetime: No otherboatwould be allowedto have that
sameenginesimultaneouslyjustaswe would expect.Such
a constraintis calledglobal-exclusivenessOur modelalso
supportsa variationcalledclass-&clusvenesg14], aswell
assharing,wherea given part canbe a constituentof ary
numberof wholesconcurrently

Themultiplicity dimensiorspecifieghenumberof parts,
of a certainkind, that canbe usedin the constructiorof a
whole. For example,a power boatmay be definedto con-
tain up to two engines. On the other hand, lowerbound
constraintdn this dimensioncanbe usedto captureessen-
tiality amongpartsandwholes. The table of contentsand
index maybe modeledasessentiapartsof a book.



The dependencylimensiondealswith the deletionse-
manticsof partsandwholes,i.e., the way the deletionop-
erationis propagatedetweersuchobjects.Thedeletionof
thewholemayimply thedeletionof oneor moreof its parts,
orviceversa.As anexample theexistenceof abicyclemay
be predicatedn theexistenceof a constituenframe.If the
frameis deletedfrom the databasethenso too shouldits
bicycle.

Theinheritancedimensiorspecifiesvhichpropertiesare
inherited by the whole from the part, or the other way
around,andhow the inheritancetakes place. As we have
discussedn [15, 16|, thereis a greatdeal of subtletythat
distinguishepart-wholeinheritancdérom ordinarysubclass
(IS-A) inheritancein OODB schemata. Among the dis-
tinctionsis the fact that part-wholeinheritancehasboth a
schema-leel (i.e., intensionallaspectindaninstance-leel
(i.e., extensionallaspect. A power boat,in generalhasthe
property“horsepaver” by dint of its having enginesa spe-
cific boathasthe horsepaver of the enginethathappengo
beinstalledin it. Moreover, if theboathasmultipleengines,
thenits overallhorsepaveris thesumof the horsepaversof
its engines.

2.2 Agpectsof ONTOS

We have employed ONTOS astheimplementatiorvehi-
cle for the partrelationship. ONTOS usesC++ asits pri-
maryDDL andDML. For this reasonary classdefinitions
or codefragmentshatwe presenwill be specifiedin that
language.

Every schemdor an ONTOS databaseontainsa group
of system-definedtlasses,the instancesof which main-
tain run-time accessiblénformation aboutall application
classes. The ONTOS standardterminologyfor this col-
lection of classeds “metaschema. (Note, however, that
this collection does not truly conform to the notion of
metascheman the senseadefined,e.g.,in [20]. A moreapt
termis datadictionary) Oneof the classesn the groupis
Typeg! which ONTOS usesto supportmanifesttype. An
instanceof Typerepresents singleapplicationclassin the
schema;suchan instancecontainsthe nameof its corre-
spondingclassandotherrelevantinformation. Overall, the
extensionof Type captureghe entire collectionof classes.
Eachobjectin an ONTOS databasés inherentlyendaved
(at creation-time)with a referenceto the instanceof Type
representingts class. As such,ary objectcanbe queried
directlyin orderto ascertairits type.

BeforeanONTOSdatabaseanbepopulateda“schema
load” stepmustbecarriedout. Thisis simplythe procesof
creatingtheappropriatenstance®f Typefor thedatabase’
schemawhich originally residesn sourcefiles in the form
of C++ classdeclarations.

1\we omit the prefix“OC.”

3 Adding a Semantic Relationship to an
OODB System

Our methodologyfor incorporatinga semantiaelation-
shipinto an OODB systemwas influencedby the original
ODMG standard6, 23] asutilized, e.g.,by ONTOS. In
that methodologywhich canbe called persistencevia in-
heritance a specialclassis introduced(in the systemli-
brary) to sene asthe root of the persistenthierarchy It
definesall behaior neededo satisfythe notion of persis-
tence.For example,the classwould typically definea “put
object” methodthatcauseshetargetobjectto bewrittento
disk. Any persistentlassmustbedirectly or indirectly de-
rived from the root persistentlass. ODMG callsthis root
classPersistentObject while ONTOScallsit OC_Object?

In our methodologya specialroot classprovidesall the
functionality necessaryor objectsto participatein the se-
manticrelationshipof interest.For example,in the caseof
thepartrelationshig13, 14, 16|, whichwewill befocusing
onin this paper a classcalled PartWholeObjectvould de-
finemethoddor allowing objectgmorespecifically“parts”
and“wholes”) to establishdissole,andmodify part-whole
connectioneamongthemseles. It would alsofurnishquery
methodshatwould allow flexible retrieval of relatedparts
and wholes. Thesemethodswould be entirely responsi-
ble for ensuringhatary actiity carriedoutwith respecto
the partrelationshipis donein accordanceavith the desired
partsemanticsAs such,noburdensoméand-codingf in-
tegrity checkswould fall onthe shoulderof anapplication
designerThedesignedeclaregheintendedpartsemantics
with theassurancéhatthe semanticsvill be maintainedoy
the OODB system.

In general,for a semanticrelationshipR, a root class
defining its associatedyeneric behaior is addedto the
OODB systems classlibrary. I1ts namewill have the form
R/R-Objectto corvey the factthat objectsparticipatingin
the R (binary)relationshipcanpotentiallydo soin therole
on eithersideof the relationship.For the partrelationship,
the root classis denotedPartWholeObject Objectspar
ticipating in part-wholeconnectionanust be instanceof
classeghat are derived from PartWholeObject Suchob-
jectscanbe partsor wholesor both dependingon the spe-
cific relationships An engine for example,is partof acar,
but anenginecanalsohave its own parts.Hence anengine
is botha partandawholeobject,or, astheroot'snamecon-
veys, an engineis a “PartWholeObject. Of course,some
objectsmay only be parts,andothersmay only be wholes.
In the caseof theownershiprelationshig42], therootclass
would be OwnerOwnedObjectSomeobjectsplay therole
of owner; someplay the role of owned object; and some
may play bothroles.

2We will forgotheprefixandjustreferto it asObjectfrom hereon.



Becauseobjectbehaior associatedavith a semanticre-
lationshipR is specifiedgenericallyat the level of theroot
classit is necessaryhatthe databasschemas R relation-
ships(i.e., the “ R-schema”)be run-time accessible.This
allows for the propermaintenancef the semanticsvith re-
spectto specificR relationshipsFor example,is it accept-
ableto attacha given engineto a given car? Will sucha
connectiorviolate a declaredexclusivenessonstraint?Or
a programmight attemptto attacha doorto anengine! A
consultationof the R-schemawill reveal that no suchat-
tachmentarepermitted.

The database’ R-schemas madeavailableat run-time
by augmentinghe OODB systems datadictionarywith an
additionalclasscalledR-RelationshipEachobjectr thatis
aninstanceof R-Relationshipepresentsxactly oneoccur
renceof the R relationshipappearingn theschemghence,
theclasss name:“R-Relationship”).Overall, the extension
of R-Relationshigs the entire R-schema. Eachobjectr
is, in effect, the formal descriptionof its corresponding?
relationshipcontainingsomedeclaratve form of its seman-
tics. (Notethatthis is consistentvith the commonpractice
of OODB systemswheredatadictionariesoften comprise
classesvhoseinstancesepresenthe variouscomponents
of the OODB schemdike its classesattributes, methods,
etc.) It is not necessaryhat R-Relationshighe an actual
constituenof the systems datadictionary In fact,it could
simply be anotherapplicationclassthatfunctionsin the ca-
pacity of ameta-level class.We make no assumptiorabout
ary specialaccesdeaturedor it.

For the partrelationshipthe datadictionaryclasswould
be PartRelationship Instancesof PartRelationshipwould
eachdenotea single part relationshipin the schema.Such
an objectwould containthe valuesof all its partrelation-
ship’'sdimensionatlata:Exclusvenessinultiplicity, depen-
deng, andinheritance(seeSection2.1 above). We stress
thatin orderto useour methodologyfor a semanticrela-
tionship R, aformal dimensionablecompositiorof R’s se-
manticsis needed.Suchanalyseshave appearedor parts
[13, 14, 16], ownership[42], andmaterializatiof21].

It is importantto distinguishthe purposesof the two
classes R/R-Object and R-Relationship The root class
R/R-Object definesfunctionality for objectsthat are de-
signedto participaten thesemantiagelationshipof interest;
it directly providesthis functionality via ordinarysubclass
inheritance. On the other hand, the classR-Relationship
in the datadictionarymaintainsdetailedinformationabout
eachR relationshipthatappearsn the schema.Eachsuch
relationshipis representeésits own object. This differs
from previousproposal49, 35] in thatactualR-connections
betweenobjectsare not maintainedas objectsthemseles.
Only the schema-leel R relationshipsconnectingpairs of
classesppeain thedatabasén theform of objects(within
thedatadictionary).

In addition to the two classes,our methodologyalso
comprisesa pair of utility programs. The first program
is responsibldor populatingthe extensionof the classR-
Relationship Thatis, it mustloadall informationconcern-
ing R relationshipfrom somesourcespecificationwhich
could be a specialtext file, somediagram,or the OODB
systems$ ordinary classdefinition mechanism(e.g., C++
headerfiles) augmentedo includethe R-schema.We re-
jectedthe latterbecausét impliesa modificationof the es-
tablishedsyntaxof classdefinitions,which couldleadto a
disruptionof system-definedtilities that operateon these.
As notedabove, we prefernot to alterthe customaryoper
ating ervironmentof the system. We chosethe option of
usinga separataext file to hold the entire R-schema.In
generaltheprogramis designated oad-R-Shema For the
partrelationshipjt is calledLoadRartSthema

Thesecondorogramis calledthe R-preprocessoiThere
are typically aspectsof the semanticrelationshipR that
mustbe maintainedirectly in the definitionof classeshat
participatein the R relationship,but cannotbe inherited
from R/R-Object Suchaspectsnay include R’s creation
semanticsand inheritancebehaior, particularlywhenthe
implementationis in the contet of a C++-binding[7] with
the OODB system.In orderto properlyincorporatethese,
it is necessaryo alterthe classdefinitionsthemseles. This
is doneusingthe R-preprocessorWe do not permitthese
alterationgo constituteary specialsyntacticor operational
extensions.Fortunately they areoftenjustthe additionsof
somenew methodswhich canbedonein a straightforvard
manner Our experiencds thatthe preprocessois not dif-
ficult to produce. The R-preprocessotypically needsto
consultthe extensionof classR-Relationship Therefore,
this preprocessastepmustcomeafterthe useof the Load-
R-Shemaprogram.

To summarizepur methodologyfor theincorporatiorof
somesemantiaelationshipR into an existing OODB sys-
temconsistf thefollowing four components.

1. A “root” class, called R/R-Object from which all
classeswhoseobjectsparticipatein the semanticre-
lationshipmustbe derived.

2. A datadictionaryclass,called R-Relationshipthat is
usedto provide run-time accessibilityto the occur
rencesof the semanticrelationshipthat appearin the
OODB schema.

3. A programLoad-R-Shemato load the semantiaela-
tionship schemainformationinto the datadictionary
(with respecto theclassR-Relationship

4. A programR-preprocessothat augmentshe defini-
tionsof classesvhich utilize thesemantiaelationship.

Let us notethatour methodologyonly assumes$wo things
aboutthe underlyingOODB system: (1) It supportsman-



ifesttype[1]. In otherwords, eachobjectin the database
musthave the ability to identify its classwhenqueried.(2)
It permitsmultipleinheritance Thatis, agivenclasscanbe
asubclas®f morethanoneclass.

4 The ONTOS Part Relationship

In this section,we describethe four componentghat
malke up the implementatiorof the partrelationshipin the
contet of the ONTOS OODB managemensystem. We
first discussthe datadictionary classPartRelationshipand
thenthe programLoadRartSdhema After that,we describe
the root classPartWholeObjectandthe Part Preprocessor
This orderingclosely resembleghat in which an applica-
tion designeits likely to encountethe components.

4.1 TheClass PartRelationship

The classPartRelationshipenhanceshe ONTOS data
dictionarywith informationaboutall the partrelationships
appearindn thegivenOODB schemaEachof its instances
denotesxactly onepart relationshipfrom the schema.ln-
formationabouta specificpartrelationshipcanbe obtained
atrun-timeby queryingoneof theseobjects.

Thepublicinterfacefor PartRelationshigs shovnin the
following.? Therewe seeeightmethodsthatpermitaccess
to the valuesof the dimensionalatafor a specificpartre-
lationship. Also notethat PartRelationshids a subclasof
Object makingthe partrelationshipnformationpersistent.

cl ass PartRel ati onshi p: public Object

{
public:

char* partC assNane(void);
char* whol eCl assNane(voi d) ;
excl usi veness_t excl usi veness(void);
int mnMultiplicity(void);
int maxMultiplicity(void);
dependency_t dependency(voi d);
set _of _inherited_properties upSet(void);
set _of _inherited_properties downSet (void);

Thefirst two methodspar t G assNane andwhol e-
Cl assNane returnthe namesof the two classegelated
by the partrelationship namely the partrelationships part
classand whole class, respectrely. Excl usi veness
providesthe value of the exclusivenessdimensionof the
part relationship. Possiblevaluesare GLOBAL _EXCLU-
SIVE, CLASS EXCLUSIVE, andSHARED.

The methodsm nMul tiplicity andnmaxMul ti -
pl i ci ty togethemprovide thevalueof the multiplicity di-
mension.A valueof zerofor the maximummultiplicity is

3For the sale of brevity, we have omitted some additional utility
methods.

interpretedasinfinity, meaninghatthereis noupperbound
restrictionon the numberof parts(from the specificpart
class)thatcangointo theconstructiorof awhole(from the
relatedwholeclass).

The value of the partrelationships dependeng dimen-
sion is retrieved via dependency. Potentialvaluesare
PART_ON_WHOLE (if the whole is deleted,the part is
deletedtoo), WHOLE_ON_PART (if thepartis deletedjts
whole goesaswell), andNIL (indicatinga lack of depen-
deng semanticgor the partrelationship).

Thelasttwo methodsupSet anddownSet , dealwith
theinheritancedimensionof the partrelationship.We use
theterm“upSet”to denotethe setof propertieghatarein-
heritedby a whole classfrom its associategart classin
aparticularrelationship.“Up” denoteghe movementfrom
thepartto thewhole. TheupSetof apartrelationshipcanbe
empty indicatingthat thereis no upward inheritancewith
respecto thatpartrelationship.‘DownSet”is definedanal-
ogously: It is the setof propertiesghatareinheritedby the
part classfrom the whole class. The upSetand downSet
mustbedisjointto avoid circulardefinitions.

According to our theory eachinherited property may
have an associateperatorthat is applied when an in-
stance-to-instandeansferof datavaluesoccurs.In orderto
capturethis, we declarehe elementof upSetanddovnSet
to bepairs(p, o), eachconsistingof apropertynameandan
operator Theinterpretatiorof apair (p, o) in theupSeis as
follows: Propertyp is inheritedby thewhole classfrom the
partclassandtheoperatoro is appliedwhena propagation
of dataoccursbetweera whole andits part(s)with respect
to p. An elementof the downSetis interpretedsimilarly.
Presentlywe provide afixedsetof potentialoperatorgor a
schemalesigneto choosdrom. Theoreticallythough,any
symmetricabperatoiis aviablechoicefor thisrole[13, 15].

4.2 TheProgram LoadRartSdhema

In ONTOS, beforea databaseanbe populatedall the
information aboutthe database schemamust be loaded
into the datadictionaryconsistingof theclassTypg among
others.ONTOS providesa programcalledclassifythatper
formsthis task. It takesasits input C++ headeffiles con-
taining classdefinitionsand createsnstancef Type(and
other classes) effectively loading the entire schemaand
makingit availableatrun-time.

Our programLoadRartSthemaperformsthe analogous
taskof loadingthe partschemanto the databaselt creates
oneinstanceof PartRelationshipgfor eachpartrelationship
thatappearin theschemal oadRartShemais alsorespon-
siblefor doing consisteng checksthatensurea viable part
schema.Theinputto LoadRartSthemais afile, calledthe
“part schemdile,” containingsimpletextual specifications
of all partrelationships.Thesetextual specificationsould



be directly extractedfrom a pictorial representationf the
OODB schema.

Vehicle
manufacturer
vehicleld
Car Boat
/horsepower /horsepower
4\(horsepower) 4\ (+[horsepower])
0.2
Engine
horsepower .

Figure 1. An example OODB schema

An exampleOODB schemagontaininga part schema,
is shavn in Figurel. The schemas drawn usinga vari-
ation of the OMT notation[5, 36]. A classis a rectangle
with its nameinside. The classs attributesarewritten be-
neaththename.A partrelationshipis aline connectinghe
partclasswith the whole class. The latteris distinguished
by a diamondat its end of the line. The schemacontains
four classes\ehicle Car, Boat andEngine Both Car and
Boataresubclassesf \ehicleand,thereforejnheritits two
propertiesmanufactuer andvehicleld Therearetwo part
relationships:OnebetweerEngineandCar, andthe other
betweenEngineandBoat Both exhibit global exclusive-
nessasdenotedy the large X’s adorningthelines. Car's
relationshipwith Engineis single-alued(indicatedby the
hollow ball nearEnging, meaningthata car canhave no
morethanoneengine.On the otherhand,a boatcanhave
up to two engineswhich is denotedby the solid ball near
Engineandthe”0..2” rangevalue.

For concisenesaye have omittedary otherclasseghat
might have partrelationshipgo Car andBoat (asindicated
by theellipsis). We have alsokeptthe numberof intrinsic
propertieslow. \ehicle hastwo of them, as notedabove.
Car andBoatdo not have ary. The classEnginehasone
intrinsic property: the attribute horsepower Both Car and
Boatinherit \iehiclés two propertiesvia ordinarysubclass
inheritance Furthermorethey bothinherit horsepower(as
denotedby the “/” precedingit) via the part relationship.

However, Car'sis an‘“invariant” inheritance:The valueof
the horsepaver for a given car is identically the value of
the horsepaver for its part engine. Boats is an “additive
transformationalinheritance:The horsepaver of a boatis
the sumof the horsepaversof its constituenengineg15].
Thisinformationis corveyedby the“horsepaver” labelson
thepartrelationshiginks in thefigure.

4.3 The Class PartWholeObject

After declaringthata classparticipatesn apartrelation-
shipin the part schemdile, it is thennecessaryo derive
that classfrom the classPartWholeObjegtwhich will en-
dow all instance®f the classwith the behaior requiredto
be partsandwholes.This is truefor classeghatsene only
aspart classeqi.e., leaves of the part hierarchy),only as
whole classeqi.e., roots of the part hierarchy),or asboth
(i.e.,interior nodesof the hierarchy).In practice we expect
thatmostclassewill appeamlsbothpartandwholeclasses
with respectto different part relationshipswith their in-
stance®playingthe simultaneousolesof partsandwholes.
Hencethe name“PartWholeObiject. If aclassis strictly a
leaf (in otherwords, it hasno further part decomposition
of its own), its instanceswill not utilize the functionality
appropriateo wholes,suchastheretrieval of relatedparts.

The definitionsof the classedrom Figure 1 are given
belov, shaving derivationsfrom PartWholeObject

cl ass Vehicle: public Object
{
public:

string manufacturer(void);

voi d set _manufacturer(string aManufact);

int vehicleld(void);

voi d set_vehicleld(int aVehicleld);
b
class Car: public Vehicle, PartWoleObject
{
b
cl ass Boat: public Vehicle, PartWol eQbject
{
i
cl ass Engi ne: public PartWol eObj ect
{

public:

i nt horsepower (void);

voi d set_horsepower (i nt aHor sepower);
b

As mentionedabove, we have omittedintrinsic properties
from thedefinitionsof Car andBoat \Vehiclehastheintrin-
sic propertiesmanufactuer and vehicleld (Note thatthe
classdefinitionsonly displaythe public interfaces hamely



the readerand writer methodsfor the properties.) Engine
hasthepropertyhorsepower It shouldbe notedthatthein-
heritanceof horsepoweiby Car andBoatis notreflectedn
therespectre public interfacesof thoseclassesat the mo-
ment. Thisissuewill bediscussedurtherbelow.

The class\ehicle is definedas a subclassof Object
meaningthat its instancescan be persistent. The classes
Car, Boat and Engine are all definedas subclasse®f
PartWholeObject Thisimpliesthatinstance®f thosethree
classescan participatein part relationshipsand be made
partsandwholeswith respecto eachother—in accordance
with the schema.In otherwords, cars,boats,andengines
exhibit the behaior of partsandwholes.Car andBoatare
additionallysubclassesf \ehicleandinheritits properties.

Due to the subclasgelationshipshetweenCar and Ve-
hicle and betweenBoat and \ehicle we could alternately
declare\ehicleitself to be a subclasof PartWholeObject
In that case,the direct derivationsof Car and Boat from
PartWholeObjectvould be unnecessargsthe two classes
would inherit their part/wholecapabilitiesvia \ehicle We
chosethe above specificatiorto demonstratevhatthe mul-
tiple inheritancefrom PartWholeObjectand anotherclass
would look like. Moreover, if onedefinesvehicleasa sub-
classof PartWholeObjectthenall vehicleswould have the
potentialof beingdecomposeihto partswithin the OODB.
While thatis fine for the schemaas shown, it may not be
desiredf theschemavereexpandedo includeotherkinds
of vehicles.For example,one may wish to includemotor
cyclesin the databasédut not maintaintheir explicit part
decompositionslin that situation,thereis no reasorto en-
dow motorgycleswith part/wholefunctionality.

The public interfacefor PartWholeObject which con-
tainssix methodsis asfollows:

cl ass PartWol eoj ect :

{
public:

Bool addPart (PartWhol eObj ect *aPart);

Bool renovePart (PartWol eCbject *aPart);

Bool repl acePart (PartWol eObj ect *ol dPart,
Part Whol ehj ect *newPart);

set _of _Part Whol eObj ect get Parts(void);

set _of PartWhol eObj ect get Whol es(voi d);

voi d del et eCbj ect (Bool deal |l ocate);

}s

Note thatwe definePartWholeObjectisa subclas®f Ob-
ject As such,all objectsthat are partsand/orwholesare
persistentln thefollowing, we describehe detailsof each
of thesemethods.

The methodaddPar t connectghe given part “aPart”
to the target object. Note thatthe parameteis declaredo
beareferenceo agenerabpart/wholeobject,i.e.,anobject
thathasthe capabilityof functioningin sucharole. It is the
responsibilityof addPar t to ensurethat the type of the

public Object

givenobijectis consistentvith the partschema.For exam-
ple,it shouldnotallow acarto beconnectedo aboat. The
methodmalesits decisionaboutcompatibility by query-
ing the involved whole and (potential) part (hereis where
the manifesttypeis utilized) aswell astheinstance®f the
classPartRelationship In particular it checksfor the ex-
istenceof a partrelationshipwhosepartandwhole classes
matchthoseof the objectsinvolved. If it cannotfind such
apartrelationshipthenit abortsthetransactiorandsignals
afailureto the caller Evenif the two objectsarecompati-
ble, it is still possiblethatthe attachmenbf the partwould
leadto aviolation of eitheranexclusivenes®r amaximum
multiplicity constraint.Thesetoo, arechecledfor by con-
sulting the appropriatenstancesf PartRelationship The
detailsof the algorithmthataddPar t implementscanbe
foundin [13].

The"addpart” operatiorcouldbereasonablattachedo
the partobjector the whole object,or maintainedglobally.
Ourdecisionto placeit exclusively with thewholeobject—
without loss of generality—come$rom our view thatthe
constructionof objectswith respectto part hierarchiess
inherentlya bottom-upprocessintegralwholesarebuilt up
from lowerlevel componenparts. The corverseoperation
“addwhole” is invokedimplicitly by addPart .

RenovePart complementaddPart asthemeandor
dissolvinga connectiorbetweera wholeanda part. In the
casethatthe givenpartis not actuallyattachedo thetarget
whole,therequesis ignored,andthe calleris madeaware
of the failure. The only true failurein this context occurs
whenanattemptis madeto violate the minimummultiplic-
ity specificationof the respectie partrelationship.Again,
this conditionis detectedy queryingthe partrelationship
objectin thedatadictionary

If a partrelationshiphasidentical minimum and max-
imum multiplicities, thenan attemptedemoval of sucha
partis certainto fail. The minimum multiplicity will be
breached.Therefore|n thatcircumstanceit is impossible
to carryoutthe oftendesirableaskof replacingonepartof
thetypewith anothel(with respecto somewhole). To over-
comethis problem,it is necessargyo employ the method
r epl acePar t , which removesthe old partandreplaces
it with the new part (of the sametype)in a singletransac-
tion. Of course the partreplacementouldfail if the new
partis alreadyexclusively ownedby anothemwhole.

The part connectionghat a given objectis involvedin
canbequeriedwith theuseof themethodget Part s and
get Whol es. Eachis definedto returna setof part/whole
objects. The methodget Par t s returnsall the immedi-
atepartsof thetargetobject. If it hasno parts,get Part s
returnsthe emptyset. To obtaina “parts explosion” of an
objectto a certaindepth,this methodcanbe appliedrecur
sively. Get Whol es functionsanalogously

Thelastmethoddel et eObj ect isdefinedin theclass



Objectandis overriddenhere. It is invokedwith respecto

anobjectwhentheobjectis to bedeletedrom thedatabase.

Del et eChj ect encodeshecombinedieletionsemantics
of all the variouspartrelationshipghatthe objectcanpar
ticipatein. More specifically it must: (1) ensurethatthe
deletionof the objectdoesnot violate a minimum multi-
plicity constraint,leaving somewhole without a required
part;and(2) propagatehe deletionof thetargetobjectinto
the deletionof all otherobjectsthataredependenbnit, as
specifiedby thedependengdimension®f ary relevantpart
relationshipg13].

4.4 The Part Preprocessor

Thefinal componenbf thepartrelationshipsoftwarefor
ONTOS s a preprocessathat operaten the classdefini-
tions(i.e., C++ headefiles) of anapplication.The prepro-
cessohastwo primarychoreghatinvolvetheaugmentation
of the definitionsof classegparticipatingin the parthierar
chy: (1) Theinclusionof codethat ensureghe legitimate
creationof partsand wholes; (2) The inclusion of reader
methodsfor the propertiesnheritedvia part relationships.
We discusghesewo issuesn thefollowing.

4.4.1 Creating Partsand Wholes

The semanticsof part relationshipsmust be maintained
throughoutthe entirelife-time of ary objectstartingat its

“birth.” Thecreationsemantic®f thepartrelationshipcom-
prisestwo major constraints.The first concernghe multi-

plicity dimension:No whole shouldinitially have too few

or too mary partsof agiventype. Thesecondconstrainin-

volvesexclusvenessNo whole shouldinitially have a part
thatis alreadyexclusively held by anothemwhole.

In the C++/ONTOServironmentit is difficult, if notim-
possible to extendthe ordinary object-creatiorfacility in
orderto enforcecorrectpart/whole-creatiosemanticsin-
stead the preprocessodirectly installsan “object genera-
tion” (static) methodmake in eachclassof the part hier-
archy This methods parametergredefinedto be thoseof
the classs constructorplus one for the initial setof parts
for the new object. Wheninvoked,make createsanobject
thatis guaranteedo satisfythe part semanticsight at the
outset;if it detectsa potentialviolation, thenit abortsthe
instantiatiorandreturnsNULL to indicatefailure.

The following demonstrateshe use of nake for the
classe€nging Car, andBoat*

(1) Engine *engl
(2) Engi ne *eng2
(3) Engi ne *eng3

Engi ne: : make(300, {});
Engi ne: : make( 1250, {});
Engi ne: : make( 1250, {});

4The setsof partsincludedas agumentsto make would technically
needto be instantiated. We omit this and just use the customaryset
notation.

(4) Car *car = Car::nmake("Chevrolet",
{engl});
(5) Boat *boat = Boat::nmake("Hatteras",
98568, {eng2, eng3});

7417,

At line (1), aninstanceof Engineis createchaving ahorse-
power of 300. The empty bracesdenotethe empty set,
meaningthatno partsareto beinstalledin the new engine
initially. (Our sampleschemandicatesno partdecomposi-
tion for Engine Any partspassedo nmake in this contet
would leadto a failure.) Lines (2) and (3) eachshawv the
creationof anew enginehaving 1,250horsepaver. Line (4)
createsa new instanceof Car (with manugcturerCherro-
let andvehiclelD 7417),andinstalls“engl” asits part. At
line (5), aboatis createchaving thetwo engineseng2” and
“eng3” asparts(andHatterasasits manufcturerand98568
asits ID).
If line (5) waswrittenas:

Boat *boat = Boat::nake("Hatteras",

98568, {engl, eng3});

thenthe creationof the new boatwould have failed dueto
thefactthat“engl” is currentlyinstalledin the car Make
would signalthis by returningNULL.

4.4.2 Part-Wholelnheritance

A propertyinheritedvia a part relationshipshouldbe ac-
cessiblein the sameway thatanintrinsic propertyis. The
applicationprogrammesshouldseeno distinctionbetween
the two. For example,we would like to obtainthe value
of propertyhorsepoweffor the carwe createdabore asfol-
lows.

car - >hor sepower () ;

The problemis that no readermethodfor horsepowerap-
pearsin thepublicinterfacefor Car, eventhoughtheinher
itancewasdeclaredn the partschemdile. Thereforethe
compilerwill flagthis statemenasanerror.

To avoid this problem, the preprocessoaugmentshe
definitionsof ary classeshathave beendeclaredo receve
propertiesvia partinheritance.After the part schemdoad
stepthepreprocessds calleduponto scartheentireexten-
sion of PartRelationshidooking for inheritancesituations.
Whenit findsone, it goesto the properheadefile andadds
anappropriataeademethod.In generalthe form of such
amethodfor aninheritedpropertylookslike:

<property type> <property nanme>(void)

{
}s

/1 Computation and return of val ue here.



The methods namewhich is identicalto the nameof the
inheritedpropertyis obtaineddirectlyfrom thepartschema.
The sameis true for the requiredcomputationwhich we
shav abore in acomment.Thereturntype of this method
(i.e.,theinheritedpropertystype)is obtainedoy examining
the sourceproperty Notethataccesgo inheritedproperty
valuesis done“lazily” (i.e.,ondemand).

In the following, we demonstratéhe way the inherited
propertyhorsepowels accessetbr acarandaboat. It will
be notedthatit is exactly the sameasaccessingrdinary
properties.

(1) cout << car->horsepower();
(2) cout << boat->horsepower();

At line (1), the valueprintedis 300, thevalueof the horse-
power of “engl” which is currentlyinstalledas car’s part.

Ontheotherhand line (2) produce<,500becaus¢heboat

hastwo engines,‘eng2” and“eng3; andthe valueis de-

fined to be the sum of the horsepaversof the constituent
engines.

5 Conclusion

We have presentec methodologyfor incorporatingse-
manticrelationshipsnto anexistingOODB systenthatwas
not originally built to supportthem. The methodologyis
valid for mosttarget OODB systemsijt assume®nly that
thesystemsupportsnultiple inheritanceandmanifestype.
One other assumptionis an existing formal dimensional
characterizationf the semantiaelationshipof interest.

In orderto demonstrat¢heviability of ourapproachywe
presentedhe detailsof integrating a part-wholesemantic
relationshipinto the ONTOS OODB system. At present,
thatimplementatioris up andrunning,anda sampleappli-
cationis availableonthe Web[32].

One areathat requiresfurther investigationis schema
evolution. Currently for example, all part relationship
meta-datas immutable.Any tamperingwith thatdataby an
applicationprogramcouldleadto abreakdaevnin themain-
tenanceof partsemanticgor the entiredatabaseAllowing
the partschemao evolve, whetherin termsof the addition
of new partrelationshipsor the modificationof the dimen-
sionalvaluesof existing ones,may be desirable. Another
enhancemenwould bethe automatiageneratiorof various
component®f the frameavork from somedeclaratve spec-
ification of the desiredsemantiaelationship.For example,
it maybepossiblefor aprogramto automaticallycreatethe
entire“root” classfrom suchaspecification.

Acknowledgments

We'd like to thankJamedGeller and YehoshudPerl for
suggestingthe project and reading drafts of this paper

Thanksalsoto Craig HarrisandRula Asfour for their help
with ONTOS.

References

[1] H.AbelsonandG. J.SussmanStructue andInterpretation
of ComputerPrograms The MIT Press,Cambridge MA,
1985.

[2] A. Albano,R. Bergamini,G. Ghelli, andR. Orsini. An in-
troductionto thedatabasprogrammindanguagé-ibonacci.
VLDB Journal, 4(3),1995.

[3] A. Albano,G. Ghelli,andR. Orsini. A relationshipmecha-
nismfor a stronglytypedobject-orientedlatabas@rogram-
minglanguageln Proc.VLDB'91, pages65-575,1991.

[4] A. Artale,E.FranconiN. GuarinoandL. Pazzi.Part-whole
relationsin object-centeregdystems:An overviev. Data &
Knowled@ Engineering20(3):347-383Nov. 1996.

[5] M. BlahaandW. Premerlani. Object-OrientedModeling
andDesignfor DatabaseApplications PrenticeHall, Upper
SaddleRiver, NJ, 1998.

[6] R. G. G. Cattell, editor The Object DatabaseStandad:
ODMG-93 MorganKaufmannPublishersSanFrancisco,
CA, 1994.

[71 R. G. G. Cattell and D. K. Barry, editors. The Object
DatabaseStandad: ODMG 2.0. Morgan KaufmannPub-
lishers,Inc., SanFranciscoCA, 1997.

[8] P.CoadandE.Yourdon.Object-Orientedinalysis Yourdon
PressComputingSeries.PrenticeHall, Englevood Cliffs,
NJ, secondedition,1991.

[9] O. Diaz andP. M. Gray Semantic-richuserdefinedrela-
tionshipsasamainconstructoin object-orientediatabases.
In Proc. IFIP TC2 Conf on DB SemanticsNorth Holland,
1990.

[10] R. ElmasriandS. B. Navathe. Fundamental®f Database
Systems The Benjamin/Cummingd?ublishingCo., Inc.,
New York, NY, 1989.

[11] R.Elmasri,J.Weeldrger, andA. Hevner Thecateyorycon-
cept: An extensionto the entity-relationshipmodel. Int’l
J. DataandKnowledg Eng, 1(1), May 1985.

[12] J.Geller Y. Perl,andE. Neuhold.Structureandsemanticén
OODB classspecificationsSIGMODRecod, 20(4):40-43,
Dec.1991.

[13] M. Halper A CompehensivePart Model and Graphi-
cal ShemaRepesentatiorfor Object-Orientedatabases
PhDthesis,NJIT, Oct. 1993.

[14] M. Halper J.Geller, andY. Perl. An OODB “part” relation-
shipmodel. In Y. Yeshageditor, Proc. ISMM 1stInt'l Con-
ferenceon Informationand Knowled@ Management pages
602—611 Baltimore,MD, Nov. 1992.

[15] M. Halper J. Geller, and Y. Perl. Value propagationin
OODB part hierarchies. In B. Bhagava, T. Finin, and
Y. Yeshaseditors,CIKM-93, Proc. 2nd Int'l Confeenceon
Informationand Knowled@ Management pagest06—614,
WashingtonDC, Nov. 1993.

[16] M. Halper J. Geller, and Y. Perl. An OODB part-whole
model: Semanticsnotation,andimplementation. Data &
Knowled@ Engineering27(1):59—-95May 1998.



(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]
(30]
(31]

(32]
(33]
(34]

(35]

(36]

M. Halper J. Geller, Y. Perl,andW. Klas. Integratinga part

relationshipinto an openOODB systemusingmetaclasses.

In N. Adam,B. Bhagava, andY. Yeshagditors,CIKM-94,
Proc. 3rd Int'l Confeenceon Informationand Knowledg
Management pagesl0-17 Gaithershirg, MD, 1994.

M. Hammerand D. McLeod. Databasedescriptionwith
SDM: A semanticdatabasenodel. ACM Trans.Database
Syst, 6(3):351-3861981.

W. Klas. A MetaclassSystemfor Open Object-Oriented
Data Models PhD thesis,TechnicalUniversity of Vienna,
January1990.

W. Klas. Tailoring an object-orienteddatabasesystemto
integrateexternalmultimediadevices. In Workshopon Het-
erogeneoudDBs & Semantidnteropembility, Boulder CO,
1992.

M. Kolp. A metaobjecprotocolfor reifying semanticre-
lationshipsinto reflectve systems. In Proc. 4th Doctoral
Consortiumof the 9th Int’l Conf on Advancednformation
Systemg&ngineering CAISE’97) pages89-100Barcelona,
Spain,Junel997.

C.Lamb,G. Landis,J. OrensteinandD. Weinreb The Ob-
jectStoredatabasesystem. Commun ACM, 34(10):50-63,
Oct.1991.

M. E. S. Loomis. Object Databases: The Essentials
Addison-Weslegy PublishingCo.,ReadingMA, 1995.

B. MacKellar andJ. Peckham.Representinglesignobjects
in SORAC: A datamodelwith semanticobjects,relation-
shipsandconstraints.In Al in Design’92, Pittshurgh, PA,
1992.

E. Mays, C. Apte, J. GriesmeyandJ. Kastner Experience
with K-Rep: An object-centerettnonledgerepresentation
language. In Proc. IEEE Al Application Confeence San
Diego, CA, Mar. 1988.

R. Motschnig-PitrikandV. C. Storgy. Modelling setmem-
bership:Thenotionandtheissues.Data& Knowled@ En-
gineering 16:145-1851995.

J. Mylopoulos, A. Borgida, M. Jarle, and M. Koubarakis.
Telos: Representingnowvledgeaboutinformationsystems.
TOIS, 8(4):325-3621990.

N. F. Noy andC. D. Hafner The stateof theartin ontology
design: A suney and comparatie review. Al Magazine
18(3):53-74Fall 1997.

Welcometo ODI. URL: http://www.odi.com.
ONTOSHomePage.URL: http://wwwontos.com.
ONTOS,Inc. Lowell, MA. ONTOSDB/Exploer 4.0Refer
enceManual 1996.

Theworld of parts.URL.: http://object.njit.edu:2000part.
N. W. Paton. ADAM: An object-orientedlatabaseystem
implementedn Prolog. In Proc. 7thBNCOD, 1989.

A. Pirotte,E. Zimaryi, D. MassertandT. Yakushga. Ma-
terialization:A powerful andubiquitousabstractiorpattern.
In Proc.VLDB'94, pages630—641 SantiagoChile, 1994.
J.RumbaughRelationsassemanticonstructsn anobject-
orientedlanguage. In Proc. OOPSLA-87 pages466—481,
Oct. 1987.

J. Rumbaugh,M. Blaha, W. Premerlani,F. Eddy and
W. Lorensen Object-OrientedModelingand Design Pren-
tice Hall, Englevood Cliffs, NJ, 1991.

[37]

(38]
[39]

[40]
[41]

[42]

V. Soloviev. An overviev of three commercialobject-
orienteddatabasenanagemensystems: ONTOS, Object-
Store,andO,. SIGMODRecod, 21(1):93-104Mar. 1992.

V. C. Storgy. Understandingemantiaelationships.VLDB

Journal, 2(4):455-4881993.

UML documentset. URL: http://www.rational.com/uml/-
references.

Versant.URL: http://wwwversant.com.

W. A. Woods. What's in a link: Foundationsfor seman-
tic networks. In R. J. BrachmanandH. J. Levesque,ed-

itors, Readingsn Knowledg@ Repesentation pages218—
241. Morgan KaufmannPublishers|nc., SanMateo, CA,

1985.

0. Yang,M. Halper J.Geller, andY. Perl. The OODB own-

ershiprelationship.In Proc. Int’l Conf on Object-Oriented
Information SystemgOO0I1S'94) pages389-403,London,
UK, Dec.1994.



