Chapter 1

Object-oriented features

Thecompilers job for aproceduralanguagdike C is relatively straightforvard, because€C andmostother
compiledproceduralanguagesave beendesignedo approximatevhatthe computerdoes.Otherlanguage
paradigms however, are more independenbf computerarchitecture,and so they are more difficult for
compilersto translateparticularlyif the efficiengy of thetranslationis important.

Amongthesearethe object-orientegparadigmwhich presents hostof new challengedor compilers.
In this section,we’ll look at how a compilercanhandlethesechallengesusingtranslationsrom Java to
Intel assemblyanguagdor our examples.

1.1 Basics

An object-orientegorogrammetendsto think of anobjectasa conglomeratiorof variablesand methods.
In memory however, eachindividual objectof the sameclasssharegshe samemethodsandsothereis no
reasorto storemethodswith individualinstances. Thus,therepresentationf anobjectin memoryincludes
the objects instancevariablevalues. The memoryrepresentationf aninstances calledits class instance
record, or CIR.

Considerfor example,thefollowing classdeclaration.

cl ass Container {
int capacity;
int contents;

Cont ai ner (int capacity) {
this.capacity = capacity;
this.contents = 0;

}

int getRenmining() {
return capacity - contents;

}

voi d add(int weight) {
if(contents + weight < capacity) contents += wei ght;
}
}

9®©2003,Carl Burch. Copiesmay not be distributedin ary form without permission.
Thisis nottruefor all object-orientedanguagesSomeallow the methodsfor an objectto bealteredover time. Jaza doesnot,
dueto thememoryandtheinefficienciesof associatingnethodswith eachobject.
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A Javacompilerwill decidethateachContainemeeddo hold two integervalues for theinstancevariables
capaci ty andcont ent s. Thus,it will reasonjt mustallocateeightbytesfor eachContainerinstance.
For the moment,we’ll imaginethateachContainerCIR hasonly theseeightbytes. (We’'ll seethattheres
moreto it later)

An instancemethodis similar to a function. Therewill be a subroutineat a fixed locationin memory
andthe compiledcodecancall this subroutinevhenthe methodis to be executed.Onedifferenceis thatthe
codefor theinstancemethodneedgo know which objectit is addressindthatis, whatt hi s is). Thiscan
bedoneby giving eachinstanceanethodanimplicit first parametertheaddres®oft hi s.

Thus,acompilermight producethefollowing for Containers get Renai ni ng instancemethod.

1 Container_getRemaining:

2 pushl %ebp

3 mov! %esp, %ebp

4 movl 8(%ebp), %ecx # load memory address of this into ecx
5 movl 0(%ecx), Yoeax # load this.capacity into eax

6 subl 4(%ecx), %eax # subtract this.contents from eax

7 mov! %ebp, %esp # and return this value

8 popl %ebp

9 ret

After completingthe entrytemplatefor this method the memorywould look somethindik e thefollowing.

memory
ﬁ __ Container CIR

22 100
22 25

ebp :

esp cra ———« caller's ebp
FF8 2 I return address
Frc| 220

In line 4, the methodloadsthe implicit first parametett hi s, the addressof a Containerobject,into a
register Line 5 illustratesthecompilerfetchinganinstancevariablefrom anobject:it loadsthecapaci t y
variable,which we’re supposings thefirst thing in a ContainerCIR. Thecont ent s variable,loadedin
line 6, would be four bytesbeyondthis.

Constructomethodsaresimilar.

1 Container_construct:

2 pushl %ebp

3 mov! %esp, %ebp

4 movl 8(%ebp), Y%eax # load memory address of this into ecx

5 movl 12(%ebp), %ecx # copy capacity parameter into this.capacity
6 movl %ecx, 0(%eax)

7 movl $0, 4(%eax) # put 0 into this.contents

8 mov! %ebp, %esp

9 popl %ebp

0

1 ret
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cl ass Suitcase extends Container {
bool ean cl osed;

Suitcase(int capacity) {
super (capaci ty);
this.closed = true;

}
void add(int weight) { if(!this.closed) super.add(weight); }
void open() { this.closed = fal se; }

void close() { this.closed = true; }

Figurel.l: TheSuitcaseclass.

Constructormethodsare slightly differentwhenthey are called, however: Before calling a constructor
method,the code must allocatespacefor the CIR. Supposehe compiler wereto compile“new Con-
t ai ner (100) .” Sincea Containeroccupiesightbytes thefirst taskis to allocateeightbytesof memory

pushl $8 # first we call malloc to allocate 8 bytes

call malloc

movl %eax, %ebx # save the address in a callee-save register
pushl $100 # now we call the constructor method

pushl %eax # the Container’s address is the first parameter

call Container_construct

Methodsthen,arent very differentfrom functions.Classmethodsareevenlessdifferent— they dont
evenrequiretheimplicit parameter

Marny object-orientedanguagdeaturesareirrelevantto compilation. Notableamongtheseis theissue
of data protection. It is a centralfeatureof object-orientegorogramming.But protectingdata(usingthe
pri vat e keyword, for example)hasno implicationfor the compiledcode. This informationis usedonly
duringcompilation,whenthe compilershouldflag protectionviolations. Becausd¢he compilerensureshat
thereareno protectionviolations,the executableprogramit generatesieednt botherwith them.

1.2 Polymorphism

Polymor phism refersto theability of anobjectof oneclassto masqueradasanobjectof a superclasskor
example,supposeve definea SuitcaseclassextendingContainerasin Figurel.1. Thenthefollowing code
wouldillustratepolymorphismsinceit corvertsa Suitcasenbjectinto a Containerobject.

Cont ai ner | uggage = new Suitcase(100);

Lik e dataprotection polymorphismis a centralideaof object-orientegorogramming Polymorphismhow-
ever, hasmajorimplicationsfor codegeneration.

EachSuitcaseobjecthasthreeinstancevariables:In additionto the cl osed instancevariable,it in-
heritsthe capaci t y andcont ent s instancevariablesfrom the Containerclass. In orderto be ableto
masqueradasa Containerobject, the compiler needsto place Containers instancevariablesfirst in the
CIR. Thus,atthe addressontainedby thel uggage variableinitialized asabove, we would find its ca-
paci t y variables value.Four bytesbeyondthis, we would find its cont ent s variables value.And four
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bytesbeyond this, we would find its ¢l osed variables value. (The programwouldnt be ableto access
| uggage. cl osed directly, sincethel uggage variableis declaredasa Containerbut it would still exist
in memory)

The compilercannotplacethecl osed variableelsavherein a SuitcaseCIR. For example,it couldnt
go betweercapaci t y andcl osed. Doing this would prevent the already-compiledContainemmethods
from working; for example,the compiledget Renmai ni ng methodwe saw relieson cont ent s being
four bytesbeyondthecapaci t y valuein memory

If the compiler placesinstancevariablesof the superclasdeforethoseof the subclassthenall the
inheritedinstancemethodsvork well. Indeed|f thecompilerneeddo generateodeto handlea castinto a
superclasst cansimply copy theexisting CIR address.

1.3 Virtual methods

An importantcomplicationariseswhenwe considerthefactthata classcanover ride methodsof its super
class.For example the Suitcaselassof Figurel.loverridesContainesadd() method.In object-oriented
languageparlance a methodthat canbe overriddenis a virtual method. In Java, nearly (or virtually) all
methodsarevirtual.

Compilingavirtual methodsn’t amajorproblem.Theproblemisin how thecomputercallsthemethod.
Considetthefollowing code ,wherel uggage is avariabledeclaredasa Container

| uggage. add( 25) ;
Without consideringoverriding,the naturalway to compilethis is thefollowing.

pushl $25
pushl %eax # push the implicit first parameter, this
call Container_add

Thisis erroneousthough,becausevhile | uggage is declarecasa Containerit mayactuallybea Suitcase
dueto polymorphism.This assemblycodewould call Containers add method,andthe 25 poundswould
gointo thesuitcasavhetheror notits open.But overriddenmethodsareto bein force evenwhenthe object
hasbeencastinto its parentclass— in this casejf the suitcasas closedthe 25 poundsshouldnotgoin.

To supportthis, object-orienteccompilersgenerallyuseda techniguecalledthe virtual method table,
or VMT. For eachclassin aprogramthe compilergenerateg fixedtableof thevirtual methodsdefinedby
theclass.

Container VMT Suitcase VMT
Container_getRemaining 0 | Container_getRemaining
Container_add 4 Suitcase_add

Suitcase_open

12 Suitcase_close

The Suitcase/MT mustfollow the ContaineVMT for the methodghatit inherits,but for methodshatit
overrides(theadd method),it containsghe addres®f the overridingmethods first instructioninstead.

We changehe CIR formatby alwaysallocatingthefirst four bytesto referto theVMT of theinstances
actualclass.Thus,if | uggage werea Suitcaseits CIR containdirst the Suitcase/MT’ smemoryaddress,
followedby its capaci t y instancevariablevalue,thenits cont ent s value,thenits cl osed value.The
constructomethodwould beresponsibldor initializing the VMT pointerfor eachclassinstance.
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Thefollowing translationof “I uggage. add( 25) ; ” would supportoverriding, whereeax contains
theaddresgorrespondingo | uggage.

1 movl 0(%eax), %ecx # load the VMT address for luggage into ecx
2 pushl $25

3 pushl %eax # push the implicit first parameter, this

4 call *4(%ecx) # call the add method given in the VMT

Thefirstline looksatthememorypointedto by | uggage; with our redefinitionof the CIR format,thedata
hereis the memoryaddresof the VMT for | uggage’s actualtype. If | uggage is a Suitcasethenthis
line would placethe addres®f the Suitcase/MT into ecx. Whenthe computercallstheroutinein line 4, it
determinesheroutines addres$rom thesecondentryin the Suitcaseé/MT, whichwould be Suitcasesadd
method. If | uggage werea plain Container however, thenline 1 would load Containers VMT address,
andsoit would enterContainers add methodin line 4, sincethis is wherethe secondentry of Containers
VMT points.

1.4 Casting

Java permitsa programto explicitly castanobjectinto anothertype.

Suitcase bag = (Suitcase) |luggage; // luggage is a Container

Performingthe corversionis easyto do, sincea Suitcasevariable and a Containervariable pointing to
the sameobjectrefer to the sameaddress. But thereis a complication: The Java languagerequiresa
ClassCastExceptioto be thrown shouldl uggage in factnot be a Suitcaseobject. Usually this canonly
be doneat run-time. Thus,for this line, the compilermustgeneratecodeto verify anobjects actualtype.
Whatshouldit generate?

We cansolwe this problemthroughthe VMT. If | uggage is actuallya Suitcasethenthe verification
processs easy: The VMT pointerin | uggage will point to Suitcases VMT, and so the compilercan
easilyadd codeto verify thatthis is in facttrue. But whatif | uggage is a subclasof Suitcase— like
RollingSuitcaseDr if it is a subclas®f that?In thesecasesthe castshouldstill belegal. Butthe VMT of
| uggage would notbe Suitcases VMT, andsothe comparisorwould indicatethatthe castis illegal.

Whatwe cando is to changethe format of virtual methodtablesso thatthe first four bytesof a classs
VMT will alwayspointto the VMT of its superclassTold to checkwhethed uggage is actuallyaSui t -
case, then,theassemblycodecanlook into | uggage’'sVMT. If it doesnt referto Suitcases VMT, then
we cancheckthe VMT’ s parentpointer andthat VMT’ s parentpointer andso on until finally we getto
Suitcases VMT (in which casethe castis legal) or to Objects VMT (in which caseit is not).

1.5 Interfaces

Java alsoincorporateghe conceptof theinterface, a setof methodshatmustbe definedby ary classthat
wantsto claimthatit implementgheinterface.Moreover, it permitsavariables typeto beaninterfacetype,
whosevaluecanbeary classthatimplementghegiveninterface.

This posesa challengefor object-orienteccompilers: If a programcalls a methodon a variableof an
interfacetype, how canit determinewherethe methodis located? The VMT approachdoesnot apply
directly here. With classesthe compilercould assigna VMT index to eachvirtual methodof a class. It
couldbe confidentthatary subclassvould be ableto usethatsameindex, becausdava requireseachclass
to have at mostoneparentclass,andsothereis no potentialfor conflicts.
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But a classcanimplementmary interfaces,andsoif the compilerassignedanindex to eachinterface
method thereis the potentialthatanothelinterfacewould usethe sameindex. Or, if thecompilerassigned
uniqueindex to eachinterfacemethodthroughouta program thenthe VMT would be prohibitively large?

How to besthandlecalling interfacemethodss still anopenresearchyuestion.Alpern, etal., proposed
onegoodalternatve 2 They proposedssigningachinterfacemethodbothauniqueidentifierandarandom
ID betweerD and,say 4. A classs VMT wouldincludeanarrayof 5 slots,calledaninterface method table;
for ary call to aninterfacemethod,the generatecdissemblycodecould find the objects VMT, containing
its interface methodtable. The generatedcodewould call the methodfound in this table at the methods
assigneaandomiD.

For example,supposeave wereto defineanOpenablanterface.

i nterface Openabl e {
voi d open();
voi d cl ose();
}
In compiling this, the compilerwould choosea descriptoranda randomID for eachmethod. Supposet
chosel193and?2 for theopen() methodand1194and4 for thecl ose() method.If we modifiedthe
Suitcaseclassof Figure 1.1 to implementthe Openablanterface,the compilerwould generateSuitcases

VMT asfollows.

0 Container_VMT parent class’'s VMT
0
8 0
12 Suitcase_open interface method table
16 0
20 Suitcase_close

24 | Container_getRemaining

28 Suitcase_add ]

: = virtual method table
32 Suitcase_open
36 Suitcase_close

We've supposedhatthe compilerchoosedo placethe addresf the parents VMT first (asrequiredto
supportcastingin Sectionl1.4), the interface methodtable next, followed by the regular virtual method
table.

Of coursethe problemwith this systemis thatsomeinterfacemethodscould receve the samerandom
ID. For this, Alpern, et al., proposethat the compilerwould generatea stub method that would receie a
descriptorof the interface methodand usethis to decidewhich of the conflicting methodsto enter The
addres®f this stubmethodwouldgointo theVMT interfacemethodtable.In thegenerated¢odefor calling
aninterfacemethod the methoddescriptowould be stashedeforecalling the interfacemethod,so that, if
thetablecontainsastubmethod,t canusethedescriptoito choosewvhich conflictingmethodto enter We'll
supposeahatthe methoddescriptoris stashedn the edx register

2SomeJava compilershave, in fact, useduniqueindexesfor eachinterfacemethod. This canonly work for programsusinga
smallnumberof classesandinterfaceshowever. Beyondthis, it provestoo wastefulof memory

SAlpern, et al., “Efficient Implementationof Java Interfaces: Invokeinterface ConsiderecHarmless, Proc. Object-Oriented
Programming, Systems, Languages, and Applications, 2001



1.5 Interfaces 7

To compile“o. open() ; ” whereo is an Openableobjectandwhoseaddresss in eax, the compiler
might generatdhefollowing code.

1 movl 0(%eax), %ecx # load 0's VMT

2 movl $1193, %edx # store open’s method descriptor in edx
3 pushl %eax # call the open method

4 call *12(%ecx)

If it happenedhat bothopen() andcl ose() gotthe samerandomID of 2, thenthe compilerwould
noticethatthereis a conflict whenit fills out Suitcases VMT.* Therefore the compilerwould generateghe
following stubmethod.

100 Suitcase_invoke?2:

101 movl 4(%esp), %ecx # determine the this parameter
102 movl 0(%ecx), %ecx # determine this’s VMT

103 cmpl $1193, %edx # is the method the open method?
104 je *32(%ecx) # if so, jump into it

105 jmp *36(%ecx) # otherwise, jump to close method

Suitcases VMT would referto this stubmethod.

0 Container_VMT parent class’'s VMT
0

8 0
12 Suitcase_invoke2 interface method table
16 0
20 0
24 | Container_getRemaining
28 Suitcase_add )
32 Suitcase._open virtual method table
36 Suitcase_close

Whenthe calling codecalls the routinein line 4, it would find Suitcase_invoke2 in the interfacemethod
tableandgothere.Thestubmethodjumpsinto theopen orcl ose methodbasednthemethoddescriptor
savedin edx. Onepeculiarthing aboutthe stubmethodis thatit jumpsinto theintendedmethodratherthan
callingit (asin line 104). Thisworks,becaus¢he stubmethoddoesnot alterthe stackin ary way, soit will
appeato theopen methodthatit wascalledby line 4 directly®

Thesizeof theinterfacemethodtablewould be choserto balancethe expectednumberof ID conflicts
againstmemorycosts. Throughexperimentson variousprogramsusing an interface methodtable of 40
entries,Alpern, etal., estimatethatcalling interfacemethodausingtheir techniquetook roughly 50% more
time thancalling classmethods.

“Whenavoidable,it would besilly to assigrthesamerandomlID to two methodsn the sameinterface becauseloingsoforces
every implementorof theinterfaceto usea stubmethod. Nonethelessto save the trouble of following a morecomplex example,
pretendthatwe have a silly compiler

SAnother peculiarity of line 104 is that it usesthe virtual methodtableto determinethe location of the open. You might
wonder: Why not just call Suitcase_open directly, sincethat would sase a memoryreference?The reasonit would find the
methodindirectly is sothata Suitcasesubclasganoverrideopen without necessitating new stubmethod.
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1.6 Analysis

With a bit of ingenuityandcare,the object-orientedeaturesof Java canbe compiledto relatively efficient
code.Thisis notentirelysurprising pecauséheefficiengy of thecompiledcodewasamajordesigncriterion
in selectingwhich featurego includein Java.

Otheraobject-orientedanguageglike Smalltalk) were designedwith a heary emphasin corvenient
programmingandvery little emphasin computationakfficiency of theresultingprogram. For example,
Smalltalkprovidesthe capabilityfor a programto addnens methodgo anobjectatrun-time. This addsnew
flexibility thatJava doesnot share but it canwreaktremendouslamagewith the run-timeefficiengy, both
becausenethodanustbestoredwith eachobjectandbecauseletermininghelocationof amethodrequires
amorecomple process.

The object-orienteddeasintroducedby Smalltalkwereyearsaheadof its time — its first ideacamein
1972,andobject-orientecorogrammingdid not really take off until 1990. Thoughthis historicalgapwas
largely dueto inertia (for Smalltalk was very differentin mary otherwaystoo), but it was alsobecause
Smalltalkcould not possiblycompileto efficient programs.Only when StroustrupdevelopedC++, which
took a corventionallanguageandincorporatednly thosefeatureghatcouldtranslateto efficient code,did
the programmingcommunityfinally recognizethe usefulnes®f object-orienteadtonstructs.



