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Abstract

The notionsof class,subclassandvirtual procedurearefairly well un-
derstoodandrecognizedassomeof thekey conceptsin object-orientedpro-
gramming.Thepossibilityof modifyingavirtual procedurein asubclassis a
powerful techniquefor specializingthegeneralpropertiesof thesuperclass.

In mostobject-orientedlanguages,theattributesof anobjectmayberef-
erencesto objectsand(virtual) procedures.In SimulaandBETA it is also
possibleto have classattributes. The power of classattributeshasnot yet
beenwidely recognized.In BETA a classmay alsohave virtual classat-
tributes. This makesit possibleto deferpartof thespecificationof a class
attribute to a subclass.In this sensevirtual classesareanalogousto virtual
procedures.Virtual classesaremainly interestingwithin stronglytypedlan-
guageswherethey provide amechanismfor defininggeneralparameterized
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classessuchasset,vectorandlist. In this sensethey provide analternative
to generics.

Althoughthenotionof virtual classoriginatesfromBETA, it ispresented
asagenerallanguagemechanism.

Keywords: languages,virtual procedure,virtual class,strongtyping, pa-
rameterizedclass,generics,BETA, Simula,Eiffel, C++,Smalltalk

1 Intr oduction

Thenotionsof classandsubclassaresomeof thekey languageconceptsassoci-
atedwith object-orientedprogramming.Classessupporttheclassificationof ob-
jectswith thesameproperties,andsubclassingsupportsthespecializationof the
generalproperties.A classdefinesasetof attributesassociatedwith eachinstance
of theclass.An attributemaybeeitheranobjectreference(or just referencefor
short)or aprocedure.

In a subclassit is possibleto specializethe generalpropertiesdefinedin the
superclass.Thiscanbedoneby addingreferencesand/orprocedures.However, it
is alsopossibleto modify theproceduresdefinedin thesuperclass.Modification
cantake placein differentways. In Simula67 [4] a procedureattribute may be
declaredvirtual. A virtual proceduremay then be redefinedin a subclass.A
non-virtualprocedurecannotbe redefined1. This is essentiallythesamescheme
adaptedby C++ [16] andEiffel [13]. In Smalltalk [6] any procedureis virtual
in the sensethat it canbe redefinedin a subclass,andeven the parametersof a
proceduremayberedefined.

In BETA [8] a virtual procedurecannotberedefinedin a subclass,but it may
be further definedby an extendeddefinition. The extendedprocedureis a “sub-
procedure”(in thesameway asfor subclass)of theproceduredefinedin thesu-
perclass.This implies that theactionsof a virtual proceduredefinitionareauto-
maticallycombinedwith theactionsof theextendedprocedurein asubclass.This
is thecasefor all levelsof subclassesthat furtherdefinesa virtual procedure.In
SmalltalkandC++ it is the responsibilityof theprogrammerto combinea rede-
finedvirtual procedurewith thecorrespondingvirtual procedureof thesuperclass.
This is of coursemoreflexible, sincetheprogrammercanignoretheprocedurein

1In Simulaasubclassmaydeclareanew procedurewith thesamenameasaproceduredefined
in a superclass.Thisdoesnot havetheeffectof a redefinitionasin Smalltalk.
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thesuperclass.However, it is alsoapotentialsourceof errorsincetheprogrammer
mayforgetto executethevirtual procedurefrom thesuperclass.

Using the terminologyfrom [18] a classin BETA is structural compatible
with its superclasswhereasa Smalltalkclassis namecompatiblewith its super-
class.Behavioral compatibility canonly beobtainedby proving that the further
definitionsdo not not violatetheinvariantsof thesuperclass.For a moredetailed
discussionof virtual proceduresin BETA see[9].

SimulaandBETA areblock-structuredlanguages.This implies that classes
and procedurescan be arbitrarily nested. I.e. in Simula and BETA an object
may have classattributesin addition to referencesandprocedures.In [10] the
usefulnessof classattributesis discussed.

Thesubjectof this paperis theintroductionof thenotionof virtual class2. A
virtual classis similar to avirtual procedurein thesensethatit maybeextendedin
asubclass.Virtual classesareusefulfor defining”parameterized”generalclasses
within a stronglytypedlanguage.Examplesof suchclassesaresets,vectorsand
lists. Decisionsabouttheelementtypeof suchclassesshouldbedeferredto the
subclassesof thegeneralclass.Thenotionof virtual proceduremakesit possible
to deferpartof thedefinitionof a procedureto a subclass.In thesameway a vir-
tual classmakesit possibleto deferpartof thedefinitionof thetypeof references
(instancevariables). Virtual classesmay be seenasan alternative to ”generic”
typesasfoundin AdaandEiffel.

Thenotionof virtual classis introducedin thecontext of stronglytypedlan-
guages.Themodificationof avirtual classin asubclassshouldthenbestructurally
compatiblewith thedefinitionof thevirtual classin thesuperclass.As for virtual
procedures,avirtual classcannotberedefinedin asubclass,but its definitionmay
beextended.

Thenotionof virtual classhasbeendevelopedaspartof theBETA language.
It is a consequenceof theunificationof classes,procedures,functionsandtypes
into one generalabstractionmechanism,the pattern. The implicationsof this
have beendiscussedelsewhere[8, 9]. As thereis only onelanguagemechanism
for classesandprocedures,thenotionof subpatternappliesequallywell to classes
andprocedures.Thenotionof virtual patternwasdevelopedasa generalization
of theSimulanotionof virtual procedure.Sincea patternmayalsobeusedasa
class,this generalizationwasdesignedto includethenotionof virtual class.

2Thenotionof virtual classintroducedherehasnothingto do with thenotionof virtual class
definedin [17]
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CC: class C (# Decl1; Decl2; ...; Decln #)

Figure1: Classdeclaration

Thenotionof virtual classis, in this paper, introducedasa generallanguage
mechanism.It is attemptedto presentthe ideaasindependentof BETA aspos-
sible. The languageusedin this paperis a modifiedversionof BETA with two
kindsof patterns:classesandprocedures.In additiona certainamountof syntac-
tic sugarhasbeenadded.Theverytersesyntaxof BETA canoftenbeahindrance
for readersunfamiliarwith BETA. All theexamplesin thepapercanbeexpressed
in BETA by asimplereplacementof keywords.

The notion of virtual classwill be comparedwith genericsas found in Ada
andwith thetypesystemof Eiffel includingthesimplegenerics.

Certainlanguageaspectsof object-orientedlanguageswill be ignoredsince
they areirrelevant for this paper. This includesthenotionof informationhiding.
Anotheraspectis thediscussionof codesharingversustypes.Subclassingis very
oftenusedfor codesharing;theterm inheritanceunderlinesthis. As pointedout
in [2], this usageof subclassingmaybeconflictingwith definingtypes.We tend
to agreewith this. However, in BETA subclassingis intendedfor modellingtypes
(or concepts).TheMjølner BETA System[5] includesfacilities for separatinga
classdefinitionfrom its implementation.

2 Classesand virtual procedures

In this sectionthenotationfor classes,proceduresandvirtual procedureswill be
presented.

2.1 Classand subclasses

A classdefinition hasthe form describedin Figure 1. It is a declarationof a
classCCwith superclassC. (If nosuperclassis specified,thesuperclassis Object .)
Decl1; Decl2; ... Decln aredeclarationsof attributes.An instanceof CCwill
have theseattributesin addition to thoseinheritedfrom C. An attribute may be
eithera reference(to anobject),a (virtual) procedureor a (virtual) class.
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Window: class Stream
(# UpperLeft,LowerRight : @ Point;

Label: ˆ Text;
Move: proc (# ... #);
Display: virtual proc (# ... #);

#)

Figure2: Exampleof classdeclaration

In Figure2 an exampleof a classis given. Class Window is describedasa
subclassof classStream . In addition to the attributesinheritedfrom Stream , it
containstwo staticreferencesUpperLeft andLowerRight , onedynamicreference
Label , aprocedureattributeMove andavirtual procedureattributeDisplay .

ThedynamicreferenceLabel maydenoteinstancesof class Text andits sub-
classes.A dynamicreferencemaydenotedifferentobjectsduringits life-time. In
this way they aresimilar to qualifiedreferencesin Simula,instancevariablesin
Smalltalk,andnonsimplevariablesin Eiffel.

A staticreferencedenotepart-objects.A staticreferencewill constantlyde-
notethesameobjectduringthelife-time of theenclosingobject.Part objectsare
generatedtogetherwith the generationof theenclosingobject. A Window object
will thushave two part-objectsof classPoint .

Referenceshave anassociated“type” in theform of a classname.This class
namewill bereferredto asthequalificationof thereference.ThereferenceLabel

is e.g.qualifiedby Text .
A referenceassignmenthastheform

aTextObject[] -> aWindow.Label[]

whichhastheeffect thattheobjectdenotedby aTextObject is alsodenotedby the
Label referenceattributeof theobjectdenotedby aWindow. Thesourcedenotation
is anexampleof a remoteidentifierusedto identify attributesof objects.Remote
identifiersarealsousedfor denotingprocedureandclassattributes.

As thoroughlydiscussedin [13], thedifferencebetween“reference”and“value”
semanticsof assignmentandequalityis important.BETA hasbothforms.A value
assignmenthastheform:

aTextObject -> aWindow.Label
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PP: proc P
(# Decl1; Decl2; ...; Decln
enter In
do Imp
exit Out
#)

Figure3: ProcedureDeclaration

whichdescribesthata“copy”3 of theobjectaTextObject isassignedto aWindow.Label .
As it maybe seen,the syntaxclearly distinguishesbetweenreferenceandvalue
assignment.The box [] indicatesthat the referenceis assigned.In this paper
valueassignmentis usedfor simple classeslike Integer . Otherwisereference
assignmentis used.

2.2 Proceduresand subprocedures

A proceduredeclarationhasthe form describedin Figure3. The procedurePP

is a subprocedureof the procedureP. As for classes,Decl1, Decl2,... Decln

describea setof attributesassociatedwith a procedureobjectin additionto those
inheritedfrom the superprocedure.The enter-part (enter In ) describesthe in-
put parameters,thedo-part(do Imp) describestheactionsto beexecutedandthe
exit-part (exit Out ) describesthe outputparameters.A subprocedurewill have
enter/exit lists thataretheconcatenationsof thelists from thesuperprocedureand
thelistsspecifiedfor thesubprocedure.

In Figure4 threeproceduredeclarationsareshown. OpenWritableRecord is a
subprocedureof OpenRecord andFoo is asubprocedureof OpenWritableRecord

TheINNER constructenablestheactionsof thesuperprocedureto becombined
with theactionsof themainpartof theprocedure.Considerthefollowing proce-
durecall:

someId[] -> Foo

An executionof Foo proceedsasfollows:

3In [8] it is describedwhatis actuallymeantby “copy”
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OpenRecord: proc
(# ID: ˆText; R: ˆRecord
enter ID[]
do ID[] -> theDataBase.Open -> R[];

INNER;
R.Close

#);
OpenWritableRecord : proc OpenRecord

(# do R.Lock; INNER; R.Free #);
Foo: proc OpenWritableRecord

(#
do someData[] -> R.put
#)

Figure4: Exampleof prefixedprocedure

1. An instanceof Foo (aprocedure-object)is created.

2. Theactualinput parameter(someId ) is assignedto thereferenceID .

3. Foo is executed:

(a) Executionstartswith theactionsof thetopmostsuperclass,i.e. OpenRecord .

(b) Executionof INNERin OpenRecord will imply executionof theactions
in thesubprocedure,i.e. OpenWritableRecord .

(c) Executionof INNER in OpenWritableRecord will imply executionof
theactionsin Foo.

(d) After executionof theactionsin Foo, theactionsfollowing INNER in
OpenWritableRecor d andOpenRecord will beexecutedin thatorder.

Executionof Foo implies thusthat the following sequenceof actionsis exe-
cuted:

ID[] -> theDataBase.Open -> R[];
R.lock;

someData[] -> R.put;
R.Free;

R.Close
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Record: class
(# Key: ˆKeyType;

Display: virtual proc
(#
do Key.Display; INNER;
#)

#);
Person: class Record

(# Name: ˆText; Sex: ˆSexType;
Display: extended proc

(#
do Name.Display; Sex.Display; INNER
#)

#);
P: ˆPerson

Figure5: Classeswith virtual procedures

2.3 Virtual procedures

A procedureattributemaybespecifiedto bevirtual. This implies that its defini-
tion maybeextendedin asubclassof theclassin which it is virtual. Theextended
virtual procedurewill have thevirtual procedurefrom thesuperclassasa super-
procedure.A virtual procedurethathasbeenextendedis still virtual in thesense
thatit canbefurtherextendedin subclasses.

Considertheclassesdefinedin Figure5. TheDisplay- procedureof aPerson- object
will beasubprocedureof theDisplay- proceduredefinedin classRecord . Execu-
tionof P.Display will imply executionof Key.Display, Name.Display, Sex.Display ,
andpossiblymoresinceP is known to denoteat leastPerson- objects.

2.4 Classesasattrib utes

As mentionedabove anobjectmayhave class-attributes.As anexampleof class
attributesconsiderFigure 6 which is the grammarexamplefrom [10]. Class
Grammar describesthe structureof grammarobjects. Part of the descriptionof
a grammaris the notion of symbolassociatedwith a grammar. The classat-
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Grammar: class
(#

Symbol: class Object
(# isTerminal: proc (# ...#);

isNonTerminal: proc (# ... #);
#);

...
#);

AdaGram: @ Grammar; S1,S2: @ AdaGram.Symbol;
PascalGram: @ Grammar; X1,X2: @ PascalGram.Symbol

Figure6: ClassGrammar

tribute Symbol describesthe structureof symbolsassociatedwith a particular
Grammar-instance. In the exampletwo Grammar instancesaredeclared:AdaGram

andPascalGram . Eachof these Grammar objectshasan associatedSymbol class
asanattribute. It is possibleto declareinstancesof theclass AdaGram.Symbol . In
theexamplethereferencesS1 andS2 denotesuchobjects.Similarly it is possible
to declareinstancesof classPascalGram.Symbol , in the exampleX1 andX2. By
declaringSymbol local to Grammar it is possibleto distinguishbetweensymbols
from differentgrammars.S1, S2 andX1, X2 arenot instancesof thesameclass.
Also a Symbol classhasno existencewithout a grammarobject. From a mod-
elling pointof view thisseemsintuitively correct.Fromatechnicalpointof view,
a Symbol objectmayreferto (global)attributesin theenclosingGrammar object.

3 Virtual classes

Thenotionof virtual procedureintroducedabove resemblessimilar mechanisms
in otherlanguages,thedifferencebeingthata redefinitionof a virtual procedure
is anextensionof thedefinitionof thevirtual procedurein thesuperclass.

In this sectionthepropertyof beingvirtual is appliedto classattributes,anda
morecomprehensive treatmentof virtualsin generalis given.
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3.1 Locally qualified virtual classes

The specificationof a virtual classis completelyanalogousto the specification
of a virtual procedure.ConsiderFigure7. The classGraph hasclassattributes
Node andLink which definetheelementsof a graph.Node andLink arespecified
asvirtual classes.Subclassesof Graph may extend the definitionsof Node and
Link correspondingto specificdifferentkinds of graphs. Instancesof Node will
thereforealways have the attribute Connected , and instancesof Link will have
theattributesSource andDest . As it maybeseen,thevirtual procedureConnect

makesuseof theseattributes.
Notice that the classesNode in two different instanceof Graph aredifferent

classes,asthey havedifferentcontext. A Node objectfromoneGraph objectcannot
becomepartof anotherGraph .

In thesubclassDisplayableGraph , thedefinitionsof Node andLink havebeen
extended. This is reflectedin the extendeddefinition of Connect which hasan
additionalparameterDL. The executionof Connect implies the generationof a
Link object(new Link ). This Link objectwill beaninstanceof theextendedLink

classand the referenceL will denotethis instance. I.e. L.DispLine is a valid
expression.ThereferenceDG.Root is known to denoteaninstanceof theextended
Node class.I.e. anexpressionlike DG.Root.DispSymb is valid.

Thedefinitionof TravellingSalesma n is similar, but with differentextensions
of Node, Link andConnect .

3.2 Globally qualified virtual classes

Thereis a moregeneralform for declaringvirtual classes(andprocedures)than
thatpresentedsofar. This is explainedfor classesin thispaper, but it alsoapplies
to virtual procedures.

ConsiderthegeneralclassSet in Figure 8. Thevirtual classattributeSetType

definesthetype(or class)of theobjectsthatcanbemembersof theset. SetType

is a virtual classwith thequalificationRecord . (SeeFigure5.) Thismeansthatin
subclassesof Set thevirtual SetType mayberedefined,but now asextensionsof
Record andnot just asanimmediateextensionof thevirtual definitionitself.

In aSet object,themembersmaybeinginstancesof Record andits subclasses.
The procedureDisplay displaysthe whole set. As the elementsof the set are
known to beat leastRecord -objects,they areknown to havea Display attribute.

A referencelike A[inx] is qualifiedby thevirtual classSetType . Thefactthat
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SetType will be Record or further extensionsof Record is usedin accessingthe
Display attribute.Sinceinstancesof Record haveaDisplay attribute,instancesof
SetType will alsohave this attribute.

In theclassPersonSet themembersarerestrictedto beinginstancesof class
Person . Thisis expressedbyextendingthevirtual classSetType to beasubclassof
classRecord . This impliesthata referencelike A[inx] will correspondinglyhave
its qualificationextendedto Person . Thismeansthatin thePersonSet subclassof
Set thefollowing expressionswill bevalid: A[Inx].Name andA[Inx].Sex .

Themembersof a Set arerestrictedto beinginstancesof Record andits sub-
classes.In practicea Set classshouldbeableto includeany object.This maybe
obtainedby replacingRecord by Object in thedefinitionof SetType . TheDisplay

proceduremustthenberemoved,sinceObject doesnot(in BETA) haveaDisplay

attribute.

3.3 Virtual classes(and procedures)revisited

Theexamplesof virtual proceduresshown sofar have all beendefinedusingthe
syntacticform correspondingto locally definedclasses.This is like Simula,C++
andEiffel. As shown in Figure9, a virtual proceduremayalsobedefinedusing
a form correspondingto globally definedvirtual classes.TheprocedureInit has
a virtual procedureattributequalifiedby OpenRecord . In thesubprocedureInitW ,
Open is extendedto beOpenWritableRecord . This implies thatexecutionof Open

will beanexecutionof OpenWritableRecor d. A virtual procedureusedthis way
correspondsto aformalprocedureparameter. Theconstrainton theactualparam-
eteris that it mustbea subprocedureof OpenRecord . It is, of course,awkwardto
have to declarea subprocedurelike InitW in orderto make a procedurecall. In
BETA it is possibleto describeasingleobjectdirectly. In Bar , acall of asingular
procedureobject is describeddirectly. This correspondsto a prefixed block in
Simula,whichagainis ageneralizationof anAlgol innerblock.

As canbeseen,classesandproceduresarecompletelyanalogouswith respect
to virtual attributes.In Figure 10, thedifferentformsfor declaringandextending
virtual attributesareshown. Thesuper-class/procedureA of P is optional. In this
casesuperwill beObject . Theextensionof Qmaybespecifiedaseitheraglobally
definedclassor a locally definedclass.Themeaningof fixed will beexplained
later.
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4 Virtual classesand generics/packages

Thesimpleexampleaboveon a generalsetof objectsor Record objectsindicates
theuseof virtual classesas”type parameters”of theenclosingclass.

In [12] aninterestingcomparisonbetweengenericityandinheritanceis given.
It is shown that,in general,inheritancecannotbesimulatedby genericity. On the
otherhandit is shown thatgenericitycanbesimulatedby inheritance.However, it
is concludedthatthetechniquesfor simulatingso-calledunconstrainedgenericity
becomesratherheavy. For this reasonunconstrainedgenericityhasbeenincluded
in Eiffel.

In thissectionit will beshown to whatextentvirtual classescanreplacegener-
icity. This will be doneby giving definitionsof a generalclassRing [13] with
attributesZero, One, Plus andMult . TheclassRing is thenusedto definesub-
classesComplex anda generalclassVector parameterizedby Ring . The Vector

classmayin turn beusedfor defininga ComplexVector class.
The first versionof classRing is definedin a pure object-orientedstyle. By

this is meantthat operationslike a + b areasymmetrical.Using Smalltalk ter-
minology: the message+ b is sentto the objecta. The secondversionof class
Ring is definedin a functionalstyle. Herethe + is definedasa function of two
arguments.

4.1 Pureobject-orienteddefinition of classRing

ThegeneralclassRing definesthevirtualprocedureattributesZero, Unity, Plus ,
andMult . In additionavirtual classattributeThisClass (will beexplainedbelow)
is included.TheclassComplex is oneexampleof asubclassof Ring .

A moreinterestingsubclassof Ring is the classVector . This classincludes
a virtual classattribute ElementType qualifiedby Ring . ElementType definesthe
classof the elementsof the vector, i.e. the elementsof the vectorhave all the
propertiesof aring. ClassComplexVector is asubclassof Vector wherethevirtual
classElementType is extendedto be classComplex . (In this examplea vector
consistsof 100elements.By usinga virtual procedure,yielding anintegervalue,
it is straightforwardto parameterizethesizeof thevector.)

Thevirtual classThisClass is usedto ensurethat theargumentof, sayPlus ,
is alwaysof thesametypeasthecurrentclass.In Complex it is thereforeextended
to bea Complex , andin Vector it is extendedto Vector . If the referenceA in the
definitionof Plus in classRing wasdefinedasA: ˆ Ring , thenin theextensionof
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Plus in Complex thereferenceA might referto any Ring object.An explicit check
will beneededto ensurethatA refersto aComplex object.In additionanoperation
likeV1[] -> C2.Plus wouldbevalid. Insteadof explicitly definingavirtual class
like ThisClass , it would bemoreconvenientto have a predefinednamefor this.
In [7] the name# this Ring is used. In the Smalltalkproposalin [3] the name

�
self � is usedandin Eiffel this wouldcorrespondto lik e current .

4.2 Functional definition of classRing

Even thougha languageis object-orientedthereis no reasonthat it shouldnot
supportthefunctionalstyleof programming.Object-orientedlanguagesareoften
criticizedbecauseevensimpleexpressionslikeadditionof two numbersi,j have
to have theasymmetricalform j -> i.plus .

In languageswith a packageconceptit is possibleto definepackagesthat
collect the definition of a type and the operationson this type. A packageis
not a class,but rathera definition of a singleobject. A genericpackageon the
otherhandresemblesa class. This is very limited however. In object-oriented
terminology, a genericpackagecanonly beusedfor creatinga singleinstance(a
package).It is actuallyjust templatesthatareelaboratedatcompiletime. It is not
possibleto addpropertieslike in subclasses.

It is possibleto model a genericpackageby a classwith virtual classand
virtual procedureattributesrepresentingthe formal typesandformal operations
of thepackage.

In Figure12 a functionaldefinitionof classRing is giventogetherwith asub-
classComplexRing thatdefinesthe typecomplex andoperationson complex ob-
jects. The virtual classattribute plays the role of the type. The operationson
thetypearedefinedin a functional(symmetrical)wayon instancesof classType .
ClassType is extendedin subclassesof classRing . To usea ComplexRing it is
necessaryto createan instanceof it. In theexampleCR is suchan instance.All
complex referencesandoperationcalls arereferredto asattributesof CR. Class
Ring andComplexRing maybecomparedto genericpackagesin Ada andCRmay
becomparedto agenericinstantiation.Thenext examplefurtherillustratesthis.

In Figure13 a vectoris definedusinga functionalclass.Theimportantthing
to noticeis thattheelementtypeof avectorring is notavirtual class.Insteadit is
describedby thereferenceactualElementRing . Thereasonis thata VectorRing

instancemustbeparameterizedby aspecificring, i.e. aninstanceof ElementRing .
Otherwisetheelementsof avectormayincludesaycomplex numbersfrom differ-
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entcomplex rings. This doesnot seemright in this example.(However, it is pos-
sible to modelthis if desired.)In theexamplethe referenceactualElementRing

is givena valuewhen init is executed.(CR is the ComplexRing from Figure12.)
This is, however, not satisfactory, sinceactualElementRing shouldnot change
valueafter the initialization. It shoulddenotethe sameComplexRing during the
life time of theVectorRing . This canbeobtainedby makingactualElementRing

a “call-by-const”4 parameterof classVectorRing . It may thenbe boundwhen
instantiatinga VectorRing (or oneof its subclasses)andnot modifiedafterwards.
Sincesuchparametermechanismsarewell known it will notbefurtherelaborated.

4.3 Classattrib utesversustype attrib utes

It could be arguedthat the definition of ComplexRing doesnot demonstratethe
needfor or usefulnessof classattributes.TheType attributecouldalsobedefined
usinga pure(record)type,asin Pascal.Suchrecordobjectscoulde.g. only be
assignableandcomparable,but not have procedureandclassattributesasclasses
have.

However, byusingaclassattributeit is possibleto combinetheobject-oriented
styleandthe functionalstyle. The Type classof ComplexRing mayhave a proce-
dure attribute Incr that incrementsa complex numberby 1, seeFigure 14. It
seemsmorenaturalto expresssuchanoperationin anobject-orientedstyle than
in a functionalstyle.

With the additionof the Incr it is possible,in additionto functionalexpres-
sionsto specifyevaluationslike

...; C1.Incr; ...

4.4 Mor eon extendingvirtual classes

In this section, the Vector classof Figure 11 will be further elaborated. As
shown in Figure 15 a classVectorOfVector parameterizedby Vector is defined.
A new virtual classElm hasbeenintroducedto standfor the parameterof class
VectorOfVector . Theuseof fixed insteadof extend (cf. Figure10)specifiesthat
this is thefinal extensionof ElementType , i.e. it is no longervirtual. In generalit
is usefulto beableto specifythatavirtual attributecanno longerbeextended.

4“Call-by-const”wasusedin thefirst versionof Pascal.
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A noteon syntaxmayseemappropriatehere.Thesyntaxfor definingandex-
tendingvirtualsin examplesliketheRing maybefoundtooheavy. Insteadausual
positionalnotationfor definitionandextensionof virtualsmightbeintroduced.

5 Virtual superclasses

It is oftendesirableto adda setof attributesto all classesin a subclasshierarchy.
Considerthehierarchyin Figure16. Supposethatwewantto implementa library
of publications.For this purposewe want to addanattribute ArcNo to all publi-
cations.This maybeobtainedby addingthis attributeto classPublication . An-
otheralternative is to createnew subclassesof Publication, Book andArticle .
Oftennoneof thesealternativesareattractive. It maynotbefeasibleto modify an
existingclass.Likewise,creatingseveralnew subclassesis clumsy.

By usingavirtual classasasuperclassit is possibleto describeanextensionof
all Publication classes.ConsiderFigure17. TheclassPubGen actsasagenerator
for instancesof Publication and its subclasses.The procedureNew generates
theseinstances.The actual instancesgeneratedare of classArcPub which is a
subclassof GenType. GenType is avirtual classqualifiedby Publication .

The subclassBookGen extendsthe definition of GenType to Book. The class
ArcPub of an object denotedby BG will then have Book as its superclass.This
meansthat theinstancesof ArcPub createdby BG.New will have all attributesof a
Book in additionto theattributeArcNo .

Objectscreatedby a PubGen objectcanbeusedasordinaryPublication ob-
jectswithout knowledgeof ArcNo . In thecontext of a PubGen object,they maybe
usedasArcPub objects,i.e. theattributeArcNo maybeaccessed.

6 Conclusion

The notion of virtual classhasbeenintroducedasa generalizationof the corre-
spondingnotionfor procedures.In additionthequalificationof a virtual andthe
mechanismfor extensionof a virtual have beenintroduced. For both kinds of
virtual attributestwo differentsyntacticformshave beenintroduced:locally and
globally qualifiedvirtual classes/procedures.The qualificationandextensionof
a virtual ensuresthat the attributesof a virtual aremaintainedin any subclasses
wherethevirtual is extended.
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Theglobalform of specifyingavirtual classmakesit possibleto bindavirtual
classto a non-localclass.This makesit possibleto usevirtual classesasformal
typeparameters.

Classesand proceduresare completelyanalogouswith respectto declaring
virtual attributes,recallFigure10. In BETA classandprocedureareunified into
oneabstractionmechanism:thepattern. In all examplesthekeywordsclass and
proc maybedropped.By replacingvirtual , extended andfixed by <, :< , and:

respectively the resultsareBETA programs.The commontemplatefor patterns
hastheform shown in Figure 3 without thekeyword proc . Fromthis it follows,
that classesin BETA alsohave an action-part(enter In do Imp exit Out ) like
procedures.For a furtherdiscussionof this thereaderis referredto [8].

As it maybeseen,thenotionof virtual pattern(classandprocedure)captures
theconceptof virtual procedureasknown from Simula,C++ andEiffel. In addi-
tion it extendsthepossibilitiesfor simulatinggenericityby meansof subclassing.
Also theglobalform of virtual patternsmaybeusedto simulatehigherorderpro-
ceduresandclasses.I.e. proceduresandclassesparameterizedby proceduresand
classes.Finally the notion of virtual class,in addition,givesa numberof new
possibilities.

The usefulnessof virtual proceduresare well known. Classattributesand
especiallyvirtual classattributesarelesswell know. Theseconceptshave been
usedfor severalyearsby BETA programmersandthey haveclearlydemonstrated
theirusefulnessin practice.For otherexamplessee[11] and[15].
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Graph: class
(# Node: virtual class

(# Connected: @boolean #);
Link: virtual class

(# Source, Dest: ˆ Node #);
Root: ˆ Node;
Connect: virtual proc

(# S,D: ˆ Node; L: ˆ Link
enter(S[],D[])
do new Link[] -> L[];

S[] -> L.source[]; D[]-> L.Dest[];
True -> S.Connected -> D.Connected;
INNER

#);
#);

DisplayableGraph: class Graph
(# Node: extended class

(# DispSymb: ˆDisplaySymbol #);
Link: extended class

(# DispLine: ˆDisplayLine #);
Connect: extended proc

(# DL: ˆDisplayLine
enter DL[]
do DL[] -> L.DispLine[]; INNER
#);

Display: virtual proc (# .... #)
#);

TravellingSalesman Graph: class Graph
(# Node: extended class (# Name: ˆText #);

Link: extended class
(# Distance: @ Integer #);

Connect: extended proc
(# D: @Integer
enter D
do D -> L.Distance; INNER
#);

#);
DG: ˆ DisplayableGraph;
TG: ˆ TravellingSalesman Graph

Figure7: Locally qualifiedvirtual classes
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Set: class
(# SetType: virtual class Record;

A: [100] ˆ SetType; Top :@ Integer;
{A is an array of 100 references}

Insert:...;
Remove: ...;
Display: proc

(# do (for Inx:Top repeat
A[Inx].Display

for) #);
#);

PersonSet: class Set
(# SetType: extended class Person #)

Figure8: GeneralSet class

Init: proc
(# Open: virtual proc OpenRecord
do...; someId[] -> Open; ...
#);

InitW: proc Init
(# Open: extended proc OpenWritableRecord #);

Bar:
(#...
do... ;

Init(# Open: extended proc OpenWritableRecord #);
...

#)

Figure9: Virtual proceduresasformal procedureparameter
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T: <proc/class> T0
(# P: virtual <proc/class> A(# ... #);

Q: virtual <proc/class> B;
#);

TT: <proc/class> T
(# P: <extended/fixed> <proc/class> (# ... #);

Q: <extended/fixed> <proc/class> B1;
{alternative:}
Q: <extended/fixed> <proc/class> (# ... #)

#)

Figure10: Schemefor declarationof virtual attributes
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Ring: class
(# ThisClass: virtual class Ring;

Plus: virtual proc
(# A: ˆThisClass enter A[] do INNER #);

Mult: virtual proc
(# A: ˆThisClass enter A[] do INNER #);

Zero: virtual proc (# do INNER #);
Unity: virtual proc (# do INNER #)

#);
Complex: class Ring

(# ThisClass: extended class Complex;
I,R: @ Real;
Plus: extended proc

(# do A.I->I.Plus; A.R->R.Plus #);
Mult: extended proc (# ... #);
Zero: extended proc (# do 0 -> I -> R #);
Unity: extended proc (# ... #)

#);
Vector: class Ring

(# ThisClass: extended class Vector;
ElementType: virtual class Ring;
R: [100] ˆ ElementType;
Plus: extended proc

(#do (for i: 100 repeat
A.R[i] -> R[i].Plus

for)#);
Mult: ... Zero: ... Unity: ...

#);
ComplexVector: class Vector

(# ThisClass: extended class ComplexVector;
ElementType: extended class Complex

#)
C1,C2: @ Complex;
V1,V2: @ ComplexVector
...
C1.Unity; C2.Zero; C1[] -> C2.Plus;
V1.Unity; V2.Unity; V1[] -> V2.Plus;

Figure11: Objectorienteddefinitionof classRing
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Ring: class
(# Type: virtual class (# #);

Plus: virtual proc
(# X, Y, Z: ˆType
enter(X[],Y[])
do new Type[] -> Z[];

INNER
exit Z[]
#);

Mult: ... Zero: ... Unity: ...
#)

ComplexRing: class Ring
(# Type: extended class (# I,R: @ Real #);

Plus: extended proc
(#do X.I + Y.I -> Z.I; X.R + Y.R -> Z.R #);

Mult: ... Zero: ... Unity: ...
#);

CR: @ ComplexRing;
C1,C2,C3: ˆCR.Type
...
CR.Unity -> C1[]; CR.Zero -> C2[];
(C1[],C2[]) -> CR.Plus -> C3[]

Figure12: Functionaldefinitionof Ring
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VectorRing: class Ring
(# ElementRing: virtual class Ring;

actualElementRing: ˆElementRing;
Type: extended class

(# V: [100] ˆactualElementRing. Type #);
Init: virtual proc

(# aRing: ˆElementRing
enter aRing[]
do aRing[] -> actualElementRing[]
#);

Plus: extended proc
(#
do (for i: 100 repeat

(X.V[i][],Y.V[i][ ])
-> actualElementRing.P lu s
-> Z.V[i]

for)
#);

Mult: ... Zero: ... Unity: ...
#);

ComplexVectorRing: class VectorRing
(# ElementRing: extended class ComplexRing #);

CVR: @ ComplexVectorRing;
A,B,C: @ CVR.Type
...
CR[] -> CVR.Init

Figure13: Functionaldefinitionof classVector
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ComplexRing: class Ring
(# Type: extended class

(# I,R:@ Real;
Incr: proc (# do I+1->I; R+1->R #)

#);
...

#);

Figure14: Complex with local Incr operation

VectorOfVector: class Vector
(# ElementType: fixed class Vector

(# ElementType: fixed class Elm #)
Elm: virtual class Ring;
ThisClass: extended class VectorOfVector

#);
VectorOfVectorOfCo mpl ex: class VectorOfVector

(# Elm: extended class Complex #)

Figure15: ClassVectorOfVector

Publication: class Record
(# Author:...; Title:...; Date:...#);

Book: class Publication (# ... #);
Article: class Publication

(# KeyWords: ...#);

Figure16: Subclasshierarchyof publications
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PubGen: class
(# GenType: virtual class Publication;

ArcPub: class GenType
(# ArcNo: @integer #);

New: proc
(# RN: @integer; R: ˆ ArcPub
enter RN
do new ArcPub[] -> R[];

RN -> R.ArcNo
exit R[]
#);

#);
BookGen: class PubGen

(# GenType: extended class Book #);
ArticleGen: class PubGen

(# GenType: extended class Article #);
BG: ˆ BookGen; B: ˆ Book; S: ˆ Set
...
111 -> BG.New -> B[]; ’...’-> B.Author;
... B[] -> S.Insert

Figure17: Exampleof virtual superclass
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