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Abstract

This paperis concernedwith the relation betweensubtypingand sub-
classingandtheirinfluenceon programmindanguagedesign.Traditionally
subclassingsintroducedby Simulahasalsobeenusedfor defininga hier-
archicaltype system. The type systemof a languagecanbe characterized
asstrong or weakandthe type checkingmechanismas static or dynamic
Parameterizea@lassesn combinationwith a hierarchicaltype-systenis an
exampleof a languageconstructthatis knowvn to createcomplicatedtype
checkingsituations.In this paperthesesituationsare analyzedandseveral
differentsolutionsarefound. It is aguedthat an approachwith a combi-
nationof staticanddynamictype checkinggivesa reasonabld&dalancealso
here. It is alsoconcludedthat this approachmalkesit possibleto basethe
type systemon the class/subclassiechanism.



1 Intr oduction

The purposeof this paperis to contritute to the clarification of typing issues
in object-orientedanguages.The issueof type checkingin languageghat has
classeswith type parametes have recently beenthe subjectof several papers
[2, 10, 11]. Therehasalsobeenproposaldor introducinga separatdype sys-
temsupplementaryo the subclas$ierarchy[1].

We will investigatetheseproblemsfrom the point of view takenin the Scan-
dinavian schoolof object-orienteghrogrammind4, 8, 12]. Theclassconceptvas
introducedn Simula[3] andits motivationwasto modelconceptsn theapplica-
tion domain.This leadto theintroductionof subclassingnechanismasameans
to represenspecializatiorandgeneralizatiorhierarchies.Inheritanceof proper
tiesin thesehierarchiesvasthe mainmotivationto introducesubclassingViewed
asamodelingmechanismsubclassingvasalsotakento defineahierarchicatype
system. Typesaredefinedexplicitly which meansthat separatelasseswith the
sameinternalstructuredefinedifferenttypes.This approacthasbeenfollowedin
Smalltalk[5], Beta[7], C++[15] andEiffel [10].

Apart from being usedfor (1) modelingas originally intended,subclassing
hasalsobeenusedasa meansf specifying(2) inheritanceof codeor "code shar
ing”. A type systemcanalsobeviewedin two differentways(1) asa meangor
representingonceptsn the applicationdomainand(2) asa meandor detecting
certainkinds of programerrors,type errors. The first aspectrepresentatiomof
conceptsjs coveredby both mechanisms&ndsubclassinghasbeenusedalsoto
definea hierarchicaltype systemwhich have thus madea separatdype system
unnecessary

Thestrengthof thetype systenis alsoarelatedissue.We regardthis asa con-
tinuumwhereweaklytypedmeanshatthe type of an expressioncarrieslittle or
no information. Smalltalkis anexampleof suchalanguagevherethetypeof in-
stancevariablescorvey verylittle informationon whatmessagearelegal to send
to thedenotedbject. A perfectlystronglytypedlanguagevould exclusively have
expressionsvhereits type carriesall informationaboutthe denotedobject. We
arenotawareof arny suchobject-orientedanguagealthoughsomeotherlanguages
comeclose[16]. Languagesvith a hierarchicaltype systemandqualifiedrefer
encessene asacompromisesincesome but not necessarilall, operationn an
objectcanbe inferredfrom the qualificationof the reference . Strongtyping also
impliesthattypecheckingcanbeperformedduringcompilation but utilization of
weaktyping aspecthasto bechecledduringrun-time.
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Weaktyping andrun-timetype checkingprovidesa greaterflexibility for the
programmerThis flexibility is especiallyappreciatedvhendevelopingtheinitial
prototypesof a system.Compile-timetype checkingis usefulfor threepurposes:
(2) it improvesthe readabilityof programs(2) it makesit possibleto detecta
certainclassof programerrorsatcompile-timeand(3) it makesit possibleto gen-
eratemoreefficient code. A programminganguaganustoffer a properbalance
betweerflexibility andcompile-timecheckingto be useful.

Most so-calledstrongly typedlanguagesely on a combinationof compile-
time type checkingandrun-timetype checking.SimulaandBETA areexamples
of suchlanguagesHerea large classof type errorsare caughtat compile-time,
whereathersareleft to run-timechecks.C++ is anexampleutilizing compile-
time type checkingto someextent, but situationsthat can not be caughtduring
compilationarenot caredfor duringrun-time. Eiffel is anexampleof alanguage
which hasbeendesignedo permita high degreeof compile-timetype checking,
but thereare, however, also situationswhererun-time type checkinghasto be
used.

Parameterizedtlassesin combinationwith a hierarchicaltype- systemare
known to createcomplicatedtype checkingsituations[2, 10, 11]. Similar situ-
ationscanbecreatedvith avarietyof languageconstructsn mostobject-oriented
languagesThis paperis usingthetype systemof BETA, which extendsthetype
systemof Simula,for illustratingthe problems.The extensionallows for classes
parameterizedvith classeqtypes)by meansof so-calledvirtual classesas de-
scribedin [9]. Thetypecheckingproblemsthatarisein suchsituationsareana-
lyzed andalternatve solutionsare described.It is amguedthatan approachwith
a combinationof static and dynamictype checkinggives a reasonabldalance
alsohere,againavoiding a separateéype system.Languageconstructsvhich can
be usedto reducethe amountof run-time checksin certainsituationsare also
discussed.

In additionsomeof the examplesfrom [1] areshavn in BETA. The notions
of qualifiedreferencesyemoteaccessand referenceassignmenasdescribedn
section2-4 arethesamein BETA andSimula.

Thelanguagenotationusedn thispapelis amodifiedversionof BETA similar
to thenotationusedin [9].



2 Qualified references
Considerthefollowing classhierarchy:

Vehicle:  class (# owner. @integer;
licenseNo:  @integer
#);

Bus: class
Vehicle (# noOfSeats:  @integer;#);

Truck:  class
Vehicle (# tonnage: @integer #);

Car. class Vehicle (# #);

aVehicle: " Vehicle;
aBus: ~ Bus;
aTruck: = Truck;

Theclasse®Bus, Truck , andCar aresubclassesf classVehicle . Theattributes
owner , licenseNo , noOfSeats , andtonnage arelocal integer variableswhile
aVehicle ,aBus, andaTruck arereferencegor pointers)to objects.

A referencas qualifiedby a class.Thequalificationrestrictsthe setof objects
thatthe referencemay referto. ThereferenceaVehicle is qualifiedby Vehicle
ThisimpliesthataVehicle maydenoteinstance®f classVehicle andinstances
of subclassesf Vehicle . ThereferenceaBus maydenoteinstance®f classBus
andinstanceof possiblesubclassesf Bus. It is, however, not possiblefor the
referenceaBus to denotenstance®f classVehicle , Truck , andCar.

In orderto describethe type systemmore preciselywe will introducesome
formal, but yetvery simplenotation.

The classhierarchyin Beta(andotherobject-orientedanguagesganbe de-
scribedasa lattice sincethe classesrepartially orderedby the relationsubclass
of or thesymbolC (therelation> is usedfor supeclassof). A pre-definectlass
with thepropertyof beingthesuperclassf all otherclassesresometimesxplic-
itly availablein thelanguag€gclassObject in SmalltalkandBeta). In thelattice
this classplaystherole of Top.



Object

Vehicle

Bus Truck Car

NoClass

The specialclassNoClass is a subclas®f all otherclasses.It playstherole of
bottomin the Lattice. A referencethat refersto no objecthasthe value NONE
The classof NONEs NoClass . ClassNoClass is introducedfor purelytechnical
reasons.

We alsointroducetwo functionswith the following definitions: object() re-
turnsthe objectthat a referenceactuallydenotesgual() returnsthe formal class
of areferenceor theactualclassof anobject.

Thedeclaration

R: ~ T

impliesthatqual(R) = T. This meanghatqual(R), whereR is a referencemay
be computedat compile-time. If X is an object, then qual(X) is also constant.
Consider

new T[] -> R[]

Theactionnew T generatesnobjectX suchthatqual(X) =T.

The purposeof NoClass is to make surethatqual(object(R)) is well defined
for ary referenceR. For the valueNONEwe have qual(NONE = NoClass C T for
ary classT whichis notNoClass .

Thefunctionobject(R) variesatrun-time,sinceR maydenotedifferentobjects.
Therole of thefunctionobject() is to expressdependengon run-timebehaior.

Theideaof qualifiedreferencegannow be statedwith thefollowing relation
thatalwaysmustbetruefor all referencesn a program:

qual(object(ref )) C qual(ref )



As anexampleconsiderthereferencaVehicle .Therelation
qual(object(aVvehicle )) C qual(aVehicle )

expressethesamerestrictiononwhatobjectshereferencaVehicle maydenote
asexpressedbovein English.

3 Remoteaccesof attrib utes

Thequalificationof referencess usedio checkatcompile-timethatremote-access
of attributesis legal. Thefollowing remote-identifierarelegal:

aVehicle.owner;
aBus.owner;
aBus.noOfSeats;
aTruck.owner;
aTruck.tonnage;

As anexamplethefirst remoteaccesss legal sincequal(aVehicle ) = Vehicle
and the classVehicle specifiesan attribute owner and so on. The following
remote-identifierareillegal:

aVehicle.noOfSeats;
aBus.tonnage;

In thesesimpleexamplegheattributeshave all beeninstancevariablesput proce-
duresmayalsobeattributeswith the samerulesfor legal attributeaccessRemote
accesf procedureattributescorrespondo messagesendingin Smalltalk. In

Smalltalk referencevariablesare not qualified, so it is not possibleto checkat
compile-timethata messageés legal. AssumingthatnoOfSeats is a methodat-

tribute,a Smalltalkexpressiorlik e

aVehicle noOfSeats

will giveriseto therun-timeerror: “Messagenot understood”.The qualification
of referencesnakesit possibleto checkat compile-timethat this kind of error
doesnotoccur Thereis still the possibilitythatareferencanaybe NONE, which
givesriseto anerror, but thisis not considered type-checkingproblem.

7



4 Referenceassignment

Qualifiedreferencegrovidelessflexibility thanunqualifiedreferencesvhichmay
denoteobjectsof ary class. The costof this flexibility is a run-time ched for
ead messge sending The comparablecostfor qualifiedreferencess signifi-
cantly smaller: A run-time ched that will take place at somecasesof refeence
assignment

Considerthe following example:

new Bus[] -> aBus]]; {1}
aBus[] -> aVehicle[] {2}
aVehicle[] -> aBus[] {3}
aTruck]] -> aBus|] {4}

In {1} anew instanceof Bus is generatedTheinstancereferenceds assignedo
thereferenceaBus. Thisstatemenis trivially legalandthis canbechecledduring
compilation.From

qual(object(new Bus)) = Bus

and
qual(aBus) = Bus

it follows that
qual(object(new Bus)) C qual(aBus)

This ensureghat
qual(object(@Bus)) C qual(aBus)

holdstrue aftertheassignment.

Theassignmenin {2} is legal sinceaVehicle maydenoteBus objects.The
legality may be (andis) determinedat compile-time,i.e. no run-time checking
will take place.Thelegality canbestaticallychecledsince

qual(object(@Bus)) C Bus

and
Bus C qual(aVehicle )= Vehicle



Theassignmenin {3} islegalif aVehicle denotesninstanceof Bus. In general
this may not be detectedht compiletime. Thisimpliesthatarun-timetypecheck
will beperformedn this case.This canbe seensincethe staticinformation

qual(object(aVvehicle )) C Vehicle
cannotbe usedto guarante¢hat
qual(object(@Bus)) C Bus

is true after the assignment.The compiler mustthus emit a run-time checkto
ensurethat
qual(object(aVvehicle )) C Bus

The assignmenin {4} is illegal, sinceit is not possiblefor aTruck to denotea
Bus object. Thisis staticallycheckablesince

qual(object(@aTruck )) C qual(aBus)

give rise to comparisonbetweenTruck andBus andthesetwo classesare not
ordered.

In generalan assignmenstatementA[]->B[]  (B:-A or B:=A in otherlan-
guagesmustbe checledto fulfill

qual(object(d)) C qual(B)

in orderto ensurehat
qual(object(B)) C qual(B)

holdsafterthe assignment.

If qual(A) C qual(B) thisis staticallycorrect,but if qual(A) D qual(B) then
the compilermustensurethatqual(object(Ad)) C qual(B) atrun-time.

In mostcasesassignmentareasin {2} (or qualificationsare equal)andno
run-time checkingis needed.The ability to wealen the type informationon an
objectasin {3} is very usablein orderto write generalcodelike queueandlist
manipulationetc. The problemof managinga queueof Vehiclesis described
alreadyin [4]. Theresultof a queueoperation,like returningthe first object,is
suchaweaklyqualifiedreferenceThe possibilityto explicitly strengthernhetype
informationagain(asin {3}) is vital. This givesthe programmethepossibilityto
view anobjectat differentlevels of abstractionin the exampleabove onewould
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typically usethefollowing views: asanelemenin aqueueasa Vehicle,andasa
Busor Truck.

Considerthe exampleof threeregisters: A Vehicleregister a Bus Register
anda Truck register The Vehicle register may containreferencedo both Bus
objectsandto Truck objects.The qualificationof referencesisedto build up the
Vehicleregisterwill thereforebe Vehicle . Theparameteto aninsertoperation
on the Vehicleregisterwill be qualifiedby Vehicle , andoperationgor getting
referenceso objectsin theregisterwill deliverrreferencesjualifiedby Vehicle
Similarly the Bus registerwill usereferencegjualifiedby Bus. Thetaskof ex-
tractingBus objectsfrom the generalVehicleregisterandenteringtheminto the
Busregisterwill necessarilynvolve anassignmeniik e thatof {3}.

In Simula,BETA andC++ thiskind of assignmenis possible Release.2 of
Eiffel offersa new assignmenbperator The assignmenin {3} will beaBus ?=
aVehicle in Eiffel. This operatorassignghe objectto aBus if legalaccordingto
therulesgivenabore, NONE otherwise.Theexecutionof this operatoithusgives
riseto animplicit run-rimecheck.

5 Valueassignment

In thissectionthenotionof valueassignmenis handled Rulessimilarto thosefor
referenceassignmenapply, andthe samekind of run-timetype checkingapply.

By valueassignments meantsomeform of copying of stateof the objects.
The exactway of copying differsfrom languageo language For the purposeof
this paperwe will assumehat value assignmenmeanscopying the stateof the
sourceobjectto the stateof the destinationobject. We introducetwo functions:
copy(l ,r2) copiesthe contentsof r1 to r2 assuminghat qual(rl )=qual(r2 ),
while project(r ,qual ) selectghe qual-partof r. Thevariablesl, r2 andr all
denoteobjects.

Valueassignmenin BETA hastheform:

aBusl -> aBus2

Theassignmenabove will have the effect thatthe valuesof the attributesowner ,
licenseNo andnoOfSeats of aBusl arecopiedto the correspondingttributes
of aBus2, thatis

copy(aBusl,aBus?)
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We arehereassuminghataBusl andaBus2 arequalifiedby Bus, thatis

qual(aBusl) = qual(aBus2) = Bus

Considerthefollowing valueassignment:
aBus -> aVehicle {1}

ThereferenceaBus refersto anobjectthatis atleasta Bus objectandaVehicle
refersto anobjectthatis atleasta Vehicle . Only the Vehicle attributesof the
objectdenotedby aBus may be copiedto the objectdenotedby aVehicle . This
is statedby the expression:

copy(rl,r2)

where
rl = project(object(@Bus), Vehicle )

and
r2 = project(object(aVvehicle ),Vehicle )

The following picture illustratesthe situation. Only the “Vehicle bits” of the
objectreferredto by aBus are copiedto the corresponding'Vehicle bits” of
the objectreferredto by aVehicle . Thedots... indicatesthattheseobjects
mayin factbe“larger” thancanbe deferredrom the formal qualificationof their
references.

Vehicle } { Vehicle
_)
Bus
aBus al\kehicle

Considemext anassignmenof theform:
aVehicle -> aBus {2}

The situationhereis oppositeto the previous situation. A potential“smaller”
objectis copiedto a potential“larger” object. At compile-timeit is known that
the two objectsat leasthave the Vehicle attributesin common. Another pos-
sibility would be to requirethat aVehicle denotesan object qualified by Bus.
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(Thiswould be analogougo the situationwith referenceassignmentsf the form
aVehicle[] -> aBus[] .) In thiscasetheBus attributescouldbe copied.

With the abore semanticf valueassignmenit is determinableat compile-
time which bits to copy from the sourceobjectto the destinationobject. This is
essentiallythe semanticof valueassignmenin BETA.! This semantichasthe
disadwantagethatin somesituationssomeinformation (bits) may be lost. Con-
sidercase{1}: If aVehicle actuallyrefersto aBus object,thenall the attributes
of theBus objectreferredto by aBus couldbe copiedto theBus objectreferredto
by aVehicle . In generabnecouldfind thelargestcommonsubclas®f theactual
objectsbeingdenotedandthencopy the commonattributes.

In mostlanguagewyalue assignmentis definedasa pure copying of bits. In
this way the stateof oneobjectmay be forceduponanotherobject. Often differ-
ent objectstatesmay denotethe sameabstractvalue. It is thereforenot always
desirableto definethe semanticof valueassignmenasa bitwise copying. The
situationis even worsewhen consideringequality Here a bitwise comparison
of two objectsmay not correspondo equality of the abstractvaluesrepresented
by the two objects. In generalit is difficult to suggestanguageconstructsfor
handlingvalueassignmenandequality

Finally we noticethatin mostwork on hierarchicaltype-systemshe distinc-
tion betweerreferencesemanticandvaluesemantic®f assignmenandequality
doesnot seemto beexplicit. In relationto object-orientegprogramminghis dis-
tinctionis, however, crucial.

6 Classeswith “type” parameters

Virtual classesn BETA andgenericclassesn Eiffel makesit possibleto define
classegarameterizeavith otherclasseor types. Theseare very powerful lan-
guagemechanismdyut they alsocomplicatetherulesfor checkingthelegality of
assignments.

The following examplesshow that subclassingandthe rulesfor assignment
associateavith subclassemay well be usedfor expressingypesof parameters.
We will useit asbasisfor the analysis.The discussiorwill be generalizedtthe
endof thesection.

Considera procedurdor enteringary vehicleinto somekind of register As

1See however, [7] for amoreprecisedescriptionof valueassignment
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part of entering,the vehicleis goingto geta licensenumber(the owner of the
vehicleis supposedo begiven). newLicenseNo is afunctionthatdeliversa nen
integervalue:

Insert: proc

(# par: " Vehicle

enter parf]

do newLicenseNo -> par.licenseNo;
{enter par into register}

#)

As theparametepar is known to denoteinstance®f atleastclassVehicle it is
safeto accesshelicenseNo attribute.

If aBus denotesaninstanceof classBus, thatis asubclas®f Vehicle , which
is the“type” of the parameterthenthefollowing invocationof Insert  shouldbe
legal:

aBus[] -> Insert

Typelegality of thisis handledby therule for referenceassignmengfrom aBus|]
tothepar[] parameteof Insert ).

Considerthe Insert  to be partof a generalRegister class,parameterized
by thetype of vehiclesto bein theregister Theintentionis to definespecialized
Registers  restrictedto hold objectsof classBus (andits subclassesgndsimilar
specializedegistersfor Truck andCar objects. The qualification,Type, of the
parameterar , to theprocedurdnsert is declaredvirtual. Thisis donein order
to strengthents qualificationin specialization®f Register

A generalRegister is ableto hold any vehicle,i.e. referenceso objectsof
theclasse®us, Truck , Car andalsoVehicle objects.

Register:  class
(# Type: virtual class Vehicle;
Insert:  virtual proc
(# par. “Type
enter parf]
do ...;
newLicenseNo->par.licenseNo;
... INNER; ...
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#),
#),

Giventhis generaklassthefollowing subclas®f Register  is aclassof registers
that may only hold buses. This is accomplishedy restrictingthe virtual class
Type to Bus:

BusRegister:  class Register
(# Type: extended class Bus;
Insert:  extended proc
(#
do (par.noOfSeats,par.owner|))
->checkValidity;
INNER
#)
#),

RestrictingthetypeType to Bus senestwo purposeslit enablesisto saythatthe
parameteto the procedurdnsert mustbe at leasta Bus which will thenguar
anteethatnon-Buseswill not beinserted(thereis mostlikely alsosomeinternal
datastructuresn the Register , not shavn in the example,wherethe samere-
strictionapply). The problemof how to enforcethis restrictionis the topic of the
restof this section. The secondpurposds thatinsidethe BusRegister it will be
safeto accesattributesof classBus. The expressionPar.noOfSeats  is anex-
ampleof that. This addto the expressvenes®f thelanguageandcanbestatically
type-checkd.

The qualificationof a virtually qualifiedreferencds in generalnot known at
compiletime sincethe qualificationcanbe extendedto a morespecificclass.In
ourexamplepar isqualifiedVehicle inaRegister ,butasBus in aBusRegister
Forareferencdikepar qualifiedby avirtual classwe have thefollowing relation:

qual(par ) = Type C Vehicle

SinceType mayhavedifferentextensionsn differentsubclassesf Register , we
cannotdeterminequal(par ) atcompile-time.
ThequalificationaRegister. Type  depend®nthequalificationof aRegister
We have thefollowing assertions:
aRegister.Type = Vehicle
if qual(object(aRegister )) = Register
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and

aRegister.Type  =Bus
if qual(object(aRegister )) = BusRegister
In generaleachsubclasof Register givesriseto anassertiorof this kind. We

usethenotation
object(aRegister ).Type

to denotethis virtual qualification.
The qualificationof the parametepar also dependson the qualification of
aRegister . We usethenotation

gual(object(@aRegister ).Insert.par )

to denotethe qualificationof a specificpar .
We candeducehat

object(aRegister ).TypeC Vehicle
and
gual(object(@Register ).Insert.par ) C Vehicle

but theserelationsare of little practicalusewhendeterminingthe legality of as-
signmentdo par aswill beseerbelow.
For anassignment

aVehicle[] -> aRegister.Insert]]

we mustprove thatafterthe assignmenthefollowing holds:

qual(object(aRegister.Insert.par )
C qual(object(aRegister ).Insertpar )

Thisrelationstateghatthe qualificationof the objectreferredto by par mustbea
subclas®f the qualificationof par associateavith the objectactuallyreferredto
by aRegister . Sincetheleft-handsideof thisrelationis C Vehicle we cancon-
cludethatthedemandntheobjectreferredto by aVehicle is atleastaVehicle ,
but it maybe stronger

In the following we analyzethreesituationsof assignmento virtually quali-
fied referencesln casel we consideran assignmenindependenbf its context.
In casex2 and3 we take the context of the assignmeninto considerationin all 3
casesve assumehe following declarations:
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aVehicle:  "Vehicle;
aRegister:  "Register;

Casel: Considertheassignment
aVehicle[] -> aRegister.Insert; {1}

Theproblemhereis thatthe qualificationof object(aRegister ) cannotbe
determinecht compile-time.If

qual(object(aRegister )) = Register

then
aRegister.Type = Vehicle

andtheassignmen{1} is legal.
If ontheotherhand
qual(object(@Register )) = BusRegister

then
aRegister.Type  =Bus

andtheassignmen{1} is legal only if

qual(object(aVvehicle )) C Bus

Thisimpliesthatin thegeneraktaseassignmentto virtually qualifiedrefer
encescannot be staticallychecled. Givenmoreinformationfrom the pro-
gramit is in principle possibleto calculatean upperboundon the needed
gualification.Thisis donein the next two cases.

Case2: Considerttheimperatves:

new Register]  -> aRegister[];
new Bus[] -> aVehicle[];
aVehicle[] -> aRegister.Insert; {2}
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Herewe have:
qual(object(aRegister )) = Register
qual(aRegister.Insert.Par )
= aRegister.Type
= Vehicle

qual(aVehicle ) = Bus

andthereferenceaelationwill befulfilled sinceBus C Vehicle

Case3: Considertheimperatves:

new BusRegister(] -> aRegister(];
new Vehicle[] -> aVehicle[];
aVehicle[] -> aRegister.Insert; {3}

Herewe have:

qual(object(@Register )) = BusRegister

qual(BusRegister.Insert.par )
= BusRegister.Type
= Bus

qual(aVehicle ) = Vehicle
sothereferenceelationis violatedin this case.

The examplesl-3 shaws that the assignmentannot be staticallytype checled
in the generakase.If the compilercaninfer thetype of anobjectusingdataflav
analysisit canstatically checkboth 2 and3. Full dataflav analysisis not pos-
sible, but a limited form, only targetedto recognizethe casewhen a reference
canbeguaranteedb have exactly its declaredqualificationhasbeenproposedor
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Eiffel [11]. This effect canalsobe achiezed in Betawith part objectsthat are
staticallyallocated.(Seebelow). In [13] the sameeffectis achievedfor so-called
homogeneousariableswhich aretype exact.

Thetype checkingproblemdescribedabove is generalandoccursin a couple
of differentlanguageconstructionsTheuseof virtual qualificationwaschoserto
illustratethe problemabove. Classeswvith type parametershowvs the sameprob-
lemwhensubclasseareallowedto strengtherhequalificationonthetype param-
eter Thesameeffectcanalsobeachievedwith self-relatvetypesas’lik e Current”
and’thisClass”. Yet anotherexampleis classeswith virtual procedureslf sub-
classesreallowedto restrictthetype of the parameterso re-implementationsf
procedureshe sameproblemoccursagain.

Theheartof theproblemcanbeexplainedby observinghatthenotionof qual-
ified referencesloesnot help usin this case.The essencef qualifiedreferences
is to guarantedhat a references denotingat leastan objectof a certainclass.
Thisis usefulbecausé is thensafeto assumehatthe objecthasattributesof that
class.Whenassigninganobjectto suchareferencaghecompilerneedto calculate
the qualificationof the referenceasdescribedn section4, andthe legality of the
assignmentanin mary casedechecledstatically

Qualifiedreferencesallows us to determinea leastqualificationof an object,
but the groupof constructionglescribecearlierin this sectionintroducesobjects
wherethe demandsnay increasewith the qualification. The notion of qualified
referencexan not help us to calculatean upperboundon thesedemands.We
have found the following threedifferentwaysto safely handletype-checkingof
type-parameterizeconstructions:

1. Not allowing thetype-demandso be strengthen
2. Introducingreferenceshataretype exact

3. Runtime checks

Thefirst solutionhasbeenadoptedor examplein Simulafor virtual procedures
with specifiedparametersaindfor arraysof referencesisedasparametersvhich
must conform exactly. For thesesituationsit works alsoin practicedueto the
possibility of dynamicallystrengtheninghe qualificationof an object. This so-
lution have alsobeenproposedn [2] whereit is suggestedhatit shouldnot be
allowedto strengtherthe type demandsn subclassedyut only wealeningthem.
Wealeningtype-constraintss alsopossiblein Trellis/fOwl [14], but seemgo be
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of very limited practicalvalueandwill in practicemeanthata fixedtype will be
used.

In BETA avirtual classcanbefixedin a subclasgseebelov) with the mean-
ing that a declarationcan not be further strengthenn a subclass.[2] suggests
the techniquewith wealeningthe demandgo be usedalsofor classeswith type
parametersAlso herewealeningis of questionablgracticalvalue. It shouldbe
notedthatBETA offersthis asanalternatve, while [2] suggesthisto betheonly
alternatve.

Thesecondsolutionis exemplifiedwith partobjectsin Betaandthesuggested
type-enforcerule in Eiffel. One canalso considerto introducea new kind of
referencesvhich alwaysdenoteobjectsbelongingto exactly the declaredclass.

The choiceis betweenexpressve power and statically type-checkableon-
structions. In Betathe choicehasbeento allow also constructionghat require
run-timetype checking.This routehasbeenfollowed here,but alsofor dynamic
strengthenin@f qualificationasdescribedn section4.

Limiting run-time checks

In generalthe useof virtual classeswill involve run-time checking. BETA has
constructsthat makes it possibleto avoid someof theserun-time checks. In
classBusRegister , the virtual classType may be definedusingfixed instead
of extended . ThisimpliesthatType is nota virtual classin BusRegister , soit
cannotbefurtherextendedn subclassesf BusRegister

Thesameeffect canbe obtainedby declaringa static(part) objectlik e:

aFixedBusRegister: @BusRegister

Hereit is alsoknown thatno furtherextensionof Type is possible sothe qualifi-
cationof par inInsert isfixedtotheclassBus. Thereasoris thatvirtual classes
andproceduresnay only be extendedn subclassesandaFixedBusRegister  is
not a class,but an object. Note that aFixedBusRegister is in facta type exact
reference.

7 Subclassingversussubtyping
In [1] it is claimedthe needfor a specialinterfaceinheritancehierarchythatis

differentfrom the class/subcladsierarchy andthattheinterfacehierarchyshould
be usedfor type checkingpurposegandnottheclass/subclassierarchy).
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Thefollowing exampleis the BETA versionof someof theexamplesrom [1],
andit demonstratethatit is possibleto usethe class/subclasiierarchyfor type
checking. As the previous examplesin this paperit alsointroducesthe needfor
run-timetype checking.

Eventhoughthe BETA approachs to usetheclass/subcladsierarchyfor type
checking thisis notthe sameasto saythatwe do notwantto distinguishbetween
interfaceandimplementatiorof a class.Thelanguagéhasa separatenechanism
for that[6], but thiswill notbe coveredhere.

Theexampledemonstratethatit is possibleto letaColorPoint  beasubclass
of Point , andstill have proceduresocalto Point , suchase.g.Equal , alsowork
for objectsof the subclass.

Point:  class
# X)Y: @integer;

Move: virtual proc
(# dx,dy: @integer;

P: “ThisClass

enter(dx,dy)

do new ThisClass|] > P[;
X +dx -> Px; y +dy -> Py;
INNER

exit P[]

#);
Equal:  virtual proc
(# P: “ThisClass;
eq: @boolean
enter P[]
do (x=P.x) and (y=Py)) -> eq;
INNER
exit eq
#)
#);

In thesameway asthelanguageontainghespeciareferencexpressiorThisObject
giving the objectin which the expressionis evaluated,it also makesuseof the
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pseudo-nam@&hisClass . TheclassThisClass istheclassof ThisObject |, i.e.
ThisClass = qual(object(ThisObject ))

In orderfor theparameteP of Equal towork notonly for Point , but alsofor sub-
classe®f Point , it is qualifiedby ThisClass . In aPoint objectthequalification
ThisClass is Point . Considerthe subclas<olorPoint  of Point :

ColorPoint: class Point
(# c. @color;

Move: extended proc
(# do ¢ -> P.c; INNER #),
Equal: extended proc
(#
do (eq and (c=P.c)) -> eq;
INNER
#)
#)

In objectsof the subclasColorPoint  the ThisClass is ColorPoint . Thisim-
pliesthatthe qualificationof the parameteP is thenColorPoint , soEqual may
alsobe extendedto testfor the equalityof thec attribute of ColorPoint  objects.
This canalsobe expresseds:

qual(object(P)) C qual(object(ThisObject ))

It shouldbenotedthatthenotionof ThisClass maybeobtainedasavirtual class.
In Point it would bedefinedasavirtual class.e.g.

thisClass: virtual class Point
andin ColorPoint it would be extendedoy
thisClass: extended class ColorPaint

Seg[9] for afurtherdiscussiorof this.

Theabove exampleillustratethe sameproblemasdiscussedh section6. This
time the constructionrhisClass is the causeof qualificationstrengtheningThe
following examplesof useof the classewwill illustrate the type-checkingprob-
lems.
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PILPr:  ~ Point;
Cl.Cr: = ColorPoint

PI[]->Pr.Equal; {1}
CI[]->Cr.Equal; {2}
CI[J->Pr.Equal; {3}
PI[]->Cr.Equal; {4}

In all thesefour casegherehasto be insertedrun-timetestsanalogougo that of
theexamplein section6. AssumingthatPr andP| actuallydenotePoint swhile
Cl andCr denoteColorPoint s only the last casewill actuallyfail during run-
time. Thisis becausevetry to compareaPoint objectanda ColorPoint  object
by executingthe Equal procedureof the ColorPoint  objectwith the Point  ob-
ject asthe parametefP. As pointedout in [1] this would lead to evaluationof
theexpressiorP.c , with P denotinga Point object,andthis s invalid becausa
Point objectdoesnothave anattributec.

The following is examplesof situationswhere run-time checkingmay be
avoidedby usingpartobjects.Supposehatthe following objectsaregiven:

P1,P2: @Point;

C1,C2: @ColorPoint;
P1[]->P2.Equal; {5}
C1[]->C2.Equal; {6}
C1[}->P1.Equal; {7}
P1[]->C2.Equal; {8}

Hereit is known at compile-timethatP1 andP2 referto instancesf Point and
thatClandCz2 referto instance®f ColorPoint . In otherwordsP1,P2,C1 andC2
areconstanteferencesTheeffectis thatcases-8 canbe staticallytype-checlkd.
Caseb-7 will passbutin caseB therewill befoundatype-error

Recallingthe threedifferentsolutionsto this type-checkingoroblemwe will
find thefollowing:

1. Not allowing the type-demandsto be strengthened.

Adopting this attitude, the definition of classColorPoint  is wrong since
it is strengtheninghe demand®n the parameteP of the procedureEqual
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(andMove aswell). Thisis theattitudetakenin [1]. It hastheeffectthatthe
above andmary otherprogramswill beillegal. In [1] it is phrasedslightly
different,thetwo classe$’oint andColorPoint  arefoundnotto betype
compatible.

2. Intr oducingreferencesthat are type exact.

The effect of this possibility is shavn above using part objects. All the
expressionsabove are statically checkable. If this is the only alternatve
we cannotwrite generalcodemanagingColorPoint s (andpossiblymary
othersubclassespsPoint swhichis of greatpracticalvalue. Thisis also
the effect of the suggestedestrictionfor Eiffel [11]. The proposalin [13]
for homogeneousariabless anotherexampleof this. Althoughtype exact
variablesis a usefulmechanismn mary situationswe find it atoo strong
restrictionto bethegenerakase.

To concludethis discussionwe finally alsoshov the BETA formulationof one
otherexamplein [1].

Test: proc
# X)Y: © Point
enter(X[],Y[])
exit  X[]->Y.Equal {a run-time  check}
#);

Sinceit is not statically known whetheror not X andY refer to instancesof
Point or ColorPoint it is necessaryo perform a run-time checkin the call
X[]->Y.Equal . If Xrefersto aColorPoint ,thenY mustalsoreferto aninstance
of ColorPoint  or:

qual(object(X)) C qual(object(Y).Equal.P )

Theprocedurélest maybe calledin thefollowing way:

(PI[J,Pr[])->Test {1}
(CIf],Cr[])->Test {2}
(CI[J,Pr[])->Test {3}
(PI[],Cr[])->Test {4}
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In noneof thesecaseshereis a needfor a run-time checkat the call sincethe
procedurelest only requiresits agumentsto be of classPoint . The execution
of Test will in all casegerforma run-timetestwhenexecutingX[]->Y.Equal

In thefourth casetherun-timetestin procedurélest will fail sincethe classof X
(Pl) is Point , while thethe relationwill demandat leasta ColorPoint  (again
assuminghatPI is denotingaPoint object).

Again using the first solutiononly casel will be acceptedby the compiler
sinceColorPoint  is not considered subclas®f Point . Thiswould requirethe
programmeto write oneversionof the Test procedurgor eachcombinationof
amgumenttypes.

Thesecondolutionwouldleadto exactly thesamesituationsincethepointers
X andY would be consideredo have exactqualificationmatch.

8 Conclusion

Issuegregardingtyping and programminganguagedesignhave beenthe subject
of this paper Programmings regardedas modelinga real or imaginarypart of
world. Fromthis point of view we concludethatthe mostimportantfeatureof the
classmechanisnis the ability to modelconceptsSubclassingnodelsspecializa-
tion andinheritanceof propertiefrom the applicationdomain.Usedin this way,
the classhierarchydefinesa type systemthat is understandablen termsof the
applicationdomain.

A type systembasedon the classconcepthasbeendescribedogethemwith a
discussiorof how strongtyping canbesupportedn aflexible way. Thestrengthof
atypesystemis regardedasthe amountof informationcornveyedwith thetype of
anexpression.This informationcanbe usedfor compile-timetype checkingand
earlyerrorreporting.Severalexamplesaregivenof wealeningandstrengthening
the type of an expression. It is aguedthat a certainamountof suchflexibility
is neededn orderto supportdifferentlevels of abstraction.Type strengthening
expressiongyivesriseto run-timetype checking.

Theproblemsarisingwhenclassesreparameterizedvith types(i.e. classes)
have beenanalyzedandit hasbeenshowvn thatthe traditionalapproactwith run-
time checksin certainsituationscanalsobe usedhere.It hasalsobeendiscussed
how the amountof run-time checkscan be decrease@nd even completelyre-
moved by introducingcertainrestrictionsin the languag€gtype exactreferences,
forbidding type strengthening) Finally it hasbeenarguedthattheserestrictions
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canbeveryusefulin mary situationsput only allowing theserestrictedcasewill
hamperthe expressvenesf thelanguage.
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