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Abstract

This paperis concernedwith the relationbetweensubtypingandsub-
classingandtheir influenceonprogramminglanguagedesign.Traditionally
subclassingasintroducedby Simulahasalsobeenusedfor defininga hier-
archicaltype system.The type systemof a languagecanbe characterized
asstrong or weakandthe type checkingmechanismasstatic or dynamic.
Parameterizedclassesin combinationwith a hierarchicaltype-systemis an
exampleof a languageconstructthat is known to createcomplicatedtype
checkingsituations.In this paperthesesituationsareanalyzedandseveral
differentsolutionsare found. It is arguedthat an approachwith a combi-
nationof staticanddynamictypecheckinggivesa reasonablebalancealso
here. It is alsoconcludedthat this approachmakes it possibleto basethe
typesystemon theclass/subclassmechanism.
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1 Intr oduction

The purposeof this paperis to contribute to the clarification of typing issues
in object-orientedlanguages.The issueof type checkingin languagesthat has
classeswith type parameters have recentlybeenthe subjectof several papers
[2, 10, 11]. Therehasalsobeenproposalsfor introducinga separatetype sys-
temsupplementaryto thesubclasshierarchy[1].

We will investigatetheseproblemsfrom thepoint of view takenin theScan-
dinavianschoolof object-orientedprogramming[4, 8, 12]. Theclassconceptwas
introducedin Simula[3] andits motivationwasto modelconceptsin theapplica-
tion domain.This leadto theintroductionof subclassingmechanismsasameans
to representspecializationandgeneralizationhierarchies.Inheritanceof proper-
tiesin thesehierarchieswasthemainmotivationto introducesubclassing.Viewed
asamodelingmechanism,subclassingwasalsotakento defineahierarchicaltype
system.Typesaredefinedexplicitly which meansthat separateclasseswith the
sameinternalstructuredefinedifferenttypes.Thisapproachhasbeenfollowedin
Smalltalk[5], Beta[7], C++ [15] andEiffel [10].

Apart from beingusedfor (1) modelingasoriginally intended,subclassing
hasalsobeenusedasameansof specifying(2) inheritanceof codeor ”codeshar-
ing”. A typesystemcanalsobeviewedin two differentways(1) asa meansfor
representingconceptsin theapplicationdomainand(2) asa meansfor detecting
certainkinds of programerrors,type errors. The first aspect,representationof
concepts,is coveredby both mechanismsandsubclassinghasbeenusedalsoto
definea hierarchicaltype systemwhich have thusmadea separatetype system
unnecessary.

Thestrengthof thetypesystemis alsoarelatedissue.Weregardthisasacon-
tinuumwhereweaklytypedmeansthat the typeof anexpressioncarrieslittle or
no information.Smalltalkis anexampleof sucha languagewherethetypeof in-
stancevariablesconvey very little informationonwhatmessagesarelegal to send
to thedenotedobject.A perfectlystronglytypedlanguagewouldexclusivelyhave
expressionswhereits type carriesall informationaboutthe denotedobject. We
arenotawareof any suchobject-orientedlanguagealthoughsomeotherlanguages
comeclose[16]. Languageswith a hierarchicaltypesystemandqualifiedrefer-
encesserveasacompromisesincesome,but notnecessarilyall, operationsonan
objectcanbe inferredfrom thequalificationof thereference.Strongtyping also
impliesthattypecheckingcanbeperformedduringcompilation,but utilizationof
weaktyping aspectshasto becheckedduringrun-time.
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Weaktyping andrun-timetypecheckingprovidesa greaterflexibility for the
programmer. Thisflexibility is especiallyappreciatedwhendevelopingtheinitial
prototypesof a system.Compile-timetypecheckingis usefulfor threepurposes:
(1) it improves the readabilityof programs(2) it makes it possibleto detecta
certainclassof programerrorsatcompile-timeand(3) it makesit possibleto gen-
eratemoreefficient code.A programminglanguagemustoffer a properbalance
betweenflexibility andcompile-timecheckingto beuseful.

Most so-calledstrongly typed languagesrely on a combinationof compile-
time typecheckingandrun-timetypechecking.SimulaandBETA areexamples
of suchlanguages.Herea large classof typeerrorsarecaughtat compile-time,
whereasothersareleft to run-timechecks.C++ is anexampleutilizing compile-
time type checkingto someextent, but situationsthat cannot be caughtduring
compilationarenot caredfor duringrun-time.Eiffel is anexampleof a language
which hasbeendesignedto permita high degreeof compile-timetypechecking,
but thereare, however, also situationswhererun-time type checkinghasto be
used.

Parameterizedclassesin combinationwith a hierarchicaltype- systemare
known to createcomplicatedtype checkingsituations[2, 10, 11]. Similar situ-
ationscanbecreatedwith avarietyof languageconstructsin mostobject-oriented
languages.This paperis usingthetypesystemof BETA, which extendsthetype
systemof Simula,for illustrating theproblems.Theextensionallows for classes
parameterizedwith classes(types)by meansof so-calledvirtual classesas de-
scribedin [9]. The typecheckingproblemsthatarisein suchsituationsareana-
lyzed andalternative solutionsaredescribed.It is arguedthatan approachwith
a combinationof static and dynamictype checkinggivesa reasonablebalance
alsohere,againavoiding a separatetypesystem.Languageconstructswhich can
be usedto reducethe amountof run-time checksin certainsituationsare also
discussed.

In additionsomeof theexamplesfrom [1] areshown in BETA. Thenotions
of qualifiedreferences,remoteaccessandreferenceassignmentasdescribedin
section2-4 arethesamein BETA andSimula.

Thelanguagenotationusedin thispaperis amodifiedversionof BETA similar
to thenotationusedin [9].
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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: ˆ Vehicle;
aBus: ˆ Bus;
aTruck: ˆ Truck;

TheclassesBus, Truck , andCar aresubclassesof classVehicle . Theattributes
owner , licenseNo , noOfSeats , and tonnage arelocal integer variables,while
aVehicle , aBus , andaTruck arereferences(or pointers)to objects.

A referenceis qualifiedby aclass.Thequalificationrestrictsthesetof objects
that the referencemay refer to. The referenceaVehicle is qualifiedby Vehicle.
This impliesthataVehicle maydenoteinstancesof classVehicle andinstances
of subclassesof Vehicle . ThereferenceaBus maydenoteinstancesof classBus
andinstancesof possiblesubclassesof Bus. It is, however, not possiblefor the
referenceaBus to denoteinstancesof classVehicle , Truck , andCar .

In order to describethe type systemmorepreciselywe will introducesome
formal,but yetverysimplenotation.

Theclasshierarchyin Beta(andotherobject-orientedlanguages)canbe de-
scribedasa latticesincetheclassesarepartially orderedby therelationsubclass
of or thesymbol � (therelation � is usedfor superclassof ). A pre-definedclass
with thepropertyof beingthesuperclassof all otherclassesaresometimesexplic-
itly availablein thelanguage(classObject in SmalltalkandBeta). In thelattice
this classplaystherole of Top.
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Object

Vehicle

Bus Truck Car

NoClass

The specialclassNoClass is a subclassof all otherclasses.It playsthe role of
bottomin the Lattice. A referencethat refersto no objecthasthe valueNONE.
Theclassof NONEis NoClass . ClassNoClass is introducedfor purely technical
reasons.

We alsointroducetwo functionswith the following definitions: object() re-
turnstheobjectthata referenceactuallydenotes,qual() returnsthe formal class
of a referenceor theactualclassof anobject.

Thedeclaration

R: ˆ T

implies that qual
�
R��� T. This meansthatqual(R), whereR is a reference,may

be computedat compile-time. If X is an object, then qual(X) is also constant.
Consider

new T[] -> R[]

Theactionnew T generatesanobjectX suchthatqual
�
X��� T.

Thepurposeof NoClass is to make surethatqual
�
object(R) � is well defined

for any referenceR. For thevalueNONEwe have qual
�
NONE�	� NoClass � T for

any classT which is not NoClass .
Thefunctionobject(R) variesatrun-time,sinceRmaydenotedifferentobjects.

Therole of thefunctionobject() is to expressdependency on run-timebehavior.
Theideaof qualifiedreferencescannow bestatedwith thefollowing relation

thatalwaysmustbetruefor all referencesin a program:

qual
�
object(ref ) �	
 qual

�
ref �
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As anexampleconsiderthereferenceaVehicle .Therelation

qual
�
object(aVehicle ) �	
 qual

�
aVehicle �

expressesthesamerestrictiononwhatobjectsthereferenceaVehicle maydenote
asexpressedabove in English.

3 Remoteaccessof attrib utes

Thequalificationof referencesis usedto checkatcompile-timethatremote-access
of attributesis legal. Thefollowing remote-identifiersarelegal:

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

As anexamplethefirst remoteaccessis legal sincequal
�
aVehicle ��� Vehicle

and the classVehicle specifiesan attribute owner and so on. The following
remote-identifiersareillegal:

aVehicle.noOfSeats;
aBus.tonnage;

In thesesimpleexamplestheattributeshaveall beeninstancevariables,but proce-
duresmayalsobeattributeswith thesamerulesfor legalattributeaccess.Remote
accessof procedureattributescorrespondto messagesendingin Smalltalk. In
Smalltalk referencevariablesarenot qualified,so it is not possibleto checkat
compile-timethata messageis legal. Assumingthat noOfSeats is a methodat-
tribute,aSmalltalkexpressionlike

aVehicle noOfSeats

will give riseto therun-timeerror: “Messagenot understood”.Thequalification
of referencesmakes it possibleto checkat compile-timethat this kind of error
doesnotoccur. Thereis still thepossibilitythatareferencemaybeNONE,which
givesriseto anerror, but this is not considereda type-checkingproblem.
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4 Referenceassignment

Qualifiedreferencesprovidelessflexibility thanunqualifiedreferenceswhichmay
denoteobjectsof any class. The costof this flexibility is a run-timecheck for
each message sending. The comparablecost for qualifiedreferencesis signifi-
cantly smaller: A run-timecheck that will take placeat somecasesof reference
assignment.

Considerthefollowing example:

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

In � 1 
 a new instanceof Bus is generated.Theinstancereferenceis assignedto
thereferenceaBus . Thisstatementis trivially legalandthiscanbecheckedduring
compilation.From

qual
�
object(new Bus) ��� Bus

and
qual

�
aBus ��� Bus

it follows that
qual

�
object(new Bus) ��
 qual

�
aBus �

Thisensuresthat
qual

�
object(aBus ) �	
 qual

�
aBus �

holdstrueaftertheassignment.
Theassignmentin � 2 
 is legal sinceaVehicle maydenoteBus objects.The

legality may be (and is) determinedat compile-time,i.e. no run-timechecking
will takeplace.Thelegality canbestaticallycheckedsince

qual
�
object(aBus ) ��
 Bus

and
Bus 
 qual

�
aVehicle ��� Vehicle
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Theassignmentin � 3 
 is legal if aVehicle denotesaninstanceof Bus. In general
this maynot bedetectedat compiletime. This impliesthata run-timetypecheck
will beperformedin this case.Thiscanbeseensincethestaticinformation

qual
�
object(aVehicle ) ��
 Vehicle

cannotbeusedto guaranteethat

qual
�
object(aBus ) ��
 Bus

is true after the assignment.The compilermust thusemit a run-timecheckto
ensurethat

qual
�
object(aVehicle ) ��
 Bus

The assignmentin � 4 
 is illegal, sinceit is not possiblefor aTruck to denotea
Bus object.This is staticallycheckablesince

qual
�
object(aTruck ) ��
 qual

�
aBus �

give rise to comparisonbetweenTruck and Bus and thesetwo classesare not
ordered.

In generalan assignmentstatementA[]->B[] (B:-A or B:=A in other lan-
guages)mustbecheckedto fulfill

qual
�
object(A) �	
 qual

�
B�

in orderto ensurethat
qual

�
object(B) �	
 qual

�
B�

holdsaftertheassignment.
If qual

�
A��
 qual

�
B� this is staticallycorrect,but if qual

�
A��� qual

�
B� then

thecompilermustensurethatqual
�
object(A) ��
 qual

�
B� at run-time.

In mostcasesassignmentsareasin � 2 
 (or qualificationsareequal)andno
run-timecheckingis needed.The ability to weaken the type informationon an
objectasin � 3 
 is very usablein orderto write generalcodelike queueandlist
manipulationetc. The problemof managinga queueof Vehiclesis described
alreadyin [4]. The resultof a queueoperation,like returningthe first object,is
suchaweaklyqualifiedreference.Thepossibilityto explicitly strengthenthetype
informationagain(asin � 3 
 ) is vital. Thisgivestheprogrammerthepossibilityto
view anobjectat differentlevelsof abstraction.In theexampleaboveonewould
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typically usethefollowing views: asanelementin aqueue,asaVehicle,andasa
Busor Truck.

Considerthe exampleof threeregisters: A Vehicleregister, a Bus Register,
anda Truck register. The Vehicle register may containreferencesto both Bus
objectsandto Truck objects.Thequalificationof referencesusedto build up the
Vehicleregisterwill thereforebeVehicle . Theparameterto aninsertoperation
on the Vehicleregisterwill be qualifiedby Vehicle , andoperationsfor getting
referencesto objectsin theregisterwill deliver referencesqualifiedby Vehicle .
Similarly the Bus registerwill usereferencesqualifiedby Bus. The taskof ex-
tractingBus objectsfrom thegeneralVehicleregisterandenteringtheminto the
Busregisterwill necessarilyinvolveanassignmentlike thatof � 3 
 .

In Simula,BETA andC++ this kind of assignmentis possible.Release2.2of
Eiffel offersa new assignmentoperator. Theassignmentin � 3 
 will beaBus ?=
aVehicle in Eiffel. This operatorassignstheobjectto aBus if legalaccordingto
therulesgivenabove,NONEotherwise.Theexecutionof thisoperatorthusgives
riseto animplicit run-rimecheck.

5 Valueassignment

In thissectionthenotionof valueassignmentis handled.Rulessimilarto thosefor
referenceassignmentapply, andthesamekind of run-timetypecheckingapply.

By valueassignmentis meantsomeform of copying of stateof the objects.
Theexactway of copying differsfrom languageto language.For thepurposeof
this paperwe will assumethat valueassignmentmeanscopying the stateof the
sourceobjectto thestateof thedestinationobject. We introducetwo functions:
copy(r1 ,r2 ) copiesthe contentsof r1 to r2 assumingthat qual(r1 )=qual(r2 ),
while project(r ,qual ) selectsthequal-partof r . Thevariablesr1, r2 andr all
denoteobjects.

Valueassignmentin BETA hastheform:

aBus1 -> aBus2

Theassignmentabovewill have theeffect thatthevaluesof theattributesowner ,
licenseNo andnoOfSeats of aBus1 arecopiedto the correspondingattributes
of aBus2 , thatis

copy
�
aBus1 � aBus2 �
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WearehereassumingthataBus1 andaBus2 arequalifiedby Bus, thatis

qual
�
aBus1 ��� qual

�
aBus2 ��� Bus

Considerthefollowing valueassignment:

aBus -> aVehicle {1}

ThereferenceaBus refersto anobjectthat is at leasta Bus objectandaVehicle
refersto anobjectthat is at leasta Vehicle . Only theVehicle attributesof the
objectdenotedby aBus maybecopiedto theobjectdenotedby aVehicle . This
is statedby theexpression:

copy
�
r1 � r2 �

where
r1 � project

�
object(aBus ) � Vehicle �

and
r2 � project

�
object(aVehicle ) � Vehicle �

The following picture illustratesthe situation. Only the “Vehicle bits” of the
object referredto by aBus are copiedto the corresponding“Vehicle bits” of
the object referredto by aVehicle . The dots ... indicatesthat theseobjects
mayin factbe“larger” thancanbedeferredfrom theformal qualificationof their
references.

Vehicle

Bus

...

� � �
Vehicle

...

aBus aVehicle
Considernext anassignmentof theform:

aVehicle -> aBus {2}

The situationhereis oppositeto the previous situation. A potential “smaller”
object is copiedto a potential“larger” object. At compile-timeit is known that
the two objectsat leasthave the Vehicle attributesin common. Anotherpos-
sibility would be to requirethat aVehicle denotesan object qualified by Bus.
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(This wouldbeanalogousto thesituationwith referenceassignmentsof theform
aVehicle[] -> aBus[] .) In this casetheBus attributescouldbecopied.

With theabove semanticsof valueassignmentit is determinableat compile-
time which bits to copy from thesourceobjectto thedestinationobject. This is
essentiallythe semanticsof valueassignmentin BETA.1 This semanticshasthe
disadvantagethat in somesituationssomeinformation(bits) may be lost. Con-
sidercase� 1 
 : If aVehicle actuallyrefersto a Bus object,thenall theattributes
of theBus objectreferredto by aBus couldbecopiedto theBus objectreferredto
by aVehicle . In generalonecouldfind thelargestcommonsubclassof theactual
objectsbeingdenotedandthencopy thecommonattributes.

In most languagesvalueassignmentis definedasa purecopying of bits. In
this way thestateof oneobjectmaybeforceduponanotherobject.Oftendiffer-
ent objectstatesmay denotethe sameabstractvalue. It is thereforenot always
desirableto definethesemanticsof valueassignmentasa bitwisecopying. The
situationis even worsewhenconsideringequality. Here a bitwise comparison
of two objectsmaynot correspondto equalityof theabstractvaluesrepresented
by the two objects. In generalit is difficult to suggestlanguageconstructsfor
handlingvalueassignmentandequality.

Finally we noticethat in mostwork on hierarchicaltype-systemsthedistinc-
tion betweenreferencesemanticsandvaluesemanticsof assignmentandequality
doesnot seemto beexplicit. In relationto object-orientedprogrammingthis dis-
tinction is, however, crucial.

6 Classeswith “type” parameters

Virtual classesin BETA andgenericclassesin Eiffel makesit possibleto define
classesparameterizedwith otherclassesor types. Thesearevery powerful lan-
guagemechanisms,but they alsocomplicatetherulesfor checkingthelegality of
assignments.

The following examplesshow that subclassingandthe rules for assignment
associatedwith subclassesmaywell beusedfor expressingtypesof parameters.
We will useit asbasisfor theanalysis.Thediscussionwill begeneralizedat the
endof thesection.

Considera procedurefor enteringany vehicleinto somekind of register. As

1See,however, [7] for amoreprecisedescriptionof valueassignment
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part of entering,the vehicle is going to get a licensenumber(the owner of the
vehicleis supposedto begiven). newLicenseNo is a functionthatdeliversa new
integervalue:

Insert: proc
(# par: ˆ Vehicle
enter par[]
do newLicenseNo -> par.licenseNo;

{enter par into register}
#)

As theparameterpar is known to denoteinstancesof at leastclassVehicle , it is
safeto accessthe licenseNo attribute.

If aBus denotesaninstanceof classBus, thatis asubclassof Vehicle , which
is the“type” of theparameter, thenthefollowing invocationof Insert shouldbe
legal:

aBus[] -> Insert

Typelegality of this is handledby therulefor referenceassignment(from aBus[]
to thepar[] parameterof Insert ).

Considerthe Insert to be part of a generalRegister class,parameterized
by thetypeof vehiclesto bein theregister. Theintentionis to definespecialized
Registers restrictedto holdobjectsof classBus (andits subclasses),andsimilar
specializedregistersfor Truck andCar objects. The qualification,Type , of the
parameter, par , to theprocedureInsert is declaredvirtual. This is donein order
to strengthenits qualificationin specializationsof Register .

A generalRegister is ableto hold any vehicle,i.e. referencesto objectsof
theclassesBus, Truck , Car andalsoVehicle objects.

Register: class
(# Type: virtual class Vehicle;

Insert: virtual proc
(# par: ˆType
enter par[]
do ...;

newLicenseNo->par.licenseNo;
...; INNER; ...
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#);
#);

Giventhisgeneralclassthefollowing subclassof Register is aclassof registers
that may only hold buses. This is accomplishedby 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 servestwo purposes.It enablesusto saythatthe
parameterto theprocedureInsert mustbeat leasta Bus which will thenguar-
anteethatnon-Buseswill not be inserted(thereis mostlikely alsosomeinternal
datastructuresin the Register , not shown in the example,wherethe samere-
strictionapply). Theproblemof how to enforcethis restrictionis thetopic of the
restof this section.Thesecondpurposeis thatinsidetheBusRegister it will be
safeto accessattributesof classBus. The expressionPar.noOfSeats is an ex-
ampleof that.Thisaddto theexpressivenessof thelanguageandcanbestatically
type-checked.

Thequalificationof a virtually qualifiedreferenceis in generalnot known at
compiletime sincethequalificationcanbeextendedto a morespecificclass.In
ourexamplepar isqualifiedVehicle in aRegister , butasBus in aBusRegister .
For areferencelikepar qualifiedby avirtual classwehavethefollowing relation:

qual
�
par ��� Type 
 Vehicle

SinceType mayhavedifferentextensionsin differentsubclassesof Register , we
cannotdeterminequal

�
par � at compile-time.

ThequalificationaRegister.Type dependsonthequalificationof aRegister .
Wehave thefollowing assertions:

aRegister.Type � Vehicle

if qual
�
object(aRegister ) ��� Register
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and

aRegister.Type � Bus

if qual
�
object(aRegister ) ��� BusRegister

In generaleachsubclassof Register givesrise to anassertionof this kind. We
usethenotation

object(aRegister ).Type

to denotethis virtual qualification.
The qualificationof the parameterpar also dependson the qualificationof

aRegister . Weusethenotation

qual(object(aRegister ).Insert.par )

to denotethequalificationof a specificpar .
Wecandeducethat

object(aRegister ).Type 
 Vehicle

and
qual(object(aRegister ).Insert.par ) 
 Vehicle

but theserelationsareof little practicalusewhendeterminingthe legality of as-
signmentsto par aswill beseenbelow.
For anassignment

aVehicle[] -> aRegister.Insert[]

wemustprovethataftertheassignmentthefollowing holds:

qual
�
object(aRegister.Insert.par ) �
 qual

�
object(aRegister ).Insert.par �

This relationstatesthatthequalificationof theobjectreferredto by par mustbea
subclassof thequalificationof par associatedwith theobjectactuallyreferredto
by aRegister . Sincetheleft-handsideof this relationis 
 Vehicle wecancon-
cludethatthedemandontheobjectreferredto by aVehicle is at leastaVehicle ,
but it maybestronger.

In the following we analyzethreesituationsof assignmentto virtually quali-
fied references.In case1 we consideranassignmentindependentof its context.
In cases2 and3 we take thecontext of theassignmentinto consideration.In all 3
casesweassumethefollowing declarations:
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aVehicle: ˆVehicle;
aRegister: ˆRegister;

Case1: Considertheassignment

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

Theproblemhereis thatthequalificationof object
�
aRegister � cannotbe

determinedat compile-time.If

qual
�
object(aRegister ) ��� Register

then
aRegister.Type � Vehicle

andtheassignment� 1 
 is legal.

If on theotherhand

qual
�
object(aRegister ) ��� BusRegister

then
aRegister.Type � Bus

andtheassignment� 1 
 is legalonly if

qual
�
object(aVehicle ) ��
 Bus

This impliesthatin thegeneralcaseassignmentsto virtually qualifiedrefer-
encescannot bestaticallychecked. Givenmoreinformationfrom thepro-
gramit is in principle possibleto calculatean upperboundon the needed
qualification.This is donein thenext two cases.

Case2: Considertheimperatives:

new Register[] -> aRegister[];
new Bus[] -> aVehicle[];
aVehicle[] -> aRegister.Insert; {2}
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Herewehave:

qual
�
object(aRegister ) ��� Register

qual
�
aRegister.Insert.Par �� aRegister.Type� Vehicle

qual
�
aVehicle ��� Bus

andthereferencerelationwill befulfilled sinceBus � Vehicle .

Case3: Considertheimperatives:

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

Herewehave:

qual
�
object(aRegister ) ��� BusRegister

qual
�
BusRegister.Insert.par �� BusRegister.Type� Bus

qual
�
aVehicle ��� Vehicle

sothereferencerelationis violatedin this case.

The examples1-3 shows that the assignmentcannot be staticallytype checked
in thegeneralcase.If thecompilercaninfer thetypeof anobjectusingdataflow
analysisit canstaticallycheckboth 2 and3. Full dataflow analysisis not pos-
sible, but a limited form, only targetedto recognizethe casewhena reference
canbeguaranteedto haveexactly its declaredqualificationhasbeenproposedfor
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Eiffel [11]. This effect canalso be achieved in Betawith part objectsthat are
staticallyallocated.(Seebelow). In [13] thesameeffect is achievedfor so-called
homogeneousvariableswhich aretypeexact.

Thetypecheckingproblemdescribedabove is generalandoccursin a couple
of differentlanguageconstructions.Theuseof virtual qualificationwaschosento
illustratetheproblemabove. Classeswith typeparametersshows thesameprob-
lemwhensubclassesareallowedto strengthenthequalificationonthetypeparam-
eter. Thesameeffectcanalsobeachievedwith self-relativetypesas”lik eCurrent”
and”thisClass”. Yet anotherexampleis classeswith virtual procedures.If sub-
classesareallowedto restrictthetypeof theparametersto re-implementationsof
proceduresthesameproblemoccursagain.

Theheartof theproblemcanbeexplainedby observingthatthenotionof qual-
ified referencesdoesnot helpusin this case.Theessenceof qualifiedreferences
is to guaranteethat a referenceis denotingat leastan objectof a certainclass.
This is usefulbecauseit is thensafeto assumethattheobjecthasattributesof that
class.Whenassigninganobjectto suchareferencethecompilerneedto calculate
thequalificationof thereferenceasdescribedin section4, andthelegality of the
assignmentcanin many casesbecheckedstatically.

Qualifiedreferencesallows us to determinea leastqualificationof anobject,
but thegroupof constructionsdescribedearlierin this sectionintroducesobjects
wherethe demandsmay increasewith thequalification. The notionof qualified
referencescannot help us to calculatean upperboundon thesedemands.We
have found the following threedifferentwaysto safelyhandletype-checkingof
type-parameterizedconstructions:

1. Not allowing thetype-demandsto bestrengthen

2. Introducingreferencesthataretypeexact

3. Runtimechecks

Thefirst solutionhasbeenadoptedfor examplein Simulafor virtual procedures
with specifiedparametersandfor arraysof referencesusedasparameterswhich
mustconformexactly. For thesesituationsit works also in practicedue to the
possibility of dynamicallystrengtheningthe qualificationof an object. This so-
lution have alsobeenproposedin [2] whereit is suggestedthat it shouldnot be
allowedto strengthenthetypedemandsin subclasses,but only weakeningthem.
Weakeningtype-constraintsis alsopossiblein Trellis/Owl [14], but seemsto be
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of very limited practicalvalueandwill in practicemeanthata fixedtypewill be
used.

In BETA a virtual classcanbefixedin a subclass(seebelow) with themean-
ing that a declarationcannot be further strengthenin a subclass.[2] suggests
the techniquewith weakeningthedemandsto beusedalsofor classeswith type
parameters.Also hereweakeningis of questionablepracticalvalue. It shouldbe
notedthatBETA offersthis asanalternative,while [2] suggestthis to betheonly
alternative.

Thesecondsolutionis exemplifiedwith partobjectsin Betaandthesuggested
type-enforcerule in Eiffel. One can also considerto introducea new kind of
referenceswhichalwaysdenoteobjectsbelongingto exactly thedeclaredclass.

The choiceis betweenexpressive power and statically type-checkablecon-
structions. In Beta the choicehasbeento allow alsoconstructionsthat require
run-timetypechecking.This routehasbeenfollowedhere,but alsofor dynamic
strengtheningof qualificationasdescribedin section4.

Limiting run-time checks

In generalthe useof virtual classeswill involve run-timechecking. BETA has
constructsthat makes it possibleto avoid someof theserun-time checks. In
classBusRegister , the virtual classType may be definedusing fixed instead
of extended . This impliesthatType is not a virtual classin BusRegister , so it
cannotbefurtherextendedin subclassesof BusRegister .

Thesameeffect canbeobtainedby declaringastatic(part)objectlike:

aFixedBusRegister: @BusRegister

Hereit is alsoknown thatno furtherextensionof Type is possible,sothequalifi-
cationof par in Insert is fixedto theclassBus. Thereasonis thatvirtual classes
andproceduresmayonly beextendedin subclasses,andaFixedBusRegister is
not a class,but anobject. Note that aFixedBusRegister is in facta typeexact
reference.

7 Subclassingversussubtyping

In [1] it is claimedthe needfor a specialinterfaceinheritancehierarchythat is
differentfrom theclass/subclasshierarchy, andthattheinterfacehierarchyshould
beusedfor typecheckingpurposes(andnot theclass/subclasshierarchy).
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Thefollowing exampleis theBETA versionof someof theexamplesfrom [1],
andit demonstratesthat it is possibleto usetheclass/subclasshierarchyfor type
checking.As thepreviousexamplesin this paperit alsointroducestheneedfor
run-timetypechecking.

EventhoughtheBETA approachis to usetheclass/subclasshierarchyfor type
checking,this is not thesameasto saythatwedonotwantto distinguishbetween
interfaceandimplementationof a class.Thelanguagehasa separatemechanism
for that[6], but thiswill not becoveredhere.

Theexampledemonstratesthatit is possibleto let aColorPoint beasubclass
of Point , andstill haveprocedureslocal to Point , suchase.g.Equal , alsowork
for objectsof thesubclass.

Point: class
(# X,Y: @integer;

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

P: ˆThisClass
enter(dx,dy)
do new ThisClass[] -> P[];

x + dx -> P.x; y + dy -> P.y;
INNER

exit P[]
#);

Equal: virtual proc
(# P: ˆThisClass;

eq: @boolean
enter P[]
do ((x=P.x) and (y=P.y)) -> eq;

INNER
exit eq
#)

#);

In thesamewayasthelanguagecontainsthespecialreferenceexpressionThisObject
giving the object in which the expressionis evaluated,it alsomakesuseof the
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pseudo-nameThisClass . TheclassThisClass is theclassof ThisObject , i.e.

ThisClass � qual
�
object(ThisObject ) �

In orderfor theparameterP of Equal to work notonly for Point , but alsofor sub-
classesof Point , it is qualifiedby ThisClass . In aPoint objectthequalification
ThisClass is Point . ConsiderthesubclassColorPoint of Point :

ColorPoint: class Point
(# c: @color;

Move: extended proc
(# do c -> P.c; INNER #);

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

INNER
#)

#)

In objectsof thesubclassColorPoint theThisClass is ColorPoint . This im-
pliesthatthequalificationof theparameterP is thenColorPoint , soEqual may
alsobeextendedto testfor theequalityof thec attributeof ColorPoint objects.
Thiscanalsobeexpressedas:

qual
�
object(P) ��
 qual

�
object(ThisObject ) �

It shouldbenotedthatthenotionof ThisClass maybeobtainedasavirtual class.
In Point it wouldbedefinedasavirtual class,e.g.

thisClass: virtual class Point

andin ColorPoint it wouldbeextendedby

thisClass: extended class ColorPoint

See[9] for a furtherdiscussionof this.
Theaboveexampleillustratethesameproblemasdiscussedin section6. This

time theconstructionThisClass is thecauseof qualificationstrengthening.The
following examplesof useof the classeswill illustrate the type-checkingprob-
lems.
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Pl,Pr: ˆ Point;
Cl,Cr: ˆ ColorPoint

Pl[]->Pr.Equal; {1}
Cl[]->Cr.Equal; {2}
Cl[]->Pr.Equal; {3}
Pl[]->Cr.Equal; {4}

In all thesefour casestherehasto beinsertedrun-timetestsanalogousto thatof
theexamplein section6. AssumingthatPr andPl actuallydenotePoint s while
Cl andCr denoteColorPoint s only the last casewill actually fail during run-
time. This is becausewetry to comparea Point objectanda ColorPoint object
by executingtheEqual procedureof theColorPoint objectwith thePoint ob-
ject as the parameterP. As pointedout in [1] this would lead to evaluationof
theexpressionP.c , with P denotinga Point object,andthis is invalid becausea
Point objectdoesnothaveanattributec .

The following is examplesof situationswhere run-time checkingmay be
avoidedby usingpartobjects.Supposethatthefollowing 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-timethat P1 andP2 refer to instancesof Point and
thatC1 andC2 referto instancesof ColorPoint . In otherwordsP1,P2,C1 andC2
areconstantreferences.Theeffect is thatcase5-8canbestaticallytype-checked.
Case5-7will passbut in case8 therewill befounda type-error.

Recallingthe threedifferentsolutionsto this type-checkingproblemwe will
find thefollowing:

1. Not allowing the type-demandsto bestrengthened.

Adopting this attitude,the definition of classColorPoint is wrong since
it is strengtheningthedemandson theparameterP of theprocedureEqual
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(andMove aswell). This is theattitudetakenin [1]. It hastheeffect thatthe
above andmany otherprogramswill be illegal. In [1] it is phrasedslightly
different,the two classesPoint andColorPoint arefoundnot to be type
compatible.

2. Intr oducing referencesthat are type exact.

The effect of this possibility is shown above using part objects. All the
expressionsabove are statically checkable. If this is the only alternative
we cannot write generalcodemanagingColorPoint s(andpossiblymany
othersubclasses)asPoint s which is of greatpracticalvalue. This is also
theeffect of thesuggestedrestrictionfor Eiffel [11]. Theproposalin [13]
for homogeneousvariablesis anotherexampleof this. Althoughtypeexact
variablesis a usefulmechanismin many situations,we find it a too strong
restrictionto bethegeneralcase.

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

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

Since it is not statically known whetheror not X and Y refer to instancesof
Point or ColorPoint it is necessaryto perform a run-time check in the call
X[]->Y.Equal . If X refersto aColorPoint , thenY mustalsoreferto aninstance
of ColorPoint or:

qual
�
object(X) ��
 qual

�
object(Y).Equal.P �

TheprocedureTest maybecalledin thefollowing way:

(Pl[],Pr[])->Test {1}
(Cl[],Cr[])->Test {2}
(Cl[],Pr[])->Test {3}
(Pl[],Cr[])->Test {4}
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In noneof thesecasesthereis a needfor a run-timecheckat the call sincethe
procedureTest only requiresits argumentsto beof classPoint . Theexecution
of Test will in all casesperforma run-timetestwhenexecutingX[]->Y.Equal .
In thefourthcasetherun-timetestin procedureTest will fail sincetheclassof X
(Pl) is Point , while the the relationwill demandat leasta ColorPoint (again
assumingthatPl is denotinga Point object).

Again using the first solutiononly case1 will be acceptedby the compiler
sinceColorPoint is not considereda subclassof Point . This would requirethe
programmerto write oneversionof theTest procedurefor eachcombinationof
argumenttypes.

Thesecondsolutionwouldleadto exactlythesamesituationsincethepointers
X andY wouldbeconsideredto haveexactqualificationmatch.

8 Conclusion

Issuesregardingtyping andprogramminglanguagedesignhave beenthesubject
of this paper. Programmingis regardedasmodelinga real or imaginarypart of
world. Fromthispointof view weconcludethatthemostimportantfeatureof the
classmechanismis theability to modelconcepts.Subclassingmodelsspecializa-
tion andinheritanceof propertiesfrom theapplicationdomain.Usedin this way,
the classhierarchydefinesa type systemthat is understandablein termsof the
applicationdomain.

A typesystembasedon theclassconcepthasbeendescribedtogetherwith a
discussionof how strongtypingcanbesupportedin aflexible way. Thestrengthof
a typesystemis regardedastheamountof informationconveyedwith thetypeof
anexpression.This informationcanbeusedfor compile-timetypecheckingand
earlyerrorreporting.Severalexamplesaregivenof weakeningandstrengthening
the type of an expression. It is arguedthat a certainamountof suchflexibility
is neededin orderto supportdifferentlevels of abstraction.Type strengthening
expressionsgivesriseto run-timetypechecking.

Theproblemsarisingwhenclassesareparameterizedwith types(i.e. classes)
have beenanalyzedandit hasbeenshown thatthetraditionalapproachwith run-
time checksin certainsituationscanalsobeusedhere.It hasalsobeendiscussed
how the amountof run-time checkscan be decreasedand even completelyre-
movedby introducingcertainrestrictionsin the language(typeexact references,
forbidding typestrengthening).Finally it hasbeenarguedthat theserestrictions
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canbeveryusefulin many situations,but only allowing theserestrictedcaseswill
hampertheexpressivenessof thelanguage.
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