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Plans

�Thisweek:Chapter18/19

�Nextweek:Chapter19/Review

�Finalexam:Monday,December20th

�Coursestatus:addtogether2midtermgrades

129-160A(24%)

90-128B(49%)

69-89C(20%)

<69D/F(7%)
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OntoObjects
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AChangeofPace

We’vespentthesemesterdevelopingtoolsfordefiningandreasoningabouta

varietyofprogramminglanguagefeatures.

Nowit’stimetousethesetoolsforsomethingmoreambitious.
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Casestudy:object-orientedprogramming

Plan:

1.Identifysomecharacteristic“corefeatures”ofobject-orientedprogramming

2.Developtwodifferentanalysesofthesefeatures:

(a)Atranslationintoalower-levellanguage

(b)Adirect,high-levelformalizationofasimpleobject-orientedlanguage

(“FeatherweightJava”)
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TheTranslationalAnalysis

Ourfirstgoalwillbetoshowhowmanyofthebasicfeaturesofobject-oriented

languages

objects

dynamicdispatch

encapsulationofstate

inheritance

self(this)andsuper

latebinding

canbeunderstoodas“derivedforms”inalower-levellanguagewitharich

collectionofprimitivefeatures:

(higher-order)functions

records

references

recursion

subtyping
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Forsimpleobjectsandclasses,thistranslationalanalysisworksverywell.

Whenwecometomorecomplexfeatures(inparticular,classeswithself),it

becomeslesssatisfactory,leadingustothemoredirecttreatmentinthe

followingchapter.
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History
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Simula-67

Beta

Smalltalk 72,
Smalltalk 80

CLOS

DylanCecil

Objective C, etc.

C++

Java

C#

Self
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Concepts
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TheEssenceofObjects

What“is”object-orientedprogramming?

Thisquestionhasbeenasubjectofdebatefordecades.Suchargumentsare

alwaysinconclusiveandseldomveryinteresting.

However,itiseasytoidentifysomecorefeaturesthataresharedbymostOO

languagesandthat,together,supportadistinctiveandusefulprogramming

style.
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TheEssenceofObjects

What“is”object-orientedprogramming?

Thisquestionhasbeenasubjectofdebatefordecades.Suchargumentsare

alwaysinconclusiveandseldomveryinteresting.

However,itiseasytoidentifysomecorefeaturesthataresharedbymostOO

languagesandthat,together,supportadistinctiveandusefulprogramming

style.
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Dynamicdispatch

Perhapsthemostbasiccharacteristicofobject-orientedprogrammingis

dynamicdispatch:whenanoperationisinvokedonanobject,theensuing

behaviordependsontheobjectitself,ratherthanbeingfixedonceandforall

(aswhenweapplyafunctiontoanargument).

Twoobjectsofthesametype(i.e.,respondingtothesamesetofoperations)

maybeimplementedinternallyincompletelydifferentways.
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Example

classA{

intx=0;

intm(){x=x+1;returnx;}

intn(){x=x-1;returnx;}

}

classBextendsA{

intm(){x=x+5;returnx;}

}

classCextendsA{

intm(){x=x-10;returnx;}

}

Note:(newB()).m()and(newC()).m()invokecompletelydifferentcode!
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Encapsulation

InmostOOlanguages,eachobjectconsistsofsomeinternalstateencapsulated

withacollectionofmethodimplementationsoperatingonthatstate.

�statedirectlyaccessibletomethods

�stateinvisible/inaccessiblefromoutsidetheobject

CIS500,29November14



'

&

$

%

Example

InJava,encapsulationofinternalstateisoptional.Forfullencapsulation,
fieldsmustbemarkedprotected:

classA{

protectedintx=0;

intm(){x=x+1;returnx;}

intn(){x=x-1;returnx;}

}

classBextendsA{

intm(){x=x+5;returnx;}

}

classCextendsA{

intm(){x=x-10;returnx;}

}
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Sidenote:encapsulation

Encapsulationisarguablyalittlelessfundamentalthandynamicdispatch,in

thesensethatthereareseveralOOlanguages(e.g.,CLOS,Dylan,andCecil)

thatdonotencapsulatestatewithmethods.

Theselanguagesarebased,instead,onmulti-methods,aformofad-hoc

polymorphism.

Althoughtheirbasicmechanismsarequitedifferent,thehigher-level

programmingidioms(classes,inheritance,etc.)arisinginmulti-method

languagesaresurprisinglysimilartothosein“mainstream”OOlanguages.

(SidenoteforJavaexperts:we’realsoelidingsomesubtletiesinvolving

accessingtheprotectedfieldsofotherobjectsofthesameclass...)
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Sidenote:Objectsvs.ADTs

Theencapsulationofstatewithmethodsofferedbyobjectsisaformof

informationhiding.

Asomewhatdifferentformofinformationhidingisembodiedinthenotionof

anabstractdatatype(ADT).
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Sidenote:Objectsvs.ADTs

AnADTcomprises:

�AhiddenrepresentationtypeX

�AcollectionofoperationsforcreatingandmanipulatingelementsoftypeX.

SimilartoOOencapsulationinthatonlytheoperationsprovidedbytheADT

areallowedtodirectlymanipulateelementsoftheabstracttype.

Butdifferentinthatthereisjustone(hidden)representationtypeandjust

oneimplementationoftheoperations—nodynamicdispatch.

Bothstyleshaveadvantages.

N.b.intheOOcommunity,theterm“abstractdatatype”isoftenusedas

moreorlessasynonymfor“objecttype.”Thisisunfortunate,sinceit

confusestworatherdifferentconcepts.
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Subtyping

The“type”(or“interface”inSmalltalkterminology)ofanobjectisjustthe

setofoperationsthatcanbeperformedonit(andthetypesoftheir

parametersandresults);itdoesnotincludetheinternalrepresentation.

Objectinterfacesfitnaturallyintoasubtyperelation.

Aninterfacelistingmoreoperationsis“better”thanonelistingfewer

operations.

Thisgivesrisetoanaturalandusefulformofpolymorphism:wecanwriteone

pieceofcodethatoperatesuniformlyonanyobjectwhoseinterfaceis“atleast

asgoodasI”(i.e.,anyobjectthatsupportsatleasttheoperationsinI).
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Example

classD{

intp(AmyA){returnmyA.m();}

}

...

Dd=newD();

intz=d.p(newB());

intw=d.p(newC());
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Inheritance

Objectsthatsharepartsoftheirinterfaceswilltypically(thoughnotalways)

sharepartsoftheirbehaviors.

Toavoidduplicationofcode,wanttowritetheimplementationsofthese

behaviorsinjustoneplace.

=⇒inheritance
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Inheritance

Basicmechanismofinheritance:classes

Aclassisadatastructurethatcanbe

�instantiatedtocreatenewobjects(“instances”)

�refinedtocreatenewclasses(“subclasses”)

N.b.:someOOlanguagesofferanalternative(butfundamentallyfairly

similar)mechanism,calleddelegation,whichallowsnewobjectstobederived

byrefiningthebehaviorofexistingobjects.
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Example

classA{

protectedintx=0;

intm(){x=x+1;returnx;}

intn(){x=x-1;returnx;}

}

classBextendsA{

into(){x=x*10;returnx;}

}

AninstanceofBhasmethodsm,n,ando.ThefirsttwoareinheritedfromA.
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Latebinding

MostOOlanguagesofferanextensionofthebasicmechanismofclassesand

inheritancecalledlatebindingoropenrecursion.

Latebindingallowsamethodwithinaclasstocallanothermethodviaa

special“pseudo-variable”self.Ifthesecondmethodisoverriddenbysome

subclass,thenthebehaviorofthefirstmethodautomaticallychangesaswell.

Thoughquiteusefulinmanysituations,latebindingisrathertricky,bothto

define(aswewillsee)andtousetastefully.Forthisreason,itissometimes

deprecatedinpractice.
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Examples

classE{

protectedintx=0;

intm(){x=x+1;returnx;}

intn(){x=x-1;returnthis.m();}

}

classFextendsE{

intm(){x=x+100;returnx;}

}

Whatdoes(newE()).n()return?

Whatdoes(newF()).n()return?
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Calling“super”

Itissometimesconvenientto“re-use”thefunctionalityofanoverridden

method.

Javaprovidesamechanismcalledsuperforthispurpose.
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Example

classE{

protectedintx=0;

intm(){x=x+1;returnx;}

intn(){x=x-1;returnthis.m();}

}

classGextendsE{

intm(){x=x+100;returnsuper.m();}

}

Whatdoes(newG()).n()return?
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Gettingdowntodetails

(inthelambda-calculus)...
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Objects

classCounter{

protectedintx=1;

intget(){returnx;}

voidinc(){x++;}

}

...

voidinc3(Counterc){

c.inc();

c.inc();

c.inc();

}

Counterc=newCounter();

inc3(c);

inc3(c);
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c.get();

Howdoweencodeobjectsinthelambda-calculus?
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Objects

c=letx=ref1in

{get=λ_:Unit.!x,

inc=λ_:Unit.x:=succ(!x)};

=⇒c:Counter

where

Counter={get:Unit→Nat,inc:Unit→Unit}
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Objects

inc3=λc:Counter.(c.incunit;c.incunit;c.incunit);

=⇒inc3:Counter→Unit

(inc3c;inc3c;c.getunit);

=⇒7
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ObjectGenerators

newCounter=

λ_:Unit.letx=ref1in

{get=λ_:Unit.!x,

inc=λ_:Unit.x:=succ(!x)};

=⇒newCounter:Unit→Counter
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SubtypingandInheritance

classCounter{

protectedintx=1;

intget(){returnx;}

voidinc(){x++;}

}

classResetCounterextendsCounter{

voidreset(){x=1;}

}

ResetCounterrc=newResetCounter();

inc3(rc);

rc.reset();

inc3(rc);

rc.get();
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Subtyping

ResetCounter={get:Unit→Nat,inc:Unit→Unit,reset:Unit→Unit};

newResetCounter=

λ_:Unit.letx=ref1in

{get=λ_:Unit.!x,

inc=λ_:Unit.x:=succ(!x),

reset=λ_:Unit.x:=1};

=⇒newResetCounter:Unit→ResetCounter
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Subtyping

rc=newResetCounterunit;

(inc3rc;rc.resetunit;inc3rc;rc.getunit);

=⇒4

CIS500,29November37



'

&

$

%

GroupingInstanceVariables

Ratherthanasinglereferencecell,thestatesofmostobjectsconsistofa

numberofinstancevariablesorfields.

Itwillbeconvenient(later)togrouptheseintoasinglerecord.

c=letr={x=ref1}in

{get=λ_:Unit.!(r.x),

inc=λ_:Unit.r.x:=succ(!(r.x))};

CounterRep={x:RefNat};
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SimpleClasses

ThedefinitionsofnewCounterandnewResetCounterareidenticalexceptfor

theresetmethod.

Thisviolatesabasicprincipleofsoftwareengineering:

Eachpieceofbehaviorshouldbeimplementedinjustoneplaceinthe

code.
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ReusingMethods

Idea:couldwejustre-usethemethodsofsomeexistingobjecttobuildanew

object?

resetCounterFromCounter=

λc:Counter.letx=ref1in

{get=c.get,

inc=c.inc,

reset=λ_:Unit.x:=1};

No:Thisdoesn’tworkproperlybecausetheresetmethoddoesnothave

accesstotheinstancevariablexoftheoriginalcounter.

=⇒classes
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ReusingMethods

Idea:couldwejustre-usethemethodsofsomeexistingobjecttobuildanew

object?

resetCounterFromCounter=

λc:Counter.letx=ref1in

{get=c.get,

inc=c.inc,

reset=λ_:Unit.x:=1};

No:Thisdoesn’tworkproperlybecausetheresetmethoddoesnothave

accesstotheinstancevariablexoftheoriginalcounter.

=⇒classes
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Classes

Aclassisarun-timedatastructurethatcanbe

1.instantiatedtoyieldnewobjects

2.extendedtoyieldnewclasses
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Classes

Toavoidtheproblemweobservedbefore,whatweneedtodoistoseparate

thedefinitionofthemethods

counterClass=

λr:CounterRep.

{get=λ_:Unit.!(r.x),

inc=λ_:Unit.r.x:=succ(!(r.x))};

=⇒counterClass:CounterRep→Counter

fromtheactofbindingthesemethodstoaparticularsetofinstancevariables:

newCounter=

λ_:Unit.letr={x=ref1}in

counterClassr;

=⇒newCounter:Unit→Counter
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DefiningaSubclass

resetCounterClass=

λr:CounterRep.

letsuper=counterClassrin

{get=super.get,

inc=super.inc,

reset=λ_:Unit.r.x:=1};

=⇒resetCounterClass:CounterRep→ResetCounter

newResetCounter=

λ_:Unit.letr={x=ref1}inresetCounterClassr;

=⇒newResetCounter:Unit→ResetCounter
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Addinginstancevariables

classCounter{

protectedintx=1;

intget(){returnx;}

voidinc(){x++;}

}

classResetCounterextendsCounter{

voidreset(){x=1;}

}

classBackupCounterextendsResetCounter{

protectedintb=1;

voidbackup(){b=x;}

voidreset(){x=b;}

}
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Addinginstancevariables

Ingeneral,whenwedefineasubclasswewillwanttoaddnewinstances

variablestoitsrepresentation.

BackupCounter={get:Unit→Nat,inc:Unit→Unit,

reset:Unit→Unit,backup:Unit→Unit};

BackupCounterRep={x:RefNat,b:RefNat};

backupCounterClass=

λr:BackupCounterRep.

letsuper=resetCounterClassrin

{get=super.get,

inc=super.inc,

reset=λ_:Unit.r.x:=!(r.b),

backup=λ_:Unit.r.b:=!(r.x)};

=⇒backupCounterClass:BackupCounterRep→BackupCounter
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Notes:

�backupCounterClassbothextends(withbackup)andoverrides(witha

newreset)thedefinitionofcounterClass

�subtypingisessentialhere(inthedefinitionofsuper)

backupCounterClass=

λr:BackupCounterRep.

letsuper=resetCounterClassrin

{get=super.get,

inc=super.inc,

reset=λ_:Unit.r.x:=!(r.b),

backup=λ_:Unit.r.b:=!(r.x)};

CIS500,29November46



'

&

$

%

Callingsuper

Suppose(forthesakeoftheexample)thatwewantedeverycalltoinctofirst

backupthecurrentstate.Wecanavoidcopyingthecodeforbackupby

makingincusethebackupandincmethodsfromsuper.

funnyBackupCounterClass=

λr:BackupCounterRep.

letsuper=backupCounterClassrin

{get=super.get,

inc=λ_:Unit.(super.backupunit;super.incunit),

reset=super.reset,

backup=super.backup};

=⇒funnyBackupCounterClass:BackupCounterRep→BackupCounter
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Callingbetweenmethods

Let’sdefineaclassofcounterswithset,get,andincmethods:

SetCounter={get:Unit→Nat,set:Nat→Unit,inc:Unit→Unit};

setCounterClass=

λr:CounterRep.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.r.x:=(succr.x)});

Badstyle:Thefunctionalityofinccouldbeexpressedintermsofthe

functionalityofgetandset.

Canwerewritethisclasssothattheget/setfunctionalityappearsjustonce?
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Let’sdefineaclassofcounterswithset,get,andincmethods:

SetCounter={get:Unit→Nat,set:Nat→Unit,inc:Unit→Unit};

setCounterClass=

λr:CounterRep.

{get=λ_:Unit.!(r.x),
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Better...

setCounterClass=

λr:CounterRep.

fix

(λself:SetCounter.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.self.set(succ(self.getunit))});

Check:thetypeoftheinnerλ-abstractionisSetCounter→SetCounter,sothe

typeofthefixexpressionisSetCounter.

Thisisjustadefinitionofaset(record)ofmutuallyrecursivefunctions.(We

sawsomethingsimilarintheiseven/isoddexamplein11.11.)
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NotethatthefixedpointinsetCounterClass=

λr:CounterRep.

fix

(λself:SetCounter.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.self.set(succ(self.getunit))});

is“closed”—we“tietheknot”whenwebuildtherecord.

Sothisdoesnotmodelthebehaviorofself(orthis)inrealOOlanguages.
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Idea:movetheapplicationoffixfromtheclassdefinition...

setCounterClass=

λr:CounterRep.

λself:SetCounter.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.self.set(succ(self.getunit))};

...totheobjectcreationfunction:

newSetCounter=

λ_:Unit.letr={x=ref1}in

fix(setCounterClassr);

Inessence,weareswitchingtheorderoffixandλr:CounterRep...
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Notethatwehavechangedthetypesofclassesfrom...setCounterClass=

λr:CounterRep.

fix

(λself:SetCounter.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.self.set(succ(self.getunit))});

=⇒setCounterClass:CounterRep→SetCounter

...to:

setCounterClass=

λr:CounterRep.

λself:SetCounter.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.self.set(succ(self.getunit))};

=⇒setCounterClass:CounterRep→SetCounter→SetCounter
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Usingself

Let’scontinuetheexamplebydefininganewclassofcounterobjects(a

subclassofset-counters)thatkeepsarecordofthenumberoftimestheset

methodhaseverbeencalled.

InstrCounter={get:Unit→Nat,set:Nat→Unit,

inc:Unit→Unit,accesses:Unit→Nat};

InstrCounterRep={x:RefNat,a:RefNat};
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instrCounterClass=

λr:InstrCounterRep.

λself:InstrCounter.

letsuper=setCounterClassrselfin

{get=super.get,

set=λi:Nat.(r.a:=succ(!(r.a));super.seti),

inc=super.inc,

accesses=λ_:Unit.!(r.a)};

=⇒

instrCounterClass:InstrCounterRep→InstrCounter→InstrCounter

Notes:

�themethodsusebothself(whichispassedasaparameter)andsuper

(whichisconstructedusingselfandtheinstancevariables)

�theincinsuperwillcallthesetdefinedhere,whichcallsthesuperclass

set

�suptypingplaysacrucialrole(twice)inthecalltosetCounterClass
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Onemorerefinement...
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Asmallflyintheointment

Theimplementationwehavegivenforinstrumentedcountersisnotveryuseful

becausecallingtheobjectcreationfunction

newInstrCounter=

λ_:Unit.letr={x=ref1,a=ref0}in

fix(instrCounterClassr);

willcausetheevaluatortodiverge!

Intuitively(seeTAPLfordetails),theproblemisthe“unprotected”useof

selfinthecalltosetCounterClassininstrCounterClass:

instrCounterClass=

λr:InstrCounterRep.

λself:InstrCounter.

letsuper=setCounterClassrselfin

...
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Toseewhythisdiverges,considerasimplerexample:

ff=λf:Nat→Nat.

letf
′
=fin

λn:Nat.0

=⇒ff:(Nat→Nat)→(Nat→Nat)

Now:

fixff−→ff(fixff)

−→letf
′
=(fixff)inλn:Nat.0

−→letf
′
=ff(fixff)inλn:Nat.0

−→uhoh...
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Onepossiblesolution

Idea:“delay”selfbyputtingadummyabstractioninfrontofit...

setCounterClass=

λr:CounterRep.

λself:Unit→SetCounter.

λ_:Unit.

{get=λ_:Unit.!(r.x),

set=λi:Nat.r.x:=i,

inc=λ_:Unit.(selfunit).set(succ((selfunit).getunit))};

=⇒

setCounterClass:CounterRep→(Unit→SetCounter)→(Unit→SetCounter)

newSetCounter=

λ_:Unit.letr={x=ref1}in

fix(setCounterClassr)unit;
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Similarly:

instrCounterClass=

λr:InstrCounterRep.

λself:Unit→InstrCounter.

λ_:Unit.

letsuper=setCounterClassrselfunitin

{get=super.get,

set=λi:Nat.(r.a:=succ(!(r.a));super.seti),

inc=super.inc,

accesses=λ_:Unit.!(r.a)};

newInstrCounter=

λ_:Unit.letr={x=ref1,a=ref0}in

fix(instrCounterClassr)unit;
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Success

(?)

Thisworks,inthesensethatwecannowinstantiateinstrCounterClass

(withoutdiverging!),anditsinstancesbehaveinthewayweintended.

However,allthe“delaying”weaddedhasanunfortunatesideeffect:insteadof

computingthe“methodtable”justonce,whenanobjectiscreated,wewill

nowre-computeiteverytimeweinvokeamethod!

Section18.12inTAPLshowshowthiscanberepairedbyusingreferences

insteadoffixto“tietheknot”inthemethodtable.
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Recap
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Multiplerepresentations

AlltheobjectswehavebuiltinthisseriesofexampleshavetypeCounter.

Buttheirinternalrepresentationsvarywidely.
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Encapsulation

Anobjectisarecordoffunctions,whichmaintaincommoninternalstateviaa

sharedreferencetoarecordofmutableinstancevariables.

Thisstateisinaccessibleoutsideoftheobjectbecausethereisnowaytoname

it.(Instancevariablescanonlybenamedfrominsidethemethods.)
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Subtyping

Subtypingbetweenobjecttypesisjustordinarysubtypingbetweentypesof

recordsoffunctions.

Functionslikeinc3thatexpectCounterobjectsasparameterscan(safely)be

calledwithobjectsbelongingtoanysubtypeofCounter.
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Inheritance

Classesaredatastructuresthatcanbebothextendedandinstantiated.

Wemodeledinheritancebycopyingimplementationsofmethodsfrom

superclassestosubclasses.

Eachclass

�waitstobetoldarecordrofinstancevariablesandanobjectself(which

shouldhavethesameinterfaceandbebasedonthesamerecordof

instancevariables)

�usesrandselftoinstantiateitssuperclass

�constructsarecordofmethodimplementations,copyingsomedirectly

fromsuperandimplementingothersintermsofselfandsuper.

Theselfparameteris“resolved”atobjectcreationtimeusingfix.
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Additionalexercise

Takealltheexamplesfromthislecture(andthepreviousone),andrecode

theminJava.

[Nottobehandedin—justforyoutocheckyourunderstanding.]
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