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Abstract

Semanticrelationships,thoseclass-to-classconnections
that carry inherent support for constraints and various
otherfunctionalities,play an importantrole whenbuilding
informationmodelsfor applications. This is true whether
oneemploystraditional data modelingtechniques,knowl-
edge-representationlanguages, or object-orientedmodel-
ing methodologies. An exampleof such a semanticrela-
tionshipis thepart-wholerelationship.In fact,mostof the
popularobject-orientedmodelingapproachesincludesuch
constructsin their repertoire of data modelingprimitives.
However, commercial object-orienteddatabase(OODB)
systemsordinarily donotprovidebuilt-in supportfor them.
In this paper, wepresenta methodologyby which a seman-
tic relationshipcanbeincorporatedinto anexistingOODB
system.At first,wegiveanoverview of thegeneral method-
ology for carrying out this integration task. Then,in order
to ground our work in a real system,we showthe addi-
tion of a part-wholesemanticrelationshipto the ONTOS
DB/Explorer OODB managementsystem.This implemen-
tationis currentlyupandrunning, andanexampleapplica-
tion demonstrating its useis availableon theWeb.

1 Introduction

Semanticrelationshipsplaya centralrole in building in-
formation modelsfor applications. This is true whether
one is using traditional modeling techniqueslike SDM
[18] andextendedER [10, 11], knowledge-representation
languagessuchas Telos [27] and K-Rep [25], or object-
orientedmodelingmethodologiesincluding OMT [5, 36]
and Coad/Yourdon [8]. By “semantic relationship” we
meanmorethanjustanamedbinaryrelationshipthatcanbe
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modeledasa link (pointer)betweenobjectclassesor cate-
gories. Sucha relationshipcarriesadditionalsemanticsin
the form of constraintsandvariousotherfunctionalities—
suchas inheritance,operationpropagation,or specialized
query capabilities—thatallow it to more preciselymodel
theenterpriseof interest[38, 41]. Someexamplesof seman-
tic relationshipsarethepart-wholerelationship[4, 16, 28],
ownership[42], materialization[21, 34], androle-of [12].
We will concentrateon the object-orientedmethodologies
andobject-orienteddatabase(OODB)systemsbecausethey
arecommerciallymostwidely available.

While popularobject-orientedmodelingtechniquessuch
asOMT, UML [39], andCoad/Yourdonincludesemantic
relationships,few, if any, commercialOODB systemspro-
vide intrinsic supportfor their use.This engenderstheun-
acceptablesituationwherein orderto gain persistencefor
an application,someof its sophisticationin modelingthe
enterpriseof interestmustbe givenup. This directly con-
tradictsthe promiseof OODBsfor improvedmodelingof
applications.

In this paper, we presenta methodologyfor incorpo-
rating semanticrelationshipsinto the repertoireof built-in
modelingprimitivesprovidedby OODB systems.Theun-
derlying objectmodelof sucha systemis extendedto in-
cludeadditionalsemanticsthatbring it in line with thevar-
ious modelingtechniques.Whendevising our integration
methodology, we imposedtwo major restrictions: (1) It
shouldnotcauseamajorupheaval in theunderlyingOODB
system.(2) It shouldnotradicallyaltertheenvironmentthat
anapplicationdeveloperis usedto working in. For exam-
ple, it mustnot introduceexotic syntaxinto the datadefi-
nition language(DDL) andthepreferreddatamanipulation
language(DML) of theOODBsystem.

Our methodologyaugmentsthe OODB system’s meta-
dataschema(sometimescalledthe“metaschema”or, more
commonly, the “data dictionary”) andan application-level
schemawith two additionalobjectclasses.The first class
supplementsthe datadictionaryandprovidesrun-timeac-
cessto knowledgeaboutoccurrencesof the semanticre-



lationshipof interestappearingin a givenOODB schema.
Thesecondclass,providedaspartof an OODB’s classli-
brary, is usedto enhancethestructureandbehavior of ob-
jects(instances)of classesthatareconnectedvia theseman-
tic relationship.In this manner, theobjectsof thedatabase
will exhibit functionalitybefittingparticipantsin thegiven
semanticrelationship. In the caseof the part relationship,
for example,theobjectswill behave like partsandwholes.
For the ownershiprelationship,the objectswill act like
ownersandpossessions.

It is importanttonotethattheincorporationof asemantic
relationshipinto anOODBvia ourapproachrelievesappli-
cationdesignersof agreatdealof tediouswork. No burden-
somehand-codingof integrity checksfallson theshoulders
of a designerwho is interestedin modelingwith, say, parts
and wholes. The designermakes a declarative specifica-
tion of the desiredpart/wholesemanticsandcanthenrest
assuredthat it is properlymaintainedthroughouttheentire
life-time of theOODB. A “part” or “whole” objectwill ex-
hibit appropriatebehavior fromthemomentit 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 availableOODB managementsystem.This im-
plementationhasbeencompletedand is currentlyup and
running. A demonstrationapplicationemploying the ON-
TOSpartrelationshipis on theWeb[32]. Our implementa-
tion demonstratesthatasemanticrelationshipcanbeadded
to an OODB systemwithout causinga fundamentalup-
heaval andwithout drasticallyalteringits familiar develop-
mentenvironment.

We have previouslypresentedanalternatemethodology
for integratingsemanticrelationshipsinto OODB systems
[17]. That techniquehadthemuchmorestringentrequire-
ment that the OODB systeminclude support for “meta-
classes”asdefinedin [19, 20]. Most commercialsystems,
suchas ONTOS, ObjectStore[22, 29, 37], Versant[40],
etc.,do not have sucha mechanism.A meta-objectproto-
colhasbeenusedfor theinclusionof semanticrelationships
in CLOS [21]. An extensive discussionof semanticrela-
tionshipsand their role in datamodelingcanbe found in
[38]. Theset-membershiprelationship[26] hasbeenshown
to have a significantbearingon the definition of semantic
relationships.

The treatmentof user-defined relationshipsas “first-
class” constructsin OODBs was expoundedin the semi-
nal paperof Rumbaugh[35], andwasextendedby [3] and
[9], bothof whichpermitadditionalconstraintsontheuser-
definedrelationships.Therelationshipconstructof [3] has
beenincludedin the Fibonaccilanguage[2], while that of
[9] hasbeenimplementedin ADAM [33], a Prolog-based

OODB system.The SORAC model[24] utilizes relation-
shipsasa meansfor specifyingconstraintson designsin a
knowledge-based/objectframework. In contrastto thispre-
viouswork, we arenot introducinganothermodelof rela-
tionshipsfor OODB systems.Our goalis to presenta gen-
eralmethodologythatcanbeutilized for the incorporation
of semanticrelationshipsinto awiderangeof commercially
availableOODB managementsystemswithout drastically
alteringtheir customaryworkingenvironments.

The restof this paperis organizedas follows. In Sec-
tion 2, wegivea brief overview of thepartrelationshipand
of ONTOS. Section3 presentsour methodologyfor incor-
poratingasemanticrelationshipinto OODBsystems.After
that,in Section4, wediscussthespecificcaseof addingthe
part relationshipto ONTOS. Conclusionsappearin Sec-
tion 5.

2 Background

2.1 Part-Whole Semantic Relationship

In previouswork [13, 14, 16], wehavedevelopedacom-
prehensivepart-wholesemanticrelationship(“part relation-
ship”) for OODB systems.This relationshipcanbe used
by a designerto correctly capturethe properpart-whole
semanticsbetweenvariousobjectswithin an application.
Thedesignersimplyspecifiesin adeclarativefashionwhich
semantics—outof a wide array of choicesavailable for
partsandwholes—isdesired.The burdenof ensuringthe
maintenanceof the semanticsis thenplacedsolely on the
OODBsystem.

Our part relationshipis organizedinto four characteris-
tic dimensions,eachof which is responsiblefor oneaspect
of the semanticsof partsandwholes[13, 14, 16]. These
dimensionsare: (1) exclusiveness,(2) multiplicity, (3) de-
pendency, and (4) inheritance[15]. In the following, we
briefly describeeachof thesein turn.

The exclusivenessdimensionprovidesconstraintsdeal-
ing with thedistribution of partsamongwholes.An exam-
ple would bea power boathaving its engineexclusively at
any onetime: No otherboatwould beallowedto have that
sameenginesimultaneously, justaswewouldexpect.Such
a constraintis calledglobal-exclusiveness.Our modelalso
supportsa variationcalledclass-exclusiveness[14], aswell
assharing,wherea givenpart canbe a constituentof any
numberof wholesconcurrently.

Themultiplicity dimensionspecifiesthenumberof parts,
of a certainkind, that canbe usedin the constructionof a
whole. For example,a power boatmaybedefinedto con-
tain up to two engines. On the other hand, lower-bound
constraintsin this dimensioncanbeusedto captureessen-
tiality amongpartsandwholes. The tableof contentsand
index maybemodeledasessentialpartsof a book.



The dependencydimensiondealswith the deletionse-
manticsof partsandwholes,i.e., theway thedeletionop-
erationis propagatedbetweensuchobjects.Thedeletionof
thewholemayimply thedeletionof oneor moreof its parts,
or viceversa.As anexample,theexistenceof abicyclemay
bepredicatedon theexistenceof aconstituentframe.If the
frameis deletedfrom the database,thenso too shouldits
bicycle.

Theinheritancedimensionspecifieswhichpropertiesare
inherited by the whole from the part, or the other way
around,andhow the inheritancetakesplace. As we have
discussedin [15, 16], thereis a greatdealof subtletythat
distinguishespart-wholeinheritancefrom ordinarysubclass
(IS-A) inheritancein OODB schemata. Among the dis-
tinctionsis the fact that part-wholeinheritancehasboth a
schema-level (i.e., intensional)aspectandaninstance-level
(i.e., extensional)aspect.A power boat,in general,hasthe
property“horsepower” by dint of its having engines;a spe-
cific boathasthehorsepowerof theenginethathappensto
beinstalledin it. Moreover, if theboathasmultipleengines,
thenits overallhorsepoweris thesumof thehorsepowersof
its engines.

2.2 Aspects of ONTOS

We haveemployedONTOSastheimplementationvehi-
cle for the part relationship.ONTOS usesC++ asits pri-
maryDDL andDML. For this reason,any classdefinitions
or codefragmentsthatwe presentwill be specifiedin that
language.

Every schemafor anONTOSdatabasecontainsa group
of system-definedclasses,the instancesof which main-
tain run-time accessibleinformation aboutall application
classes. The ONTOS standardterminology for this col-
lection of classesis “metaschema.” (Note, however, that
this collection does not truly conform to the notion of
metaschemain thesensedefined,e.g.,in [20]. A moreapt
termis datadictionary.) Oneof theclassesin thegroupis
Type,
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which ONTOS usesto supportmanifesttype. An

instanceof Typerepresentsa singleapplicationclassin the
schema;suchan instancecontainsthe nameof its corre-
spondingclassandotherrelevantinformation.Overall, the
extensionof Typecapturesthe entirecollectionof classes.
Eachobjectin an ONTOSdatabaseis inherentlyendowed
(at creation-time)with a referenceto the instanceof Type
representingits class. As such,any objectcanbe queried
directly in orderto ascertainits type.

BeforeanONTOSdatabasecanbepopulated,a“schema
load” stepmustbecarriedout. This is simplytheprocessof
creatingtheappropriateinstancesof Typefor thedatabase’s
schemawhich originally residesin sourcefiles in the form
of C++classdeclarations.

�
Weomit theprefix“OC.”

3 Adding a Semantic Relationship to an
OODB System

Our methodologyfor incorporatinga semanticrelation-
ship into an OODB systemwasinfluencedby the original
ODMG standard[6, 23] as utilized, e.g.,by ONTOS. In
that methodology, which canbe calledpersistencevia in-
heritance, a specialclassis introduced(in the systemli-
brary) to serve as the root of the persistenthierarchy. It
definesall behavior neededto satisfythe notion of persis-
tence.For example,theclasswould typically definea “put
object”methodthatcausesthetargetobjectto bewritten to
disk. Any persistentclassmustbedirectlyor indirectlyde-
rived from the root persistentclass.ODMG calls this root
classPersistentObject, while ONTOScallsit OC Object.

�
In our methodology, a specialroot classprovidesall the

functionalitynecessaryfor objectsto participatein the se-
manticrelationshipof interest.For example,in thecaseof
thepartrelationship[13, 14, 16], whichwewill befocusing
on in this paper, a classcalledPartWholeObjectwould de-
finemethodsfor allowingobjects(morespecifically, “parts”
and“wholes”) to establish,dissolve,andmodify part-whole
connectionsamongthemselves.It wouldalsofurnishquery
methodsthatwould allow flexible retrieval of relatedparts
and wholes. Thesemethodswould be entirely responsi-
ble for ensuringthatany activity carriedoutwith respectto
thepartrelationshipis donein accordancewith thedesired
partsemantics.As such,noburdensomehand-codingof in-
tegrity checkswould fall on theshouldersof anapplication
designer. Thedesignerdeclarestheintendedpartsemantics
with theassurancethatthesemanticswill bemaintainedby
theOODBsystem.

In general,for a semanticrelationship
�

, a root class
defining its associatedgeneric behavior is addedto the
OODB system’s classlibrary. Its namewill have the form
R/R� -Object to convey the fact thatobjectsparticipatingin
the

�
(binary)relationshipcanpotentiallydo soin therole

on eithersideof therelationship.For thepart relationship,
the root classis denotedPartWholeObject. Objectspar-
ticipating in part-wholeconnectionsmust be instancesof
classesthat arederived from PartWholeObject. Suchob-
jectscanbepartsor wholesor bothdependingon thespe-
cific relationships.An engine,for example,is partof a car,
but anenginecanalsohave its own parts.Hence,anengine
is bothapartandawholeobject,or, astheroot’snamecon-
veys, an engineis a “PartWholeObject.” Of course,some
objectsmayonly beparts,andothersmayonly bewholes.
In thecaseof theownershiprelationship[42], therootclass
would beOwnerOwnedObject: Someobjectsplay therole
of owner; someplay the role of ownedobject; andsome
mayplaybothroles.

�
Wewill forgo theprefixandjust referto it asObjectfrom hereon.



Becauseobjectbehavior associatedwith a semanticre-
lationship

�
is specifiedgenericallyat the level of theroot

class,it is necessarythatthedatabaseschema’s
�

relation-
ships(i.e., the “

�
-schema”)be run-timeaccessible.This

allowsfor thepropermaintenanceof thesemanticswith re-
spectto specific

�
relationships.For example,is it accept-

able to attacha given engineto a given car? Will sucha
connectionviolatea declaredexclusivenessconstraint?Or
a programmight attemptto attacha door to anengine! A
consultationof the

�
-schemawill reveal that no suchat-

tachmentsarepermitted.

Thedatabase’s
�

-schemais madeavailableat run-time
by augmentingtheOODBsystem’s datadictionarywith an
additionalclasscalledR-Relationship. Eachobject � thatis
aninstanceof R-Relationshiprepresentsexactlyoneoccur-
renceof the

�
relationshipappearingin theschema(hence,

theclass’s name:“R-Relationship”).Overall, theextension
of R-Relationshipis the entire

�
-schema. Eachobject �

is, in effect, the formal descriptionof its corresponding
�

relationship,containingsomedeclarativeform of its seman-
tics. (Notethatthis is consistentwith thecommonpractice
of OODB systemswheredatadictionariesoften comprise
classeswhoseinstancesrepresentthe variouscomponents
of the OODB schemalike its classes,attributes,methods,
etc.) It is not necessarythat R-Relationshipbe an actual
constituentof thesystem’s datadictionary. In fact,it could
simplybeanotherapplicationclassthatfunctionsin theca-
pacityof a meta-level class.We makenoassumptionabout
any specialaccessfeaturesfor it.

For thepartrelationship,thedatadictionaryclasswould
be PartRelationship. Instancesof PartRelationshipwould
eachdenotea singlepart relationshipin theschema.Such
an objectwould containthe valuesof all its part relation-
ship’sdimensionaldata:Exclusiveness,multiplicity, depen-
dency, andinheritance(seeSection2.1 above). We stress
that in order to useour methodologyfor a semanticrela-
tionship

�
, a formaldimensionaldecompositionof

�
’s se-

manticsis needed.Suchanalyseshave appearedfor parts
[13, 14, 16], ownership[42], andmaterialization[21].

It is important to distinguishthe purposesof the two
classes,R/R� -Object and R-Relationship. The root class
R/R� -Object definesfunctionality for objectsthat are de-
signedto participatein thesemanticrelationshipof interest;
it directly providesthis functionalityvia ordinarysubclass
inheritance. On the other hand, the classR-Relationship
in thedatadictionarymaintainsdetailedinformationabout
each

�
relationshipthatappearsin theschema.Eachsuch

relationshipis representedas its own object. This differs
frompreviousproposals[9, 35] in thatactual

�
-connections

betweenobjectsarenot maintainedasobjectsthemselves.
Only the schema-level

�
relationshipsconnectingpairsof

classesappearin thedatabasein theform of objects(within
thedatadictionary).

In addition to the two classes,our methodologyalso
comprisesa pair of utility programs. The first program
is responsiblefor populatingthe extensionof the classR-
Relationship. Thatis, it mustloadall informationconcern-
ing

�
relationshipsfrom somesourcespecification,which

could be a specialtext file, somediagram,or the OODB
system’s ordinary classdefinition mechanism(e.g., C++
headerfiles) augmentedto includethe

�
-schema.We re-

jectedthelatterbecauseit impliesa modificationof thees-
tablishedsyntaxof classdefinitions,which could leadto a
disruptionof system-definedutilities thatoperateon these.
As notedabove,we prefernot to alter thecustomaryoper-
ating environmentof the system. We chosethe option of
usinga separatetext file to hold the entire

�
-schema.In

general,theprogramis designatedLoad-R-Schema. For the
partrelationship,it is calledLoadPartSchema.

Thesecondprogramis calledthe
�

-preprocessor. There
are typically aspectsof the semanticrelationship

�
that

mustbemaintaineddirectly in thedefinitionof classesthat
participatein the

�
relationship,but cannotbe inherited

from R/R� -Object. Suchaspectsmay include
�

’s creation
semanticsand inheritancebehavior, particularlywhen the
implementationis in thecontext of a C++-binding[7] with
theOODB system.In orderto properlyincorporatethese,
it is necessaryto altertheclassdefinitionsthemselves.This
is doneusingthe

�
-preprocessor. We do not permit these

alterationsto constituteany specialsyntacticor operational
extensions.Fortunately, they areoftenjust theadditionsof
somenew methods,whichcanbedonein a straightforward
manner. Our experienceis that thepreprocessoris not dif-
ficult to produce. The

�
-preprocessortypically needsto

consultthe extensionof classR-Relationship. Therefore,
thispreprocessorstepmustcomeaftertheuseof theLoad-
R-Schemaprogram.

To summarize,ourmethodologyfor theincorporationof
somesemanticrelationship

�
into anexisting OODB sys-

temconsistsof thefollowing four components.

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

2. A datadictionaryclass,calledR-Relationship, that is
usedto provide run-time accessibilityto the occur-
rencesof the semanticrelationshipthat appearin the
OODBschema.

3. A programLoad-R-Schemato load thesemanticrela-
tionship schemainformation into the datadictionary
(with respectto theclassR-Relationship).

4. A program
�

-preprocessorthat augmentsthe defini-
tionsof classeswhichutilize thesemanticrelationship.

Let usnotethatour methodologyonly assumestwo things
aboutthe underlyingOODB system:(1) It supportsman-



ifest type [1]. In otherwords,eachobject in the database
musthave theability to identify its classwhenqueried.(2)
It permitsmultiple inheritance.Thatis, agivenclasscanbe
asubclassof morethanoneclass.

4 The ONTOS Part Relationship

In this section,we describethe four componentsthat
make up the implementationof thepart relationshipin the
context of the ONTOS OODB managementsystem. We
first discussthe datadictionaryclassPartRelationshipand
thentheprogramLoadPartSchema. After that,we describe
the root classPartWholeObjectandthe Part Preprocessor.
This orderingclosely resemblesthat in which an applica-
tion designeris likely to encounterthecomponents.

4.1 The Class PartRelationship

The classPartRelationshipenhancesthe ONTOS data
dictionarywith informationaboutall thepart relationships
appearingin thegivenOODBschema.Eachof its instances
denotesexactly onepart relationshipfrom theschema.In-
formationabouta specificpartrelationshipcanbeobtained
at run-timeby queryingoneof theseobjects.

Thepublic interfacefor PartRelationshipis shown in the
following.	 Therewe seeeightmethodsthatpermitaccess
to thevaluesof thedimensionaldatafor a specificpart re-
lationship.Also notethatPartRelationshipis a subclassof
Object, makingthepartrelationshipinformationpersistent.

class PartRelationship: public Object
{
public:
char* partClassName(void);
char* wholeClassName(void);
exclusiveness_t exclusiveness(void);
int minMultiplicity(void);
int maxMultiplicity(void);
dependency_t dependency(void);
set_of_inherited_properties upSet(void);
set_of_inherited_properties downSet(void);

};

Thefirst two methodspartClassName andwhole-
ClassName return the namesof the two classesrelated
by thepartrelationship,namely, thepartrelationship’spart
classand whole class, respectively. Exclusiveness
provides the value of the exclusivenessdimensionof the
part relationship. PossiblevaluesareGLOBAL EXCLU-
SIVE, CLASS EXCLUSIVE, andSHARED.

The methodsminMultiplicity and maxMulti-
plicity togetherprovidethevalueof themultiplicity di-
mension.A valueof zerofor themaximummultiplicity is



For the sake of brevity, we have omitted some additional utility

methods.

interpretedasinfinity, meaningthatthereis noupper-bound
restrictionon the numberof parts(from the specificpart
class)thatcangointo theconstructionof awhole(from the
relatedwholeclass).

The valueof thepart relationship’s dependency dimen-
sion is retrieved via dependency. Potentialvaluesare
PART ON WHOLE (if the whole is deleted,the part is
deleted,too),WHOLE ON PART (if thepartis deleted,its
wholegoesaswell), andNIL (indicatinga lack of depen-
dency semanticsfor thepartrelationship).

Thelasttwo methods,upSet anddownSet, dealwith
the inheritancedimensionof thepart relationship.We use
theterm“upSet” to denotethesetof propertiesthatarein-
heritedby a whole classfrom its associatedpart classin
a particularrelationship.“Up” denotesthemovementfrom
thepartto thewhole.TheupSetof apartrelationshipcanbe
empty, indicatingthat thereis no upward inheritancewith
respectto thatpartrelationship.“DownSet”is definedanal-
ogously: It is thesetof propertiesthatareinheritedby the
part classfrom the whole class. The upSetand downSet
mustbedisjoint to avoid circulardefinitions.

According to our theory, eachinheritedpropertymay
have an associatedoperatorthat is applied when an in-
stance-to-instancetransferof datavaluesoccurs.In orderto
capturethis,wedeclaretheelementsof upSetanddownSet
to bepairs �
������� , eachconsistingof apropertynameandan
operator. Theinterpretationof apair ��������� in theupSetis as
follows: Property� is inheritedby thewholeclassfrom the
partclass,andtheoperator� is appliedwhenapropagation
of dataoccursbetweena wholeandits part(s)with respect
to � . An elementof the downSetis interpretedsimilarly.
Presently, weprovideafixedsetof potentialoperatorsfor a
schemadesignerto choosefrom. Theoretically, though,any
symmetricaloperatoris aviablechoicefor thisrole[13, 15].

4.2 The Program LoadPartSchema

In ONTOS,beforea databasecanbe populated,all the
information about the database’s schemamust be loaded
into thedatadictionaryconsistingof theclassType, among
others.ONTOSprovidesaprogramcalledclassifythatper-
forms this task. It takesasits input C++ headerfiles con-
tainingclassdefinitionsandcreatesinstancesof Type(and
other classes),effectively loading the entire schemaand
makingit availableat run-time.

Our programLoadPartSchemaperformsthe analogous
taskof loadingthepartschemainto thedatabase.It creates
oneinstanceof PartRelationshipfor eachpart relationship
thatappearsin theschema.LoadPartSchemais alsorespon-
siblefor doingconsistency checksthatensurea viablepart
schema.The input to LoadPartSchemais a file, calledthe
“part schemafile,” containingsimpletextual specifications
of all part relationships.Thesetextual specificationscould



be directly extractedfrom a pictorial representationof the
OODBschema.

(horsepower) (+[horsepower])

0..2

Engine

horsepower
. . .

/horsepower

Car

/horsepower

Boat

manufacturer
vehicleId

Vehicle

Figure 1. An example OODB schema

An exampleOODB schema,containinga part schema,
is shown in Figure1. The schemais drawn usinga vari-
ation of the OMT notation[5, 36]. A classis a rectangle
with its nameinside. Theclass’s attributesarewritten be-
neaththename.A partrelationshipis a line connectingthe
partclasswith thewholeclass.The latter is distinguished
by a diamondat its endof the line. The schemacontains
four classes:Vehicle, Car, Boat, andEngine. BothCar and
Boataresubclassesof Vehicleand,therefore,inherit its two
propertiesmanufacturer andvehicleId. Therearetwo part
relationships:OnebetweenEngineandCar, andtheother
betweenEngineandBoat. Both exhibit global exclusive-
nessasdenotedby the largeX’s adorningthe lines. Car’s
relationshipwith Engineis single-valued(indicatedby the
hollow ball nearEngine), meaningthat a car canhave no
morethanoneengine.On theotherhand,a boatcanhave
up to two engineswhich is denotedby the solid ball near
Engineandthe“0..2” rangevalue.

For conciseness,we have omittedany otherclassesthat
mighthavepartrelationshipsto Car andBoat (asindicated
by theellipsis). We have alsokept thenumberof intrinsic
propertieslow. Vehiclehastwo of them, asnotedabove.
Car andBoat do not have any. The classEnginehasone
intrinsic property: theattributehorsepower. Both Car and
Boat inherit Vehicle’s two propertiesvia ordinarysubclass
inheritance.Furthermore,they bothinherit horsepower(as
denotedby the “/ ” precedingit) via the part relationship.

However, Car’s is an“invariant” inheritance:Thevalueof
the horsepower for a given car is identically the valueof
the horsepower for its part engine. Boat’s is an “additive
transformational”inheritance:Thehorsepower of a boatis
thesumof thehorsepowersof its constituentengines[15].
Thisinformationis conveyedby the“horsepower” labelson
thepartrelationshiplinks in thefigure.

4.3 The Class PartWholeObject

After declaringthataclassparticipatesin apartrelation-
ship in the part schemafile, it is thennecessaryto derive
that classfrom the classPartWholeObject, which will en-
dow all instancesof theclasswith thebehavior requiredto
bepartsandwholes.This is truefor classesthatserve only
aspart classes(i.e., leavesof the part hierarchy),only as
whole classes(i.e., rootsof the part hierarchy),or asboth
(i.e., interiornodesof thehierarchy).In practice,weexpect
thatmostclasseswill appearasbothpartandwholeclasses
with respectto different part relationships,with their in-
stancesplayingthesimultaneousrolesof partsandwholes.
Hencethename“PartWholeObject.” If a classis strictly a
leaf (in otherwords, it hasno further part decomposition
of its own), its instanceswill not utilize the functionality
appropriateto wholes,suchastheretrieval of relatedparts.

The definitionsof the classesfrom Figure 1 are given
below, showing derivationsfrom PartWholeObject.

class Vehicle: public Object
{
public:
string manufacturer(void);
void set_manufacturer(string aManufact);
int vehicleId(void);
void set_vehicleId(int aVehicleId);

};

class Car: public Vehicle, PartWholeObject
{
};

class Boat: public Vehicle, PartWholeObject
{
};

class Engine: public PartWholeObject
{
public:
int horsepower(void);
void set_horsepower(int aHorsepower);

};

As mentionedabove, we have omittedintrinsic properties
from thedefinitionsof Car andBoat. Vehiclehastheintrin-
sic propertiesmanufacturer andvehicleId. (Note that the
classdefinitionsonly displaythepublic interfaces,namely,



the readerandwriter methodsfor the properties.)Engine
hasthepropertyhorsepower. It shouldbenotedthatthein-
heritanceof horsepowerby Car andBoat is not reflectedin
the respective public interfacesof thoseclassesat the mo-
ment.This issuewill bediscussedfurtherbelow.

The classVehicle is definedas a subclassof Object,
meaningthat its instancescan be persistent. The classes
Car, Boat, and Engine are all definedas subclassesof
PartWholeObject. This impliesthatinstancesof thosethree
classescan participatein part relationshipsand be made
partsandwholeswith respectto eachother—in accordance
with the schema.In otherwords,cars,boats,andengines
exhibit thebehavior of partsandwholes.Car andBoatare
additionallysubclassesof Vehicleandinherit its properties.

Due to the subclassrelationshipsbetweenCar andVe-
hicle andbetweenBoat andVehicle, we could alternately
declareVehicleitself to bea subclassof PartWholeObject.
In that case,the direct derivationsof Car and Boat from
PartWholeObjectwould beunnecessaryasthe two classes
would inherit their part/wholecapabilitiesvia Vehicle. We
chosetheabovespecificationto demonstratewhatthemul-
tiple inheritancefrom PartWholeObjectandanotherclass
would look like. Moreover, if onedefinesVehicleasa sub-
classof PartWholeObject, thenall vehicleswould have the
potentialof beingdecomposedinto partswithin theOODB.
While that is fine for the schemaasshown, it may not be
desiredif theschemawereexpandedto includeotherkinds
of vehicles.For example,onemaywish to includemotor-
cycles in the databasebut not maintaintheir explicit part
decompositions.In thatsituation,thereis no reasonto en-
dow motorcycleswith part/wholefunctionality.

The public interfacefor PartWholeObject, which con-
tainssix methods,is asfollows:

class PartWholeObject: public Object
{
public:
Bool addPart(PartWholeObject *aPart);
Bool removePart(PartWholeObject *aPart);
Bool replacePart(PartWholeObject *oldPart,

PartWholeObject *newPart);
set_of_PartWholeObject getParts(void);
set_of_PartWholeObject getWholes(void);
void deleteObject(Bool deallocate);

};

Note thatwe definePartWholeObjectasa subclassof Ob-
ject. As such,all objectsthat arepartsand/orwholesare
persistent.In thefollowing, we describethedetailsof each
of thesemethods.

The methodaddPart connectsthe given part “aPart”
to the targetobject. Note that theparameteris declaredto
bea referenceto a generalpart/wholeobject,i.e.,anobject
thathasthecapabilityof functioningin sucharole. It is the
responsibilityof addPart to ensurethat the type of the

givenobjectis consistentwith thepartschema.For exam-
ple, it shouldnotallow a carto beconnectedto a boat.The
methodmakes its decisionaboutcompatibility by query-
ing the involvedwhole and(potential)part (hereis where
themanifesttypeis utilized) aswell astheinstancesof the
classPartRelationship. In particular, it checksfor the ex-
istenceof a part relationshipwhosepartandwholeclasses
matchthoseof the objectsinvolved. If it cannotfind such
apartrelationship,thenit abortsthetransactionandsignals
a failureto thecaller. Evenif thetwo objectsarecompati-
ble, it is still possiblethattheattachmentof thepartwould
leadto aviolationof eitheranexclusivenessor amaximum
multiplicity constraint.These,too,arecheckedfor by con-
sulting the appropriateinstancesof PartRelationship. The
detailsof thealgorithmthataddPart implementscanbe
foundin [13].

The“addpart” operationcouldbereasonablyattachedto
thepartobjector thewholeobject,or maintainedglobally.
Ourdecisionto placeit exclusivelywith thewholeobject—
without lossof generality—comesfrom our view that the
constructionof objectswith respectto part hierarchiesis
inherentlyabottom-upprocess:Integralwholesarebuilt up
from lower-level componentparts.Theconverseoperation
“addwhole” is invokedimplicitly by addPart.
RemovePart complementsaddPart asthemeansfor

dissolvinga connectionbetweena wholeanda part. In the
casethatthegivenpart is notactuallyattachedto thetarget
whole,therequestis ignored,andthecaller is madeaware
of the failure. The only true failure in this context occurs
whenanattemptis madeto violatetheminimummultiplic-
ity specificationof the respective part relationship.Again,
this conditionis detectedby queryingthepart relationship
objectin thedatadictionary.

If a part relationshiphasidenticalminimum and max-
imum multiplicities, thenan attemptedremoval of sucha
part is certainto fail. The minimum multiplicity will be
breached.Therefore,in thatcircumstance,it is impossible
to carryout theoftendesirabletaskof replacingonepartof
thetypewith another(with respecttosomewhole).To over-
comethis problem,it is necessaryto employ the method
replacePart, which removesthe old part andreplaces
it with thenew part (of thesametype) in a singletransac-
tion. Of course,thepart replacementcould fail if thenew
partis alreadyexclusively ownedby anotherwhole.

The part connectionsthat a given object is involved in
canbequeriedwith theuseof themethodsgetParts and
getWholes. Eachis definedto returna setof part/whole
objects. The methodgetParts returnsall the immedi-
atepartsof thetargetobject. If it hasno parts,getParts
returnsthe emptyset. To obtaina “parts explosion” of an
objectto a certaindepth,this methodcanbeappliedrecur-
sively. GetWholes functionsanalogously.

ThelastmethoddeleteObject is definedin theclass



Objectandis overriddenhere.It is invokedwith respectto
anobjectwhentheobjectis to bedeletedfrom thedatabase.
DeleteObjectencodesthecombineddeletionsemantics
of all thevariouspart relationshipsthat theobjectcanpar-
ticipate in. More specifically, it must: (1) ensurethat the
deletionof the object doesnot violate a minimum multi-
plicity constraint,leaving somewhole without a required
part;and(2) propagatethedeletionof thetargetobjectinto
thedeletionof all otherobjectsthataredependenton it, as
specifiedby thedependency dimensionsof any relevantpart
relationships[13].

4.4 The Part Preprocessor

Thefinal componentof thepartrelationshipsoftwarefor
ONTOSis a preprocessorthatoperateson theclassdefini-
tions(i.e.,C++ headerfiles) of anapplication.Theprepro-
cessorhastwo primarychoresthatinvolvetheaugmentation
of thedefinitionsof classesparticipatingin theparthierar-
chy: (1) The inclusionof codethat ensuresthe legitimate
creationof partsand wholes; (2) The inclusion of reader
methodsfor the propertiesinheritedvia part relationships.
We discussthesetwo issuesin thefollowing.

4.4.1 Creating Parts and Wholes

The semanticsof part relationshipsmust be maintained
throughoutthe entire life-time of any objectstartingat its
“birth.” Thecreationsemanticsof thepartrelationshipcom-
prisestwo majorconstraints.Thefirst concernsthemulti-
plicity dimension:No wholeshouldinitially have too few
or toomany partsof agiventype.Thesecondconstraintin-
volvesexclusiveness:No wholeshouldinitially havea part
thatis alreadyexclusively heldby anotherwhole.

In theC++/ONTOSenvironment,it is difficult, if not im-
possible,to extendthe ordinaryobject-creationfacility in
orderto enforcecorrectpart/whole-creationsemantics.In-
stead,the preprocessordirectly installsan “object genera-
tion” (static)methodmake in eachclassof the part hier-
archy. This method’s parametersaredefinedto bethoseof
the class’s constructorplus one for the initial setof parts
for thenew object.Wheninvoked,make createsanobject
that is guaranteedto satisfythe part semanticsright at the
outset;if it detectsa potentialviolation, thenit abortsthe
instantiationandreturnsNULL to indicatefailure.

The following demonstratesthe use of make for the
classesEngine, Car, andBoat.�
(1) Engine *eng1 = Engine::make(300, {});
(2) Engine *eng2 = Engine::make(1250, {});
(3) Engine *eng3 = Engine::make(1250, {});

�
The setsof partsincludedasargumentsto make would technically

needto be instantiated. We omit this and just use the customaryset
notation.

(4) Car *car = Car::make("Chevrolet", 7417,
{eng1});

(5) Boat *boat = Boat::make("Hatteras",
98568, {eng2, eng3});

At line (1), aninstanceof Engineis createdhaving ahorse-
power of 300. The empty bracesdenotethe empty set,
meaningthatno partsareto beinstalledin thenew engine
initially. (Our sampleschemaindicatesnopartdecomposi-
tion for Engine. Any partspassedto make in this context
would leadto a failure.) Lines (2) and(3) eachshow the
creationof anew enginehaving 1,250horsepower. Line (4)
createsa new instanceof Car (with manufacturerChevro-
let andvehicleID 7417),andinstalls“eng1” asits part. At
line (5),aboatis createdhaving thetwo engines“eng2” and
“eng3” asparts(andHatterasasits manufacturerand98568
asits ID).

If line (5) waswrittenas:

Boat *boat = Boat::make("Hatteras",
98568, {eng1, eng3});

thenthecreationof thenew boatwould have faileddueto
the fact that “eng1” is currentlyinstalledin thecar. Make
wouldsignalthisby returningNULL.

4.4.2 Part-Whole Inheritance

A propertyinheritedvia a part relationshipshouldbe ac-
cessiblein thesameway thatan intrinsic propertyis. The
applicationprogrammershouldseeno distinctionbetween
the two. For example,we would like to obtain the value
of propertyhorsepowerfor thecarwecreatedaboveasfol-
lows.

car->horsepower();

The problemis that no readermethodfor horsepowerap-
pearsin thepublic interfacefor Car, eventhoughtheinher-
itancewasdeclaredin thepartschemafile. Therefore,the
compilerwill flag thisstatementasanerror.

To avoid this problem, the preprocessoraugmentsthe
definitionsof any classesthathavebeendeclaredto receive
propertiesvia part inheritance.After thepart schemaload
step,thepreprocessoriscalledupontoscantheentireexten-
sionof PartRelationshiplooking for inheritancesituations.
Whenit findsone,it goesto theproperheaderfile andadds
anappropriatereadermethod.In general,theform of such
amethodfor aninheritedpropertylookslike:

<property type> <property name>(void)
{

// Computation and return of value here.
};



The method’s namewhich is identical to the nameof the
inheritedpropertyis obtaineddirectlyfromthepartschema.
The sameis true for the requiredcomputation,which we
show above in a comment.Thereturntypeof this method
(i.e.,theinheritedproperty’stype)is obtainedby examining
thesourceproperty. Note thataccessto inheritedproperty
valuesis done“lazily” (i.e.,ondemand).

In the following, we demonstratethe way the inherited
propertyhorsepoweris accessedfor acarandaboat.It will
be notedthat it is exactly the sameasaccessingordinary
properties.

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

At line (1), thevalueprintedis 300,thevalueof thehorse-
power of “eng1” which is currentlyinstalledascar’s part.
Ontheotherhand,line (2) produces2,500becausetheboat
hastwo engines,“eng2” and“eng3,” andthe value is de-
fined to be the sumof the horsepowersof the constituent
engines.

5 Conclusion

We have presenteda methodologyfor incorporatingse-
manticrelationshipsintoanexistingOODBsystemthatwas
not originally built to supportthem. The methodologyis
valid for mosttargetOODB systems;it assumesonly that
thesystemsupportsmultiple inheritanceandmanifesttype.
One other assumptionis an existing formal dimensional
characterizationof thesemanticrelationshipof interest.

In orderto demonstratetheviability of ourapproach,we
presentedthe detailsof integratinga part-wholesemantic
relationshipinto the ONTOS OODB system. At present,
thatimplementationis up andrunning,anda sampleappli-
cationis availableon theWeb[32].

One areathat requiresfurther investigationis schema
evolution. Currently, for example, all part relationship
meta-datais immutable.Any tamperingwith thatdataby an
applicationprogramcouldleadto abreakdown in themain-
tenanceof partsemanticsfor theentiredatabase.Allowing
thepartschemato evolve,whetherin termsof theaddition
of new part relationshipsor themodificationof thedimen-
sionalvaluesof existing ones,may be desirable.Another
enhancementwould betheautomaticgenerationof various
componentsof theframework from somedeclarative spec-
ificationof thedesiredsemanticrelationship.For example,
it maybepossiblefor aprogramto automaticallycreatethe
entire“root” classfrom suchaspecification.
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