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ABSTRACT

Jara 1.5 will includea type system(called JSR-14)that supports
parametricpolymorphismor genericclassesThiswill bringmary
bene tsto Jasa programmersnot leastbecauseurrentJaza prac-
tice males heary useof logically-genericclassesjncluding con-
tainerclasses.

Translatiorof Javasourcecodeinto semanticallyequivalentJSR-
14 sourcecoderequirestwo steps: parameterizatiofaddingtype
parametergo classde nitions) andinstantiation(addingthe type
amgumentsat eachuse of a parameterizedlass). Parameteriza-
tion needbedoneonly oncefor aclasswhereasnstantiatiormust
be performedfor eachclient, of which thereare potentiallymary
more. Therefore this work focuseson the instantiationproblem.
We presenta techniqueto determinesoundand preciseJSR-14
typesat eachuseof a classfor which a generictype speci ca-
tion is available. Our approachusesa preciseandcontet-sensitve
pointeranalysisto determinepossibletypesat allocationsites,and
a set-constraint-baseshalysis(thatincorporategguarded.or con-
ditional, constraints}o chooseconsistentypesfor both allocation
and declarationsites. The techniquehandlesall featuresof the
JSR-14type system notablythe raw typesthat provide backward
compatibility We have implementecbur analysisin atool thatau-
tomaticallyinsertstype parametersnto Java code,andwe report
its performancevhenappliedto a numberof real-world Java pro-
grams.

Categoriesand Subject Descriptors
D.1.5[Programming Techniqueg: Object-orientedProgramming;
D.2.2 [Software Engineering]: DesignTools and Techniques—
modulesandinterfaces D.3.3[Programming Language$: Lan-
guageConstructaandFeatures-datatypesandstructues
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1. INTRODUCTION

The next releaseof the Java programminglanguage{21] will
include supportfor generictypes. Generictypes(or parametric
polymorphism[7]) male it possibleto write a classor procedure
abstracteaver thetypesof its methodarguments.

In the absenceof generictypes, Java programmershave been
writing and using pseudo-genericlasseswhich are usually ex-
pressedn termsof Object. Clientsof suchclassesviden (up-cast)
all theactualparameterto methodsandnarrov (down-castall the
returnvaluesto the type at which the resultis used—which can
bethoughtof asthe type at which the pseudo-genericlassis "in-
stantiatedin a fragmentof client code. This leadsto at leasttwo
problems:

1. The possibility of error: Java programmeroften think in
termsof generictypeswhen using pseudo-genericlasses.
However, the Java type systemis unableto prove thatsuch
typesare consistentlyused. This disparity allows the pro-
grammetto write, inadwertently type-correcflavasourcecode
thatmanipulate®bjectsof pseudo-genericlassesn aman-
nerinconsistenwith the desiredtruly-generictype. A pro-
grammers rst indicationof suchanerroris typically arun-
time exceptiondueto a failing cast;compiletime checking
is preferable.

2. An incompletespeci cation: The typesin a Java program
sene as a ratherweak speci cation of the behaior of the
programandtheintentionof the programmerGenerictypes
provide betterdocumentationandthe type checler guaran-
teestheiraccurag.

Non-genericsolutionsto the problems(e.g.,wrapperclassesuch
asStringVector ) areunsatisfying. They introducenonstandard
and sometimesinconsistentabstractionghat require extra e ort
for programmergo understand.Furthermore codeduplicationis
errorprone.

Java with generictypes (which we call JSR-14after the Java
Speci cationRequesf4] thatis beingworkedinto Jasa 1.5) solves
theseproblemswhile maintainingfull interoperabilitywith existing
Jaracode.

Currently programmersvho wish to take advantageof the ben-
e ts of genericityin Java musttranslatetheir sourcecodeby hand;
this processs time-consumingtedious,anderrorprone. We pro-
poseto automatethe translationof existing Java source les into
JSR-14. Therearetwo partsto this task: addingtype parameters
to classde nitions (‘parameterization'andmodifying usesof the
classeso supplythetype parameterg§ instantiation').

Parameterizatiomust be performedjust oncefor eachlibrary
class. The procesamight be done(perhapswith automatedassis-
tance)by anexpertfamiliar with thelibrary andhow it is intended



to beused.Evenfor anon-pert, this taskmayberelatively easy
For example,the javac compiler the htmlpaiser programandthe
antlr parsergeneratorde ne their own containerclassesn addi-
tion to, or in lieu of, the JDK collections. One of us (who had
never seerthe codebefore)fully annotatedhejavaclibrarieswith
generictypes(135annotationsn a 859-linecodebasejn 15 min-
utes,theantlr librariesin 20 minutes(72 annotationsn a 532-line
codebasedndthehtmlparserlibrariesin 8 minutes(27 annotations
in a430-linecodebase).

This paperfocuseson the instantiationproblem. Instantiation
mustbeperformedor every library client; therearetypically mary
more clients than libraries, and mary more programmersare in-
volved. Whenallibrary is updatedo usegenerictypes,it is desir
ableto performinstantiationfor legag/ codethatusesthe library,
though no one may be intimately familiar with the legag/ code.
Generidibrariesarelik ely to appeabeforemary programghatare
written in a genericstyle (for example,Java 1.5will bedistributed
with genericversionsof the JDK libraries), and are likely to be
a motivator for corverting those programsto use generictypes.
Genericallytyped libraries permit programmerdo incrementally
addgenericdo their programsandgainbene tsin apay-as-you-go
fashion.

Figures2, 3, and4 give an exampleof a (generic)library, non-
genericclient code,andthe client codeafterbeingtransformedy
our tool. Thelibrary de nestheclassCell , which is a container
holding oneelement,andits subclassPair , which holdstwo ele-
mentspossiblyof di erenttypes.Theclientcodede nesanumber
of methodghatcreateandmanipulateCell sandPair s. Thepaper
usegthis codeasarunningexample.

In brief, thegenerictypeinstantiatiorproblemis asfollows. The
inputis a setof generic(i.e., JSR-14annotatedlassegwhich we
call library codg andasetof non-generidi.e.,pre-JSR-14¥lasses
(client codg thatusethe library code. The goalis to annotatethe
clientcodewith generictypeinformationin suchaway that(a) the
programs behaior remainsunchangedand (b) asmary castsas
possiblecanberemoved. Latersectionsxpandon this goal.

The remainderof this paperis organizedasfollows. Section2
introducesJSR-14a genericversionof Jasathatis expectedto be
adoptedfor Java 1.5. Section3 lays out our designgoalsand as-
sumptions,and Section4 overviens our algorithm. The next two
sectionsdescribethe two partsof the algorithm, namelyalloca-
tion typeinferenceg(Section5) anddeclaratiortypeinference(Sec-
tion 6). Section7 discusseshe implementationof our prototype
tool, andSection8 presentpreliminaryexperimentakesults.Sec-
tion 9 discusseselatedwork. Finally, Section10 proposeduture
work, andSectionl1 concludes.

2. JSR-14: JAVA WITH GENERIC TYPES

This sectionbrie y introduceghe syntaxandsemanticof JSR-
14.

Generictypesare an exampleof boundedparametricpolymor
phism[7]. Parametricpolymorphismis anabstractiormechanism
that permitsa single pieceof codeto work uniformly over mary
distincttypesin a type-safemanner Type parameterstandfor the
typesover which the codeis (conceptually)jnstantiated.

2.1 Syntax

Figure2 shavsthede nition of two genericclassesn Java. The
nameof the genericclassis followed by a list of type variables(V
for classCell , andF ands for classPair ). Eachtypevariablehas
anoptionalupperboundor bounds.Thedefaultboundis extends
Object , whichmaybe omittedfor brevity. Thetypevariablesmay
be usedwithin the classjust asordinarytypesare, exceptthatin-
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Object

T~

Number /Ce[l\
Cell<Integer> T Cell<Number>
T Pair T

Pair<Integer,Boolean> Pair<Number,Boolean>

Integer

Figure 1: A portion of the type hierarchyfor JSR-14(Jasa with generic
types),which usesinvariantparametricsubtyping.Arrows point from sub-
typesto supertypesClasse<ell in Pair arede®nedn Figure2.

stance®f thetypevariablesmaynotbeconstructedy aninstance
creationexpressionasin new V() . ThePair classshavsthatone
generictype canextend(subclasspnother The scopeof a classs

type variableis essentiallythe sameasthe scopeof this : all in-

stancemethodsand declarationf instance elds, andary inner
classesput not static membersor static nestedclasses. Also, a
typeparametecanbereferredto in theclasss declaration.

A genericclassmaybeinstantiateqused)by supplyingtypear
gumentsthat are consistenwith the boundson the type variables
(Figure4). Type-checkingensureghatthe codeis type-correctno
matterwhattype agumentghat satisfythe boundsareused. (See
belaw for acaveatregardingraw types.)

Methodsmay alsobe generic,addingtheir own additionaltype
variables.In Figure2, replaceValue is agenericmethod,which
is precededyy a list of (bounded}type variables. (The type vari-
ableU hasanon-trivial bound.) Type agumentsat usesof generic
methodsneednot be speci ed by the programmerthey are auto-
maticallyinferredby the compiler (Line 11in Figure4 containsa
useof a genericmethod.) The scopeof a methodtype variableis
justthemethoditself.

A raw typeis a generictype usedwithout ary type parameters.
(On line 30 of Figure4, parametec6 in displayValue is raw.)
Raw typesare a concessiorto backward compatibility and they
behae exactly lik e typesin non-genericdaza.

2.2 Typesystem

This sectioninformally overviews salientpointsof thetype sys-
temof JSR-14[4]. Figurel shaws partof thetypehierarchy

Invariant parametric subtyping. Di erentinstantiationsof a
parameterizetypeareunrelatecy thetypehierarchy* Cellintegeri
is notasubtypeof CelllNumberi, eventhoughinteger is asubtype
of Number; thisis theright choicebecauseCellintegeri doesnot
supportthe set(Number) operation. CelllNumberi is not a sub-
typeof Cellhintegeri; thisis theright choicebecaus&€elliNumberi
doesnotsupportthelnteger get() operation.

Raw types. Greate ort wasexpendedn the designof JSR-14
to ensuremaximumcompatibility with existing non-genericode,
in both directions. As a result, the type systemof JSR-14sub-
sumesghatof non-generidlasa, with theun-parameterizetypesof
genericclassesuchasCell beingknown asraw types,andraw
typesbeingsupertype®f parameterizegersions.(A raw typecan

!By contrast,Java arraysuse covariant subtyping: Integer[] is a
subtypeof Number[] becausénteger is asubtypeof Number. This

violatesthe substitutabilityprinciple of subtyping[28]. In orderto

presere typesafety the JVM implementatiormustperformarun-

time checkat arraystores.SinceJSR-14useshomogeneousans-
lation by type erasurgseebelaw), run-time checkingfor generics
is impossible,and soundnessnust be ensuredstatically through
invariantsubtyping.



/I A Cell is a container
class Cell<V extends Object> {
V value;
Cell(V value) { set(value); }
void set(V value) { this.value
V get() { return value; }

<U extends V> void replaceValue(Cell<U>

this.value = that.value;

}
}

/I A Pair has a first

class Pair<F, S> extends Cell<F> {
S second;
Pair(F first, S second) { super(first);

}

= value;

that contains exactly one item,

}

of type V.

that) {

and a second element,

this.second

possibly of different

types.

= second; }

Figure2: Examplegeneridibrary code:de®nitionsof Cell andPair . Accessmodi®ersareomittedfor brevity throughout.

static
Cell

void example() {

cl = new Cell(new Float(0.0));
Cell c2 = new Cell(cl);

Cell ¢3 = (Cell) c2.get();

Float f = (Float) c3.get();

Object o = Boolean.TRUE;

Pair p =

new Pair(f,

0);

© ® N o o~ W N e

Cell c4 = new Cell(new Integer(0));
c4.replaceValue(cl);

10
11
12
displayValue(cl);
displayValue(c2);

13
14
15
16 setPairFirst(p);
17

displayNumberValue(p);
displayNumberValue(c4);

18
19
20
Boolean b = (Boolean) p.second;

p2) {

21
2}
23 static void setPairFirst(Pair
2 p2.value = new Integer(1);
25

static void displayNumberValue(Cell
Numbern = (Number) c5.get();
e();

System.out.printin(n.intValu
static void displayValue(Cell  ¢6) {
System.out.printin(c6.get()) ;

c5) {

26
27
28
29
30
31

2 }

Figure 3: Examplenon-genericclient codethat usesthe library code of
Figure2. The codeillustratesa numberof featuresof JSR-14 but it does
notcomputea meaningfulresult.
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static void example() {
Cell<Float> ¢l = new Cell<Float> (new Float(0.0));
Cell<Cell<Float>> c2 = new Cell<Cell<Float>> (c1);
Cell<Float> c¢3 = {Celh)— c2.get();

Float f = {Fleat)— c3.get();

Boolean o = Boolean.TRUE;
Pair<Number,Boolean> p =
new Pair<Number,Boolean>(f,

0);

Cell<Number> ¢4 = new Cell<Numberxnew Integer(0));
c4.replaceValue(cl);

displayValue(cl);
displayValue(c2);

setPairFirst(p);

displayNumberValue(p);
displayNumberValue(c4);

Boolean b = {Beelean)- p.second;

}
void setPairFirst(Pair<Number,Boole

static
p2.value = new Integer(1);

an> p2) {

static void displayNumberValue(Cell<Number > c5) {

Numbern = {(Number) c5.get();
System.out.printin(n.intValue() );
c6) {

static void displayValue(Cell
System.out.printin(c6.get());
}

Figure 4: Exampleclient codeof Figure 3, after beingautomaticallyup-
datedto usegenerictypes. Changeddeclarationsare underlined. Elimi-
natedcastsarestruckthrough.

beconsidere@dquialentto atypeinstantiatedvith aboundedkxis-
tentialtype,e.g.,Celln%:x  Objecti, becauselientsusingaraw
type expectsomeinstantiationof the correspondingyenericclass,
but have no informationasto whatit is [25].)

Uncheclked operations. In standardJava, the type systemen-
suresthat the type of an expressionis a conserative approxima-
tion to the kind of objectsthatmay o w to that expressionat run
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time. However, in JSR-14it is possibleto constructprogramsin
which this is not the case sinceraw typescreatea loopholein the
soundnessf thetypesystem.

Callsto methodsandaccessesf elds whosetype refersto the
typevariableT of araw typeareunceded meaninghatthey may
violatetheinvariantsmaintainedy thenon-rav types,resultingin
a classcastexceptionbeingthrown at run time. The compileris-



suesawarningwhenit compilessuchoperations(The operations
arelegal in non-genericJava, andall the samehazardsapply, ex-
ceptthatthe compilerissuesno warnings. Useof raw typesis no
lesssafethanthe original code,thoughit is lesssafethanuseof
non-rav parameterizetlypes.) For example,coercionis permitted
from a raw typeto ary instantiationof it, andvice versa. As an-
other example,one may safely call the methodVector.size()

on anexpressiorof raw type,sinceit simply returnsanint. Onthe
otherhand,acall to Vector.add(x) onanexpressiorof typeraw
Vector would beuncheckd, becaus¢heremayexist analiasto the
sameobjectwhosedeclaredypeis VectorhYi, wherethetype of x
is notasubtypeof Y. Subsequemperationson the objectthrough
the aliasmay thenfail dueto atypeerror It is the programmes
responsibilityto ensurethat all uncheclked operationsarein fact
safe.

Type erasure. Thetyperulesof JSR-14suggestheimplemen-
tation strateyy of type erasue, in which after the parameterized
typeshave beenchecled, they areerasedby the compiler (which
insertscastsasnecessary)yielding the type thatwould have been
speci edin theoriginalnon-genericode.For example theerasure
of methodCell.set(V) is Cell.set(Object)

Homogeneougdranslation. Implementatiorby type erasurém-
plies a hom@eneoustranslation. A singleclass le containsthe
implementationfor every instantiationof the genericclassit de-

nes, andthe executionbehaior is identicalto that of the same
programwritten without the useof generictypes. Parametrictype
informationis notavailableatruntime,soonecannotjuerythepa-
rameterizedype of anobjectusinginstanceof or re ection, nor

canthe Java Virtual Machine (JVM) checkfor type violations at

run time asit doeswith accesseto the built-in arrayclassesHo-

mogeneoudranslationis in contrastwith approacheshat change
the JVM [31], andwith C++ [40, 41] and otherlanguageg9] in
whichdi erentcodeis generatedor eachinstantiation.

2.2.1 \ersionsof JSR-14

JSR-14[27] wasinspiredby GJ (GenericJava) [6, 5]. Di er
entversionsof JSR-14have introducedandeliminateda variety of
featuresrelatedto parametricpolymorphism. Our work usesthe
versionof JSR-14implementedy versionl1.3 of the early-access
JSR-14compilef. This particularversionprovedlongetlived and
morestablethanotherversionsandit is quite similar to the latest
proposalasof July 2004),implementedy Java 1.5Beta?2.

Java1l.5Beta2 hasonesubstantiedi erencefrom JSR-14-1.3:
Jara 1.5 Beta 2's type systemis enrichedby wildcard types[45]
such as Vectorh? extends Numberi, which representghe set of
Vector typeswhoseelementsareinstance®f Number andVectort?
super Integeri, whichrepresentshe setof Vector typesinto which
an Integer may be stored. Like raw types,wildcard typesare ef-
fectively parameterizetypeswhoseargumentsare boundedexis-
tential types,but wildcard typesgeneralizethis idea, allowing the
boundsto expresseithersubtypeor supertypeconstraint425, 26].
Wildcard typesobviate some(thoughnot all) usesof raw types.
Wildcard typeswill improve the precisionof our analysisby per
mitting closerleastupperboundsto be computedior somesetsof
types; seeSection6.5.1for further detail. This will bene t both
the union elimination(Section6.5) andconstraintresolution(Sec-
tion 6.4) component®f our algorithm.

A secondminordi erences thatJava 1.5 Beta2 forbids array
creationexpressiondor arraysof parameterizetiypes,suchasnew
Cell<String>[..] , ortypevariablessuchasnew Cell<T>[..]
ornew T[..] whereT is atype variable. Otherconstructssuch
asList.toArray() , permitworking aroundthis restriction.

2http://java.sun .com/developer/earlyAccess/adding_g enerics/
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We do not foreseeary major obstaclego the adaptatiorof our
typerules,algorithms,andimplementatiorto Java 1.5; suchadap-
tation is importantto the usability of our tools onceJava 1.5 is

nalized.

3. DESIGN PRINCIPLES

We designeduranalysisn orderto besound behaior preserv-
ing, compatible,complete,and practical. This sectiondescribes
eachof theseinter-relatedprinciples, then gives the metric (cast
elimination) that we useto chooseamongmultiple solutionsthat
t theconstraintsFinally, we explicitly notetheassumptionsipon
which our approacirelies.

3.1 Soundness

Thetranslatiormustbe sound:theresultof theanalysisnustbe
atype-correct]SR-14program.Crucially, however, in thepresence
of uncheckd operations,simply satisfyingthe compilers type-
checler doesnotensurgype safety

For instance thereexist type-correcfprogramsin which a vari-
ableof type CelltFloati mayreferto a Cell containingan Integer.
Suchtypingsarisefrom the unsafeuseof uncheclkd operations.

We requirethat all uncheclkd operationdn the translatedoro-
gramare safe andare guaranteechot to violate the invariantsof
ary othertype declaration. This guaranteecannotbe madeusing
only local reasoningandrequiresanalysisof thewhole program.

3.2 Behavior presewation

Thetranslationmustpresere the dynamicbehaior of the code
in all contets. In particular it mustnotthrow di erentexceptions
ordi erin otherobsenablerespectslt mustinteroperatavith ex-
isting Java code,andwith JVMs, in exactly the sameway thatthe
original codedid. The translationshouldalso presere the static
structureandthedesignof the code,andit shouldnot requireman-
ualrewriting beforeor afterthe analysis.

To helpachiere thesegoals,we requirethatour analysischanges
only type declarationsndtypesat allocationsites; no othermod-

i cations are permitted. Changingother programelementscould

changebehaior, causehe codeto divergefrom its documentation
(andfrom humans'understandinganddegradeits designJeading

todi cultiesin understandingndmaintenanceThis impliesthat

incorvenientidioms may not be rewritten, nor may deadcodebe

eliminated.(Thetype-checkr checksdeadcode,andsoshouldan

analysis.)We leave suchrefactoringto humansor othertools.

Furthermorewe do not permitthe erasureof ary methodsigna-
tureor eld typeto change.For instancea eld type or method
parameteior returntype could changefrom Cell to CelltStringi,
but notfrom Object to String. Changingeld or methodsignatures
would have farranginge ects;for instancemethodoverridingre-
lationshipswould changea ectingthesemantic®f clientsor sub-
classeghat might not be in the scopeof the analysis. If thetool
is working undera closed-vorld assumptionthenit mayo erthe
optionto changeeld andmethodsignaturesslong asthe beha-
ior is presered. We permit changingthe declaredtypesof local
variables,solong asthe new typeis a subtypeof the old, because
suchchangesave no externallyvisiblee ect?

Finally, we do not permit ary changeso the sourcecode of
the library or the genericinformation containedin the compiled

3This statements not strictly true, even thoughthe type of local
variablesis not capturedin the byte codes. The typesof locals
cana ect methodoverloadingresolutionandwhich versionof a
eld (thatis re-declaredo shadev onein asuperclassis accessed.
Therefore,an implementatiorshouldensurethat suchbehaioral
changeslo notoccur



bytecodeof thelibrary. The analysisshouldnot even needlibrary
sourcecode,whichis oftenunavailable.

It is straightforvardto seethattheseconstraintensurebehaior
preseration. The new codedi ersonly in its type erasureand
in the typesof local variables;neitherof theseis capturedin the
bytecodeshatrunontheJVM, sothebytecodesreidentical.(The
signatureattribute,whichrecordghetypeparameterds ignoredby
thevirtual machine.)

3.3 Compatibility

We constrainoursehesto the con nes of the JSR-14language
ratherthanselectingor inventinga new languagehat permitseas-
ierinferenceor makesdi erenttradeo s. (For example,someother
designsare arguably simpler more powerful, or more expressie,
but they lack JSR-14$ integrationwith existing Jasa programsand
virtual machines.)Invariantparametricsubtyping,raw types,and
otherfeaturesof the JSR-14type systemmay be inconvenientfor
an analysisbut ignoring themshedsno light on JSR-14andis of
no direct practicalinterestto Java programmers. Therefore,we
mustaddresshe (entire)JSR-14languageacceptingheengineer
ing tradeo s madeby its designers.

3.4 Completeness

We strive to provide a nontrivial translationfor all Java code,
ratherthanaspecial-cassolutionor asetof heuristics Javacodeis
written in mary stylesandparadigmsandrelieson mary di erent
libraries. The absoluteamountof code not coveredby a partial
solutionis likely to bevery large.

A few importantibraries,suchasthosedistributedwith theJDK,
areverywidely used.Special-cassolutionsfor themmaybevalu-
able[42], andsuchan approachis complementaryo ours. How-
ever, suchanapproachis limited by thefactthatmary substantial
programgtwo examplesarejavacandantlr) de ne theirown con-
tainerclassesatherthanusingthe JDK versions.

Our approachworks equally well with non-containers.Marny
genericclassesmplementcontainerabstractionsput not all do.
For example, classjava.lang.Class , or the java.lang.ref
packagewhich usesgenericsto provide supportfor typed ‘weak'
references.Our implementationalso usesthemfor 1/0 adapters
thatconvertanobjectof onetypeto another(say typeT to String),
andthe C++ StandardTemplateLibrary [37] provides additional
examples.

3.5 Practicality

Ourgoalis notjustanalgorithmfor computingtype aguments,
but alsoa practical,automatedool thatwill be of useto Java pro-
grammersFor ary legal Java program thetool shouldoutputlegal
JSR-14code.Furthermoreif it is to bewidely useful,it shouldnot
rely onary speci ¢ compiler JVM, or programmingervironment.
(Ontheotherhand,integratingit with aprogrammingervironment,
without relying onthatenvironment,might male it easierto use.)

A practicaltool shouldnot requireary specialmanualwork for
eachprogramor library, and touch-upsof the inputs or results
should not be necessary Equally importantly as a follow-on to
a point madeabove, specialpreparatiorof eachlibrary is not ac-
ceptablebecausdibrary codeis oftenunavailable (for example,it
wasnot provided with the JSR-14compilerthatwe areusing),be-
causdibrary writersareunlikely to caterto suchtools,andbecause
humantweakingis errorproneandtedious.

3.6 Successnetric: castelimination

Therearemultipletype-correctbehaior-preservingJSR-14rans-
lations of a given Java codebase Two trivial solutionsare asfol-

19

interface | {}

class A {}

class Bl extends A implements | {}

class B2 extends A implements | {}

/I Three possible typings:

void foo(boolean b) { " #1 | #2 | #3
Cell cbl = new Celllnew B1()); // Cell<cA> | Cell<l> | Cell<B1>
Cell cb2 = new Celllnew B2()); // Cell<A> | Cell<l> | Cell<B2>

Cell ¢ =b ? cbl: cbh2 /I Cell<A> | Cell<l> | Cell
/I Casts eliminated:

A a = (A)c.get(); I yes | no | no

I i = (I)c.get(); I no | yes | no

Bl bl = (B1)cbl.get(); " no | no | yes

B2 b2 = (B2)cbh2.get(); " no | no | yes

Figure5: Java codewith multiple non-trvial JSR-14translations.

lows. (1) The null translation,using no type arguments. JSR-14
is a supersebf Jasa, soary valid Java programis a valid JSR-14
programin which eachtypeis a JSR-14raw type. (2) Instantiate
every useof agenerictype atits upperboundsandretainall casts
that appearin the Java program. For example, eachuse of Cell
would becomeCellhObjecti. Thesetrivial solutionsreapnoneof
thebene tsof parametrigpolymorphism.

Figure5 shavs anexamplefragmentof codefor which multiple
translationsare possible. As shawvn in the gure, threepossible
typingsare

1. cbl, cb2, andc areall typedasCellhAi

2. cbl, cb2, andc areall typedasCellHi

3. cblistypedascCelllB1i; cb2 is typedasCelllB2i; andc is
typedas(raw) Cell. In this casec cannotbegivenanon-rav
typedueto invariantsubtyping.

Becausehe intentof thelibrary andclient programmerss un-
knowable,andbecauseli erentchoicescapturedi erentproper
tiesaboutthe codeandarebetterfor di erentpurposesthereis no
onebesttranslationinto JSR-14.

As a measureof successwe proposecountingthe numberof
caststhat can be eliminatedby a particulartyping. Informally, a
castcanbe eliminatedwhenremoving it doesnot a ectthe pro-
gram’ type-correctnessCasteliminationis an importantreason
programmersnight chooseto usegenericlibraries,andthe metric
measuredoth reductionin codeclutter andthe amountof infor-
mationcapturedn thegenerictypes.(Castsareusedfor otherpur
poseghanfor generiadatatypes— asjusttwo examplesto express
invariantsknown to theapplication or to resolve methodoverload-
ing— sothe nal JSR-14programis likely to still containcasts.)If
two possibletypingseliminatethe samenumberof caststhenwe
preferthe onethatmakeslessuseof raw types. Tools could prior-
itize removing raw typesover removing castsif desired.However,
someuseof raw typesis oftenrequiredin practice.

In practice,whenwe have examinedanalysisresultsfor real-
world code,this metric hasprovided a goodmatchto whatwe be-
lievedaprogrammewvould considethebestresult. As anexample
of themetric, Figure5 shavs thatthe rst two typingsremove one
casteachthethird removestwo casts)eaving ¢ asaraw type.

It is not always desirableto choosethe most precisepossible
type for a given declarationpecauset may leadto a worsesolu-
tion globally: precisioncanoftenbetradedo betweerdeclaration
sites.In Figure5, asaresultof invariantparametricsubtyping the
typesof ¢, cbl, andcb2 mayall beequal,or cb1l andcb2 canhave
morespeci ¢ typesif ¢ hasalessspeci ¢ type. Anothersituation
in which the useof raw typesis preferredover the useof non-rav
typesis illustratedby the methoddisplayValue on lines 30-32
of Figure4. If its parametemwereto be madenon-rav, the type



amgumentmustbe Object, dueto constraintimposedby the calls
atlines 13 and14. This hasmary negative rami cations. For ex-
ample,c1 andc2 would have type CelllObjecti andc3 would have
raw Cell, andthecastsatlines4 and5 couldnot be eliminated.

3.7 Assumptions

In this sectionwe notesomeassumptionsf our approach.

We assumeéhattheoriginal library andclientprogramsonform
to the type-checkingulesof JSR-14andJava, respectiely. (This
is easyto checkby runningthe compilers.)

Theclient codeis Java codecontainingno type variablesor pa-
rametersthatis, we do not re ne existing JSR-14typesin client
code.

We do not introducenew type parametersfor instancewe do
not parameterizeeither classesor methodsin client code. (The
type parameterizatiomproblemis beyond the scopeof this paper
andappeargo be of lesspracticalimportance.)

Our analysisis whole-progranratherthanmodular;this is nec-
essaryin orderto optimize the numberof castsremoved and to
ensurethe useof raw typesis sound(Section3.1). Furthermore,
we make the closed-vorld assumptionbecauseave useconstraints
generatedrom usesin orderto choosedeclaratiortypes.

4. ALGORITHM SYNOPSIS

Our goal is to selectsoundtype agumentsfor eachuseof a
generictype arywherein the program. We divide this task into
two parts:allocationtypeinferenceanddeclaratiortypeinference.

Allocationtypeinference(Section5) proposesypesfor eachal-
location site (useof new in the client code. It doesso in three
steps.First, it performsa contet-sensitve pointeranalysishatde-
terminesthe setof allocationsitesto which eachexpressionmay
refer Secondfor eachuse(methodcall or eld accesspf anob-
jectof generictype, it uni es the pointeranalysisnformationwith
the declaredtype of the use,therebyconstrainingthe possiblein-
stantiationtypesof the relevant allocationsites. Third, it resohes
the contet-sensitve typesusedin the analysisinto JSR-14param-
eterisedypes.Theoutputof the allocationtypeinferenceis a pre-
cisebut conserative parameterisetype for eachobjectallocation
site.

For example,in Figure4, theresultsof allocationtypeinference
for thethreeallocationsof Cell onlines2, 3, and10areCellhFloati,
CellrCelltFloatii , andCelllNumberi, respectiely.

Declarationtype inference(Section6) startswith the allocation
type inferences output, and selectstypesfor all usesof parame-
terizedtypes,includingdeclarationg elds, locals,andmethodpa-
rameterandreturns) castsandallocationsites.At allocationsites,
it neednot necessarilychoosethetype proposedy the allocation-
site inference(though our currentimplementationdoes; seeSec-
tion 6.4). It operatesn two steps.The rst stepcreatesatypecon-
straint graphthat expresseghe requirementof the JSR-14type
system;this graphincludesvariables(type unknown} that stand
for the type algumentsat genericinstantiations. The secondstep
solvesthetype constraintsyielding a JSR-14typing of the entire
program.Finally, our toolsinserttype parameterinto the original
programs sourcecode.

The allocationtype inferenceis a whole-programanalysis;this
is requiredfor safety asexplainedin Section3.1, aslocal analysis
cannotprovide a guarantedn the presenceof uncheclkd opera-
tions. It is contet-sensitve, andis potentiallymore precisethan
the JSR-14type system.

Thedeclaratiortypeinferences contet-insensitve, andits out-
put is soundwith respectto the JSR-14type system. It can be
supplieda whole program but canalsobe run on ary subpartof a
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Figure6: Typegrammarfor allocationtypeinference.

program,in which caset “frames'the boundaries— constrainghe
typesattheinterfacesothatthey will notchange— giving possibly
inferior results.

5. ALLOCATION TYPE INFERENCE

Allocation type inferencedeterminegossibleinstantiationsof
type parametergor eachallocationsite—thatis, eachuseof new
in theclientcode.Thegoalis to soundlyinfer themostprecisetype
(thatis, the leasttype in the subtyperelation)for eachallocation
site.

Soundnesegquireghattheallocation-sitdypebeconsistentvith
all usesof objectsallocatedthere,no matterwherein the program
thoseusesoccur As anexample,supposehatthe allocationtype
inferenceexaminedonly partof thecodeanddecidedo convertan
instanceof ¢ = newCell() into ¢ = newCell<integer>() . If
someunexaminedcodeexecutedc.set(new Float(0.0)) , then
thatcodewould not type-checkagainsthe corvertedpart (or, if it
wasalreadycompiledor it usedaraw typereferenceit would sim-
ply succeedndcausehavocatruntime). Alternatively, thepointer
analysiscanavoid examiningthe whole programby making con-
senative approximationgor theunanalyzedode,atthe costof re-
ducedprecision.Thus,ourallocationtypeinferencecouldbemade
modular by runningover a scopesmallerthanthe whole program,
but atthe costof unsoundnesseducedprecision,or both.

5.1 De nitions and terminology

Figure6 givesthe type grammarusedby the allocationtype in-
ference. It is basedon the grammarof referencetypesfrom the
JSR-14type system. For brevity, we omit arraytypes,including
primitive array types, althoughour formalism can be easily ex-
tendedto accommodatéhem.

By conventionwe useC for classnamesandT for typevariables;
thedistinctionbetweertheses clearfrom the classdeclarationsn
aprogram.In additionto JSR-14types thegrammaiincludesthree
othertypesusedonly duringtheanalysis.

Allocation sitetypes: Everyallocationsite of eachgenericclass
C is givenauniquelabel,C;, andfor eachsuchlabela uniquetype
identi er obj(C;) is created48]. Thistypeidenti er representshe
type of all objectscreatedat that allocationsite. Someallocation
siteswithin genericlibrary codemaybeanalyzednary times,due
to contet-sensitvity (seeSection5.4), andfor suchsites,a new
labelandtypeidenti er arecreateceachtime. All allocationsof a
non-genericlasssharethe sameabel.

Union types: A uniontype representshe leastcommonsuper
type (‘join") of a setof typeswithout computingit immediately
Uniontypesdeferthecomputatiorof ajoin until thecompletesetof
typesis known, minimizing lossof precisionfrom arbitrarychoices
whena setof Java typesdoesnot have a uniquejoin dueto multi-
pleinheritance The useof uniontypesis not strictly necessaryor
correctnessye could eliminatethemearlier (at eachpoint where
they would otherwisebeintroduced)but atthe costof reducedore-
cision.

The Null type: TheNull typedenoteshetypeof thenull pointer
andis a subtypeof every othertype.



5.2 Allocation type inferenceoverview

The allocationtype inferenceconsistsof three steps: pointer
analysiss-uni cation, andresolutionof parametridypes.Theout-
putof theallocation-typanferencds aparameterizetypefor each
allocationsitethatconseratively approximatesill subsequenises
of theallocatedobject.

1. Pointer analysis (Section5.4) abstractsvery expressione
in the programby a setof allocation-sitdabels,pointsto(e). The
presencef alabelC; in this setindicatesthatobjectscreatecht C;
may o w to g, or, equivalently thate may point to objectscreated
at C;. pointsto setsgeneratedy a soundpointeranalysisare a
conserative over-approximationof all possibleexecutionsof the
program:the resultscanindicatethat e may point to C; whenthis
cannotactuallyoccur A moreprecisepointeranalysisproducesa
smallerpointsto set.

Mary di erentpointeranalysisalgorithmsexist, di eringin pre-
cision,compleity, andcost[23]. Weuseacontet-sensitve pointer
analysishasedn the CartesiarProductAlgorithm [1].

2. S-uni cation (Section5.5) combinesthe resultsof pointer
analysiswith the declaration®f genericlibrary classesn orderto
generatesubtypeconstraintsits namecomesfrom its similarity to
corventionaluni cation: bothgenerateonstraintdy structuralin-
ductionovertypes.”S-uni cation' standgor “uni cation with sub-
typing'. Whereascornventionaluni cation identi es two termsby
equatingvariableswith their correspondingubtermss-uni cation
generatesubtypeconstraintdetweenvariablesandterms.

At eachinvocationof ageneridibrary method,ones-uni cation
is performedfor the result,if ary, andoneis performedfor each
methodparameterFurthermorefor eachallocationsiteof ageneric
library class,one s-uni cation is performedfor each eld of the
class.

S-uni cation is a worklist algorithm. Genericclassesanrefer
to othergenericclassegfor instancewheninferring nestedyeneric
typessuchasCellhCelliintegerii ), soif moreinformationbecomes
available,previouss-uni cationsmay needto bere-done.

The resultof s-uni cation is a setof constraintson the values
of the type variablesat eachgenericclassallocationsite. For ex-
ample,Cellhvi hasmethodset(V) . If we determinethat for the
codec.set(x) , pointsto(x) = fobj(String)gandpointsto(c) =
fobj(Cell,)g thenwe know thatthe instantiationof Vin obj(Cell,)
mustallow a String to be assignedo it. In otherwords,we know
that String is a subtypeof the instantiationof Vin obj(Cell,). We
write thisasString  Vopj(cei,); S€€Section5.5.

The s-uni cation stepis necessarpecausavhile pointeranaly-
siscandistinguishdi erentinstance®f agivenclass(for example,
two distinctallocationsof Cell), it doesnotdirectly tell usthetype
amgumentsof the parameterizedypes: it doesnt know thatoneis
a CelliNumberi while anotheris a CellhiCelliNumberii . The s-
uni cation stepexaminesthe usesof thoseCells, suchascallsto
set, to determineheinstantiationof theirtypevariables.

3. Resolution of parametric types (Section5.6). For eachpa-
rameterof every allocationsite of a genericclassthe s-uni cation
algorithminfersa setof subtypeconstraints.Takentogethereach
setcan be considereda speci cation of the instantiationtype of
one type-parameteas a union type. For example,in Figure 9,
obj(Cellyp) hastwo constraintsinteger  Vopjcen,,) and Float
Vabicellyo); €Quialently we saythatobj(Celly) hasthe uniontype
finteger; Floatg

If the programbeing analyzedusesgenerictypesin a nested
fashion,suchas CellhCelltFloatii ,* thenthe union typesmay re-

4This useof “nested'refersto lexical nestingof generictype ar
guments.lt is unrelatedo the Java notion of a nestedclass(class
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[ Local | pointsto set |

cl fobj(Cell,)g
c2 fobj(Cells)g
c3 fobj(Cell,)g
c4 fOb](Ce"lo)g
f fobj(Float)g

Figure7: pointsto setsfor local variablesin theexampleof Figure8.

fer to otherallocationtypesratherthan classes.In this case,the
typesmustberesohedto referto classesSee.

5.3 Example

Weillustratethe algorithmwith a codefragmentfrom Figure3:

2 Cell cl = new Cell 2(new Float(0.0));
3 Cell c2 = new Cell 3(cl);

4 Cell c3 = (Cell) c2.get();

5 Float f = (Float) c3.get();

Cell c4 = new Cell 19(new Integer(0));
c4.replaceValue(cl);

10
11

Theallocationsitesatlines 2, 3, and10 arelabeledCell ,, Cell 3,
andCell 14, andtheirtypesareobj(Cell,), obj(Cells), andobj(Celly).
obj(Float) and obj(Integer) are not numbered:Float and Integer
arenotgenericclassessoall of theirinstancesreconsideredden-
tical.

Figures7—9 demonstratéhe operationof the allocationtypein-
ferencealgorithm.

The rst stepis pointeranalysis. Figure 7 shawvs the pointsto
sets(theoutputof the pointeranalysis)or local variables andFig-
ure 8 shaws the pointst o setsof otherexpression®f interest.For
eachexpressiontheresultof the pointeranalysisis the setof allo-
cationsitesthatit may point to at run-time. In this example,only
Cell jp.value pointsto morethanasinglesite.

The secondstepis s-uni cation, which is performedfor each
genericclass eld, methodcall result, and methodcall parame-
ter. The S-uni cationscolumnof Figure8 shavs the s-uni cations
(callsto the s-unify procedure)andtheresultinginferencesabout
theinstantiation®f typevariables.Informally, s-unify(contet, lhs,
rhs) means within the contet of allocationsite context, constrain
thefreetypevariablesn Ihssothatrhs |Ihs. Section5.5discusses
s-uni cation for this examplein moredetail.

Thethird stepis resolutionof the s-uni cation type constraints.
Figure9 illustratesthis processS-uni cation producedwo di er-
entconstraintsor Vopjcen,,) — Oobj(Integer)  Vandobj(Float) V
— sowerepresenthetypeof Voyjcen,,) DY theuniontypefobj(Float),
obj(Integer)g Union types may be eliminated (Section6.5) by
selectinga most preciseJSR-14type that is a supertypeof this
union—in this case,it would be V. Number, resultingin the
type CelllNumberi for obj(Cell;y) — but this stepis not required
asuniontypesmaybe passeanto thenext phaseof thealgorithm.

5.4 Pointer analysis

Pointeranalysisis the problemof soundlyapproximatingwhat
possibleallocationsitesmay have createdthe objectto which an
expressiorrefers;thus,it alsoapproximateshepossibleclasseof
the expression.This informationhasmary usesin programanaly-
sis,for examplein staticdispatchof virtual methodg10, 11, 3, 44],
constructionof precisecall graphs[14, 22], andstaticelimination
of castq48].

whosedeclaratioroccurswithin the body of anotherclassor inter-
face)[21].




[ Line | Expression | pointsto set | S-uni cations
2 new Cell 5( ) fobj(Float)g s-unify(obj(Cell), V, fobj(Float)g
=) 16 SUnNify(obj(Celly), V, obj(Float))
=) 20 Obj(Float)  Vabj(cellp
3 new Cell 3( ) fobj(Cell,)g s-unify(obj(Cells), V, fobj(Cell,)9
=) 16 SUnify(obj(Cell;), V, obj(Cell,))
=) 290bj(Cell)  Vopj(celly)
4 Cell 3.get() fobj(Cell,)g (sameasfor new Cell 5( ))
5 Cell ,.get() fobj(Float)g (sameasfor new Cell 5( ))
10 new Cell 1o( ) fobj(Integer)g s-unify(obj(Cellyo), V, fobj(Integer)g

=) 16 SUNify(obj(Cellyp), V, obj(Integer))
=) 20 0bj(Integer)  Voj(ceiy)

11 | Cell jo.replaceValue( ) fobj(Cell,)g

s-unify(obj(Cell,), CellhUi, fobj(Cell,)9
=) 16 SUNify(obj(Celly), CellhUi, obj(Cell,)) *)
=) 42 sunify(obj(Cellyo), CelllUi, Cellhfobj(Float)gi)
=) 35 s-unify(obj(Celly), U, fobj(Float)g
=) 2, sunify(obj(Cellyp), V, fobj(Float)g
=) 16 SUNify(obj(Celly), V, obj(Float))

=) 29 0bj(Float)  Vobjcelyy)
Cell ,.value fobj(Float)g (sameasfor new Cell »( ))
Cell 3.value fobj(Cell,)g (sameasfor new Cell 5( ))
Cell jp.value fobj(Integer), obj(Float)g | s-unify(obj(Cellyo), V, fobj(Integer), obj(Float)g

=) 16 SUNify(obj(Celly), V, obj(Integer))
=) 29 o0bj(Integer)  Vobj(celly)
=) 16 SUNify(obj(Cellyo), V, obj(Float))

=) 29 0bj(Float)  Vobjcelo)

Figure8: Exampleof s-uni®cationfor lines2+5and10+11of Figure3. Thetableshavs, for each®eld andmethodcall of a genericclass,its pointsto set,

andthe calls to s-unify issuedfor it. A bullet

indicatesthat the pointst o setis for the value of an actualparameteto a methodcall. A “snapshot/(see

Section5.5) of obj(Celly) is taken whereindicatedby the asterisk(*). Subscriptoon arrons indicatethe line numberin Figure 10 at which the recursve call

appear®r the constraintis added.

| S-uni cation constraints| Iboundsvalues Resolhedtypes | JSR-14types |
obj(Float) Vo,
. b’,((Ce” ; V“"‘C‘*”Z) Voiccel,) = fobj(Float)g obj(Cell,) = CelltFloati obj(Cell,) = CellFFloati
" (|:1 . ezr) V°b“°e”3) Voiccel,) = fobj(Cell)g obj(Cells) = CellFCellFloatii obj(Cell;) = CellrCellFloatii
Iinteg oblCelI0) |/ ey = fobj(Integer); obj(Float)g| obj(Cellyo) = Cellninteger; Floatg | obj(Cell;o) = CelliNumberi
obj(Float)  Vopjceily)

Figure9: Resolutionof s-uni®cationconstraints The ®rst columnshawvs the constraintsarisingfrom the s-unify callsof Figure8. The seconccolumnshavs
theequialentuniontypes;notethatobj(Cell3) dependonthetype of obj(Cell,). Thethird columnshavs the®nal allocation-siteypesaftertyperesolution.
Thefourth columnshavs whattheresultwould be,if uniontypeswereeliminatedat this stage.

To achieve greaterprecision,a contet-sensitve analysismay
repeatedlyexaminethe e ect of a statementor the value of a
variable,in di ering contets. Our pointeranalysisemplo/s both
kindsof contet sensitvity, call anddata This permitsdistinguish-
ing amongdi erentinstancesf a single genericclass: one new
Cell() expressionmay createCellintegeri, while anothercre-
atesCelltFloati. By "Cell ; createsCellnntegeri', we meanthat
instance®f classCell allocatedat Cell ; areusedonly to contain
Integers. Our methodappliesequallywell to genericclasseghat
arenotcontainers.

A call contet-sensitivepointeranalysismay analyzea method
more than once dependingon whereit was called from or what
valueswere passedo it. Eachspecializedanalysisof the same
methodis calleda contour, anda contourselectionfunctionmaps
from information statically available at the call-site to a contour
The contourselectionfunction may eitherreturnan existing con-
tour or createa new one. If the contouris new, the methodmust
be analyzedfrom scratch. For an existing contour re-analysisof
the methodis necessarynly if the new useof the contourcauses
new classeso ow to it; if the re-analysiscauseghe resultsto

changethenadditionalcontoursthatdependon theresultmustbe
re-analyzedintil a x edpointis reached.

Datacontext-sensitivityconcernshenumberof separat@abstrac-
tions of a singlevariablein the sourcecode. An insensitve algo-
rithm maintainsa single abstractionof each eld, andis unable
to distinguishbetweerthe valuesof correspondingelds in di er
entinstance®f thesameclass.In contrasta datacontext-sensitve
schemenodelselds of classC separatelyor eachdistinctly-labeled
allocation-siteof classC. Datacontet-sensitvity is sometimes
called” eld cloning' or the “creationtype schemeT48]. Limiting
either call or data contet-sensitvity reducesexecutiontime but
may alsoreducethe precisionof theanalysisresults.

Ourtechniqueusesa variantof Agesens CartesiarProductAl-
gorithm (CPR) [1]. Webrie y explainthatalgorithm,thenexplain
our variationonit.

CPA is a widely-usedcall-contet-sensitve pointeranalysisal-

elementof C; C,, whereeachC; is the setof classeghat
o w to agumentx; of methodf atthe call-sitebeinganalyzed.



Theexecutiontime of CPA is potentiallyexponential dueto the
numberof keys— thesizeof thecross-produodf classeso wing to
theargumentsat a call-site. To enableCPA to scalejt is necessary
to limit its contet-sensitvity. Typically, this is achieved by im-
posingathresholdL on the sizeof eachargumentset. Whenmore
thanL classeso w to a particularagument,the contourselection
functione ectively ignoresthecontritution of thatargumento the
cross-producby replacingit with thesingletonsetf? g where? is
aspecialmarler. Call-sitestreatedin this way aresaidto be meg-
amorphic Thereductionin precisionin this approachis appliedto
only thosecall sitesat which the thresholdis exceededat another
call-site of the samemethod,analysisof the sameparametemay
befully context-sensitve.

CPRA is primarily usedfor determiningvhichclasseso w to each
use,so in the explanationof CPA abore, the abstractvaluesde-
scribedwereclasses.The abstractiorin our variantof CPA is al-
locationsite typeidenti ers, which is moreprecisesinceit distin-
guishesallocationsof the sameclass.

Our variantof CPA limits both call and datacontet-sensitvity
so thatthey apply only to the genericpartsof the program. This
policy ts well with ourintendedapplicationfor it reducesnalysis
costswhile limiting negative impactson precision.

First, to reducecall sensitvity, our contourselectionfunction
malkes all non-generianethodparametepositionsmegamorphic.
More precisely only thoseparametepositions(andthis ) whose
declaredtype containsa type variable are analyzedpolymorphi-
cally. Thus,only genericmethodsandmethodsf genericclasses,
maybeanalyzedolymorphically We do notemploy alimit-based
megamorphichreshold.

For example,Cell.set(V) may be analyzedarbitrarily mary
times, but a single contouris usedfor all calls to PrintStream
.printin(Object X) , becausaeitherits this norx parameters
containsatypevariable.Callsto amethodf(Set<T> x, Object
y) wouldbeanalyzedcontext-sensitvely with respecto parameter
X, but noty.

A few heavily-usednon-generienethodssuchasObject.clone
and System.arraycopy , needto be treatedcontet-sensitvely.
We provide annotationgo theanalysisto ensurethis treatmenand
prevent a lossof precision. Additional methodscan be annotated
usingthe samemechanisnio ensureprecisetreatmentsrequired.

Secondto reducedatasensitvity, we usethe generictypeinfor-
mationin librariesto limit theapplicationof datacontet-sensitvity
to elds. Only elds of genericclasseswhosedeclaredtype in-
cludesa type variable, are analyzedsensitvely. For example,a
separat@bstractiorof eld Cell.value (declaredype:V) iscre-
atedfor eachallocationsite of aCell , but only asingleabstraction
of eld PrintStream.textOut  (of type BufferedWriter) is cre-
atedfor theentireprogram.

Ourimplementatiorof the pointeranalysids similarto theframe-
work for contet-sensitve constraint-basetype inferencefor ob-
jects presentecby Wang and Smith [48]. Their framevork per
mits useof di erentcontourselectionfunctionsand datacontext-
sensitvity functions (suchas their DCPA [48]); our choicesfor
thesefunctionswereexplainedimmediatelyabose. Ourimplemen-
tation adoptstheir type constraintsystemand closurerules. The
analysiggenerateasetof initial typeconstraintgrom theprogram,
anditeratively appliesa setof closurerulesto obtaina x edpoint
solutionto them. Oncethe closureis computedthe pointsto sets
canbereado theresultingtype-constraingraph.

In summarypointeranalysisdiscoversthetypesthat o w to the

elds andmethod=of a class,for eachallocationsite of thatclass.
However, this informationalonedoesnot directly give a parame-
terizedtype for that allocationsite: we mustexaminethe usesof

23

1 /I sunify uni es lhswith rhs, in the processonstrainingin
2 /I Ibounds thetypevariablesof conext sothatrhs |hs.
s/l conext is anallocationsite of agenericclassC.
4 [l'lhsisthetype of aJSR-14declaratiorappearingvithin class
s /Il C,typically containingfreetypevariablesof C.
s /lrhsisatype,typically aunionof obj(C;) typesdenotinga
7 Il pointsto-set;it never containsfreetype variables.
s procedure s-unify(conext; Ihs; rhs)
o if lInshasnofreetypevariablesthen
return
/I First, switchbasednrhs
if rhs= Null then
return
elseif rhs=f 4,..., hgthen// Uniontype
forall ; 2rhsdo
s-unify(conext, Ihs, ;)
return
/I Secondswitchbasednlhs
if lhs=T then// Typevariable
if T is declaredby agenericmethodthen
for all b 2 bound§T) do
s-unify(context; b; rhs)
return
let tclass := the classthatdeclarest
if tclass, clasqconext) then
let Ins”:= instantiationexpressiorof T in clasgconext)
s-unify(conext; Ihs% rhs)
return
Iboundgconext; Ihs) := Iboundgconext; lhs) [ frhsg
if Iboundschangedhen
for all (c;1;r) 2 reunify jr = lhsdo

32 s-unify(c; 1;r)

33 return

34 elseif lhs=Ch ;;:::; i then// Classtype

3 if rhs=Dh?;:::; %ithen

36 let rhs” := wider(rhs;C) // rhs=Ch %%:::; 9
37 forl i ndo

38 s-unify(conext; i; %9

39 return

elseif rhs= obj(C;) then
reunify := reunify [ f(coniext; lhs;rhs)g
s-unify(coniext; Ihs; srapsho(rhs))
return

else
error: Thiscannothappen

else/l Thereareno otherpossibilitiesfor Ihs
error: This cannothappen

Figure10: S-uni®cationalgorithm.

the objects(allocatedat the site) in orderto determinghetypear
guments. It is necessaryo unify the pointeranalysisresultsfor
elds and methodswith their declaredtypesin orderto discorer
constraintontheinstantiatiortypefor theallocationsite. The uni-
cation processs thetopic of the next section.

5.5 S-uni cation

S-uni cation combinesthe resultsof pointer analysiswith the
declaration®f genericlibrary classesn orderto generatesubtype
constraints. S-uni cation has somesimilarity to the uni cation
usedin type inferenceof ML and otherlanguages.Both are de-
ned by structuralinductionover types. Corventionaluni cation



pointsto(expr) is the pointeranalysisresultfor expr: a union
type whoseelementsare the allocationsite type identi ers
obj(C;) thatexpr may pointto.

Iboundgconext; typevay) is the (mutable)uniontype whoseele-
mentsarethediscoreredlower-boundsontypevariabletype-
var within allocationsite type context.

whereS; = Iboundgobj(C); T;)
andT; is C's j" typevariable.
reunify is aglobalsetof triples(obj(C;); ;obj(D;)). Thepresence
of atriple (conext; lhs;rhs) 2 reunify indicatesthata call
to s-unify with thoseargumentsdependediponthe current

value of Iboundgrhs), andthatif thatvalueshouldchange,
thecall shouldbere-issued.

bound§T) returnsthe setof upperboundsof atypevariableT.

clasq0obj(C;)) = C istheclassthatis constructedtallocationsite
Ci.

Figurell: S-uni®cationhelperde®nitions.

identi es two termsby nding aconsistensubstitutionof the vari-

ablesin eachtermwith thecorrespondingubtermthesubstitution,
or uni er, is asetof equalitiesbetweervariablesandsubterms.in

s-uni cation, the uni er is a setof inequalities or subtypecon-
straints.S-uni cation alsodi ersin thatit is a worklist algorithm:
asnew informationbecomesvailable,it may be necessaryo re-
peatsomes-uni cations.

S-uni cationis performedoy thes-unify procedureof Figurel0.
It canbe thoughtof asinducingthe subtypeconstraintrhs  |hs
resultingfrom the Javaassignmentlhs =rhs; '. Thethreeparame-
tersof thes-unify procedureareasfollows. The coniext amgument
is thetypeidenti er of anallocationsite of genericclassC, whose
variablesareto be constrained.The Ihs agumentis the declared
type of aJSR-14 eld or methodparametedeclarationappearing
within classC. The rhs agumentis typically the corresponding
pointsto set—thatis, aunionof allocationsitetypes— for decla-
rationlhsinferredby the pointeranalysisof Section5.4. Figure11
lists several helperde nitions usedby the s-uni cation algorithm.

S-uni cation infers, for eachtype variableT of eachdistinctal-
locationsite type obj(C;), a setof types,eachof whichis a lower
boundontheinstantiatiorof thetypevariable;in otherwords,it in-
fersa uniontype. Whens-uni cation is complete this uniontype
capturesll thenecessargonstraint®ntheinstantiatiorof thetype
variable.

Thesdowerboundsaredenotedboundgcontet; typevar), where
contet is anallocationsitetype,andtypevar is atype variablebe-
longing to the classof the allocation. (Vgpjcel,,) iS shorthandor
Iboundgobj(Celly); V).) All Iboundsareinitialized to the empty
uniontype,andtypesareaddedo themass-uni cation proceeds.

After the pointeranalysisof Section5.4 is complete,s-unify is
calledfor each eld andmethodde ned in the genericclassesn
the program. Speci cally, it is called for eachcontet-sensitve
abstractiorof a eld or methodparameteor result.

Ourexamplehasthreedi erentCell allocationsites,eachwith
a distinct abstractiorof eld value, sos-unify is called oncefor
each.Theinformationin Figure8is thereforedatacontet-sensitve.
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In thesecallsto s-unify, the conext agumentis the allocationsite
type, Ihs is the declaredype of the eld, andrhsis the pointsto
setof the eld. (Seethe lastthreerows of Figure8.) In contrast,
a single abstractionis usedfor all instancesof Float, sinceit is
non-generids-unify is not calledfor non-generigypes).

Similarly, theremay be mary contet-sensitve method-callab-
stractionsfor a singlesource-lgel call site (althoughin our small
example,they areone-to-one)s-unify is calledoncefor eachfor-
mal parameterand return parameterat eachsuchcall. The in-
formationin Figure 8 is thereforecall context-sensitve. In these
callsto s-unify, the coniext agumentis the allocationsite type of
the recever expression(in our exampleit is the sole elementof
pointsto(this )), lhs is the declaredtype of the methodparame-
ter, andrhs s the pointsto setof the agumentor result. In con-
trast, a single abstractionwould be maintainedfor all calls to a
non-generignethodsuchasPrintStream.println (notshawn).
SeeSection5.4for moredetails.

To build someinitial intuitions of theworkingsof the algorithm
beforeshawving all detailsof its operationwe presenthestepsper
formedfor someexpression®f Figure8.

The Cell constructors formal parametettype is V, and at new
Cell 3( ) online 3,theactualparametepointsto obj(Cell,). There-
fore, whatever typeis ascribedo obj(Cell,), it mustbe assignable
to (i.e., a subtypeof) thetypeof Vin obj(Cell;). This requirement
is expressedy issuingacall to s-unify(obj(Cells), V, fobj(Cell,)g.
When processingCell jp.value , uni cation againsta non-trivial
uniontyperesultsin multiple recursve callsto s-unify.

In the secondine of thereplaceValue s-uni cation call, in-
dicatedby the asterisk(*) in Figure8, s-unify mustunify CellhUi
with obj(Cell,). However, thetypeof obj(Cell,) is notyetknovn —
the goal of allocationtypeinferences to determineconstrainton
the obj types. To permit uni cation to proceed,s-unify uses,in
place of obj(Celly), a snapshat the type implied by its current
constraints. In this case,becausehe only constrainton Cell, is
obj(Float)  Voj(cenry), the snapshots Cellhiobj(Float)g . If subse-
guentuni cations addary newn constrainton obj(Cell,), thenthe
shapshothangesand the uni cation mustbe re-performed. Re-
uni cation is notnecessaryn our example.

As canbe seenfrom the duplicatedentriesin the S-uni cations
columnof Figure8, thereis signi cant redundang in theCell ex-
ample. The formal parameteto methodset (which is not used
by this partof the client code),the resultof methodget, andthe
eld value areall of declaredtype V. Sincethe pointsto sets
for all threeof thesewill typically be identical, mary of the uni-
cations issuedwill beidentical. In this particularcase,it would
su cefor thealgorithmto examinejustthevalue eld. However,
in more comple genericclasseqe.g.,Vector or HashSet), there
may be no singledeclarationin the classwhosepointsto setcan
be examinedto determinethe instantiation,andin suchcasesthe
analysismustuseinformationfrom elds, methodparametersand
methodresults.(Also, this ensuresorrectresultsevenin the pres-
enceof uncheckd operationssuchasa castto a type variableT.
An approachthatassumeshatary suchcastsucceedsnay choose
incorrecttype parameters.)

5.5.1 S-uni cationalgorithmdetails

This sectiondiscusseghe s-unify algorithm presentedn Fig-
ure 10. Readeravho arenotinterestedn ajusti cation of the de-
tails of the algorithmmay skip this section.Line numbersreferto
the pseudocodef Figure10.

The rst few casesn thealgorithmarestraightforvard. If there
arenofreetypevariablego constrain(lines9-10),or only thenull
value o ws to atype variable (lines 12—-13),then no constraints



canbeinferred. Whentherhs of a uni cation is a uniontype (as
for Cell 10.value in Figure8), s-unify descendsnto the setand
uni es againsteachelementin turn (lines14-17).

Otherwise Jhs containsfree type variables soit is eitheratype
variableor a (parameterizedglasstype. First, considerthe case
whenit is atypevariable(lines19-33).

JSR-14sourcecodeneednot explicitly instantiateypevariables
declaredby genericmethodssoour algorithmneednot track con-
straintson suchvariables. Without loss of precision,uni cations
againsttype variablesdeclaredby a methodare replacedby uni-

cations againstthe methodvariables type bound(lines 20-23),

which mayreferto a classvariable.Caremustbe exercisedto pre-
ventin nite recursionin the presencef F-boundedrariablessuch
asT extends Comparable<T> for clarity, this is not shovn in
thealgorithmof Figure10.

The call to replaceValue gives a concreteexample. In the
fourth call to s-unify (seeFigure8), Ihsis thetypevariableU. This
variableis declaredy the genericmethod

<U extends V> replaceValue(Cell<U>)

andnot by the genericclassof conext, whichis Cell . Sincewe
cannotmeaningfully constrainU in this contet, we replacethis
typevariableby its boundwhichis Vv, ands-unify again,eventually
obtaininga Float constrainon V.

The type variable may be declaredin a di erentclassthan
conext—for example, when processinginherited methodsand
elds, whichmayreferto typevariablesdeclaredby asuperclassf
therecever. Lines24—28handlethis case For example,PairkF; Si
inherits eld V value from classCellhvi. It would bemeaningless
to constrainV in the context of a Pair allocation,sincePair hasno
typevariableV. Theinstantiationexpressiorof Cell's V in Pair is
F. So,auni cation in Pair contet, whoselhsis V, becomes uni-
cation against~. This produceghe correctresultsfor arbitrarily
comple instantiationexpressionsn extends -clauses.

Thelastpossibilityfor atypevariableis thatit is declarecby the
classbeingconstrained—thatis, theclassof conext. In this case,
Iboundgobj(Cell,), V) is updatedby addingrhsto it (line 29). This
is theonly line in the algorithmthataddsatype constraint.

Now, considerthe casewhenlhs is a classtype (lines 34—43);
rhsis eitheraclasstypeor anallocationsitetype.

If rhsis aclasstype,thencorrespondindype parametersf lhs
andrhs canbe uni ed (lines 37-38). This is only sensiblef the
classeof lhs andrhs arethe same,so that their type parameters
correspondTheclassof rhsis widenedto satisfythis requirement.
In our example,while processingCell jo.replaceValue( ), the
wideningis theidentity operationsincethe classef lhs andrhs
alreadymatch:they arebothCell.

The algorithm’s nal casehandlesthe possibility thatrhs is an
allocationtype (lines 40—43). In this case,the allocationtype is
replacedby a snapshatthetypeimplied by the currentsetof type
constraintontheallocationtype.

A snapshotusesthe currentstateof information abouta type
variable,but this informationis subjectto changeif the variables
Iboundssetgrows. If thishappensiini cationsthatdependedipon
smapsho informationmustberecomputedlines30-32).Eachtime
an allocation-sitetype o appearsasthe rhs of a call to s-unify, a
smapsho of it is used,andatriple (conext; Ihs; rhs) is addedo the
setreunify (A A), whereA s thesetof allocation-sitdypes.
This setis global(its valueis preseredacrossallsto s-unify), and
initially empty Eachtriple in reunify is thesetof amgumentdo the
call to s-unify in which a srapsho wasused.Wheneer the value
of Iboundgo) grows, srapsho(o) becomestale,sowe mustagain
call s-unify(c; I; r), for eachtriple (c;I; r) 2 reunify suchthatr = o.
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Sincethe procesof s-uni cation is idempotenwith respecto the
sameargumentvalues,and monotonicwith respectto larger rhs
amgumentvalues thisis sound.

5.6 Resolutionof parametric types

Theresultof s-uni cation is anlboundsuniontypefor eachtype
variableof eachgenericallocation-sitetype, wherethe union ele-
mentsare allocation-sitetypes. For our example,theseareillus-
tratedin the Iboundsvaluescolumnof Figure9. The stepof reso-
lution usesheseunionsto determineatypefor eachallocationsite;
we call thistypetheresohedtype.

For anon-generi@llocationsitetype suchasFloat, theresohed
type is just the type of the classitself. However, one allocation
site type candependon anotherallocationsite type. In particular
theresohedtypeof a genericallocationdepend®n otherresohed
types:obj(Cell,) dependsiponobj(Float), andobj(Cell;) depends
uponobj(Cell,). Intuitively, if obj(Cell;) “is a Cell of obj(Cell,)’,
thenwe needto know theresohedtypeof obj(Cell,) beforewe can
give a resolhed type to obj(Cell;). To performresolution,we re-
solwve allocationsitetypesin reversetopologicalorderof resolution
dependencies.

For our runningexample theresolutiondependencgraphis:

obj(Cell 10) —= obj(Integer)

™~

obj(Cell 3) — o0bj(Cell 2) — obj(Float)

Additional code(includedin ourimplementation)s requiredfor
correcthandlingof typevariableboundsonstraintsput-of-bounds
types, and to prevent in nite recursionfor F-boundedvariables
suchasT extends Comparable<T>

The graphof resolutiondependencies not necessarilyagyclic:
an expressionsuchas cell.set(cell) givesriseto acycle. A
type systemwith supportfor recursve typescould assigna type
suchas x x:Celllxi. However, JSR-14hasno meansof express-
ing recursve types,so we instantiateall typeswithin a strongly-
connecteccomponenbf the dependencgraphasraw types(e.g.,
raw Cell). We have not yet obsered cyclesin ary real-world pro-
grams. The semanticcontractof somegenericinterfacesmales
cyclesunlikely: for example,the speci cationof the Set interface
expresslyprohibitsa setfrom containingitself.

6. DECLARATION TYPE INFERENCE

The allocationtype inferenceproducesa preciseparameterized
typefor eachallocationsite of agenericclass.Thenext step,called
declarationtype inference,usesthis informationto derive a new
type for every variable declarationin the client code, including

elds andmethodparameters.

We notetwo requirementsand one goal for the new types. (1)
They mustbe mutually consistentso that the resultingprogram
obeys thetype rulesof the language.(2) They mustbe sound,so
that they embodytrue statement@boutthe executionof the pro-
gram;we cannotgive a declarationthe type CelltFloati if its ele-
mentmay be an Integer. (3) They shouldto be precise,ascribing
thethemostspeci c typepossibleto eachdeclaration.

Theconsisteng requiremenis enforcedoy typeconstraint§35],
which expresseselationshipshetweenthe typesof programvari-
ablesandexpressionsn the form of a collectionof monotonicin-
equalitieson the typesof thoseexpressions.A solutionto sucha
systemof constraintorrespondso a well-typedprogram.

The soundnessequirements satis ed by using the resultsof
allocationtype inferencefor the type of eachallocationsite. Since
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Figure12: Typegrammarfor declaratiortypeinference.

thebehaior of thewhole programwasexaminedin orderto derive
thesetypes, they representll possibleuses. Sincethe typesof
allocationsitesaresound all othertypedeclarationsrealsosound
in ary consistensolution.

To achieve the goal of precision we would like to obtaina min-
imal solutionto the systemof type constraintsjf possible.As we
have seentheremaybeno uniqueminimal solution,sowe have to
contentourselheswith solutionscomposeaf local minima.

Sections6.1 and 6.2 discussthe form of the type constraints.
Section6.3 describeshow they are generatedrom the input pro-
gram,with an explanationof the needfor conditionalconstraints
to properly handleraw types. Finally, Sections6.4 and 6.5 how
the systemof type constraintsanbe solved to obtaina translated
program.

Dueto spacdimitations,weillustratethegeneratiorof typecon-
straintsfor a core subsetof the featuresof the JSR-14language.
The ideascanbe extendednaturallyto supportall featuresof the
reallanguageasin ourimplementation.

6.1 Type Constraints

A constraint 1 !R 2 is a manifestatiorof a relationshipR be-
tweentwo terms ; and ;. A constraints satis ed if andonly if
the pair ( 1; ») is a memberof relationR. If the termsare par
tially unknavn —in otherwords,they containvariables—thenthe
satishctionof the constraindependsiponthevaluesof thosevari-
ables. The problemof constraintsolvingis thereforeto nd aset
of assignmentto thevariableshatsatis esthecompletesystemof
constraints.

Typeconstraint435] expressrelationshiphetweerthe typesof

programelementssuchas elds and methodformal parameters.

TherelationR is the subtyperelation , andthe grammarof terms
is the grammarof types. Type constraintsolving assignso each
type constraintvariable,a valuefrom thetypedomain.

For this problem, we usethe type grammar , shawvn in Fig-
ure 12. This grammarmodi es the type grammarof Figure 6 by
removing allocation site typesand augmentingit with variables,
whichwe call typeunknownr constaint variables to distinguish
themfrom the normalusageof “typevariable'in JSR-14asa syn-
onym for “typeparameter'.

The subtyperelation canbe viewed as a directedgraphwhose
nodesare typesand edgesare constraints. The subtyperelation
is transitive, re exive, and antisymmetric,so we usethe equality
notation ; = , asanabbreiationfor apairof subtypeconstraints

1 2and » 1-

Our algorithm containsthreedi erentconstraintsystems(de-
scribedin Sections5.4,5.5, and6), becauseali erentpartsof the
algorithm have di erentpurposesandrequiredi erenttechnical
machinery The pointeranalysis(Section5.4) is contet-sensitve
for precisionin computingvalue o w; we adoptthe constraints
directly from previous work [48]. By contrastthe resultsof dec-
laration type inference(Section6) must satisfy the type-checkr,
whichis contet-insensitve, sothatconstrainsystems mostnatu-
rally context-insensitve. Thes-uni cation constraint§Section5.5)
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Supposeve have declarations:

where'/" is anabbreiation for extends /implements

Then:

widenindC;C) = ;

widenindC; A) = [U; B 1;:::;U; B i]  wideningB; A)
whereA, C

elaborae(C) = ChXy;:::; Xqi (X; arefresh

GeneratesonstraintsX; S;

receiver(E:x) = declared~E+) widenindgC; A)
whereclassA declaresnembeirx

Figure 13: Auxiliary de®nitionsfor declarationtype inference:widening
which modelsthe wideningconversionof parameterizedypes;elaborae,
which creates freshelaboratiorof aparametriclasswith typeunknavns;
andreceiver, which de®nesthe substitutionappliedto the type of class
instancememberslueto the parameterizetype of therecever.

bridge thesetwo di erentabstractionsgssentiallycollapsingthe
contet-sensitvity. It mightbe possibleto unify someof thesecon-
straintsystemsbut to do sowould complicatethemandintertwine
conceptuallydistinctphase®f our algorithm.

6.2 De nitions

This sectionde nes terminologyusedin the descriptionof the
declaratiortypeinference.

Theterminstantiationdenotesa groundtype resultingfrom the
applicationof a generictypeto a setof typeamguments A typear-
guments anactualtype parameteusedfor a genericinstantiation.
A generidnstantiationis eithera parameterizedype if thegeneric
typeis appliedto oneor moretypeargumentspr araw type,if it is
appliedwithout explicit type arguments For example the parame-
terizedtype CelliStringi is the genericinstantiationresultingfrom
theapplicationof generictypeCellhvi to thetypeargumentString.

In our notation,the metavariableC rangesover classnames E
rangesover expressionsF rangesover eld namesandM ranges
over methodnames.F andM denotethe declarationof a speci ¢
eld or method,including its type and the nameof the classin
whichit is declared MetavariableX rangesover type unknavns.

We saythata methodM in classC overridesa methodM? in
classCPif M and M have identicalnamesandformal parameter
types,andC is asubclas®f C°.

[A B T] denoteghesubstitutionof thetypevariableA with type
(ortypeunknavn) T. Substitutiongredenotedy themetavariable

. We denoteheemptysubstitutionwith ; , the compositiorof two
substitutionswith 0 andthe applicationof substitution to
type T with T . The resultof substitutionapplicationis a type
(or atype unknavn). For example,given classPair of Figure2,
PairtF; SI[F B X;;SB X2] = Paithl; X2| .

Figurel3de nesauxiliary functions.

The wideningfunction de nes the wideningcorversion[21] of
(generic)types:it indicateswhich instantiationof a superclasss a
supertypef agiveninstantiationof asubclassFor example,in the
contet of typesshawvn in Figuresl and2, widenindgPair; Cell) =
[V B F], which informally meansthat Pair is a subtypeof Cell
when the type variableV of Cell is substitutedby F of Pair, so
PairlString; Booleani is a subtypeof CellhStringi.



Theelaborae functiontakesaclasstypeC andreturnstheelab-
oration of the type— the type obtainedby applying C's generic
typeto a setof freshtype unknawvns, onefor eachtype parameter
of the class. In addition, this function generatesype constraints
that ensurethe fresh type unknavns are within their bound. For
example, elaborae (Pair) might return PairhXy; X,i and generate
constraintsX;  Object andX,  Obiject, sinceboth variablesF
andS areboundedat Object. (We occasionallyreferto the type
unknavns createdduringthe elaboratiorof a particulardeclaration
as belonging'to thatdeclaration.)

The receiver function returnsthe recever-type substitutionfor
an instancemember( eld or method)expression. This substitu-
tion, whenappliedto the declaredtype of the member yields the
apparenttype of the memberthroughthat reference. For exam-
ple, in Figure 4, variable p hastype PairtiNumber; Booleani, so
the recever substitutionreceiver(p.value ) is [V B Number].
There are two componentdo the recever substitution;the rst
correspondgo the parameterizatiorof the declarationof p, and
is [F B Number;S B Boolean]. The secondcorrespondso the
extendsclausedetweerthedeclaredtclassof p (Pair) andtheclass
thatdeclaredhe membervalue (Cell); in thiscaseijtis[V B FJ.
The result of receiver is the compositionof thesesubstitutions,
[V B Number].

Theerasurefunction(notshavn) returnstheerased6, 27] ver
sionof agenerictype. For example erasurg(PairhString; Booleani)
= Pair anderasurg(Reurn(Cell.get )) = erasurgV) = Object.

6.3 Creatingthe type constraint system

Generatiorof type constraintsonsistsof two steps.First, dec-
larationsareelaboratedo includetype unknavnsfor all typeargu-
ments. Eachuseof a generictypein the client program,whether
in adeclaration(e.g.,of a eld or methodparameter)or in anop-
erator(e.g.,a castor new, is elaboratedvith freshtype unknavns
standingfor type amguments. For example,considerthe typesin
Figure2 andthe statemenPair p =newPair(f, 0) onlines7-8
of Figure3. Thedeclaratiortype inferencecreatesour freshtype

newPair< Xz, Xs>() .

Second,the declarationtype inferencealgorithm createstype
constraintsfor variousprogramelements. Sometype constraints
areunconditionallyrequiredby the JSR-14(andJava) typesystem,
or to ensurebehaior preseration; seeSection6.3.1. Othertype
constraintsnaybein e ector not, dependingon the valuesgiven
to typeunknawns. In particular declaringa genericinstantiatiorto
beraw induceddi erentconstraintontherestof the programthan
doesselectingspeci ¢ typeargumentdor thegenericnstantiation;
seeSection6.3.2.

6.3.1 Ordinarytypeconstaints

Figure14 shaws type constraintsnducedby the key featuresof
JSR-14. To cover the entire language additional constraintsare
requiredfor exceptions arrays,instanceof expressionsetc. We
omit their presentatiorherebecausehey aresimilar to thosepre-
sented. For a more detailedlist of variousprogramfeaturesand
type constraintdor them,see[43].

Also, to ensurecertainpropertiesof the translation(i.e., princi-
plespresentedn Section3), anadditionalsetof constraintss gen-
erated.Informally, we mustensurethatthe erasureof the program
remainsunchangedwhich placesconstraintson declaredypesof
methodparametersand returntypes, elds, etc.)andthat, in the
translatecprogram the declaredypesof all programelementsare
no lessspeci c thanin the original program(andin the caseof li-
brary codethetypesmustremainexactly the same).This approach
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is similar to thattakenin [43] and[13]. Thesetype constraintsare
straightforvard andareomittedhere.

Constraintgeneratioris achieved by descenbver the syntaxof
all themethodbodieswithin theclientcode.Figure14 de nesthe
metasyntactifunction~ ¢, pronouncedtypeof', whichmapsfrom
expressionsyntaxto types,generatingconstraintsasa sidee ect.
The gure alsode nes three other metafunctionsField, Param,
andReurn, for thetypesof elds, methodparametersandresults.
Termsof theform ~E+ , (:::) arenot constraintsput form the
de nition of ~e.

As an example, consider line 11 of Figure 3:
cd.replaceValue(cl) , where cl's declaration, elaborated
by the introduction of a type unknavn, is CellhX;i and the
declaratiorof c4 is elaboratedo CellhX,i. Thus,we have that:

~cle , CellVi[V B X{]
~c4s , CellVi[V B X4]
=[VB X4
fresh= [U B Xy] (Xy isfresh)

Rules(10){11) give us,respectrely:

~cle  CelllUi[V B X][UB Xy]
ie., CeIIthl Ce”hlel
Xu X4

6.3.2 Guardedtypeconstaints

Generidnstantiationsreof two kinds: parameterizetypesand
raw types. For parameterizetlpes,the generatedype constraints
representype argumentsby a typeunknavn.

For raw types,thereis no X for which raw Cell is a CellhXi;
constraintghat try to referto this X are meaningless.Type con-
straintsareinvalid if they referto type unknavns arisingfrom an
elaboratiorof ageneriadeclaratiorthatis laterassignedraw type.
In thatcaseadi erentsetof constraintss required,in which the
typesthatpreviously referredto the “killed' typeunknavn arenow
replacedby theirerasure

For example,considetthefollowing code:

void foo(Cell c¢) {
x = c.get();

c.set("foo");

If the declarationof ¢ is parameterizedsay CellhX;i), thenthe
constraintX;  ~xe mustbe satis ed (rules (1) and (9) in Fig-
ure 14). Ontheotherhand,if the declarations raw, thenthe con-
strainterasurgReurn(Cell.get )) = Object ~x* mustbesatis-
ed. Similar constraintsarisefrom the call to set : if the declara-
tion is parameterizedhen~"foo" «  X;; otherwise,~'foo"
erasurg(Param(set ; 1)) = Object.

Eachmethodinvocation(or eld referencepn anobjectwhose
declarationis a genericinstantiationgivesrise to two alternatve
setsof conditional constraints. Any constraintthat referencesa
typeunknavn mustbe predicatediponthe “parameterizednesesf
thetype of therecever expressionwe call suchexpressionguad
expressions (Actually, our implementationusesa representation
in which all temporariesare explicit, sowe call themguad vari-
ables) Whenthe type of a guardvariableis raw, the alternatve
constrain@aftererasureis usedinstead sothekilled typeunknavn
is nolongermentioned.For example,the guardedype constraints
createdfor the secondine in the exampleabore are~X;e ~xe
(c istheguardingvariable),whichis interpretednly if ~c is non-
raw, and Object ¢ ~xe (the left-handsideis erased)which is
interpretecbnly if ~c« is raw. Dependingnc, exactly oneof these
two constraintss interpretedandthe otheris ignored.



program construct implied type constraint(s) | |
statemeng; = E; ~Eye  ~Epe Q)
statementeturn E; (in methodM) ~E» Reurn(M) 2)
expressiorthis (in classB) ~this », B 3)
expressiomull ~null «, Null (4)
expressiornx; (in methodM) ~X* , Param(M; i) (5)
expressiomewBh 1;:::; i ~newBh 1;:::; kie, Bhgjiii; i (6)
B hastypevariablestily / Sy;:::; T/ Si i S @)
=[TeB ;55T B ]
expressiorE:f (eld F of classB) ~E:fe , Field(F) (8)
= receiver(E:f)

expressiorE:m(Ey;:::; E,) (methodM of classB) | ~E:m(Ey;:::;En)e , Reurn(M)  fesn | (9)
= receiver(E:m) ~E+ ParamM; i)  fresn (10)
M hastypevariablesily / Sy;:::; Ty / Sii Ti fresh Sj  fresh (12)

fresh= [T1 B Xyq;::0; T B X, ] (freshX;)
methodM overridesmethodMP Param(M% i) = Param(M; i) 12)
Reurn(M) Return(M9 13)
methodM is de nedin library codeas: Reurn(M) , (14)
HTy/ Sy Tal Spi M( 1 X500 n %) Param(M; i), (15)
methodM is de nedin clientcodeas: Reurn(M) , elaborae( ) (16)
M( 1 X350 n %) Param(M; i), elaborae( ;) 17)
eld F isde nedin library codeas: F Field(F) , (18)
eld Fisde nedin clientcodeas: F Field(F) , elaborae( ) (19)

Figure 14: Type constraintsfor key featuresof JSR-14.The type for an expressionE or a metasyntacti@xpressionsuchas Field(F) is de®nedusingthe
notation~Ee , (:::). Thegeneratiorof constraintss explainedin Section6.3.1.Thethreesectionf thetableshav the constraintgeneratedor statements,

expressionsanddeclarationstespectiely.

6.3.3 AllocationTypes

For soundnessthe typesof allocationsitesmustbe consistent
with thetypesinferredby theallocationtypeinferenceof Sections.
The moststraightforward way to incorporatethe resultsof alloca-
tion type inferenceinto the constraintsystemis simply to de ne
the typesof eachgenericallocationsite (asusedin rule (6)) to be
exactly thetypeinferredfor it.

This is simple and easyto implement(andis what our imple-
mentationdoes). It is, though,somavhat overconstrainedeyond
whatis necessarfor correctnessA slightly more e xible approach
would beto instantiatethe newexpressionwith a setof freshtype
unknavns,andto constraireachof theseunknavnsto beasubtype
of the correspondingparametetype from the inferredtype. This
approactpermitschoosingalessspeci ¢ assignmentor atypeun-
known, which maybe desirableasillustratedby Figure5.

For example, allocation type inference reports the type
PairtNumber; Booleani for the allocationon line 8 of Figure 4.
The rst approachwould simply male this the type of the newex-
pression.The secondapproachwould insteadmalke the type of the
expressiorPairhXy; Xoi, whereX; andX; arefreshtype unknavns
constrainedn thefollowing way: Number  Xj, Boolean  X,.

6.4 Solvingthe type constraints

The algorithm of Section6.3 createstype unknavns for each
typeamgumentandcreategordinaryandguarded}ype constraints
thatrelatethe type unknavns to oneanotherandto typesof other
programelementssuchas elds, methodparametersgtc. The nal
type constraintgraphexpresseshe type rulesof JSR-14 plus our
additionalconstraintcreatedor behaior preseration. Any solu-
tion to the constraintgraph(i.e., assignmenbf typesto constraint
variables}hereforeaepresentawell-typedandsemanticallyequiv-
alenttranslationof the program.

Conceptually solving the constraintsis simple: for eachcon-

28

straintvariablein turn, assigna type that satis esits currentcon-
straints. If this choiceleadsto a contradiction(i.e., thereis no

satisfyingassignmento the remainingconstraintvariables),then
chooseadi erenttypefor theconstraintvariable.If all choicesfor

this constraintvariableleadto a contradiction thenbacktrackand
malke a di erentchoicefor some previously-assignecdonstraint
variable.Becausevalid typingsalwaysexist (Section3.7),the pro-

cessis guaranteedo terminate> In principle, the spaceof type
assignmentsould be exhaustvely searchedo nd thebesttyping

(thateliminatesthelargestnumberof casts per Section3.6).

This sectionoutlinesone practicalalgorithmfor nding a solu-
tion to thetype constraintsit is basedupona backtrackingsearch,
but attemptsto reducethe degree of backtrackingto a practical
level. We have implementedhis technique andit performswell
in practice.SeeSection8 for theresults.

Thealgorithmconstructsa graph,initially containingedgesonly
for the unconditionalconstraints. The algorithmiteratesover all
the guardvariablesin order trying, for eachguardvariableg, rst
to nd asolutionin which g'stypeis parameterize¢hon-rav), and
if thatfails, to nd a solutionin which g hasa raw type. If no
solutioncanbe found dueto a contradiction suchasa graphedge
whoseheadis a propersubtypeof its tail, or an attemptto assign
two unequalvaluesto the sametype unknavn, thena previously-
madedecisionmustbeto blame,andthealgorithmbacktracks.

Eachtimeit beginsasearctrootedata (tentatize) decisiononthe
type for a particularguard,the algorithmaddsto the graphall of
theconditionaledgegredicateduponthatguarddecisionwhether
parameterizedr raw. Backtrackingeemovestheseedges.

As the edgesare added,several closurerules are applied. For

5Strictly speakingthe setof possibletypesis in nite, soit cannot
beenumeratedHowever, it israreto nd completelyunconstrained
typeunknawvns,andin ary case ak-limited subseof theHerbrand
universeof typesis enumerable.



REIFIED —= ASSIGNED
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Figure15: Statesn the declaratiorntype inferencealgorithmfor eachtype
unknawn. At eachstep, every type unknavn is associatedvith a state:
initially the initial state,andat completion,eitherthe assignedr killed
state. Edgesindicatethe permittedtransitionsbetweerstates;only during
backtrackings a previous staterestored.

example,if thegraphcontainsa pathfrom CellhXi to CellhYi, then
theinterpretatiorof this pathis CellhXi  CellhYi, andby therules
of invariantparametricsubtyping this implies X = Y. This causes
theadditionof two new constraintsX Y andY X. Thisprocess
is iterateduntil no further closurerulesare applicable. The other
closurerulesareomittedfor brevity.

Oncetheconditionaledgeshave beenaddedjf thesearchs try-
ing to infer aparameterizetypefor guardvariableg, thenfor each
unknavn X, belongingto g, the algorithm computeghe union of
thetypesthatreachX throughpathsin the graph.Thisis the setof
lower boundson X,, andthe leastupperboundof this unionis the
typethatwill beassignedo X,.

6.4.1 Dependencgraph

This sectiondescribesiow to orderthe guardvariablesso asto
minimize the backtrackingrequired. This strateyy nearlyor com-
pletelyeliminatesbacktrackingn every casewe have obsered.

We createa dependencgraphthatindicatesall nodesvhoseas-
signmentmighta ecta node,underary type assignmentThe set
of nodesin this graphis the sameasof the type constraintgraph.
The setof edgesconsistsof every ordinary edge(from the type
constraintgraphof Section6.3.1),every guardededge(from Sec-
tion 6.3.2),and,for every guardededge,an edgefrom the type of
theguardto the head.

In the absencef cyclesin the dependencgraph,no backtrack-
ing is required: the nodescanbe visited andtheir typesassigned
in thetopologicalorder If the dependencgraphhascycles,then
backtracking(undoingdecisionsandtheir consequenceshpay be
required,but only within a strongly connecteccomponent.As a
heuristic,within a strongly connecteccomponentwe decideary
nodeghatareguardsor someconstraintsrst, becaussuchchoices
arelikely to have thelargestimpact.

6.4.2 Decidingguards,assigningypes

In the declaratiortype inferencealgorithm,eachtype unknavn
is in oneof four statesijllustratedin Figure15. Eachtypeunknavn
startsin theinitial state(or is resetto it via backtracking)which
meanghatit hasnotyet beenconsideredy the algorithm. A type
unknawn is in thekilled stateif the guardvariableto whichit be-
longshashasbeenassigned raw type. Thereified stateindicates
thatthealgorithmdecidedo give aparameterizetypeto theguard
variableto which the type unknavn belongs put thatthe choiceof
which type to assignit hasnot yet beenmade. As soonasa type
unknavn becomesilled orreified, thealgorithmaddstherelevant
conditionaledges.

Finally, the assignedtatemeanghatthetypeis parameterized,
andthetype agumentshave beendecidedupon. (The type argu-
mentsthemselesareindicatedby a separateéableof assignments.)
Whenthealgorithm nishes, everytypeunknavn is in theassigned
orkilled state.

We usethe term decidefor the processof moving a type un-

known from theinitial stateto oneof the otherstatesAll thetype
unknavns belongingto the sameguardvariablearedecidedsimul-
taneously

We distinguishbetweerreified andassignedo permitdeferring
the choiceof assignedype. Unconstrainedype unknavns remain
in thereified stateuntil a constraintis added. This preventspre-
matureassignmenfrom causingunnecessargontradictionsand
backtrackingandyields morepreciseresults.

Section6.5 presentsa join algorithmthat determineshe least
upperboundof a setof JSR-14types. The solvingalgorithmuses
that procedureextendedto handlereified type unknavns. Theal-
gorithm treatsreified type unknavns asa free choice,solong as
thatchoiceis usedconsistently This is bestillustratedwith anex-
ample:

reified-join(fPairlNumber; X;i ; PairhX,; Booleanig)
= PairtNumber; Booleani
reified-join(fPairiNumber; Xsi ; PairhXs; Booleanig) = Pair

The function reified-join can unify the rei ed type unknavns
with othertypesto achieze amorepreciseresult.In the rst exam-
ple, it successfullyassigndypesto X; and X,.

Allocation typeinferencereturnsNull asthe elementype of an
emptycontainerjeaving thetypeunknavn standindor thetypear
gumenfully unconstraine@ull X is avacuousonstraint).The
declaratiortypeinferencealgorithmcanselecta non-nulltype for
the elementbaseduponotherconstraints.For example,if anallo-
cationof anemptycellonly o wsto avariableof typeCelltStringi,
thenwe canassignCelliStringi to theemptycell also.

Any reified unknavnsremainingwhenall theguardshave been
decidedcan be assigneda type arbitrarily; our implementation
choosesheupperboundonthe unknavn, typically Object.

6.5 Join algorithm

Uniontypesarecorvertedinto JSR-14typesthatrepresentheir
leastcommonsupertypgor join) by thefollowing procedure.

Considera union type u as a setof types. For eachnon-Null
element 2 u, computethesetof all its supertypesincludingitself.
Thesetof commonsupertypess thein\tersectiomf thesesets.

commorsupertypef)) =  fsjt sg
t2u

This setalways containsat leastObject. At this point, we dis-
card marler interfacesfrom the set. Marker interfaces— suchas
Serializable, Cloneable, andRandomAccess — declareno meth-
ods,but areusedo associatsemantiégnformationwith classeshat
canbe queriedwith aninstanceof test. Suchtypesarenot use-
ful for declarationsbecausehey permit no additionaloperations
beyond what is allowed on Object. Furthermorethey are mis-
leadingly frequentsuperclassesyhich would leadto useof (say)
Serializable in mary placeshatObiject is preferable.

We alsodiscardtheraw Comparable type. Eventhoughit is not
strictly a marler, this widely-usedinterface hasno useful meth-
odsin the casewhereits instantiationtype is not known: calling
compareTowithout speci ¢ knowledgeof the expectedtype usu-
ally causesnexceptionto bethrovn. Parameterizethstantiations
of thisinterface,suchasComparablehintegeri, areretained.

From the resultingset,we now discardary elementghatarea
strictsupertypeof otherelement®of theset,yielding the setof least
commonsupertypesf u:

leastcommorsupertype@)) = ft 2csj:9 t°2csti< tg
wherecs= ltered commorsupertypegl)

Again, this setis non-empty and usually thereis just a single
itemremaining.(Thoughthejava.util  packagemakesextensve



useof multiple inheritance leastcommonsupertypesre always
uniquelyde ned for theseclasses.Also, the boxed typessuchas
Integer, Float, etc.,have commonsupertypeNumber oncetherules
for marler interfacesareapplied.)However, if afterapplicationof
theserulesthe sethasnot beenreducedo a singlevalue,the union
eliminationprocedurechoosesrbitrarily. This occurredonly once
in all of our experiments.

Theprocedurgustdescribeds deriveddirectly from thesubtyp-
ing rulesof the JSR-14speci cation,andthusimplementsnvariant
parametricsubtyping.So,for example:

Cellhfinteger; Floatgi uen T Celiumberi

n o
Cellhntegeri; CelltFloati uien e“T raw Cell

6.5.1 Wildcard types

Java 1.5 hasnot yet been nalized, but it appearshat it will
include wildcard types which generalizethe useof boundedex-
istentialsas type aguments. Every parameterizedype such as
CelllNumberi hastwo correspondingvildcard supertypeswhich
arewrittenCell<? extends NumbersandCell<? super Number>
in the proposedsyntax.

The syntax Cell<? extends Number> denotesthe type
Cellh9T: T Numberi, which is the type of all Cells whoseele-
mentsare some(unspeci ed) subtypeof Number. It is therefore
a supertypeof Cellhintegeri and CelliFloati, but a more speci ¢
onethanraw Cell: it allows oneto get elementsat type Number,
andforbids potentiallydangerougalls to set, sincethe required
amgumenttypeT is unknavn.

Cell<? super Number>denoteshetypeCellh9T: Number Ti,
whoseelementsareof someunspeci edsupertypef Number. It is
a supertypeof CelllNumberi andCellhObjecti. This type permits
oneto set elementshat areinstancesof Number, but the result
typeT of get isunknavn, i.e., Object.

Useof wildcardtypesmayincreasehe precisionour results,as
they represenacloserandmoreappropriatéeastupperboundthan
araw typein mary situations. However, the methodsof Cell that
referencetypevariablefrom boththeir parameteandresulttypes
belongto neitherwildcard type, becauseCellh9T: T Numberi
hasonly theget -like methodswhile Cellh9T: Number  Ti hasall
theset -like ones.

In order to ascribea wildcard type to a variable declaration,
an analysismustsolve an additionalsetof constraintghatrestrict
which membersnaybe accessethroughthatvariable.Investigat-
ing this problemwould be aninterestingdirectionfor futurework.

7. IMPLEMENT ATION

We have implementedhealgorithmsdescribedn this paperasa
fully-automatedranslatiortool calledJiggetai.Jiggetais outputis
atype-correctbehaiorally equivalentJSR-14versionof the orig-
inal Jara program. Figure 16 shavs the tool's architecture. This
sectionnotesa few salientpointsof theimplementation.

7.1 Program representation

Sincetheallocation-typeanferenceis a whole-programanalysis,
andwe cannotdemandthat sourcebe available for pre-compiled
libraries, the analysismustbe performedon the bytecode(class-

le) representationf the program.However, the declaration-type
inferenceis logically a source-lgel analysis. For uniformity, we
implementbothanalysest the bytecoddevel.

The rst componenof oursystenis calledthelosslessompiler,
which is a modi ed versionof the standard]SR-14compilerthat
preseressource-lgel informationby insertingadditionaltablesof
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"Lossless" |_ | Client Source File

Compiler (original)

Client Class Files|
(with source info)

Allocation Declaration Source File

Allocation Declaratio .
Type Type Editor
Inference Inference

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Client Source File$
(translated)

Library Class Fileg
(generic)

Figure16: Architectureof the Jiggetaitool for automatictranslationfrom
Java to JSR-14. Inputs and outputsare shavn with heary outlines. The
dashedordercontainsliggetaiitself.

dataasattributes(commentsjn theclassle. Thisinformationin-
cludes: (i) the mappingsbetweersourcevariablesandvirtual ma-
chineregisters;(ii) the type of eachsourcevariable;and (iii) the
type andlexical extentof every declaratioror otheruseof atype-
namein theprogram(locals, elds, methodscastsallocationsites,
extends-clausestc.).

In addition,the compilerdisablescertainoptimizationssuchas
dead-codeelimination. Deadprogramstatementsre still subject
to type checkingandmustbevisible to theanalysis.

We have extendedthe Soot[46] class- le analysispackageto
performanalysisat the sourcelevel of abstractiorby mappingun-
typed JVM registersto typedsourcevariables. Our losslesscom-
piler and Sootextensionsmay be usefulto otherresearcherand
tool builderswho desiretherelative simplicity of the bytecodefor-
matwhile retainingtight integrationwith sourcecode.

7.2 Allocation type inference

JSR-14requireghatbytecodeclass lesthatde ne generictypes
includeaSignature attributethatgivesinformationaboutthetype
parametershatthey de ne. This attributeis ignoredby the JVM,
butis requiredfor type-checkinglientcode:Dueto JSR-145type
erasurestratgyy for compilation,it is the only way to know thata
class le represents generictype, or hov mary type parameters
thatclasstakes.

Generidypeinformation(Signature attributes)is missingfrom
all privateandanorymousclassesn JSR-14-1.3java.utii  pack-
age.

Our analysisinterpretsclasseswithout a Signature attribute
asnon-genericsothe contet sensitvity policy of Section5.4 an-
alyzesthemonly once,e ectively memging all instancesof them
together For example,thise ectoccurswith (thesecondypepa-
rameterof) Hashtable andHashMap

We have implementedwo solutionsto this problem.

1. Performmore comprehense retro tting, which e ectively
addsSignature attributesto all classesnotjustnamedpub-
lic ones.This approachs sound regardlessof the accurag
of theretro tting, becauséheretro tted typeson privateli-
braryclassesreusedonly asacontet-sensitvity hintby the
pointeranalysis.Theretro tting canbe doneby handor via
heuristics.For instancethefollowing heuristiccaptureghe
missinginformationin the JDK libraries almostperfectly:
'If aprivateor anorymousclassextendsa genericcontainer
class,inheritall genericannotationgrom the superclass.



Program | Lines | NCNB | Casts | Gen.casts |

antlr 47621| 26349 | 161 50
htmlparser| 27640 | 13062 | 488 33
JavaCUP | 11048| 4433 | 595 472
JLex 7841\ 4737 71 56
junit 10174 | 5727 54 26
TelnetD 11190| 3976 46 38
v_poker 6316 | 4703 40 31

Figure 17: Subjectprograms. Linesis the total numberof lines of Java
code,and NCNBis the numberof non-commentnon-blanklines. Casts
is the numberof castsin the original Java program,and Gen.castsis the
numberof thosethataredueto useof raw types.

Program | Gen.casts| Elim | % Elim | Time (sec) |

antlr 50 49 98% 396
htmlparser 33 26 78% 462
JavaCUP 472 466 99% 235
JLex 57 56 98% 35
junit 26 16 62% 181
TelnetD 38 37 97% 32
v_poker 31 24 77% 47

Figure18: Experimentatesults. Gen.castsis the numberof genericcasts
(resultingfrom useof raw types)in the original Jasa program;Elim is the
numberof castseliminatedby our translationto JSR-14,and % Elim ex-

presseshatnumberasa percentage.

2. Createatype-correcstubversionof thelibrary, anduseit in
placeof thereallibrary whencompiling. (This approactis
takenby Tip etal.[42].) Thisapproachs laborintensve and
unsoundpecausehe stubmethodbodiesdo not necessarily
inducethe samegenerictype constraintsas the original li-
brarywould. Weimplementedt to comparets performance
andresultswith theretro tting approach.
Aggregatedover all thebenchmarksn Figure 18, the useof
stubsenabledan additional0.7% of caststo be eliminated,
and executiontook 1% longer The use of stubsroughly
halvedthe runningtime of the pointeranalysis althoughthe
contrikbution of this phaseto the overall runtime was rela-
tively small.

As with all whole-progranstaticanalysespur pointeranalysis
requireshand-writtenannotationgo summarizehee ectsof call-
ing native methodsandre ective code;without them, soundness
cannotbe ensured.Currently we usevery naive andconserative
annotationgor suchmethodsnoneof our benchmarksnalessig-
ni cant useof them.

8. EXPERIMENTS

In orderto evaluateour analysesandtools, we ran our imple-
mentationover the programdistedin Figurel7. The programsare
asfollows: antlr is a scanneparsergeneratotoolkit®; htmlpaiser
is a library of parsingroutinesfor HTML”. JavaCUPis anLALR
parsergeneratdt; JLex is a lexical analyzergeneratdt; junit is a
unit-testingframevork'®; TelnetDis a Telnetdaemot; v_poler is

Shttp://www.antlr.org/
http://htmlparser.source
8http://www.cs.princeton.
http://www.cs.princeton.
Lohttp:/mww.junit.org/
Uhttp:/itelnetd.sourcefor

forg e.net/
edu/ ~appel/ moern/ java /CUP/
edu/ ~appel/ moern/ java /JL ex/

ge.net/
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a video poker gamé?. Figure 17 givestheir sizes. The notable
numberof genericcastsin the JavaCUPparsergeneratois dueto
its parserwhichisimplementedy amachine-generatesburcele
thatmalesheary useof a Stack of grammarsymbols. Figure18
shaws theresultsof our experiments.

As our library, we usedall genericlibrary classesfrom pack-
agejava.util , asshippedwith the JSR-14-1.3compiler This
packagecontainsl66 classespf which 37 arenon-generic30 are
generictop-level classesand99 aregenericinnerclasses.

As notedin Section3.6, castsare usedfor otherpurposeghan
for downcastingelementsetrieved from genericclassessoevena
perfecttranslatiorwould not eliminateall castsfrom the program.
We countedthe numberof genericcastsby hand,determiningfor
eachcastwhetheror not it was statically safe, basedon human
inspectionof the valuesstoredinto eachgenericcontainer (For
four of the benchmarksywe performeda completemanualgeneric
translationandcountedthe numberof castseliminated.)

We executedour tools within Sun's 1.4.1 HotSpotClient JVM
with amaximumheapsizeof 200MB, runningunderLinux kernel
2.4 0na3GHzPentium4. Our unoptimizedimplementatiortook
no morethan8 minutesto translateary program.

The executiontime of the larger benchmarksvas overwhelm-
ingly dominatedby the naive implementatiorof the resolutional-
gorithm of Section6.4. We believe that the running time of this
phasecould be broughtdown to a small numberof secondsgn-
abling applicationshaseduponinteractive re nementof the solu-
tion.

8.1 Evaluation

For mostof thebenchmarkgiggetaieliminatedover 95%of the
genericcasts.For the otherprogramsafew speci ¢ causeganbe
identi ed.

Consewative extends parameterization. Wheneer the anal-
ysis encounters client classthat extendsa genericlibrary class,
theextends clauses parameterizedery conseratively, with each
type variableinstantiatedat its erasure.For example,the declara-
tion class PersonList extends List is translatedo extends
List<Object> , evenif the elementsof PersonList arealways of
classPerson.

Without this conserative assumptiongxtends-clausénforma-
tion would be only partial during analysis,but our algorithmre-
quiresit to be complete.This assumptionwasresponsibldor the7
genericcastsremainingin v_poler.

Missing clone covariance. The declaredresult type of the
clone methodin existing Jasa codeis Object, eventhoughclone
alwaysreturnsaninstanceof the sameclassasits recever. JSSR-14
allows oneto specify covariant resulttypesthat capturethis fact,
so for example, the clone methodof HashSethTi could be de-
claredHashSet<T>clone() . Nonethelesghe Set interface,via
which instanceof HashSetmay be frequentlymanipulateddoes
not covariantly specializeclone , sinceit doesnot requirethatits
instancedecloneable?® Thereforetypeinformationis lostduring
callsto Set.clone .

This is the reasonfor the low scoreobtainedfor junit. We re-
peatedhe experimentafterreplacing(C) c.clone() with justc,
andthe scorewentup to 100%. This suggestshattype constraint
generatiorfor theclone methodshouldbe handledwith a covari-
antspecialcase.

“Filter' idiom. Oneparticularpathologicalkcasewhich we have
namedhe lter idiom, is typi ed by thefollowing code:

Pnttp:/ivpoker.sourcefo  rge.net /
130r, for compatibility clone may not have beencovariantly spe-
cialized,asis the casefor HashSet



List strings
void filterStrings(Object
if (o instanceof

strings.add(o);

= new ArrayList();

0) {
String)

}

Here, strings containsonly instancesof String, but the call to
add(o) generates constraintthatthe elementtype is Object. If
the programmerhad explicitly casto to String beforethe call to
add, thedesiredypeListhStringi would have beeninferred.Butin
non-generidava, thereis no needfor sucha cast,becausé.ist will
acceptvaluesof ary type,soit wasomitted.

The Iter idiom is heaiily usedby the htmlpasser benchmark.
Thisproblemcouldbeaddresseby exploiting path-dependentata-
o w informationarisingfrom theinstanceof test.

Declaration splitting. Occasionallya single variabledeclara-
tion was usedsequentiallyfor two di erentwebs(du-udchains),
suchasusinglterator i to traverse rst onelist, thenanother
of adi erenttype. Eventhoughthe websaredisjoint, the single
declaratiorof i meangheanalysisinfersasingletypefori . Sim-
ilarly, multiple variablesdeclaredin the samestatementsuchas
Iterator i, j; ,areconstrainedo have the sametype.

In JavaCUPR, we foundoneexampleof each.After we manually
split thedeclarationsthe analysiseliminatedé morecasts(100%).

9. RELATED WORK

Our primary contrikution in this paperis a practicalrefactoring
tool for automatednigration of existing Jasa programsinto JSR-
14. We rst discusswork relatedo our goal;namely existingwork
onintroducinggenerictypesinto programgo broaderthe applica-
bility of a pre-&istingcomponentsThen,we brie y discussvork
relatedto our techniques:type constraintsystemsandtype infer-
ence.

9.1 Generalizationfor re-use

Two notablepreviouspaperg39, 17] useautomatednferenceof
polymorphismwith the goal of source-cod@eneralizatiorfor re-
use— for example,to permitthecodeto beusedin moresituations
or to provide compile-timetype correctnesguaranteesSincethe
resultis sourcecodefor humanconsumption ratherthan deduc-
tionsfor lateranalysisor optimization,a primarygoalis restricting
the degreeof polymorphismso that the resultsdo not overwhelm
theuser Typically, programscontainmuchmore ‘latent' polymor
phismthanthatactuallyexploited by the program.

Si andReps[39] aim to translateC to C++. They usetype
inferenceto detectlatent polymorphismin C functionsdesigned
for usewith parameterof primitive type, andthe resultof gen-
eralizationis a collection of C++ function templatesthat oper
ateon a larger setof types. A majorissueaddressedby Si and
RepsisthatC++ classeganoverloadarithmeticoperatorgor class
types. Their algorithm determines— and documents—the set of
constraintdmposedby the generalizedunction on its agument.
(They give asanexamplethe ¥’ function pow(), whichis de ned
only for numbersbut could be appliedto ary type for which mul-
tiplication is de ned, suchasMatrix or Complex) Their work
focusesexclusively on genericfunctions,not classesandtries to
detectlatent reusability; in contrast,our work seeksto enforce
strongertyping wherereusabilitywasintendedby theprogrammer
The problemdomainis quite di erentthan ours, becauseunlike
JSR-14,C++ templatesneednot type-checkand are never sepa-
rately compiled;thetemplateis instantiatedy simpletextual sub-

Interestinglythisis anexampleof aJSR-14programthatrequires
more castghanits non-genericounterpart.
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stitution,andonly theresultingcodeneedtype-check This permits
the templateto imposearbitrary (implicit) constraintson its type
variablesjn contrasto JSR-14$ erasureapproach.

Duggan[17] presentatypeanalysisfor inferring genericityin a
Java-likelanguageDuggangivesamodular(intra-classyonstraint-
basedparameterizatioranalysisthat translatesa monomorphic
object-orientedkernel languagecalled MiniJava into a polymor
phic variant, PolyJaa, that permitsabstractingclassesover type
variables.Thetranslatiorcreategenericclassesndparameterized
instantiation®of thoseclassesandit makessomecastsprovably re-
dundantPolyJaadi ersfromJSR-14n anumberofimportantre-
spectsln particular it supportsaveryrestrictednodelof paramet-
ric subtyping:abstractlassesndinterfacesarenot supportedand
eachclassmustdeclareexactly asmary typevariablesasits super
class.Thetypehierarchyis thusaforestof trees eachof whichhas
exactly the samenumberof type variableson all classeswithin it.
(Eachtreeinheritsfrom Objecthi via a special-caseule.) Because
the analysisdoesnot useclient informationto reducegenericity
we suspecthediscoreredgenerictypesareunusablyover-generic;
however, the systemis notimplementedsowe areunableto con-

rm this.

Von Dincklageand Diwan [47] addresshoth the parameteriza-
tion and instantiationproblems. They usea constraint-basedl-
gorithm emplgying a numberof heuristicsto nd likely type pa-
rameters. Their llwith tool determinedthe correctgeneralization
of severalclassedrom the standardibraries,afterhandeditingto
rewrite constructstheir analysisdoesnot handle. The technique
requiresrelatedclassego be analyzedasa unit. However, it does
not performawhole-programanalysisandsocanmale no guaran-
teesaboutthe correctnessf its choicesof type argumentsn con-
trastto our soundapproachthey try to capturecommonpatternsof
genericclassedisingan unsoundcollectionof heuristics. For ex-
ample,theirimplementatiorassumeshat public elds arenot ac-
cessedrom outsidethe classandthattheagumentof equals has
the sametype astherecever. Their approachcanchangemethod
sighaturesvithout preservingheoverridingrelation,or changehe
erasureof parameterizedlassesmakingthempossiblyincompat-
ible with their existing clients. Also in contrastto our work, their
approacffails for certainlegal Java programsthey do not handle
raw types,their implementationdoesnot performsourcetransla-
tion, andthey donotyethave ary experiencewith real-world appli-
cations.(We previously exploreda similarapproactho theparame-
terizationandinstantiationproblems[16]. We restrictedoursehes
to asoundapproachandabandonetheapproachafterdiscorering
thatheuristicsusefulin speci ¢ circumstancesausedinacceptable
lossof generalityin others.)

Tip etal. [42] presentatechniquefor migratingnon-generidava
codeto usegenericcontainerclasses.Tip et al''s algorithmem-
ploys avariantof CPA to createcontexts for methodsandthenuses
thesecontexts in type constraintgenerationand solving. In our
approach,CPA is usedfor pointeranalysis,the resultsof which
arethenusedto computeallocationsitetype agumentsand,lastly,
contet-lesstype constraintsare usedto computetype aguments
for all declarationsn the client code. Their tool is implemented
asasource-codanalysisandarefactoringin the Eclipse[18] inte-
grateddevelopmentervironment(IDE). Becauset focusenly on
the standardcollectionslibrary andit is source-code-basetheir
approachuseshand-madenodelsof the collectionclassesWhile
they do not handleraw types,their methodis capableof discover
ing type parameter$or methodsthuschangingtheminto generic
methods. This may help reducethe numberof (possiblydanger
ous)uncheckdwarningsandraw referencesvithoutsacri cing the
numberof eliminatedcasts. For example,the methoddisplay-



Value in Figure3 couldbe changednto a genericmethod rather
thanleaving thereferenceaw. The authorsdo not discusssound-
nessor behaior preseration.

Tip, Kiezun,andBaiimer[43] presentheuseof typeconstraints
for refactoring(i.e., modifying the programs sourcecodewithout
a ectingits behaior). While theirwork focusedon refactoringfor
generalizationpurs canbe seenasrefactoringfor specialization
changingtypesfrom raw to non-raw.

The CodeGuide[12] IDE o ersa “Generify' refactoringwith
broadly the samegoal as our work. It canoperateover a whole
programor a singleclass;we have veri ed thatthe latter modeis
unsoundbut becausao detailsare provided regardingits imple-
mentationwe cannotcompareit to our own. The IDEA [24] IDE
also supportsa Generify refactoring; again, no detailsaboutthe
analysistechniquesare available, and we have not experimented
with this tool.

9.2 Typeconstraint systems

Both our allocationtype inferenceand declarationtype infer-
encearetype-constraint-basealgorithmsin the styleof Aikenand
Wimmers[2], who give a generakalgorithmfor solving systemsof
inclusion constraintsover type expressions.Our type constraints
aredi erentin thatthey include guardedconstraintsin order to
modelJSR-145 specialrulesfor raw types.Mostwork in typein-
ferencefor OO languagess basedon thetheoryof type constraint
systems;a generaltheory of statically typed object-orientedan-
guagess laid outin [36].

Our pointeranalysismakesuseof the conceptuaframework of
Wang and Smith [48]; we instantiateit with a particular set of
choicesfor polymorphismthat t well with our problem. Plevyak
andChien[38] provide aniterative classanalysisthatderivescon-
trol anddata o w informationsimultaneouslywith thegoalof opti-
mizationssuchasstaticbinding,inlining, andunboxing.Somerep-
resentatie applicationsarestaticallydischaging run-timecastg8,
48], eliminatingvirtual dispatch 3], andaliasanalysig33, 32].

9.3 Polymorphic type inference

Thereis a vastliteratureon polymorphictype inferencedating
from Milner [30], who introducedthe notionin the contet of the
ML programminganguageOurgoalis quitedi erentthanthatof
Algorithm W, sincewe arenottrying to infer generictypes,only the
type argumentswith which existing generictypesareinstantiated.
Subsequenwork [34, 35] extendsHindley-Milner typecheckingo
object-orientedanguagesndto mary otherapplicationdomains.
More recentwork thatextendsit to object-orientedanguagesises
type constraintdnsteadof equalityconstraint§19, 17], justasour
s-unify algorithmdoesthoughthetechnicalmachineryis di erent.
McAdametal. [29] extendML with Java's subtypingandmethod
overloading. The applicationof type inferencealgorithmsgener
ally falls into two cateories: (1) enablingthe implementationof
languagesn which principal typingsfor termsare inferred auto-
matically, which savesthe programmeifrom writing themexplic-
itly, and(2) asameansf staticprogramanalysisge.g.,to eliminate
castsor to resole virtual methoddispatches.

Gagnoretal. [20] presenamodular constraint-basetkchnique
for inferenceof statictypesof local variablesn Java bytecodethis
analysisis typically unnecessarfor bytecodegeneratedrom Java
code, but is sometimeausefulfor bytecodegeneratedrom other
sourcesNo polymorphictypesareinferred,however.

10. FUTURE WORK

We would like to extendour tool into aninteractive application
thatwould allow the userto manuallycorrectsuboptimalresults,
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anditeratively re-sole the constraintsystemafterthe users anno-
tationshave beenincorporated.This would male it very easyfor
usergo achieve theidealresults.

Oncethe Java 1.5 speci cationis nalized, we would like to
updatethe tool to include supportfor it. It is largely a superset
of the versionof JSR-14we have beenstudying;its mostsigni -
cantdi erenceis the introductionof wildcard types,asdiscussed
in Section6.5.1. We planto make our tool available,oncelicens-
ingissuesareresohed(theimplementatiorcurrentlydependsipon
Sun's prototypecompiler).

The C# languages a experiencinga parallelevolution towards
generictypes[49]; theideasin our approachmaybe applicableto
thatlanguage.

In orderto furtherincreasehe numberof castseliminatedfrom
client code,we could replaceour type constraintsolution proce-
dure (Section6.4) with onethat performsmore exhaustve search
or otheroptimizations. Addressingthe parameterizatiofproblem
(i.e.,introductionof type parameter$o classde nitions) is another
areaof potentialfuturework, thoughin our experiencethat partof
theprocesss not particularlydi cult or time-consuming.

11. CONCLUSION

With thereleasef Javal.5,mary programmersvill wishto con-
vert their programsto take advantageof the improved type safety
provided by genericlibraries. We have presenteda generalalgo-
rithm for theimportantpracticalproblemof corvertingnon-generic
Javasourcego usegenericlibraries,andanimplementatiorcapa-
ble of translatingreal applications.

Our algorithm achieves the goalslaid out in Section3. It is
sound:it neverinfersanunsafeypefor adeclarationlt is behaior-
preserving:it doesnot changemethodsignaturesthe erasureof
parameterizedlassespr otherobserableaspectof a program.It
is complete:it producesa valid resultfor arbitrary Java input and
arbitrarygenericlibraries. It is compatiblewith the JSR-14gener
ics proposal:in particular its type systemaddresseall featuresof
theproposaljncludingraw types.It is practical:we have produced
animplementatiorthat automaticallyinsertstype parametersnto
Jara code,without ary manualintervention. It is precise:it elimi-
natedthe overwhelmingmajority of genericcastsin real-world ap-
plications,andthetranslationwaslittle di erentthanthe resultof
manualannotation.

As anothercontrikution, our approachis, to our knowledge,the

rst analysisfor Java thatusesgenerictype annotationdor target-
ing the useof contet-sensitvity, suchtargetingis critical to over
come poor scalability Our applicationis type analysis,but this
techniquecould equallywell be usedfor mary otherabstractions,
suchasinterproceduratiata ow problems.

Raw typesrequirethe useof conditionalconstraints sincethe
type rulesfor accessingnembershroughraw typesandthrough
parameterizetiypesarequitedi erent.The presencef raw types
in the type systemis a loopholeallowing potentially unsafeoper
ations;analyzingthe e ectsof suchoperationgequiresa whole-
programanalysis.(In the absencef raw typesandunchecled op-
erations,it would be possibleto solve the type inferenceproblem
soundly— althoughperhapsiotasprecisely— withoutpointeranal-
ysis.) Becauseof uncheckd operationsthe assignabilityrelation
in JSR-14is not antisymmetric;in otherwords,x=y; y=x; may
be permittedevenwhenthetypesof x andy areunequal.This has
somesubtlerami cationsfor subtypeconstraint-basednalysesas
theassignmentonstraingraphmayhave no subtypenterpretation
in pathologicalcasesOurwork is uniquein supportingraw types,
which is essentiafor producinggood resultswithout forbidding
mary realisticprograms.

Additional detailson our work canbefoundin [15].
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