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ABSTRACT
Java 1.5 will includea type system(calledJSR-14)that supports
parametricpolymorphism, or genericclasses.Thiswill bringmany
bene�ts to Java programmers,not leastbecausecurrentJava prac-
tice makesheavy useof logically-genericclasses,including con-
tainerclasses.

Translationof JavasourcecodeintosemanticallyequivalentJSR-
14 sourcecoderequirestwo steps:parameterization(addingtype
parametersto classde�nitions) andinstantiation(addingthe type
argumentsat eachuseof a parameterizedclass). Parameteriza-
tion needbedoneonly oncefor aclass,whereasinstantiationmust
be performedfor eachclient, of which therearepotentiallymany
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.Ourapproachusesapreciseandcontext-sensitive
pointeranalysisto determinepossibletypesat allocationsites,and
a set-constraint-basedanalysis(that incorporatesguarded,or con-
ditional, constraints)to chooseconsistenttypesfor bothallocation
and declarationsites. The techniquehandlesall featuresof the
JSR-14typesystem,notablythe raw typesthatprovide backward
compatibility. We have implementedour analysisin a tool thatau-
tomatically insertstype parametersinto Java code,andwe report
its performancewhenappliedto a numberof real-world Java pro-
grams.

Categoriesand SubjectDescriptors
D.1.5[ProgrammingTechniques]: Object-orientedProgramming;
D.2.2 [Software Engineering]: DesignTools and Techniques—
modulesand interfaces; D.3.3 [Programming Languages]: Lan-
guageConstructsandFeatures—datatypesandstructures

GeneralTerms
languages,theory, experimentation

Keywords
generictypes,parameterizedtypes,parametricpolymorphism,type
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1. INTRODUCTION
The next releaseof the Java programminglanguage[21] will

include supportfor generictypes. Generictypes(or parametric
polymorphism[7]) make it possibleto write a classor procedure
abstractedover thetypesof its methodarguments.

In the absenceof generictypes,Java programmershave been
writing and using pseudo-genericclasses,which are usually ex-
pressedin termsof Object. Clientsof suchclasseswiden(up-cast)
all theactualparametersto methodsandnarrow (down-cast)all the
returnvaluesto the type at which the result is used— which can
bethoughtof asthe typeat which thepseudo-genericclassis `in-
stantiated'in a fragmentof client code. This leadsto at leasttwo
problems:

1. The possibility of error: Java programmersoften think in
termsof generictypeswhen usingpseudo-genericclasses.
However, the Java type systemis unableto prove that such
typesare consistentlyused. This disparity allows the pro-
grammertowrite, inadvertently, type-correctJavasourcecode
thatmanipulatesobjectsof pseudo-genericclassesin a man-
ner inconsistentwith thedesiredtruly-generictype. A pro-
grammer's �rst indicationof suchanerroris typically a run-
time exceptiondueto a failing cast;compiletime checking
is preferable.

2. An incompletespeci�cation: The typesin a Java program
serve as a ratherweak speci�cation of the behavior of the
programandtheintentionof theprogrammer. Generictypes
provide betterdocumentation,andthe typechecker guaran-
teestheiraccuracy.

Non-genericsolutionsto theproblems(e.g.,wrapperclassessuch
asStringVector ) areunsatisfying.They introducenonstandard
and sometimesinconsistentabstractionsthat requireextra e� ort
for programmersto understand.Furthermore,codeduplicationis
error-prone.

Java with generictypes(which we call JSR-14after the Java
Speci�cationRequest[4] thatis beingworkedinto Java1.5)solves
theseproblemswhile maintainingfull interoperabilitywith existing
Java code.

Currently, programmerswho wish to take advantageof theben-
e�ts of genericityin Java musttranslatetheir sourcecodeby hand;
this processis time-consuming,tedious,anderror-prone.We pro-
poseto automatethe translationof existing Java source�les into
JSR-14.Therearetwo partsto this task: addingtype parameters
to classde�nitions (`parameterization'),andmodifyingusesof the
classesto supplythetypeparameters(`instantiation').

Parameterizationmustbe performedjust oncefor eachlibrary
class. The processmight be done(perhapswith automatedassis-
tance)by anexpertfamiliar with thelibrary andhow it is intended
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to beused.Evenfor a non-expert,this taskmayberelatively easy.
For example,the javac compiler, the htmlparser programandthe
antlr parsergeneratorde�ne their own containerclassesin addi-
tion to, or in lieu of, the JDK collections. One of us (who had
never seenthecodebefore)fully annotatedthejavaclibrarieswith
generictypes(135annotationsin a 859-linecodebase)in 15 min-
utes,theantlr librariesin 20 minutes(72 annotationsin a 532-line
codebase)andthehtmlparserlibrariesin 8 minutes(27annotations
in a 430-linecodebase).

This paperfocuseson the instantiationproblem. Instantiation
mustbeperformedfor every library client; therearetypically many
more clients than libraries, andmany more programmersare in-
volved. Whena library is updatedto usegenerictypes,it is desir-
ableto performinstantiationfor legacy codethatusesthe library,
thoughno one may be intimately familiar with the legacy code.
Genericlibrariesarelikely to appearbeforemany programsthatare
written in a genericstyle(for example,Java 1.5will bedistributed
with genericversionsof the JDK libraries), and are likely to be
a motivator for converting thoseprogramsto usegenerictypes.
Genericallytyped libraries permit programmersto incrementally
addgenericsto theirprogramsandgainbene�tsin apay-as-you-go
fashion.

Figures2, 3, and4 give anexampleof a (generic)library, non-
genericclient code,andtheclient codeafterbeingtransformedby
our tool. The library de�nes the classCell , which is a container
holdingoneelement,andits subclassPair , which holdstwo ele-
ments,possiblyof di� erenttypes.Theclientcodede�nesanumber
of methodsthatcreateandmanipulateCell sandPair s. Thepaper
usesthiscodeasa runningexample.

In brief, thegenerictypeinstantiationproblemis asfollows. The
input is a setof generic(i.e., JSR-14annotated)classes(which we
call library code) andasetof non-generic(i.e.,pre-JSR-14)classes
(client code) thatusethe library code.Thegoal is to annotatethe
clientcodewith generictypeinformationin suchawaythat(a) the
program's behavior remainsunchanged,and(b) asmany castsas
possiblecanberemoved.Latersectionsexpandon this goal.

The remainderof this paperis organizedasfollows. Section2
introducesJSR-14,a genericversionof Java that is expectedto be
adoptedfor Java 1.5. Section3 lays out our designgoalsandas-
sumptions,andSection4 overviews our algorithm. The next two
sectionsdescribethe two partsof the algorithm, namelyalloca-
tion typeinference(Section5) anddeclarationtypeinference(Sec-
tion 6). Section7 discussesthe implementationof our prototype
tool, andSection8 presentspreliminaryexperimentalresults.Sec-
tion 9 discussesrelatedwork. Finally, Section10 proposesfuture
work, andSection11concludes.

2. JSR­14: JAVA WITH GENERIC TYPES
This sectionbrie�y introducesthesyntaxandsemanticsof JSR-

14.
Generictypesarean exampleof boundedparametricpolymor-

phism[7]. Parametricpolymorphismis anabstractionmechanism
that permitsa singlepieceof codeto work uniformly over many
distinct typesin a type-safemanner. Typeparametersstandfor the
typesover which thecodeis (conceptually)instantiated.

2.1 Syntax
Figure2 shows thede�nition of two genericclassesin Java. The

nameof thegenericclassis followedby a list of typevariables(V
for classCell , andF andS for classPair ). Eachtypevariablehas
anoptionalupperboundor bounds.Thedefault boundis extends
Object , whichmaybeomittedfor brevity. Thetypevariablesmay
be usedwithin theclassjust asordinarytypesare,exceptthat in-

Cell<Number>

Cell

Cell<Integer>Integer

Number

Object

Pair

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

Figure 1: A portion of the type hierarchyfor JSR-14(Java with generic
types),which usesinvariantparametricsubtyping.Arrows point from sub-
typesto supertypes.ClassesCell in Pair arede®nedin Figure2.

stancesof thetypevariablesmaynotbeconstructedby aninstance
creationexpression,asin new V() . ThePair classshows thatone
generictypecanextend(subclass)another. Thescopeof a class's
type variableis essentiallythe sameasthescopeof this : all in-
stancemethodsanddeclarationsof instance�elds, andany inner
classes,but not static membersor static nestedclasses.Also, a
typeparametercanbereferredto in theclass's declaration.

A genericclassmaybeinstantiated(used)by supplyingtypear-
gumentsthatareconsistentwith theboundson the type variables
(Figure4). Type-checkingensuresthatthecodeis type-correct,no
matterwhat typeargumentsthatsatisfytheboundsareused.(See
below for a caveatregardingraw types.)

Methodsmayalsobegeneric,addingtheir own additionaltype
variables.In Figure2, replaceValue is a genericmethod,which
is precededby a list of (bounded)type variables. (The type vari-
ableU hasa non-trivial bound.)Typeargumentsat usesof generic
methodsneednot be speci�ed by the programmer;they areauto-
matically inferredby thecompiler. (Line 11 in Figure4 containsa
useof a genericmethod.)Thescopeof a methodtypevariableis
just themethoditself.

A raw typeis a generictypeusedwithout any typeparameters.
(On line 30 of Figure4, parameterc6 in displayValue is raw.)
Raw typesare a concessionto backward compatibility, and they
behave exactly like typesin non-genericJava.

2.2 Type system
This sectioninformally overviews salientpointsof thetypesys-

temof JSR-14[4]. Figure1 shows partof thetypehierarchy.
Invariant parametric subtyping. Di� erentinstantiationsof a

parameterizedtypeareunrelatedby thetypehierarchy.1 CellhIntegeri
is notasubtypeof CellhNumberi , eventhoughInteger is asubtype
of Number; this is theright choicebecauseCellhIntegeri doesnot
supportthe set(Number) operation.CellhNumberi is not a sub-
typeof CellhIntegeri ; thisis theright choicebecauseCellhNumberi
doesnotsupporttheInteger get() operation.

Raw types. Greate� ort wasexpendedin thedesignof JSR-14
to ensuremaximumcompatibilitywith existing non-genericcode,
in both directions. As a result, the type systemof JSR-14sub-
sumesthatof non-genericJava,with theun-parameterizedtypesof
genericclassessuchasCell beingknown asraw types,andraw
typesbeingsupertypesof parameterizedversions.(A raw typecan

1By contrast,Java arraysusecovariant subtyping: Integer[] is a
subtypeof Number[] becauseInteger is asubtypeof Number. This
violatesthesubstitutabilityprincipleof subtyping[28]. In orderto
preserve typesafety, theJVM implementationmustperformarun-
time checkat arraystores.SinceJSR-14useshomogeneoustrans-
lation by typeerasure(seebelow), run-timecheckingfor generics
is impossible,and soundnessmust be ensuredstatically through
invariantsubtyping.
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// A Cell is a container that contains exactly one item, of type V.
class Cell<V extends Object> {

V value;
Cell(V value) { set(value); }
void set(V value) { this.value = value; }
V get() { return value; }
<U extends V> void replaceValue(Cell<U> that) {

this.value = that.value;
}

}

// A Pair has a first and a second element, possibly of different types.
class Pair<F, S> extends Cell<F> {

S second;
Pair(F first, S second) { super(first); this.second = second; }

}

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

1 static void example() {
2 Cell c1 = new Cell(new Float(0.0));
3 Cell c2 = new Cell(c1);
4 Cell c3 = (Cell) c2.get();
5 Float f = (Float) c3.get();
6 Object o = Boolean.TRUE;
7 Pair p =
8 new Pair(f, o);
9

10 Cell c4 = new Cell(new Integer(0));
11 c4.replaceValue(c1);
12

13 displayValue(c1);
14 displayValue(c2);
15

16 setPairFirst(p);
17

18 displayNumberValue(p);
19 displayNumberValue(c4);
20

21 Boolean b = (Boolean) p.second;
22 }
23 static void setPairFirst(Pair p2) {
24 p2.value = new Integer(1);
25 }
26 static void displayNumberValue(Cell c5) {
27 Numbern = (Number) c5.get();
28 System.out.println(n.intValu e());
29 }
30 static void displayValue(Cell c6) {
31 System.out.println(c6.get()) ;
32 }

Figure 3: Examplenon-genericclient codethat usesthe library codeof
Figure2. The codeillustratesa numberof featuresof JSR-14,but it does
not computeameaningfulresult.

beconsideredequivalentto atypeinstantiatedwith aboundedexis-
tentialtype,e.g.,Cellh9x : x � Objecti , becauseclientsusingaraw
type expectsomeinstantiationof thecorrespondinggenericclass,
but have no informationasto whatit is [25].)

Unchecked operations. In standardJava, the type systemen-
suresthat the type of an expressionis a conservative approxima-
tion to the kind of objectsthat may �o w to that expressionat run

1 static void example() {
2 Cell<Float> c1 = new Cell<Float> (new Float(0.0));
3 Cell<Cell<Float>> c2 = new Cell<Cell<Float>> (c1);
4 Cell<Float> c3 = (Cell) c2.get();
5 Float f = (Float) c3.get();
6 Boolean o = Boolean.TRUE;
7 Pair<Number,Boolean> p =
8 new Pair<Number,Boolean>(f, o);
9

10 Cell<Number> c4 = new Cell<Number>(new Integer(0));
11 c4.replaceValue(c1);
12

13 displayValue(c1);
14 displayValue(c2);
15

16 setPairFirst(p);
17

18 displayNumberValue(p);
19 displayNumberValue(c4);
20

21 Boolean b = (Boolean) p.second;
22 }
23 static void setPairFirst(Pair<Number,Boole an> p2) {
24 p2.value = new Integer(1);
25 }
26 static void displayNumberValue(Cell<Number > c5) {
27 Numbern = (Number) c5.get();
28 System.out.println(n.intValue() );
29 }
30 static void displayValue(Cell c6) {
31 System.out.println(c6.get());
32 }

Figure4: Exampleclient codeof Figure3, after beingautomaticallyup-
datedto usegenerictypes. Changeddeclarationsareunderlined. Elimi-
natedcastsarestruckthrough.

time. However, in JSR-14,it is possibleto constructprogramsin
which this is not thecase,sinceraw typescreatea loopholein the
soundnessof thetypesystem.

Calls to methodsandaccessesof �elds whosetyperefersto the
typevariableT of araw typeareunchecked, meaningthatthey may
violatetheinvariantsmaintainedby thenon-raw types,resultingin
a classcastexceptionbeingthrown at run time. The compileris-
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suesa warningwhenit compilessuchoperations.(Theoperations
arelegal in non-genericJava, andall the samehazardsapply, ex-
ceptthat thecompilerissuesno warnings.Useof raw typesis no
lesssafethanthe original code,thoughit is lesssafethanuseof
non-raw parameterizedtypes.)For example,coercionis permitted
from a raw type to any instantiationof it, andvice versa. As an-
other example,onemay safely call the methodVector.size()
on anexpressionof raw type,sinceit simply returnsan int. On the
otherhand,a call to Vector.add(x) onanexpressionof typeraw
Vector wouldbeunchecked,becausetheremayexist analiasto the
sameobjectwhosedeclaredtypeis VectorhYi , wherethetypeof x
is not a subtypeof Y. Subsequentoperationson theobjectthrough
the aliasmay thenfail dueto a type error. It is the programmer's
responsibilityto ensurethat all unchecked operationsare in fact
safe.

Type erasure. Thetyperulesof JSR-14suggesttheimplemen-
tation strategy of type erasure, in which after the parameterized
typeshave beenchecked, they areerasedby thecompiler(which
insertscastsasnecessary),yielding thetypethatwould have been
speci�edin theoriginalnon-genericcode.For example,theerasure
of methodCell.set(V) is Cell.set(Object) .

Homogeneoustranslation. Implementationby typeerasureim-
plies a homogeneoustranslation. A single class�le containsthe
implementationfor every instantiationof the genericclassit de-
�nes, and the executionbehavior is identical to that of the same
programwritten without theuseof generictypes.Parametrictype
informationis notavailableatruntime,soonecannotquerythepa-
rameterizedtypeof anobjectusinginstanceof or re�ection, nor
can the Java Virtual Machine(JVM) checkfor type violationsat
run time asit doeswith accessesto thebuilt-in arrayclasses.Ho-
mogeneoustranslationis in contrastwith approachesthat change
the JVM [31], andwith C++ [40, 41] andother languages[9] in
which di� erentcodeis generatedfor eachinstantiation.

2.2.1 Versionsof JSR­14
JSR-14[27] was inspiredby GJ (GenericJava) [6, 5]. Di� er-

entversionsof JSR-14have introducedandeliminateda varietyof
featuresrelatedto parametricpolymorphism. Our work usesthe
versionof JSR-14implementedby version1.3 of theearly-access
JSR-14compiler2. This particularversionprovedlonger-livedand
morestablethanotherversions,andit is quitesimilar to thelatest
proposal(asof July2004),implementedby Java 1.5Beta2.

Java 1.5Beta2 hasonesubstantive di� erencefrom JSR-14-1.3:
Java 1.5 Beta2's type systemis enrichedby wildcard types[45]
such as Vectorh? extends Numberi , which representsthe set of
Vector typeswhoseelementsareinstancesof Number, andVectorh?
super Integeri , whichrepresentsthesetof Vector typesinto which
an Integer may be stored. Like raw types,wildcard typesareef-
fectively parameterizedtypeswhoseargumentsareboundedexis-
tential types,but wildcard typesgeneralizethis idea,allowing the
boundsto expresseithersubtypeor supertypeconstraints[25, 26].
Wildcard typesobviate some(thoughnot all) usesof raw types.
Wildcard typeswill improve the precisionof our analysisby per-
mitting closerleastupperboundsto becomputedfor somesetsof
types;seeSection6.5.1 for further detail. This will bene�t both
theunionelimination(Section6.5)andconstraintresolution(Sec-
tion 6.4)componentsof ouralgorithm.

A second,minor di� erenceis thatJava 1.5 Beta2 forbidsarray
creationexpressionsfor arraysof parameterizedtypes,suchasnew
Cell<String>[..] , or typevariables,suchasnew Cell<T>[..] ,
or new T[..] whereT is a typevariable. Otherconstructs,such
asList.toArray() , permitworking aroundthis restriction.
2http://java.sun.com/developer/earlyAccess/adding_g enerics/

We do not foreseeany major obstaclesto the adaptationof our
typerules,algorithms,andimplementationto Java 1.5; suchadap-
tation is important to the usability of our tools onceJava 1.5 is
�nalized.

3. DESIGN PRINCIPLES
Wedesignedouranalysisin orderto besound,behavior preserv-

ing, compatible,complete,and practical. This sectiondescribes
eachof theseinter-relatedprinciples, then gives the metric (cast
elimination) that we useto chooseamongmultiple solutionsthat
�t theconstraints.Finally, weexplicitly notetheassumptionsupon
whichour approachrelies.

3.1 Soundness
Thetranslationmustbesound:theresultof theanalysismustbe

atype-correctJSR-14program.Crucially, however, in thepresence
of unchecked operations,simply satisfying the compiler's type-
checker doesnotensuretypesafety.

For instance,thereexist type-correctprogramsin which a vari-
ableof typeCellhFloati mayrefer to a Cell containingan Integer.
Suchtypingsarisefrom theunsafeuseof uncheckedoperations.

We requirethat all unchecked operationsin the translatedpro-
gramaresafe, andareguaranteednot to violate the invariantsof
any othertype declaration.This guaranteecannotbe madeusing
only local reasoning,andrequiresanalysisof thewholeprogram.

3.2 Behavior preservation
Thetranslationmustpreserve thedynamicbehavior of thecode

in all contexts. In particular, it mustnot throw di� erentexceptions
or di� er in otherobservablerespects.It mustinteroperatewith ex-
isting Java code,andwith JVMs, in exactly thesameway that the
original codedid. The translationshouldalsopreserve the static
structureandthedesignof thecode,andit shouldnot requireman-
ual rewriting beforeor aftertheanalysis.

To helpachieve thesegoals,werequirethatouranalysischanges
only typedeclarationsandtypesat allocationsites;no othermod-
i�cations arepermitted. Changingotherprogramelementscould
changebehavior, causethecodeto divergefrom its documentation
(andfrom humans'understanding),anddegradeits design,leading
to di� cultiesin understandingandmaintenance.This implies that
inconvenientidioms may not be rewritten, nor may deadcodebe
eliminated.(Thetype-checker checksdeadcode,andsoshouldan
analysis.)We leave suchrefactoringto humansor othertools.

Furthermore,we do not permittheerasureof any methodsigna-
ture or �eld type to change.For instance,a �eld type or method
parameteror return type could changefrom Cell to CellhStringi ,
but not from Object to String. Changing�eld or methodsignatures
would have far-ranginge� ects;for instance,methodoverridingre-
lationshipswouldchange,a� ectingthesemanticsof clientsor sub-
classesthat might not be in the scopeof the analysis. If the tool
is working undera closed-world assumption,thenit mayo� er the
optionto change�eld andmethodsignaturesaslong asthebehav-
ior is preserved. We permit changingthe declaredtypesof local
variables,so long asthenew type is a subtypeof theold, because
suchchangeshave no externallyvisiblee� ect.3

Finally, we do not permit any changesto the sourcecodeof
the library or the genericinformation containedin the compiled
3This statementis not strictly true, even thoughthe type of local
variablesis not capturedin the byte codes. The typesof locals
can a� ect methodoverloadingresolutionandwhich versionof a
�eld (thatis re-declaredto shadow onein asuperclass)is accessed.
Therefore,an implementationshouldensurethat suchbehavioral
changesdo notoccur.
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bytecodeof the library. Theanalysisshouldnot evenneedlibrary
sourcecode,which is oftenunavailable.

It is straightforwardto seethattheseconstraintsensurebehavior
preservation. The new codedi� ers only in its type erasureand
in the typesof local variables;neitherof theseis capturedin the
bytecodesthatrunontheJVM, sothebytecodesareidentical.(The
signatureattribute,whichrecordsthetypeparameters,is ignoredby
thevirtual machine.)

3.3 Compatibility
We constrainourselves to the con�nes of the JSR-14language

ratherthanselectingor inventinga new languagethatpermitseas-
ier inferenceor makesdi� erenttradeo� s. (Forexample,someother
designsarearguablysimpler, morepowerful, or moreexpressive,
but they lackJSR-14's integrationwith existingJava programsand
virtual machines.)Invariantparametricsubtyping,raw types,and
otherfeaturesof theJSR-14typesystemmaybe inconvenientfor
an analysis,but ignoring themshedsno light on JSR-14andis of
no direct practical interestto Java programmers.Therefore,we
mustaddressthe(entire)JSR-14language,acceptingtheengineer-
ing tradeo� s madeby its designers.

3.4 Completeness
We strive to provide a nontrivial translationfor all Java code,

ratherthanaspecial-casesolutionor asetof heuristics.Javacodeis
written in many stylesandparadigms,andrelieson many di� erent
libraries. The absoluteamountof codenot coveredby a partial
solutionis likely to bevery large.

A few importantlibraries,suchasthosedistributedwith theJDK,
areverywidely used.Special-casesolutionsfor themmaybevalu-
able[42], andsuchan approachis complementaryto ours. How-
ever, suchanapproachis limited by thefact thatmany substantial
programs(two examplesarejavacandantlr) de�ne theirown con-
tainerclassesratherthanusingtheJDK versions.

Our approachworks equally well with non-containers.Many
genericclassesimplementcontainerabstractions,but not all do.
For example, classjava.lang.Class , or the java.lang.ref
packagewhich usesgenericsto provide supportfor typed`weak'
references.Our implementationalso usesthem for I/O adapters
thatconvertanobjectof onetypeto another(say, typeT to String),
andthe C++ StandardTemplateLibrary [37] providesadditional
examples.

3.5 Practicality
Our goalis not just analgorithmfor computingtypearguments,

but alsoa practical,automatedtool thatwill beof useto Java pro-
grammers.For any legalJavaprogram,thetool shouldoutputlegal
JSR-14code.Furthermore,if it is to bewidely useful,it shouldnot
rely on any speci�c compiler, JVM, or programmingenvironment.
(Ontheotherhand,integratingit with aprogrammingenvironment,
without relying on thatenvironment,mightmake it easierto use.)

A practicaltool shouldnot requireany specialmanualwork for
eachprogramor library, and touch-upsof the inputs or results
shouldnot be necessary. Equally importantly, as a follow-on to
a point madeabove, specialpreparationof eachlibrary is not ac-
ceptable,becauselibrary codeis oftenunavailable(for example,it
wasnot providedwith theJSR-14compilerthatwe areusing),be-
causelibrary writersareunlikely to caterto suchtools,andbecause
humantweakingis error-proneandtedious.

3.6 Successmetric: castelimination
Therearemultipletype-correct,behavior-preservingJSR-14trans-

lationsof a given Java codebase.Two trivial solutionsareasfol-

interface I {}
class A {}
class B1 extends A implements I {}
class B2 extends A implements I {}

// Three possible typings:
void foo(boolean b) { // #1 | #2 | #3

Cell cb1 = new Cell(new B1()); // Cell<A> | Cell<I> | Cell<B1>
Cell cb2 = new Cell(new B2()); // Cell<A> | Cell<I> | Cell<B2>
Cell c = b ? cb1 : cb2; // Cell<A> | Cell<I> | Cell

// Casts eliminated:
A a = (A)c.get(); // yes | no | no
I i = (I)c.get(); // no | yes | no
B1 b1 = (B1)cb1.get(); // no | no | yes
B2 b2 = (B2)cb2.get(); // no | no | yes

}

Figure5: Java codewith multiplenon-trivial JSR-14translations.

lows. (1) The null translation,usingno type arguments.JSR-14
is a supersetof Java, so any valid Java programis a valid JSR-14
programin which eachtype is a JSR-14raw type. (2) Instantiate
every useof a generictypeat its upperbounds,andretainall casts
that appearin the Java program. For example,eachuseof Cell
would becomeCellhObjecti . Thesetrivial solutionsreapnoneof
thebene�tsof parametricpolymorphism.

Figure5 shows anexamplefragmentof codefor which multiple
translationsare possible. As shown in the �gure, threepossible
typingsare

1. cb1, cb2, andc areall typedasCellhAi
2. cb1, cb2, andc areall typedasCellhIi
3. cb1 is typedasCellhB1i ; cb2 is typedasCellhB2i ; andc is

typedas(raw) Cell. In thiscasec cannotbegivena non-raw
typedueto invariantsubtyping.

Becausethe intentof the library andclient programmersis un-
knowable,andbecausedi� erentchoicescapturedi� erentproper-
tiesaboutthecodeandarebetterfor di� erentpurposes,thereis no
onebesttranslationinto JSR-14.

As a measureof success,we proposecountingthe numberof
caststhat canbe eliminatedby a particulartyping. Informally, a
castcanbe eliminatedwhenremoving it doesnot a� ect the pro-
gram's type-correctness.Castelimination is an importantreason
programmersmight chooseto usegenericlibraries,andthemetric
measuresboth reductionin codeclutter and the amountof infor-
mationcapturedin thegenerictypes.(Castsareusedfor otherpur-
posesthanfor genericdatatypes— asjusttwo examples,to express
invariantsknown to theapplication,or to resolvemethodoverload-
ing— sothe�nal JSR-14programis likely to still containcasts.)If
two possibletypingseliminatethesamenumberof casts,thenwe
prefertheonethatmakeslessuseof raw types.Toolscouldprior-
itize removing raw typesover removing castsif desired.However,
someuseof raw typesis oftenrequiredin practice.

In practice,when we have examinedanalysisresultsfor real-
world code,this metrichasprovideda goodmatchto whatwe be-
lievedaprogrammerwouldconsiderthebestresult.As anexample
of themetric,Figure5 shows thatthe�rst two typingsremove one
casteach;thethird removestwo casts,leaving c asa raw type.

It is not always desirableto choosethe most precisepossible
type for a given declaration,becauseit may leadto a worsesolu-
tion globally: precisioncanoftenbetradedo� betweendeclaration
sites.In Figure5, asa resultof invariantparametricsubtyping,the
typesof c, cb1, andcb2 mayall beequal,or cb1 andcb2 canhave
morespeci�c typesif c hasa lessspeci�c type. Anothersituation
in which theuseof raw typesis preferredover theuseof non-raw
typesis illustratedby the methoddisplayValue on lines 30–32
of Figure4. If its parameterwere to be madenon-raw, the type
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argumentmustbeObject, dueto constraintsimposedby thecalls
at lines13 and14. This hasmany negative rami�cations. For ex-
ample,c1 andc2 wouldhavetypeCellhObjecti andc3 wouldhave
raw Cell, andthecastsat lines4 and5 couldnotbeeliminated.

3.7 Assumptions
In this sectionwe notesomeassumptionsof ourapproach.
Weassumethattheoriginal library andclientprogramsconform

to the type-checkingrulesof JSR-14andJava, respectively. (This
is easyto checkby runningthecompilers.)

Theclient codeis Java codecontainingno typevariablesor pa-
rameters;that is, we do not re�ne existing JSR-14typesin client
code.

We do not introducenew type parameters;for instance,we do
not parameterizeeither classesor methodsin client code. (The
type parameterizationproblemis beyond the scopeof this paper
andappearsto beof lesspracticalimportance.)

Our analysisis whole-programratherthanmodular;this is nec-
essaryin order to optimize the numberof castsremoved and to
ensurethe useof raw typesis sound(Section3.1). Furthermore,
we make theclosed-world assumption,becausewe useconstraints
generatedfrom usesin orderto choosedeclarationtypes.

4. ALGORITHM SYNOPSIS
Our goal is to selectsoundtype argumentsfor eachuseof a

generictype anywherein the program. We divide this task into
two parts:allocationtypeinferenceanddeclarationtypeinference.

Allocation typeinference(Section5) proposestypesfor eachal-
location site (useof new) in the client code. It doesso in three
steps.First, it performsacontext-sensitive pointeranalysisthatde-
terminesthe setof allocationsitesto which eachexpressionmay
refer. Second,for eachuse(methodcall or �eld access)of anob-
ject of generictype,it uni�es thepointeranalysisinformationwith
the declaredtype of the use,therebyconstrainingthe possiblein-
stantiationtypesof the relevant allocationsites. Third, it resolves
thecontext-sensitive typesusedin theanalysisinto JSR-14param-
eterisedtypes.Theoutputof theallocationtypeinferenceis a pre-
cisebut conservative parameterisedtypefor eachobjectallocation
site.

For example,in Figure4, theresultsof allocationtypeinference
for thethreeallocationsof Cell onlines2,3, and10areCellhFloati ,
CellhCellhFloatii , andCellhNumberi , respectively.

Declarationtype inference(Section6) startswith theallocation
type inference's output,andselectstypesfor all usesof parame-
terizedtypes,includingdeclarations(�elds, locals,andmethodpa-
rametersandreturns),casts,andallocationsites.At allocationsites,
it neednot necessarilychoosethetypeproposedby theallocation-
site inference(thoughour currentimplementationdoes;seeSec-
tion 6.4). It operatesin two steps.The�rst stepcreatesa typecon-
straint graphthat expressesthe requirementsof the JSR-14type
system;this graphincludesvariables(type unknowns) that stand
for the type argumentsat genericinstantiations.The secondstep
solvesthe type constraints,yielding a JSR-14typing of the entire
program.Finally, our toolsinserttypeparametersinto theoriginal
program's sourcecode.

Theallocationtype inferenceis a whole-programanalysis;this
is requiredfor safety, asexplainedin Section3.1,aslocal analysis
cannotprovide a guaranteein the presenceof unchecked opera-
tions. It is context-sensitive, andis potentiallymoreprecisethan
theJSR-14typesystem.

Thedeclarationtypeinferenceis context-insensitive,andits out-
put is soundwith respectto the JSR-14type system. It can be
supplieda wholeprogram,but canalsoberun on any subpartof a

� ::= C raw type
j Ch� 1; : : : ; � ni classtype
j T typevariable
j obj(Ci) typeidenti�er for allocationsiteCi

j f� 1; : : : ; � ng uniontype
j Null thenull type

Figure6: Typegrammarfor allocationtypeinference.

program,in whichcaseit `frames'theboundaries— constrainsthe
typesattheinterfacesothatthey will notchange— giving possibly
inferior results.

5. ALLOCA TION TYPE INFERENCE
Allocation type inferencedeterminespossibleinstantiationsof

typeparametersfor eachallocationsite— that is, eachuseof new
in theclientcode.Thegoalis to soundlyinfer themostprecisetype
(that is, the leasttype in the subtyperelation) for eachallocation
site.

Soundnessrequiresthattheallocation-sitetypebeconsistentwith
all usesof objectsallocatedthere,no matterwherein theprogram
thoseusesoccur. As anexample,supposethat theallocationtype
inferenceexaminedonly partof thecodeanddecidedto convertan
instanceof c = newCell() into c = newCell<Integer>() . If
someunexaminedcodeexecutedc.set(new Float(0.0)) , then
thatcodewould not type-checkagainsttheconvertedpart (or, if it
wasalreadycompiledor it usedaraw typereference,it wouldsim-
ply succeedandcausehavocat runtime). Alternatively, thepointer
analysiscanavoid examiningthe whole programby makingcon-
servativeapproximationsfor theunanalyzedcode,at thecostof re-
ducedprecision.Thus,ourallocationtypeinferencecouldbemade
modular, by runningover a scopesmallerthanthewholeprogram,
but at thecostof unsoundness,reducedprecision,or both.

5.1 De�nitions and terminology
Figure6 givesthe typegrammarusedby theallocationtype in-

ference. It is basedon the grammarof referencetypesfrom the
JSR-14type system. For brevity, we omit array types,including
primitive array types, althoughour formalism can be easily ex-
tendedto accommodatethem.

By conventionweuseC for classnamesandT for typevariables;
thedistinctionbetweentheseis clearfrom theclassdeclarationsin
aprogram.In additionto JSR-14types,thegrammarincludesthree
othertypesusedonly duringtheanalysis.

Allocation sitetypes: Everyallocationsiteof eachgenericclass
C is givenauniquelabel,Ci , andfor eachsuchlabela uniquetype
identi�er obj(Ci) is created[48]. This typeidenti�er representsthe
type of all objectscreatedat that allocationsite. Someallocation
siteswithin genericlibrary codemaybeanalyzedmany times,due
to context-sensitivity (seeSection5.4), and for suchsites,a new
labelandtypeidenti�er arecreatedeachtime. All allocationsof a
non-genericclasssharethesamelabel.

Union types: A uniontype representsthe leastcommonsuper-
type (`join') of a setof typeswithout computingit immediately.
Uniontypesdeferthecomputationof ajoin until thecompletesetof
typesis known, minimizinglossof precisionfrom arbitrarychoices
whena setof Java typesdoesnot have a uniquejoin dueto multi-
ple inheritance.Theuseof uniontypesis not strictly necessaryfor
correctness;we couldeliminatethemearlier(at eachpoint where
they wouldotherwisebeintroduced),but at thecostof reducedpre-
cision.

TheNull type: TheNull typedenotesthetypeof thenull pointer,
andis a subtypeof every othertype.
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5.2 Allocation type inferenceoverview
The allocation type inferenceconsistsof three steps: pointer

analysis,s-uni�cation,andresolutionof parametrictypes.Theout-
putof theallocation-typeinferenceis aparameterizedtypefor each
allocationsitethatconservatively approximatesall subsequentuses
of theallocatedobject.

1. Pointer analysis (Section5.4) abstractsevery expressione
in theprogramby a setof allocation-sitelabels,points-t o(e). The
presenceof a labelCi in this setindicatesthatobjectscreatedatCi

may�o w to e, or, equivalently, thate maypoint to objectscreated
at Ci. points-t o setsgeneratedby a soundpointeranalysisarea
conservative over-approximationof all possibleexecutionsof the
program:theresultscanindicatethate maypoint to Ci whenthis
cannotactuallyoccur. A moreprecisepointeranalysisproducesa
smallerpoints-t o set.

Many di� erentpointeranalysisalgorithmsexist, di� eringin pre-
cision,complexity, andcost[23]. Weuseacontext-sensitivepointer
analysisbasedon theCartesianProductAlgorithm [1].

2. S-uni�cation (Section5.5) combinesthe resultsof pointer
analysiswith thedeclarationsof genericlibrary classesin orderto
generatesubtypeconstraints.Its namecomesfrom its similarity to
conventionaluni�cation: bothgenerateconstraintsby structuralin-
ductionover types.`S-uni�cation' standsfor `uni�cation with sub-
typing'. Whereasconventionaluni�cation identi�es two termsby
equatingvariableswith their correspondingsubterms,s-uni�cation
generatessubtypeconstraintsbetweenvariablesandterms.

At eachinvocationof agenericlibrary method,ones-uni�cation
is performedfor the result, if any, andoneis performedfor each
methodparameter. Furthermore,for eachallocationsiteof ageneric
library class,one s-uni�cation is performedfor each�eld of the
class.

S-uni�cation is a worklist algorithm. Genericclassescanrefer
to othergenericclasses(for instance,wheninferringnestedgeneric
typessuchasCellhCellhIntegerii ), soif moreinformationbecomes
available,previouss-uni�cationsmayneedto 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) , points-t o(x) = fobj(String)gandpoints-t o(c) =
fobj(Cell2)g, thenwe know that theinstantiationof V in obj(Cell2)
mustallow a String to beassignedto it. In otherwords,we know
that String is a subtypeof the instantiationof V in obj(Cell2). We
write thisasString � Vobj(Cell2); seeSection5.5.

Thes-uni�cation stepis necessarybecausewhile pointeranaly-
siscandistinguishdi� erentinstancesof agivenclass(for example,
two distinctallocationsof Cell), it doesnot directly tell usthetype
argumentsof theparameterizedtypes: it doesn't know thatoneis
a CellhNumberi while anotheris a CellhCellhNumberii . The s-
uni�cation stepexaminesthe usesof thoseCells, suchascalls to
set , to determinetheinstantiationof their typevariables.

3. Resolutionof parametric types(Section5.6). For eachpa-
rameterof every allocationsiteof a genericclass,thes-uni�cation
algorithminfersa setof subtypeconstraints.Taken together, each
set can be considereda speci�cation of the instantiationtype of
one type-parameteras a union type. For example, in Figure 9,
obj(Cell10) hastwo constraints,Integer � Vobj(Cell10) and Float �
Vobj(Cell10); equivalently, we saythat obj(Cell10) hasthe union type
fInteger; Floatg.

If the programbeing analyzedusesgenerictypes in a nested
fashion,suchasCellhCellhFloatii ,4 then the union typesmay re-

4This useof `nested'refersto lexical nestingof generictype ar-
guments.It is unrelatedto theJava notionof a nestedclass(class

Local points-t o set
c1 fobj(Cell2)g
c2 fobj(Cell3)g
c3 fobj(Cell2)g
c4 fobj(Cell10)g
f fobj(Float)g

Figure7: points-t o setsfor local variablesin theexampleof Figure8.

fer to otherallocationtypesratherthanclasses.In this case,the
typesmustberesolvedto referto classes.See.

5.3 Example
Weillustratethealgorithmwith a codefragmentfrom Figure3:

2 Cell c1 = new Cell 2(new Float(0.0));
3 Cell c2 = new Cell 3(c1);
4 Cell c3 = (Cell) c2.get();
5 Float f = (Float) c3.get();

10 Cell c4 = new Cell 10(new Integer(0));
11 c4.replaceValue(c1);

Theallocationsitesat lines2, 3, and10 arelabeledCell 2, Cell 3,
andCell 10, andtheirtypesareobj(Cell2), obj(Cell3), andobj(Cell10).
obj(Float) andobj(Integer) arenot numbered:Float and Integer
arenotgenericclasses,soall of their instancesareconsiderediden-
tical.

Figures7–9demonstratetheoperationof theallocationtypein-
ferencealgorithm.

The �rst stepis pointeranalysis.Figure7 shows the points-t o
sets(theoutputof thepointeranalysis)for localvariables,andFig-
ure8 shows thepoints-t o setsof otherexpressionsof interest.For
eachexpression,theresultof thepointeranalysisis thesetof allo-
cationsitesthat it maypoint to at run-time. In this example,only
Cell 10.value pointsto morethana singlesite.

The secondstepis s-uni�cation, which is performedfor each
genericclass�eld, methodcall result, and methodcall parame-
ter. TheS-uni�cationscolumnof Figure8 shows thes-uni�cations
(calls to thes-unify procedure),andtheresultinginferencesabout
theinstantiationsof typevariables.Informally, s-unify(context, lhs,
rhs) means̀ within thecontext of allocationsitecontext, constrain
thefreetypevariablesin lhssothatrhs� lhs'. Section5.5discusses
s-uni�cation for this examplein moredetail.

Thethird stepis resolutionof thes-uni�cation typeconstraints.
Figure9 illustratesthis process.S-uni�cation producedtwo di� er-
entconstraintsfor Vobj(Cell10) — obj(Integer) � Vandobj(Float) � V
— sowerepresentthetypeof Vobj(Cell10) by theuniontypefobj(Float),
obj(Integer)g. Union typesmay be eliminated(Section6.5) by
selectinga most preciseJSR-14type that is a supertypeof this
union— in this case,it would be V � Number, resulting in the
type CellhNumberi for obj(Cell10) — but this stepis not required
asuniontypesmaybepassedonto thenext phaseof thealgorithm.

5.4 Pointer analysis
Pointeranalysisis the problemof soundlyapproximatingwhat

possibleallocationsitesmay have createdthe object to which an
expressionrefers;thus,it alsoapproximatesthepossibleclassesof
theexpression.This informationhasmany usesin programanaly-
sis,for examplein staticdispatchof virtual methods[10,11,3,44],
constructionof precisecall graphs[14, 22], andstaticelimination
of casts[48].

whosedeclarationoccurswithin thebodyof anotherclassor inter-
face)[21].
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Line Expression points-t o set S-uni�cations
2 new Cell 2( � ) fobj(Float)g s-unify(obj(Cell2), V, fobj(Float)g)

=) 16 s-unify(obj(Cell2), V, obj(Float))
=) 29 obj(Float) � Vobj(Cell2)

3 new Cell 3( � ) fobj(Cell2)g s-unify(obj(Cell3), V, fobj(Cell2)g)
=) 16 s-unify(obj(Cell3), V, obj(Cell2))

=) 29 obj(Cell2) � Vobj(Cell3)

4 Cell 3.get() fobj(Cell2)g (sameasfor new Cell 3( � ) )
5 Cell 2.get() fobj(Float)g (sameasfor new Cell 2( � ) )

10 new Cell 10( � ) fobj(Integer)g s-unify(obj(Cell10), V, fobj(Integer)g)
=) 16 s-unify(obj(Cell10), V, obj(Integer))

=) 29 obj(Integer) � Vobj(Cell10)

11 Cell 10.replaceValue( � ) fobj(Cell2)g s-unify(obj(Cell10), CellhUi , fobj(Cell2)g)
=) 16 s-unify(obj(Cell10), CellhUi , obj(Cell2)) (*)

=) 42 s-unify(obj(Cell10), CellhUi , Cellhfobj(Float)gi)
=) 38 s-unify(obj(Cell10), U, fobj(Float)g)

=) 22 s-unify(obj(Cell10), V, fobj(Float)g)
=) 16 s-unify(obj(Cell10), V, obj(Float))

=) 29 obj(Float) � Vobj(Cell10)

Cell 2.value fobj(Float)g (sameasfor new Cell 2( � ) )
Cell 3.value fobj(Cell2)g (sameasfor new Cell 3( � ) )
Cell 10.value fobj(Integer), obj(Float)g s-unify(obj(Cell10), V, fobj(Integer), obj(Float)g)

=) 16 s-unify(obj(Cell10), V, obj(Integer))
=) 29 obj(Integer) � Vobj(Cell10)

=) 16 s-unify(obj(Cell10), V, obj(Float))
=) 29 obj(Float) � Vobj(Cell10)

Figure8: Exampleof s-uni®cation,for lines2±5 and10±11of Figure3. Thetableshows, for each®eld andmethodcall of a genericclass,its points-t o set,
andthe calls to s-unify issuedfor it. A bullet � indicatesthat the points-t o set is for the valueof an actualparameterto a methodcall. A `snapshot'(see
Section5.5)of obj(Cell2) is takenwhereindicatedby theasterisk(*). Subscriptson arrows indicatethe line numberin Figure10 at which therecursive call
appearsor theconstraintis added.

S-uni�cation constraints lboundsvalues Resolved types JSR-14types
obj(Float) � Vobj(Cell2)

obj(Cell2) � Vobj(Cell3)

obj(Integer) � Vobj(Cell10)

obj(Float) � Vobj(Cell10)

Vobj(Cell2) = fobj(Float)g

Vobj(Cell3) = fobj(Cell2)g

Vobj(Cell10) = fobj(Integer); obj(Float)g

obj(Cell2) = CellhFloati

obj(Cell3) = CellhCellhFloatii

obj(Cell10) = CellhfInteger; Floatgi

obj(Cell2) = CellhFloati

obj(Cell3) = CellhCellhFloatii

obj(Cell10) = CellhNumberi

Figure9: Resolutionof s-uni®cationconstraints.The®rst columnshows theconstraintsarisingfrom thes-unify callsof Figure8. Thesecondcolumnshows
theequivalentuniontypes;notethatobj(Cell3) dependson thetypeof obj(Cell2). Thethird columnshows the®nal allocation-sitetypesaftertyperesolution.
Thefourthcolumnshows whattheresultwould be,if uniontypeswereeliminatedat thisstage.

To achieve greaterprecision,a context-sensitive analysismay
repeatedlyexamine the e� ect of a statement,or the value of a
variable,in di� ering contexts. Our pointeranalysisemploys both
kindsof context sensitivity, call anddata. Thispermitsdistinguish-
ing amongdi� erentinstancesof a single genericclass: onenew
Cell() expressionmay createCellhIntegeri , while anothercre-
atesCellhFloati . By `Cell i createsCellhIntegeri ', we meanthat
instancesof classCell allocatedat Cell i areusedonly to contain
Integers. Our methodappliesequallywell to genericclassesthat
arenotcontainers.

A call context-sensitivepointeranalysismay analyzea method
more than oncedependingon whereit was called from or what
valueswere passedto it. Eachspecializedanalysisof the same
methodis calleda contour, anda contourselectionfunctionmaps
from informationstaticallyavailableat 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
themethodis necessaryonly if thenew useof thecontourcauses
new classesto �o w to it; if the re-analysiscausesthe resultsto

change,thenadditionalcontoursthatdependon theresultmustbe
re-analyzeduntil a �x edpoint is reached.

Datacontext-sensitivityconcernsthenumberof separateabstrac-
tions of a singlevariablein the sourcecode. An insensitive algo-
rithm maintainsa single abstractionof each�eld, and is unable
to distinguishbetweenthevaluesof corresponding�elds in di� er-
entinstancesof thesameclass.In contrast,adatacontext-sensitive
schememodels�elds of classC separatelyfor eachdistinctly-labeled
allocation-siteof classC. Data context-sensitivity is sometimes
called`�eld cloning' or the`creationtypescheme'[48]. Limiting
either call or datacontext-sensitivity reducesexecutiontime but
mayalsoreducetheprecisionof theanalysisresults.

Our techniqueusesa variantof Agesen's CartesianProductAl-
gorithm(CPA) [1]. We brie�y explain thatalgorithm,thenexplain
ourvariationon it.

CPA is a widely-usedcall-context-sensitive pointeranalysisal-
gorithm. CPA usesann-tupleof allocation-sitelabelshc1; : : : ; cni
asthecontourkey for ann-arymethodf (x1; : : : ; xn). Thekey is an
elementof C1 � : : : � Cn, whereeachCi is the setof classesthat
�o w to argumentxi of methodf at thecall-sitebeinganalyzed.
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Theexecutiontimeof CPA is potentiallyexponential,dueto the
numberof keys— thesizeof thecross-productof classes�o wing to
theargumentsat a call-site.To enableCPA to scale,it is necessary
to limit its context-sensitivity. Typically, this is achieved by im-
posinga thresholdL on thesizeof eachargumentset.Whenmore
thanL classes�o w to a particularargument,thecontourselection
functione� ectively ignoresthecontributionof thatargumentto the
cross-productby replacingit with thesingletonsetf?g, where? is
a specialmarker. Call-sitestreatedin this way aresaidto bemeg-
amorphic. Thereductionin precisionin this approachis appliedto
only thosecall sitesat which thethresholdis exceeded;at another
call-siteof thesamemethod,analysisof thesameparametermay
befully context-sensitive.

CPA is primarily usedfor determiningwhichclasses�o w to each
use,so in the explanationof CPA above, the abstractvaluesde-
scribedwereclasses.Theabstractionin our variantof CPA is al-
locationsite type identi�ers, which is moreprecisesinceit distin-
guishesallocationsof thesameclass.

Our variantof CPA limits both call anddatacontext-sensitivity
so that they apply only to the genericpartsof the program. This
policy �ts well with ourintendedapplication,for it reducesanalysis
costswhile limiting negative impactsonprecision.

First, to reducecall sensitivity, our contourselectionfunction
makesall non-genericmethodparameterpositionsmegamorphic.
More precisely, only thoseparameterpositions(andthis ) whose
declaredtype containsa type variableare analyzedpolymorphi-
cally. Thus,only genericmethods,andmethodsof genericclasses,
maybeanalyzedpolymorphically. Wedonotemploy a limit-based
megamorphicthreshold.

For example,Cell.set(V) may be analyzedarbitrarily many
times, but a single contouris usedfor all calls to PrintStream
.println(Object x) , becauseneitherits this norx parameters
containsa typevariable.Callsto a methodf(Set<T> x, Object
y) wouldbeanalyzedcontext-sensitively with respectto parameter
x, but not y.

A few heavily-usednon-genericmethods,suchasObject.clone
and System.arraycopy , needto be treatedcontext-sensitively.
Weprovide annotationsto theanalysisto ensurethis treatmentand
prevent a lossof precision. Additional methodscanbe annotated
usingthesamemechanismto ensureprecisetreatmentasrequired.

Second,to reducedatasensitivity, we usethegenerictypeinfor-
mationin librariesto limit theapplicationof datacontext-sensitivity
to �elds. Only �elds of genericclasses,whosedeclaredtype in-
cludesa type variable,are analyzedsensitively. For example,a
separateabstractionof �eld Cell.value (declaredtype: V) is cre-
atedfor eachallocationsiteof aCell , but only asingleabstraction
of �eld PrintStream.textOut (of type BufferedWriter) is cre-
atedfor theentireprogram.

Ourimplementationof thepointeranalysisis similarto theframe-
work for context-sensitive constraint-basedtype inferencefor ob-
jects presentedby Wang and Smith [48]. Their framework per-
mits useof di� erentcontour-selectionfunctionsanddatacontext-
sensitivity functions(suchas their DCPA [48]); our choicesfor
thesefunctionswereexplainedimmediatelyabove. Ourimplemen-
tation adoptstheir type constraintsystemandclosurerules. The
analysisgeneratesasetof initial typeconstraintsfrom theprogram,
anditeratively appliesa setof closurerulesto obtaina �x edpoint
solutionto them.Oncetheclosureis computed,thepoints-t o sets
canbereado� theresultingtype-constraintgraph.

In summary, pointeranalysisdiscoversthetypesthat �o w to the
�elds andmethodsof a class,for eachallocationsiteof thatclass.
However, this informationalonedoesnot directly give a parame-
terizedtype for that allocationsite: we mustexaminethe usesof

1 // s-unify uni�es lhs with rhs, in theprocessconstraining,in
2 // lbounds, thetypevariablesof context sothatrhs � lhs.
3 // context is anallocationsiteof a genericclassC.
4 // lhs is thetypeof a JSR-14declarationappearingwithin class
5 // C, typically containingfreetypevariablesof C.
6 // rhs is a type,typically a unionof obj(Ci) typesdenotinga
7 // points-t o-set;it never containsfreetypevariables.
8 procedures-unify(context; lhs; rhs)
9 if lhs hasno freetypevariablesthen

10 return
11 // First,switchbasedonrhs
12 if rhs = Null then
13 return
14 elseif rhs= f� 1,. . . ,� ngthen // Union type
15 for all � i 2 rhs do
16 s-unify(context, lhs, � i)
17 return
18 // Second,switchbasedon lhs
19 if lhs = T then // Typevariable
20 if T is declaredby a genericmethodthen
21 for all b 2 bounds(T) do
22 s-unify(context; b; rhs)
23 return
24 let tclass := theclassthatdeclaresT
25 if tclass , class(context) then
26 let lhs0 := instantiationexpressionof T in class(context)
27 s-unify(context; lhs0; rhs)
28 return
29 lbounds(context; lhs) := lbounds(context; lhs) [ frhsg
30 if lboundschangedthen
31 for all (c; l; r) 2 reunify j r = lhs do
32 s-unify(c; l; r)
33 return
34 elseif lhs = Ch� 1; : : : ; � ni then // Classtype
35 if rhs = Dh� 0

1; : : : ; � 0
mi then

36 let rhs0 := widen(rhs; C) // rhs0 = Ch� 00
1 ; : : : ; � 00

n i
37 for 1 � i � n do
38 s-unify(context; � i ; � 00

i )
39 return
40 elseif rhs = obj(Ci) then
41 reunify := reunify [ f(context; lhs; rhs)g
42 s-unify(context; lhs; snapshot (rhs))
43 return
44 else
45 error: Thiscannothappen
46 else// Therearenootherpossibilitiesfor lhs
47 error: Thiscannothappen

Figure10: S-uni®cationalgorithm.

theobjects(allocatedat thesite) in orderto determinethetypear-
guments. It is necessaryto unify the pointeranalysisresultsfor
�elds andmethodswith their declaredtypesin order to discover
constraintsontheinstantiationtypefor theallocationsite.Theuni-
�cation processis thetopicof thenext section.

5.5 S­uni�cation
S-uni�cation combinesthe resultsof pointer analysiswith the

declarationsof genericlibrary classesin orderto generatesubtype
constraints. S-uni�cation has somesimilarity to the uni�cation
usedin type inferenceof ML andother languages.Both arede-
�ned by structuralinductionover types. Conventionaluni�cation
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points-t o(expr) is the pointer-analysisresult for expr: a union
type whoseelementsare the allocationsite type identi�ers
obj(Ci) thatexpr maypoint to.

lbounds(context; typevar) is the(mutable)uniontypewhoseele-
mentsarethediscoveredlower-boundsontypevariabletype-
var within allocationsitetypecontext.

snapshot (obj(Ci)) = ChS1; : : : ; Sni
whereSj = lbounds(obj(Ci);T j)

andT j is C's j th typevariable.

reunify is aglobalsetof triples(obj(Ci); � ; obj(Dj)). Thepresence
of a triple (context; lhs; rhs) 2 reunify indicatesthat a call
to s-unify with thoseargumentsdependeduponthe current
valueof lbounds(rhs), andthat if that valueshouldchange,
thecall shouldbere-issued.

bounds(T) returnsthesetof upperboundsof a typevariableT.

widen(Dh� 1; : : : ; � ni ; C) returns the (least) supertype of
Dh� 1; : : : ; � ni whoseerasureis C.

class(obj(Ci)) = C is theclassthatis constructedatallocationsite
Ci .

Figure11: S-uni®cationhelperde®nitions.

identi�es two termsby �nding aconsistentsubstitutionof thevari-
ablesin eachtermwith thecorrespondingsubterm;thesubstitution,
or uni�er, is a setof equalitiesbetweenvariablesandsubterms.In
s-uni�cation, the uni�er is a set of inequalities, or subtypecon-
straints.S-uni�cation alsodi� ersin that it is a worklist algorithm:
asnew informationbecomesavailable,it may be necessaryto re-
peatsomes-uni�cations.

S-uni�cation is performedby thes-unify procedureof Figure10.
It canbe thoughtof as inducingthe subtypeconstraintrhs � lhs
resultingfrom theJava assignment̀lhs = rhs; '. Thethreeparame-
tersof thes-unify procedureareasfollows. Thecontext argument
is thetypeidenti�er of anallocationsiteof genericclassC, whose
variablesareto be constrained.The lhs argumentis the declared
type of a JSR-14�eld or methodparameterdeclarationappearing
within classC. The rhs argumentis typically the corresponding
points-t o set— thatis, aunionof allocationsitetypes— for decla-
rationlhs inferredby thepointeranalysisof Section5.4.Figure11
listsseveralhelperde�nitions usedby thes-uni�cation algorithm.

S-uni�cation infers,for eachtypevariableT of eachdistinctal-
locationsite type obj(Ci), a setof types,eachof which is a lower
boundontheinstantiationof thetypevariable;in otherwords,it in-
fersa union type. Whens-uni�cation is complete,this union type
capturesall thenecessaryconstraintsontheinstantiationof thetype
variable.

Theselowerboundsaredenotedlbounds(context; typevar), where
context is anallocationsitetype,andtypevar is a typevariablebe-
longing to the classof the allocation. (Vobj(Cell10) is shorthandfor
lbounds(obj(Cell10); V).) All lboundsare initialized to the empty
uniontype,andtypesareaddedto themass-uni�cation proceeds.

After thepointeranalysisof Section5.4 is complete,s-unify is
calledfor each�eld andmethodde�ned in the genericclassesin
the program. Speci�cally, it is called for eachcontext-sensitive
abstractionof a �eld or methodparameteror result.

Our examplehasthreedi� erentCell allocationsites,eachwith
a distinct abstractionof �eld value , so s-unify is calledoncefor
each.Theinformationin Figure8 is thereforedatacontext-sensitive.

In thesecallsto s-unify, thecontext argumentis theallocationsite
type, lhs is thedeclaredtypeof the �eld, andrhs is thepoints-t o
setof the �eld. (Seethe last threerows of Figure8.) In contrast,
a single abstractionis usedfor all instancesof Float, since it is
non-generic(s-unify is not calledfor non-generictypes).

Similarly, theremaybemany context-sensitive method-callab-
stractionsfor a singlesource-level call site (althoughin our small
example,they areone-to-one).s-unify is calledoncefor eachfor-
mal parameterand return parameterat eachsuchcall. The in-
formation in Figure8 is thereforecall context-sensitive. In these
calls to s-unify, thecontext argumentis theallocationsite typeof
the receiver expression(in our exampleit is the sole elementof
points-t o(this )), lhs is the declaredtype of the methodparame-
ter, andrhs is thepoints-t o setof the argumentor result. In con-
trast, a single abstractionwould be maintainedfor all calls to a
non-genericmethodsuchasPrintStream.println (not shown).
SeeSection5.4for moredetails.

To build someinitial intuitionsof theworkingsof thealgorithm
beforeshowing all detailsof its operation,wepresentthestepsper-
formedfor someexpressionsof Figure8.

The Cell constructor's formal parametertype is V, and at new
Cell 3( � ) online3, theactualparameterpointstoobj(Cell2). There-
fore, whatever type is ascribedto obj(Cell2), it mustbeassignable
to (i.e.,a subtypeof) thetypeof V in obj(Cell3). This requirement
is expressedby issuingacall to s-unify(obj(Cell3), V, fobj(Cell2)g).
WhenprocessingCell 10.value , uni�cation againsta non-trivial
uniontyperesultsin multiple recursive callsto s-unify.

In the secondline of the replaceValue s-uni�cation call, in-
dicatedby theasterisk(*) in Figure8, s-unify mustunify CellhUi
with obj(Cell2). However, thetypeof obj(Cell2) is notyetknown—
thegoalof allocationtypeinferenceis to determineconstraintson
the obj types. To permit uni�cation to proceed,s-unify uses,in
placeof obj(Cell2), a snapshot: the type implied by its current
constraints. In this case,becausethe only constrainton Cell2 is
obj(Float) � Vobj(Cell2), thesnapshotis Cellhfobj(Float)gi . If subse-
quentuni�cations addany new constraintson obj(Cell2), thenthe
snapshotchangesand the uni�cation mustbe re-performed.Re-
uni�cation is notnecessaryin ourexample.

As canbeseenfrom theduplicatedentriesin theS-uni�cations
columnof Figure8, thereis signi�cant redundancy in theCell ex-
ample. The formal parameterto methodset (which is not used
by this part of the client code),the resultof methodget , andthe
�eld value are all of declaredtype V. Sincethe points-t o sets
for all threeof thesewill typically be identical,many of the uni-
�cations issuedwill be identical. In this particularcase,it would
su� cefor thealgorithmto examinejust thevalue �eld. However,
in morecomplex genericclasses(e.g.,Vector or HashSet), there
may be no singledeclarationin the classwhosepoints-t o setcan
beexaminedto determinethe instantiation,andin suchcases,the
analysismustuseinformationfrom �elds, methodparameters,and
methodresults.(Also, this ensurescorrectresultsevenin thepres-
enceof unchecked operations,suchasa castto a type variableT.
An approachthatassumesthatany suchcastsucceedsmaychoose
incorrecttypeparameters.)

5.5.1 S­uni�cationalgorithmdetails
This sectiondiscussesthe s-unify algorithm presentedin Fig-

ure10. Readerswho arenot interestedin a justi�cation of thede-
tails of thealgorithmmayskip this section.Line numbersreferto
thepseudocodeof Figure10.

The�rst few casesin thealgorithmarestraightforward. If there
arenofreetypevariablesto constrain(lines9–10),or only thenull
value �o ws to a type variable(lines 12–13), then no constraints
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canbe inferred. Whenthe rhs of a uni�cation is a union type (as
for Cell 10.value in Figure8), s-unify descendsinto the setand
uni�es againsteachelementin turn (lines14–17).

Otherwise,lhs containsfreetypevariables,so it is eithera type
variableor a (parameterized)classtype. First, considerthe case
whenit is a typevariable(lines19–33).

JSR-14sourcecodeneednotexplicitly instantiatetypevariables
declaredby genericmethods,soour algorithmneednot trackcon-
straintson suchvariables. Without lossof precision,uni�cations
againsttype variablesdeclaredby a methodare replacedby uni-
�cations againstthe methodvariable's type bound(lines 20–23),
which mayreferto a classvariable.Caremustbeexercisedto pre-
vent in�nite recursionin thepresenceof F-boundedvariablessuch
asT extends Comparable<T>; for clarity, this is not shown in
thealgorithmof Figure10.

The call to replaceValue gives a concreteexample. In the
fourthcall to s-unify (seeFigure8), lhs is thetypevariableU. This
variableis declaredby thegenericmethod

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

andnot by the genericclassof context, which is Cell . Sincewe
cannotmeaningfullyconstrainU in this context, we replacethis
typevariableby itsbound,whichis V, ands-unify again,eventually
obtaininga Float constraintonV.

The type variable may be declaredin a di� erent class than
context — for example, when processinginherited methodsand
�elds, whichmayreferto typevariablesdeclaredby asuperclassof
thereceiver. Lines24–28handlethiscase.For example,PairhF; Si
inherits�eld V value from classCellhVi . It wouldbemeaningless
to constrainV in thecontext of a Pair allocation,sincePair hasno
typevariableV. Theinstantiationexpressionof Cell's V in Pair is
F. So,a uni�cation in Pair context, whoselhs is V, becomesauni-
�cation againstF. This producesthecorrectresultsfor arbitrarily
complex instantiationexpressionsin extends -clauses.

Thelastpossibilityfor a typevariableis thatit is declaredby the
classbeingconstrained— that is, theclassof context. In this case,
lbounds(obj(Cell2), V) is updatedby addingrhsto it (line 29). This
is theonly line in thealgorithmthataddsa typeconstraint.

Now, considerthe casewhenlhs is a classtype (lines 34–43);
rhs is eithera classtypeor anallocationsitetype.

If rhs is a classtype,thencorrespondingtypeparametersof lhs
andrhs canbe uni�ed (lines 37–38). This is only sensibleif the
classesof lhs andrhs arethe same,so that their type parameters
correspond.Theclassof rhs is widenedto satisfythis requirement.
In our example,while processingCell 10.replaceValue( � ) , the
wideningis the identity operationsincetheclassesof lhs andrhs
alreadymatch:they arebothCell.

The algorithm's �nal casehandlesthe possibility that rhs is an
allocationtype (lines 40–43). In this case,the allocationtype is
replacedby a snapshot: thetypeimplied by thecurrentsetof type
constraintson theallocationtype.

A snapshotusesthe currentstateof information abouta type
variable,but this informationis subjectto changeif thevariable's
lbounds-setgrows. If thishappens,uni�cationsthatdependedupon
snapshot informationmustberecomputed(lines30–32).Eachtime
an allocation-sitetype o appearsasthe rhs of a call to s-unify, a
snapshot of it is used,anda triple (context; lhs; rhs) is addedto the
setreunify � (A� � � A), whereA is thesetof allocation-sitetypes.
Thissetis global(its valueis preservedacrosscallsto s-unify), and
initially empty. Eachtriple in reunify is thesetof argumentsto the
call to s-unify in which a snapshot wasused.Whenever thevalue
of lbounds(o) grows,snapshot (o) becomesstale,sowe mustagain
call s-unify(c; l; r), for eachtriple (c; l; r) 2 reunify suchthatr = o.

Sincetheprocessof s-uni�cation is idempotentwith respectto the
sameargumentvalues,andmonotonicwith respectto larger rhs
argumentvalues,this is sound.

5.6 Resolutionof parametric types
Theresultof s-uni�cation is anlboundsuniontypefor eachtype

variableof eachgenericallocation-sitetype,wheretheunion ele-
mentsareallocation-sitetypes. For our example,theseare illus-
tratedin thelboundsvaluescolumnof Figure9. Thestepof reso-
lution usestheseunionsto determineatypefor eachallocationsite;
we call this typetheresolvedtype.

For anon-genericallocationsitetypesuchasFloat, theresolved
type is just the type of the classitself. However, one allocation
site typecandependon anotherallocationsite type. In particular,
theresolvedtypeof a genericallocationdependson otherresolved
types:obj(Cell2) dependsuponobj(Float), andobj(Cell3) depends
uponobj(Cell2). Intuitively, if obj(Cell3) `is a Cell of obj(Cell2)',
thenweneedto know theresolvedtypeof obj(Cell2) beforewecan
give a resolved type to obj(Cell3). To performresolution,we re-
solveallocationsitetypesin reversetopologicalorderof resolution
dependencies.

For our runningexample,theresolutiondependency graphis:

obj(Cell 10) obj(Integer)

obj(Float)obj(Cell 3) obj(Cell 2)

Additionalcode(includedin our implementation)is requiredfor
correcthandlingof typevariableboundsconstraints,out-of-bounds
types, and to prevent in�nite recursionfor F-boundedvariables
suchasT extends Comparable<T>.

Thegraphof resolutiondependenciesis not necessarilyacyclic:
an expressionsuchascell.set(cell) givesrise to a cycle. A
type systemwith supportfor recursive typescould assigna type
suchas�x � x:Cellhxi . However, JSR-14hasno meansof express-
ing recursive types,so we instantiateall typeswithin a strongly-
connectedcomponentof thedependency graphasraw types(e.g.,
raw Cell). We have not yet observedcyclesin any real-world pro-
grams. The semanticcontractof somegenericinterfacesmakes
cyclesunlikely: for example,thespeci�cationof theSet interface
expresslyprohibitsa setfrom containingitself.

6. DECLARATION TYPE INFERENCE
Theallocationtype inferenceproducesa preciseparameterized

typefor eachallocationsiteof agenericclass.Thenext step,called
declarationtype inference,usesthis information to derive a new
type for every variable declarationin the client code, including
�elds andmethodparameters.

We notetwo requirementsandonegoal for the new types. (1)
They must be mutually consistent,so that the resultingprogram
obeys the type rulesof the language.(2) They mustbe sound,so
that they embodytrue statementsaboutthe executionof the pro-
gram;we cannotgive a declarationthe type CellhFloati if its ele-
mentmaybe an Integer. (3) They shouldto beprecise,ascribing
thethemostspeci�c typepossibleto eachdeclaration.

Theconsistency requirementisenforcedby typeconstraints[35],
which expressesrelationshipsbetweenthe typesof programvari-
ablesandexpressionsin the form of a collectionof monotonicin-
equalitieson the typesof thoseexpressions.A solutionto sucha
systemof constraintscorrespondsto a well-typedprogram.

The soundnessrequirementis satis�ed by using the resultsof
allocationtypeinferencefor thetypeof eachallocationsite. Since
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� ::= C raw type
j Ch� 1; : : : ; � ni classtype
j T typevariable
j Xi typeunknown
j f� 1; : : : ; � ng uniontype
j Null thenull type

Figure12: Typegrammarfor declarationtypeinference.

thebehavior of thewholeprogramwasexaminedin orderto derive
thesetypes, they representall possibleuses. Sincethe typesof
allocationsitesaresound,all othertypedeclarationsarealsosound
in any consistentsolution.

To achieve thegoalof precision,we would like to obtaina min-
imal solutionto thesystemof typeconstraints,if possible.As we
have seen,theremaybenouniqueminimalsolution,sowehave to
contentourselveswith solutionscomposedof localminima.

Sections6.1 and 6.2 discussthe form of the type constraints.
Section6.3 describeshow they aregeneratedfrom the input pro-
gram,with an explanationof the needfor conditionalconstraints
to properlyhandleraw types. Finally, Sections6.4 and6.5 how
thesystemof typeconstraintscanbesolved to obtaina translated
program.

Dueto spacelimitations,weillustratethegenerationof typecon-
straintsfor a coresubsetof the featuresof the JSR-14language.
The ideascanbe extendednaturallyto supportall featuresof the
reallanguage,asin our implementation.

6.1 Type Constraints
A constraint� 1

R
�! � 2 is a manifestationof a relationshipR be-

tweentwo terms� 1 and� 2. A constraintis satis�ed if andonly if
the pair (� 1; � 2) is a memberof relationR. If the termsarepar-
tially unknown — in otherwords,they containvariables— thenthe
satisfactionof theconstraintdependsuponthevaluesof thosevari-
ables.Theproblemof constraintsolving is thereforeto �nd a set
of assignmentsto thevariablesthatsatis�esthecompletesystemof
constraints.

Typeconstraints[35] expressrelationshipsbetweenthetypesof
programelements,suchas �elds andmethodformal parameters.
TherelationR is thesubtyperelation� , andthegrammarof terms
is the grammarof types. Type constraintsolving assignsto each
typeconstraintvariable,a valuefrom thetypedomain.

For this problem,we use the type grammar� , shown in Fig-
ure 12. This grammarmodi�es the type grammarof Figure6 by
removing allocationsite typesand augmentingit with variables,
whichwecall typeunknownsor constraint variables, to distinguish
themfrom thenormalusageof `typevariable' in JSR-14asa syn-
onym for `typeparameter'.

The subtyperelationcanbe viewed asa directedgraphwhose
nodesare typesand edgesare constraints. The subtyperelation
is transitive, re�exive, andantisymmetric,so we usethe equality
notation� 1 = � 2 asanabbreviationfor apairof subtypeconstraints
� 1 � � 2 and� 2 � � 1.

Our algorithm containsthreedi� erentconstraintsystems(de-
scribedin Sections5.4, 5.5, and6), becausedi� erentpartsof the
algorithm have di� erentpurposesand requiredi� erent technical
machinery. Thepointeranalysis(Section5.4) is context-sensitive
for precisionin computingvalue �o w; we adopt the constraints
directly from previous work [48]. By contrast,the resultsof dec-
laration type inference(Section6) mustsatisfy the type-checker,
which is context-insensitive,sothatconstraintsystemis mostnatu-
rally context-insensitive. Thes-uni�cationconstraints(Section5.5)

Supposewe have declarations:
class BhU1; : : : ;Ui i
class ChT1 / S1; : : : ; Tn / Sni / Bh� 1; : : : ; � i i

where`/ ' is anabbreviation for extends /implements

Then:

widening(C;C) = ;
widening(C; A) = [U1 B � 1; : : : ;Ui B � i ] � widening(B;A)

whereA , C

elaborate(C) = ChX1; : : : ; Xni (Xi arefresh)
Generatesconstraints:Xi � Si �

where� = [T1 B X1; : : : ; Tn B Xn]

receiver(E:x) = declared(~E• ) � widening(C; A)
whereclassA declaresmemberx

declared(Ch� 1; : : : ; � i i ) = [T1 B � 1; : : : ; Ti B � i ]

Figure13: Auxiliary de®nitionsfor declarationtype inference:widening,
which modelsthewideningconversionof parameterizedtypes;elaborate,
whichcreatesafreshelaborationof aparametricclasswith typeunknowns;
and receiver, which de®nesthe substitutionappliedto the type of class
instancemembersdueto theparameterizedtypeof thereceiver.

bridge thesetwo di� erentabstractions,essentiallycollapsingthe
context-sensitivity. It mightbepossibleto unify someof thesecon-
straintsystems,but to dosowould complicatethemandintertwine
conceptuallydistinctphasesof ouralgorithm.

6.2 De�nitions
This sectionde�nes terminologyusedin the descriptionof the

declarationtypeinference.
Theterminstantiationdenotesa groundtyperesultingfrom the

applicationof a generictypeto a setof typearguments.A typear-
gumentis anactualtypeparameterusedfor a genericinstantiation.
A genericinstantiationis eitheraparameterizedtype, if thegeneric
typeis appliedto oneor moretypearguments,or a raw type,if it is
appliedwithoutexplicit typearguments.For example,theparame-
terizedtypeCellhStringi is thegenericinstantiationresultingfrom
theapplicationof generictypeCellhVi to thetypeargumentString.

In our notation,the metavariableC rangesover classnames,E
rangesover expressions,F rangesover �eld names,andM ranges
over methodnames.F andM denotethedeclarationof a speci�c
�eld or method,including its type and the nameof the classin
which it is declared.MetavariableX rangesover typeunknowns.

We saythat a methodM in classC overridesa methodM0 in
classC0 if M and M0 have identicalnamesandformal parameter
types,andC is a subclassof C0.

[A B T] denotesthesubstitutionof thetypevariableA with type
(or typeunknown) T. Substitutionsaredenotedby themetavariable
� . Wedenotetheemptysubstitutionwith ; , thecompositionof two
substitutionswith � � � 0, and the applicationof substitution� to
type T with T � . The result of substitutionapplicationis a type
(or a type unknown). For example,given classPair of Figure2,
PairhF; Si [F B X1; S B X2] = PairhX1; X2i .

Figure13de�nesauxiliary functions.
The wideningfunction de�nes the wideningconversion[21] of

(generic)types:it indicateswhich instantiationof a superclassis a
supertypeof agiveninstantiationof asubclass.For example,in the
context of typesshown in Figures1 and2, widening(Pair; Cell) =
[V B F], which informally meansthat Pair is a subtypeof Cell
when the type variableV of Cell is substitutedby F of Pair, so
PairhString; Booleani is a subtypeof CellhStringi .
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Theelaborate functiontakesaclasstypeC andreturnstheelab-
oration of the type— the type obtainedby applying C's generic
type to a setof freshtypeunknowns,onefor eachtypeparameter
of the class. In addition, this function generatestype constraints
that ensurethe fresh type unknowns arewithin their bound. For
example,elaborate(Pair) might return PairhX1; X2i and generate
constraintsX1 � Object andX2 � Object, sinceboth variablesF
andS areboundedat Object. (We occasionallyrefer to the type
unknownscreatedduringtheelaborationof aparticulardeclaration
as`belonging'to thatdeclaration.)

The receiver function returnsthe receiver-type substitutionfor
an instancemember(�eld or method)expression. This substitu-
tion, whenappliedto the declaredtype of themember, yields the
apparenttype of the memberthroughthat reference. For exam-
ple, in Figure 4, variablep hastype PairhNumber; Booleani , so
the receiver substitutionreceiver(p.value ) is [V B Number].
There are two componentsto the receiver substitution; the �rst
correspondsto the parameterizationof the declarationof p, and
is [F B Number; S B Boolean]. The secondcorrespondsto the
extendsclausesbetweenthedeclaredclassof p (Pair) andtheclass
thatdeclaredthemembervalue (Cell); in this case,it is [V B F].
The result of receiver is the compositionof thesesubstitutions,
[V B Number].

Theerasurefunction(notshown) returnstheerased[6, 27] ver-
sionof agenerictype.Forexample,erasure(PairhString; Booleani )
= Pair anderasure(Return(Cell.get )) = erasure(V) = Object.

6.3 Creating the type constraint system
Generationof typeconstraintsconsistsof two steps.First, dec-

larationsareelaboratedto includetypeunknownsfor all typeargu-
ments. Eachuseof a generictype in the client program,whether
in a declaration(e.g.,of a �eld or methodparameter),or in anop-
erator(e.g.,a castor new), is elaboratedwith freshtypeunknowns
standingfor type arguments. For example,considerthe typesin
Figure2 andthestatementPair p = newPair(f, o) on lines7–8
of Figure3. Thedeclarationtype inferencecreatesfour freshtype
unknowns X1; : : : ; X4, so theelaboratedcodeis Pair< X1, X2> p =
newPair< X3, X4>() .

Second,the declarationtype inferencealgorithm createstype
constraintsfor variousprogramelements.Sometype constraints
areunconditionallyrequiredby theJSR-14(andJava) typesystem,
or to ensurebehavior preservation; seeSection6.3.1. Other type
constraintsmaybe in e� ector not, dependingon thevaluesgiven
to typeunknowns. In particular, declaringagenericinstantiationto
beraw inducesdi� erentconstraintson therestof theprogramthan
doesselectingspeci�c typeargumentsfor thegenericinstantiation;
seeSection6.3.2.

6.3.1 Ordinary typeconstraints
Figure14 shows typeconstraintsinducedby thekey featuresof

JSR-14. To cover the entire language,additionalconstraintsare
requiredfor exceptions,arrays,instanceof expressions,etc. We
omit their presentationherebecausethey aresimilar to thosepre-
sented. For a more detailedlist of variousprogramfeaturesand
typeconstraintsfor them,see[43].

Also, to ensurecertainpropertiesof the translation(i.e., princi-
plespresentedin Section3), anadditionalsetof constraintsis gen-
erated.Informally, we mustensurethattheerasureof theprogram
remainsunchanged(which placesconstraintson declaredtypesof
methodparametersand return types,�elds, etc.) and that, in the
translatedprogram,thedeclaredtypesof all programelementsare
no lessspeci�c thanin theoriginal program(andin thecaseof li-
brarycodethetypesmustremainexactly thesame).Thisapproach

is similar to thattakenin [43] and[13]. Thesetypeconstraintsare
straightforwardandareomittedhere.

Constraintgenerationis achieved by descentover thesyntaxof
all themethodbodieswithin theclient code.Figure14 de�nesthe
metasyntacticfunction~�• , pronounced̀typeof', whichmapsfrom
expressionsyntaxto types,generatingconstraintsasa sidee� ect.
The �gure alsode�nes threeothermetafunctions,Field, Param,
andReturn, for thetypesof �elds, methodparameters,andresults.
Termsof the form ~E• , (: : : ) arenot constraints,but form the
de�nition of ~�• .

As an example, consider line 11 of Figure 3:
c4.replaceValue(c1) , where c1's declaration, elaborated
by the introduction of a type unknown, is CellhX1i and the
declarationof c4 is elaboratedto CellhX4i . Thus,we have that:

� ~c1• , CellhVi [V B X1]
� ~c4• , CellhVi [V B X4]
� � = [V B X4]
� � fresh = [U B XU] (XU is fresh)

Rules(10)–(11) give us,respectively:

� ~c1• � CellhUi [V B X4][U B XU ]
i.e.,CellhX1i � CellhXU i

� XU � X4

6.3.2 Guardedtypeconstraints
Genericinstantiationsareof two kinds:parameterizedtypesand

raw types.For parameterizedtypes,thegeneratedtypeconstraints
representtypeargumentsby a typeunknown.

For raw types,thereis no X for which raw Cell is a CellhXi ;
constraintsthat try to refer to this X aremeaningless.Type con-
straintsareinvalid if they refer to type unknowns arisingfrom an
elaborationof agenericdeclarationthatis laterassignedaraw type.
In that case,a di� erentsetof constraintsis required,in which the
typesthatpreviously referredto the`killed' typeunknown arenow
replacedby their erasure.

For example,considerthefollowing code:

void foo(Cell c) {
x = c.get();
c.set("foo");

}

If the declarationof c is parameterized(say, CellhX1i ), then the
constraintX1 � ~x• must be satis�ed (rules (1) and (9) in Fig-
ure14). On theotherhand,if thedeclarationis raw, thenthecon-
strainterasure(Return(Cell.get )) = Object � ~x• mustbesatis-
�ed. Similar constraintsarisefrom thecall to set : if thedeclara-
tion is parameterized,then~"foo" • � X1; otherwise,~"foo" • �
erasure(Param(set ; 1)) = Object.

Eachmethodinvocation(or �eld reference)on anobjectwhose
declarationis a genericinstantiationgives rise to two alternative
setsof conditionalconstraints. Any constraintthat referencesa
typeunknown mustbepredicateduponthe`parameterizedness'of
thetypeof thereceiver expression;wecall suchexpressionsguard
expressions. (Actually, our implementationusesa representation
in which all temporariesareexplicit, so we call themguard vari-
ables.) When the type of a guardvariableis raw, the alternative
constraintaftererasureis usedinstead,sothekilled typeunknown
is no longermentioned.For example,theguardedtypeconstraints
createdfor thesecondline in theexampleabove are~X1• � c ~x•
(c is theguardingvariable),which is interpretedonly if ~c• is non-
raw, and Object � c ~x• (the left-handside is erased),which is
interpretedonly if ~c• is raw. Dependingonc, exactlyoneof these
two constraintsis interpreted,andtheotheris ignored.
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program construct implied type constraint(s)

statementE1 := E2; ~E2• � ~E1• (1)
statementreturn E; (in methodM) ~E• � Return(M) (2)

expressionthis (in classB) ~this • , B (3)
expressionnull ~null • , Null (4)

expressionxi (in methodM) ~xi• , Param(M; i) (5)
expressionnewBh� 1; : : : ; � ki ~newBh� 1; : : : ; � ki • , Bh� 1; : : : ; � ki (6)

B hastypevariableshT1 / S1; : : : ; Tk / Ski � j � S j � (7)
� = [T1 B � 1; : : : ; Tk B � k]

expressionE: f (�eld F of classB) ~E: f • , Field(F) � (8)
� = receiver(E: f )

expressionE:m(E1; : : : ; En) (methodM of classB) ~E:m(E1; : : : ; En)• , Return(M) � � fresh (9)
� = receiver(E:m) ~Ei • � Param(M; i) � � fresh (10)

M hastypevariableshT1 / S1; : : : ; Tk / Ski T j � f resh � S j � � f resh (11)
� fresh = [T1 B X1; : : : ; Tk B Xk] (freshXi)

methodM overridesmethodM0 Param(M0; i) = Param(M; i) (12)
Return(M) � Return(M0) (13)

methodM is de�ned in library codeas: Return(M) , � (14)
hT1 / S1; : : : ; Tn / Sni � M(� 1 x1; : : : ; � n xn) Param(M; i) , � i (15)

methodM is de�ned in client codeas: Return(M) , elaborate(� ) (16)
� M(� 1 x1; : : : ; � n xn) Param(M; i) , elaborate(� i ) (17)

�eld F is de�ned in library codeas:� F Field(F) , � (18)
�eld F is de�ned in client codeas:� F Field(F) , elaborate(� ) (19)

Figure14: Type constraintsfor key featuresof JSR-14.The type for an expressionE or a metasyntacticexpressionsuchasField(F) is de®nedusingthe
notation~E• , (: : : ). Thegenerationof constraintsis explainedin Section6.3.1.Thethreesectionsof thetableshow theconstraintsgeneratedfor statements,
expressions,anddeclarations,respectively.

6.3.3 AllocationTypes
For soundness,the typesof allocationsitesmustbe consistent

with thetypesinferredby theallocationtypeinferenceof Section5.
Themoststraightforwardway to incorporatetheresultsof alloca-
tion type inferenceinto the constraintsystemis simply to de�ne
the typesof eachgenericallocationsite (asusedin rule (6)) to be
exactly thetypeinferredfor it.

This is simpleandeasyto implement(and is what our imple-
mentationdoes). It is, though,somewhat overconstrainedbeyond
whatisnecessaryfor correctness.A slightly more�e xibleapproach
would beto instantiatethenewexpressionwith a setof freshtype
unknowns,andto constraineachof theseunknownsto beasubtype
of the correspondingparametertype from the inferredtype. This
approachpermitschoosingalessspeci�c assignmentfor atypeun-
known, whichmaybedesirable,asillustratedby Figure5.

For example, allocation type inference reports the type
PairhNumber; Booleani for the allocationon line 8 of Figure 4.
The�rst approachwould simply make this thetypeof thenewex-
pression.Thesecondapproachwould insteadmake thetypeof the
expressionPairhX1; X2i , whereX1 andX2 arefreshtypeunknowns
constrainedin thefollowing way: Number � X1, Boolean � X2.

6.4 Solving the type constraints
The algorithm of Section6.3 createstype unknowns for each

typeargument,andcreates(ordinaryandguarded)typeconstraints
that relatethe typeunknowns to oneanotherandto typesof other
programelements,suchas�elds, methodparameters,etc.The�nal
typeconstraintgraphexpressesthe type rulesof JSR-14,plusour
additionalconstraintscreatedfor behavior preservation. Any solu-
tion to theconstraintgraph(i.e., assignmentof typesto constraint
variables)thereforerepresentsawell-typedandsemanticallyequiv-
alenttranslationof theprogram.

Conceptually, solving the constraintsis simple: for eachcon-

straintvariablein turn, assigna type that satis�es its currentcon-
straints. If this choice leadsto a contradiction(i.e., there is no
satisfyingassignmentto the remainingconstraintvariables),then
chooseadi� erenttypefor theconstraintvariable.If all choicesfor
this constraintvariableleadto a contradiction,thenbacktrackand
make a di� erentchoice for somepreviously-assignedconstraint
variable.Becausevalid typingsalwaysexist (Section3.7),thepro-
cessis guaranteedto terminate.5 In principle, the spaceof type
assignmentscouldbeexhaustively searchedto �nd thebesttyping
(thateliminatesthelargestnumberof casts,perSection3.6).

This sectionoutlinesonepracticalalgorithmfor �nding a solu-
tion to thetypeconstraints;it is basedupona backtrackingsearch,
but attemptsto reducethe degreeof backtrackingto a practical
level. We have implementedthis technique,andit performswell
in practice.SeeSection8 for theresults.

Thealgorithmconstructsagraph,initially containingedgesonly
for the unconditionalconstraints.The algorithm iteratesover all
theguardvariablesin order, trying, for eachguardvariableg, �rst
to �nd asolutionin whichg's typeis parameterized(non-raw), and
if that fails, to �nd a solution in which g hasa raw type. If no
solutioncanbefounddueto a contradiction,suchasa graphedge
whoseheadis a propersubtypeof its tail, or anattemptto assign
two unequalvaluesto thesametypeunknown, thena previously-
madedecisionmustbeto blame,andthealgorithmbacktracks.

Eachtimeit beginsasearchrootedata(tentative)decisiononthe
type for a particularguard,the algorithmaddsto the graphall of
theconditionaledgespredicateduponthatguarddecision,whether
parameterizedor raw. Backtrackingremovestheseedges.

As the edgesareadded,several closurerulesareapplied. For

5Strictly speaking,thesetof possibletypesis in�nite, so it cannot
beenumerated.However, it is rareto �nd completelyunconstrained
typeunknowns,andin any case,ak-limited subsetof theHerbrand
universeof typesis enumerable.
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Figure15: Statesin thedeclarationtypeinferencealgorithmfor eachtype
unknown. At eachstep,every type unknown is associatedwith a state:
initially the initial state,andat completion,either the assignedor killed
state.Edgesindicatethepermittedtransitionsbetweenstates;only during
backtrackingis apreviousstaterestored.

example,if thegraphcontainsa pathfrom CellhXi to CellhYi , then
theinterpretationof thispathis CellhXi � CellhYi , andby therules
of invariantparametricsubtyping,this impliesX = Y. This causes
theadditionof two new constraints,X � Y andY � X. Thisprocess
is iterateduntil no further closurerulesareapplicable.The other
closurerulesareomittedfor brevity.

Oncetheconditionaledgeshave beenadded,if thesearchis try-
ing to infer aparameterizedtypefor guardvariableg, thenfor each
unknown Xu belongingto g, the algorithmcomputesthe union of
thetypesthatreachX throughpathsin thegraph.This is thesetof
lower boundson Xu, andtheleastupperboundof this unionis the
typethatwill beassignedto Xu.

6.4.1 Dependencygraph
This sectiondescribeshow to ordertheguardvariablessoasto

minimize thebacktrackingrequired.This strategy nearlyor com-
pletelyeliminatesbacktrackingin everycasewehave observed.

Wecreateadependency graphthatindicatesall nodeswhoseas-
signmentmighta� ecta node,underany typeassignment.Theset
of nodesin this graphis thesameasof the typeconstraintgraph.
The set of edgesconsistsof every ordinary edge(from the type
constraintgraphof Section6.3.1),every guardededge(from Sec-
tion 6.3.2),and,for every guardededge,anedgefrom thetypeof
theguardto thehead.

In theabsenceof cyclesin thedependency graph,no backtrack-
ing is required: the nodescanbe visited andtheir typesassigned
in the topologicalorder. If thedependency graphhascycles,then
backtracking(undoingdecisionsandtheir consequences)may be
required,but only within a stronglyconnectedcomponent.As a
heuristic,within a stronglyconnectedcomponent,we decideany
nodesthatareguardsfor someconstraints�rst, becausesuchchoices
arelikely to have thelargestimpact.

6.4.2 Decidingguards,assigningtypes
In thedeclarationtype inferencealgorithm,eachtypeunknown

is in oneof four states,illustratedin Figure15. Eachtypeunknown
startsin the initial state(or is resetto it via backtracking),which
meansthatit hasnot yet beenconsideredby thealgorithm.A type
unknown is in thekilled stateif theguardvariableto which it be-
longshashasbeenassigneda raw type. Thereified stateindicates
thatthealgorithmdecidedto giveaparameterizedtypeto theguard
variableto which thetypeunknown belongs,but thatthechoiceof
which type to assignit hasnot yet beenmade.As soonasa type
unknown becomeskilled or reified, thealgorithmaddstherelevant
conditionaledges.

Finally, theassignedstatemeansthat the type is parameterized,
andthe type argumentshave beendecidedupon. (The type argu-
mentsthemselvesareindicatedby aseparatetableof assignments.)
Whenthealgorithm�nishes,everytypeunknown is in theassigned
or killed state.

We usethe term decidefor the processof moving a type un-

known from theinitial stateto oneof theotherstates.All thetype
unknownsbelongingto thesameguardvariablearedecidedsimul-
taneously.

We distinguishbetweenreified andassignedto permitdeferring
thechoiceof assignedtype. Unconstrainedtypeunknownsremain
in the reified stateuntil a constraintis added.This preventspre-
matureassignmentfrom causingunnecessarycontradictionsand
backtracking,andyieldsmorepreciseresults.

Section6.5 presentsa join algorithm that determinesthe least
upperboundof a setof JSR-14types.Thesolvingalgorithmuses
thatprocedureextendedto handlereified typeunknowns. Theal-
gorithm treatsreified type unknowns asa free choice,so long as
thatchoiceis usedconsistently. This is bestillustratedwith anex-
ample:

reified-join(fPairhNumber; X1i ; PairhX2; Booleanig)
= PairhNumber; Booleani

reified-join(fPairhNumber; X3i ; PairhX3; Booleanig) = Pair

The function reified-join can unify the rei�ed type unknowns
with othertypesto achieve a morepreciseresult.In the�rst exam-
ple, it successfullyassignstypesto X1 andX2.

Allocation typeinferencereturnsNull astheelementtypeof an
emptycontainer;leaving thetypeunknown standingfor thetypear-
gumentfully unconstrained(Null � X is avacuousconstraint).The
declarationtypeinferencealgorithmcanselecta non-null typefor
theelementbaseduponotherconstraints.For example,if anallo-
cationof anemptycell only �o wsto avariableof typeCellhStringi ,
thenwe canassignCellhStringi to theemptycell also.

Any reified unknownsremainingwhenall theguardshave been
decidedcan be assigneda type arbitrarily; our implementation
choosestheupperboundon theunknown, typically Object.

6.5 Join algorithm
Union typesareconvertedinto JSR-14typesthatrepresenttheir

leastcommonsupertype(or join) by thefollowing procedure.
Considera union type u as a set of types. For eachnon-Null

elementt 2 u, computethesetof all its supertypes,includingitself.
Thesetof commonsupertypesis theintersectionof thesesets.

commonsupertypes(u) =
\

t 2 u

f s j t � s g

This setalwayscontainsat leastObject. At this point, we dis-
cardmarker interfacesfrom the set. Marker interfaces— suchas
Serializable, Cloneable, andRandomAccess — declareno meth-
ods,but areusedto associatesemanticinformationwith classesthat
canbequeriedwith an instanceof test. Suchtypesarenot use-
ful for declarationsbecausethey permit no additionaloperations
beyond what is allowed on Object. Furthermore,they are mis-
leadinglyfrequentsuperclasses,which would leadto useof (say)
Serializable in many placesthatObject is preferable.

WealsodiscardtherawComparable type.Eventhoughit is not
strictly a marker, this widely-usedinterfacehasno useful meth-
ods in the casewhereits instantiationtype is not known: calling
compareTowithout speci�c knowledgeof theexpectedtypeusu-
ally causesanexceptionto bethrown. Parameterizedinstantiations
of this interface,suchasComparablehIntegeri , areretained.

From the resultingset,we now discardany elementsthatarea
strictsupertypeof otherelementsof theset,yieldingthesetof least
commonsupertypesof u:

leastcommonsupertypes(u) = f t 2 csj :9 t0 2 cs: t0 < tg
wherecs= �ltered commonsupertypes(u)

Again, this set is non-empty, andusually, thereis just a single
itemremaining.(Thoughthejava.util packagemakesextensive
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useof multiple inheritance,leastcommonsupertypesarealways
uniquelyde�ned for theseclasses.Also, the boxed typessuchas
Integer, Float, etc.,havecommonsupertypeNumber oncetherules
for marker interfacesareapplied.)However, if afterapplicationof
theserulesthesethasnotbeenreducedto asinglevalue,theunion
eliminationprocedurechoosesarbitrarily. This occurredonly once
in all of our experiments.

Theprocedurejustdescribedis deriveddirectly from thesubtyp-
ing rulesof theJSR-14speci�cation,andthusimplementsinvariant
parametricsubtyping.So,for example:

CellhfInteger; Floatgi
union elim

�� � � � � � �! CellhNumberi
n

CellhIntegeri ; CellhFloati
o union elim

�� � � � � � �! raw Cell

6.5.1 Wildcard types
Java 1.5 hasnot yet been�nalized, but it appearsthat it will

includewildcard types, which generalizethe useof boundedex-
istentialsas type arguments. Every parameterizedtype such as
CellhNumberi hastwo correspondingwildcard supertypes,which
arewrittenCell<? extends Number>andCell<? super Number>
in theproposedsyntax.

The syntax Cell<? extends Number> denotes the type
Cellh9T: T � Numberi , which is the type of all Cells whoseele-
mentsaresome(unspeci�ed)subtypeof Number. It is therefore
a supertypeof CellhIntegeri andCellhFloati , but a morespeci�c
onethanraw Cell: it allows oneto get elementsat typeNumber,
andforbids potentiallydangerouscalls to set , sincethe required
argumenttypeT is unknown.

Cell<? super Number>denotesthetypeCellh9T: Number � Ti ,
whoseelementsareof someunspeci�edsupertypeof Number. It is
a supertypeof CellhNumberi andCellhObjecti . This typepermits
one to set elementsthat are instancesof Number, but the result
typeT of get is unknown, i.e.,Object.

Useof wildcardtypesmayincreasetheprecisionour results,as
they representacloserandmoreappropriateleastupperboundthan
a raw type in many situations.However, themethodsof Cell that
referenceatypevariablefrom boththeirparameterandresulttypes
belong to neither wildcard 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,
ananalysismustsolve anadditionalsetof constraintsthat restrict
which membersmaybeaccessedthroughthatvariable.Investigat-
ing this problemwould beaninterestingdirectionfor futurework.

7. IMPLEMENT ATION
Wehave implementedthealgorithmsdescribedin thispaperasa

fully-automatedtranslationtool calledJiggetai.Jiggetai'soutputis
a type-correct,behaviorally equivalentJSR-14versionof theorig-
inal Java program. Figure16 shows the tool's architecture.This
sectionnotesa few salientpointsof theimplementation.

7.1 Program representation
Sincetheallocation-typeinferenceis a whole-programanalysis,

andwe cannotdemandthat sourcebe available for pre-compiled
libraries, the analysismustbe performedon the bytecode(class-
�le) representationof theprogram.However, thedeclaration-type
inferenceis logically a source-level analysis. For uniformity, we
implementbothanalysesat thebytecodelevel.

The�rst componentof oursystemis calledthelosslesscompiler,
which is a modi�ed versionof the standardJSR-14compiler that
preservessource-level informationby insertingadditionaltablesof

(generic)

Client Class Files
(with source info)

Library Class Files
(translated)

Client Source Files

Client Source Files
(original)

"Lossless"
Compiler

Declaration
Type

Inference

Allocation
Type

Inference

Allocation
Source File

EditorTypes Types
Declaration

Figure16: Architectureof theJiggetaitool for automatictranslationfrom
Java to JSR-14. Inputsandoutputsareshown with heavy outlines. The
dashedbordercontainsJiggetaiitself.

dataasattributes(comments)in theclass�le. This informationin-
cludes:(i) themappingsbetweensourcevariablesandvirtual ma-
chineregisters;(ii) the type of eachsourcevariable;and(iii) the
typeandlexical extentof every declarationor otheruseof a type-
namein theprogram(locals,�elds, methods,casts,allocationsites,
extends-clauses,etc.).

In addition,thecompilerdisablescertainoptimizationssuchas
dead-codeelimination. Deadprogramstatementsarestill subject
to typecheckingandmustbevisible to theanalysis.

We have extendedthe Soot [46] class-�le analysispackageto
performanalysisat thesourcelevel of abstractionby mappingun-
typedJVM registersto typedsourcevariables.Our losslesscom-
piler andSootextensionsmay be useful to other researchersand
tool builderswhodesiretherelative simplicity of thebytecodefor-
matwhile retainingtight integrationwith sourcecode.

7.2 Allocation type inference
JSR-14requiresthatbytecodeclass�lesthatde�ne generictypes

includeaSignature attributethatgivesinformationaboutthetype
parametersthat they de�ne. This attribute is ignoredby theJVM,
but is requiredfor type-checkingclientcode:Dueto JSR-14's type
erasurestrategy for compilation,it is theonly way to know thata
class�le representsa generictype, or how many type parameters
thatclasstakes.

Generictypeinformation(Signature attributes)ismissingfrom
all privateandanonymousclassesin JSR-14-1.3'sjava.util pack-
age.

Our analysisinterpretsclasseswithout a Signature attribute
asnon-generic,sothecontext sensitivity policy of Section5.4an-
alyzesthemonly once,e� ectively merging all instancesof them
together. For example,this e� ectoccurswith (thesecondtypepa-
rameterof) Hashtable andHashMap.

Wehave implementedtwo solutionsto thisproblem.

1. Performmorecomprehensive retro�tting, which e� ectively
addsSignature attributesto all classes,not justnamedpub-
lic ones.This approachis sound,regardlessof theaccuracy
of theretro�tting, becausetheretro�tted typeson privateli-
braryclassesareusedonly asacontext-sensitivity hint by the
pointeranalysis.Theretro�tting canbedoneby handor via
heuristics.For instance,thefollowing heuristiccapturesthe
missing information in the JDK libraries almostperfectly:
`If a privateor anonymousclassextendsa genericcontainer
class,inheritall genericannotationsfrom thesuperclass.'
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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. Lines is the total numberof lines of Java
code,andNCNBis the numberof non-comment,non-blanklines. Casts
is the numberof castsin the original Java program,andGen.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: Experimentalresults.Gen.castsis thenumberof genericcasts
(resultingfrom useof raw types)in theoriginal Java program;Elim is the
numberof castseliminatedby our translationto JSR-14,and% Elim ex-
pressesthatnumberasa percentage.

2. Createa type-correctstubversionof thelibrary, anduseit in
placeof the real library whencompiling. (This approachis
takenby Tip etal. [42].) Thisapproachis labor-intensiveand
unsound,becausethestubmethodbodiesdo not necessarily
inducethe samegenerictype constraintsas the original li-
brarywould. We implementedit to compareits performance
andresultswith theretro�tting approach.
Aggregatedover all thebenchmarksin Figure18, theuseof
stubsenabledan additional0.7% of caststo be eliminated,
and execution took 1% longer. The use of stubsroughly
halvedtherunningtime of thepointeranalysis,althoughthe
contribution of this phaseto the overall runtime was rela-
tively small.

As with all whole-programstaticanalyses,our pointeranalysis
requireshand-writtenannotationsto summarizethee� ectsof call-
ing native methodsand re�ective code;without them,soundness
cannotbeensured.Currently, we usevery naive andconservative
annotationsfor suchmethods;noneof our benchmarksmakessig-
ni�cant useof them.

8. EXPERIMENTS
In order to evaluateour analysesand tools, we ran our imple-

mentationover theprogramslistedin Figure17. Theprogramsare
asfollows: antlr is a scanner/parsergeneratortoolkit6; htmlparser
is a library of parsingroutinesfor HTML 7. JavaCUPis anLALR
parsergenerator8; JLex is a lexical analyzergenerator9; junit is a
unit-testingframework10; TelnetDis a Telnetdaemon11; v poker is

6http://www.antlr.org/
7http://htmlparser.source forg e.n et/
8http://www.cs.princeton. edu/ ~appel/ modern/ java /CUP/
9http://www.cs.princeton. edu/ ~appel/ modern/ java /JL ex/

10http://www.junit.org/
11http://telnetd.sourcefor ge.n et/

a video poker game12. Figure 17 gives their sizes. The notable
numberof genericcastsin theJavaCUPparsergeneratoris dueto
its parser, whichis implementedby amachine-generatedsource�le
thatmakesheavy useof a Stack of grammarsymbols.Figure18
shows theresultsof our experiments.

As our library, we usedall genericlibrary classesfrom pack-
agejava.util , as shippedwith the JSR-14-1.3compiler. This
packagecontains166classes,of which 37 arenon-generic,30 are
generictop-level classes,and99 aregenericinnerclasses.

As notedin Section3.6, castsareusedfor otherpurposesthan
for downcastingelementsretrievedfrom genericclasses,soevena
perfecttranslationwould not eliminateall castsfrom theprogram.
We countedthenumberof genericcastsby hand,determiningfor
eachcastwhetheror not it was statically safe,basedon human
inspectionof the valuesstoredinto eachgenericcontainer. (For
four of thebenchmarks,we performeda completemanualgeneric
translationandcountedthenumberof castseliminated.)

We executedour tools within Sun's 1.4.1HotSpotClient JVM
with amaximumheapsizeof 200MB, runningunderLinux kernel
2.4 on a 3GHzPentium4. Our unoptimizedimplementationtook
nomorethan8 minutesto translateany program.

The executiontime of the larger benchmarkswas overwhelm-
ingly dominatedby thenaive implementationof theresolutional-
gorithm of Section6.4. We believe that the running time of this
phasecould be broughtdown to a small numberof seconds,en-
abling applicationsbaseduponinteractive re�nementof the solu-
tion.

8.1 Evaluation
For mostof thebenchmarksJiggetaieliminatedover 95%of the

genericcasts.For theotherprograms,a few speci�c causescanbe
identi�ed.

Conservative extends parameterization. Whenever theanal-
ysis encountersa client classthat extendsa genericlibrary class,
theextends clauseis parameterizedveryconservatively, with each
typevariableinstantiatedat its erasure.For example,thedeclara-
tion class PersonList extends List is translatedto extends
List<Object> , even if theelementsof PersonList arealwaysof
classPerson.

Without this conservative assumption,extends-clauseinforma-
tion would be only partial during analysis,but our algorithm re-
quiresit to becomplete.Thisassumptionwasresponsiblefor the7
genericcastsremainingin v poker.

Missing clone covariance. The declaredresult type of the
clone methodin existing Java codeis Object, eventhoughclone
alwaysreturnsaninstanceof thesameclassasits receiver. JSR-14
allows oneto specifycovariant result typesthat capturethis fact,
so for example, the clone methodof HashSethTi could be de-
claredHashSet<T> clone() . Nonetheless,theSet interface,via
which instancesof HashSetmaybefrequentlymanipulated,does
not covariantly specializeclone , sinceit doesnot requirethat its
instancesbecloneable.13 Therefore,typeinformationis lostduring
callsto Set.clone .

This is the reasonfor the low scoreobtainedfor junit. We re-
peatedtheexperimentafterreplacing(C) c.clone() with just c,
andthescorewentup to 100%. This suggeststhat typeconstraint
generationfor theclone methodshouldbehandledwith a covari-
antspecialcase.

`Filter' idiom. Oneparticularpathologicalcase,which wehave
namedthe�lter idiom, is typi�ed by thefollowing code:

12http://vpoker.sourcefo rge .net /
13Or, for compatibility, clone maynot have beencovariantlyspe-
cialized,asis thecasefor HashSet.
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List strings = new ArrayList();
void filterStrings(Object o) {

if (o instanceof String)
strings.add(o);

}

Here, strings containsonly instancesof String, but the call to
add(o) generatesa constraintthat the elementtype is Object. If
the programmerhadexplicitly casto to String beforethe call to
add, thedesiredtypeListhStringi wouldhavebeeninferred.But in
non-genericJava, thereis noneedfor suchacast,becauseList will
acceptvaluesof any type,soit wasomitted14.

The �lter idiom is heavily usedby the htmlparser benchmark.
Thisproblemcouldbeaddressedbyexploitingpath-dependentdata-
�o w informationarisingfrom theinstanceof test.

Declaration splitting . Occasionally, a singlevariabledeclara-
tion wasusedsequentiallyfor two di� erentwebs(du-udchains),
suchasusing Iterator i to traverse�rst one list, thenanother
of a di� erenttype. Even thoughthe websaredisjoint, the single
declarationof i meanstheanalysisinfersa singletypefor i . Sim-
ilarly, multiple variablesdeclaredin the samestatement,suchas
Iterator i, j; , areconstrainedto have thesametype.

In JavaCUP, we foundoneexampleof each.After we manually
split thedeclarations,theanalysiseliminated6 morecasts(100%).

9. RELATED WORK
Our primarycontribution in this paperis a practicalrefactoring

tool for automatedmigrationof existing Java programsinto JSR-
14. We�rst discusswork relatedto ourgoal;namely, existingwork
on introducinggenerictypesinto programsto broadentheapplica-
bility of a pre-existing components.Then,we brie�y discusswork
relatedto our techniques:type constraintsystemsandtype infer-
ence.

9.1 Generalization for re­use
Two notablepreviouspapers[39, 17] useautomatedinferenceof

polymorphismwith the goal of source-codegeneralizationfor re-
use— for example,to permitthecodeto beusedin moresituations
or to provide compile-timetypecorrectnessguarantees.Sincethe
result is sourcecodefor humanconsumption,ratherthandeduc-
tionsfor lateranalysisor optimization,aprimarygoalis restricting
the degreeof polymorphismso that the resultsdo not overwhelm
theuser. Typically, programscontainmuchmore`latent' polymor-
phismthanthatactuallyexploitedby theprogram.

Si� andReps[39] aim to translateC to C++. They usetype
inferenceto detectlatent polymorphismin C functionsdesigned
for usewith parametersof primitive type, and the result of gen-
eralizationis a collection of C++ function templatesthat oper-
ateon a larger setof types. A major issueaddressedby Si� and
Repsis thatC++ classescanoverloadarithmeticoperatorsfor class
types. Their algorithmdetermines— anddocuments— the setof
constraintsimposedby the generalizedfunction on its argument.
(They give asanexamplethe xy functionpow() , which is de�ned
only for numbersbut couldbeappliedto any type for which mul-
tiplication is de�ned, suchasMatrix or Complex.) Their work
focusesexclusively on genericfunctions,not classes,andtries to
detect latent reusability; in contrast,our work seeksto enforce
strongertypingwherereusabilitywasintendedby theprogrammer.
The problemdomainis quite di� erentthan ours, becauseunlike
JSR-14,C++ templatesneednot type-checkandarenever sepa-
ratelycompiled;thetemplateis instantiatedby simpletextual sub-

14Interestingly, this is anexampleof aJSR-14programthatrequires
more caststhanits non-genericcounterpart.

stitution,andonly theresultingcodeneedtype-check.Thispermits
the templateto imposearbitrary (implicit) constraintson its type
variables,in contrastto JSR-14's erasureapproach.

Duggan[17] presentsatypeanalysisfor inferringgenericityin a
Java-likelanguage.Duggangivesamodular(intra-class)constraint-
basedparameterizationanalysis that translatesa monomorphic
object-orientedkernel languagecalled MiniJava into a polymor-
phic variant, PolyJava, that permitsabstractingclassesover type
variables.Thetranslationcreatesgenericclassesandparameterized
instantiationsof thoseclasses,andit makessomecastsprovably re-
dundant.PolyJavadi� ersfrom JSR-14in anumberof importantre-
spects.In particular, it supportsaveryrestrictedmodelof paramet-
ric subtyping:abstractclassesandinterfacesarenotsupported,and
eachclassmustdeclareexactlyasmany typevariablesasits super-
class.Thetypehierarchyis thusaforestof trees,eachof whichhas
exactly thesamenumberof typevariableson all classeswithin it.
(Eachtreeinheritsfrom Objecthi via a special-caserule.) Because
the analysisdoesnot useclient information to reducegenericity,
wesuspectthediscoveredgenerictypesareunusablyover-generic;
however, thesystemis not implemented,sowe areunableto con-
�rm this.

Von DincklageandDiwan [47] addressboth the parameteriza-
tion and instantiationproblems. They usea constraint-basedal-
gorithm employing a numberof heuristicsto �nd likely type pa-
rameters.Their Ilwith tool determinedthe correctgeneralization
of severalclassesfrom thestandardlibraries,afterhandeditingto
rewrite constructstheir analysisdoesnot handle. The technique
requiresrelatedclassesto beanalyzedasa unit. However, it does
notperformawhole-programanalysisandsocanmake noguaran-
teesaboutthecorrectnessof its choicesof typearguments.In con-
trastto oursoundapproach,they try to capturecommonpatternsof
genericclassesusinganunsoundcollectionof heuristics.For ex-
ample,their implementationassumesthatpublic �elds arenot ac-
cessedfrom outsidetheclassandthattheargumentof equals has
thesametypeasthe receiver. Their approachcanchangemethod
signatureswithoutpreservingtheoverridingrelation,or changethe
erasureof parameterizedclasses,makingthempossiblyincompat-
ible with their existing clients. Also in contrastto our work, their
approachfails for certainlegal Java programs,they do not handle
raw types,their implementationdoesnot performsourcetransla-
tion,andthey donotyethaveany experiencewith real-world appli-
cations.(Wepreviouslyexploredasimilarapproachto theparame-
terizationandinstantiationproblems[16]. We restrictedourselves
to asoundapproach,andabandonedtheapproachafterdiscovering
thatheuristicsusefulin speci�c circumstancescausedunacceptable
lossof generalityin others.)

Tip etal. [42] presentatechniquefor migratingnon-genericJava
codeto usegenericcontainerclasses.Tip et al.'s algorithmem-
ploysavariantof CPA to createcontexts for methodsandthenuses
thesecontexts in type constraintgenerationand solving. In our
approach,CPA is usedfor pointer analysis,the resultsof which
arethenusedto computeallocationsitetypeargumentsand,lastly,
context-lesstype constraintsareusedto computetype arguments
for all declarationsin the client code. Their tool is implemented
asasource-codeanalysisandarefactoringin theEclipse[18] inte-
grateddevelopmentenvironment(IDE). Becauseit focusesonly on
the standardcollectionslibrary and it is source-code-based,their
approachuseshand-mademodelsof thecollectionclasses.While
they do not handleraw types,their methodis capableof discover-
ing typeparametersfor methods,thuschangingtheminto generic
methods.This may help reducethe numberof (possiblydanger-
ous)uncheckedwarningsandraw referenceswithoutsacri�cing the
numberof eliminatedcasts. For example,the methoddisplay-
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Value in Figure3 couldbechangedinto a genericmethod,rather
thanleaving thereferenceraw. Theauthorsdo not discusssound-
nessor behavior preservation.

Tip, Kie�zun,andBaümer[43] presenttheuseof typeconstraints
for refactoring(i.e., modifying theprogram's sourcecodewithout
a� ectingits behavior). While theirwork focusedonrefactoringfor
generalization,ourscanbe seenasrefactoringfor specialization,
changingtypesfrom raw to non-raw.

The CodeGuide[12] IDE o� ers a `Generify' refactoringwith
broadly the samegoal asour work. It canoperateover a whole
programor a singleclass;we have veri�ed that the lattermodeis
unsound,but becauseno detailsareprovided regardingits imple-
mentation,we cannotcompareit to our own. TheIDEA [24] IDE
also supportsa Generify refactoring; again,no detailsabout the
analysistechniquesare available, andwe have not experimented
with this tool.

9.2 Type constraint systems
Both our allocationtype inferenceand declarationtype infer-

encearetype-constraint-basedalgorithmsin thestyleof Aikenand
Wimmers[2], who give a generalalgorithmfor solvingsystemsof
inclusionconstraintsover type expressions.Our type constraints
are di� erent in that they include guardedconstraintsin order to
modelJSR-14's specialrulesfor raw types.Most work in typein-
ferencefor OO languagesis basedon thetheoryof typeconstraint
systems;a generaltheoryof statically typed object-orientedlan-
guagesis laid out in [36].

Our pointeranalysismakesuseof theconceptualframework 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 informationsimultaneously, with thegoalof opti-
mizationssuchasstaticbinding,inlining, andunboxing.Somerep-
resentativeapplicationsarestaticallydischargingrun-timecasts[8,
48], eliminatingvirtual dispatch[3], andaliasanalysis[33, 32].

9.3 Polymorphic type inference
Thereis a vast literatureon polymorphictype inferencedating

from Milner [30], who introducedthenotion in thecontext of the
ML programminglanguage.Ourgoalis quitedi� erentthanthatof
AlgorithmW, sincewearenottrying to infergenerictypes,only the
typeargumentswith which existing generictypesareinstantiated.
Subsequentwork [34, 35] extendsHindley-Milner typecheckingto
object-orientedlanguagesandto many otherapplicationdomains.
More recentwork thatextendsit to object-orientedlanguagesuses
typeconstraintsinsteadof equalityconstraints[19, 17], just asour
s-unify algorithmdoes,thoughthetechnicalmachineryis di� erent.
McAdamet al. [29] extendML with Java's subtypingandmethod
overloading. The applicationof type inferencealgorithmsgener-
ally falls into two categories: (1) enablingthe implementationof
languagesin which principal typings for termsare inferredauto-
matically, which savestheprogrammerfrom writing themexplic-
itly, and(2) asameansof staticprogramanalysis,e.g.,to eliminate
castsor to resolve virtual methoddispatches.

Gagnonetal. [20] presentamodular, constraint-basedtechnique
for inferenceof statictypesof localvariablesin Javabytecode;this
analysisis typically unnecessaryfor bytecodegeneratedfrom Java
code,but is sometimesuseful for bytecodegeneratedfrom other
sources.No polymorphictypesareinferred,however.

10. FUTURE WORK
We would like to extendour tool into an interactive application

that would allow the userto manuallycorrectsuboptimalresults,

anditeratively re-solve theconstraintsystemaftertheuser's anno-
tationshave beenincorporated.This would make it very easyfor
usersto achieve theidealresults.

Oncethe Java 1.5 speci�cation is �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 plan to make our tool available,oncelicens-
ing issuesareresolved(theimplementationcurrentlydependsupon
Sun's prototypecompiler).

TheC# languageis a experiencinga parallelevolution towards
generictypes[49]; the ideasin our approachmaybeapplicableto
thatlanguage.

In orderto further increasethenumberof castseliminatedfrom
client code,we could replaceour type constraintsolution proce-
dure(Section6.4) with onethatperformsmoreexhaustive search
or otheroptimizations. Addressingthe parameterizationproblem
(i.e., introductionof typeparametersto classde�nitions) is another
areaof potentialfuturework, thoughin our experiencethatpartof
theprocessis not particularlydi� cult or time-consuming.

11. CONCLUSION
With thereleaseof Java1.5,many programmerswill wishtocon-

vert their programsto take advantageof the improved type safety
provided by genericlibraries. We have presenteda generalalgo-
rithm for theimportantpracticalproblemof convertingnon-generic
Java sourcesto usegenericlibraries,andan implementationcapa-
bleof translatingrealapplications.

Our algorithm achieves the goals laid out in Section3. It is
sound:it neverinfersanunsafetypefor adeclaration.It isbehavior-
preserving:it doesnot changemethodsignatures,the erasureof
parameterizedclasses,or otherobservableaspectsof a program.It
is complete:it producesa valid resultfor arbitraryJava input and
arbitrarygenericlibraries. It is compatiblewith theJSR-14gener-
ics proposal:in particular, its typesystemaddressesall featuresof
theproposal,includingraw types.It is practical:wehaveproduced
an implementationthat automaticallyinsertstype parametersinto
Java code,without any manualintervention. It is precise:it elimi-
natedtheoverwhelmingmajorityof genericcastsin real-world ap-
plications,andthe translationwaslittle di� erentthantheresultof
manualannotation.

As anothercontribution, our approachis, to our knowledge,the
�rst analysisfor Java thatusesgenerictypeannotationsfor target-
ing theuseof context-sensitivity, suchtargetingis critical to over-
comepoor scalability. Our applicationis type analysis,but this
techniquecouldequallywell beusedfor many otherabstractions,
suchasinterproceduraldata�ow problems.

Raw typesrequirethe useof conditionalconstraints,sincethe
type rules for accessingmembersthroughraw typesandthrough
parameterizedtypesarequitedi� erent.Thepresenceof raw types
in the type systemis a loopholeallowing potentiallyunsafeoper-
ations;analyzingthe e� ectsof suchoperationsrequiresa whole-
programanalysis.(In theabsenceof raw typesanduncheckedop-
erations,it would be possibleto solve the type inferenceproblem
soundly— althoughperhapsnotasprecisely— withoutpointeranal-
ysis.) Becauseof unchecked operations,the assignabilityrelation
in JSR-14is not antisymmetric;in otherwords,x=y; y=x; may
bepermittedevenwhenthetypesof x andy areunequal.This has
somesubtlerami�cationsfor subtypeconstraint-basedanalyses,as
theassignmentconstraintgraphmayhavenosubtypeinterpretation
in pathologicalcases.Ourwork is uniquein supportingraw types,
which is essentialfor producinggood resultswithout forbidding
many realisticprograms.

Additionaldetailsonour work canbefoundin [15].
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N. Gafter. Addingwildcardsto theJava programminglanguage.In
SAC, pages1289±1296,Mar. 2004.

[46] R. Vallée-Rai,L. Hendren,V. Sundaresan,P. Lam,E. Gagnon,and
P. Co.Soot- aJavabytecodeoptimizationframework. In CASCON,
pages125±135,Nov. 1999.

[47] D. vonDincklageandA. Diwan.ConvertingJava classesto use
generics.In OOPSLA, pages1±14,Oct.2004.

[48] T. WangandS.Smith.Preciseconstraint-basedtypeinferencefor
Java. In ECOOP, pages99±117,June2001.

[49] D. Yu, A. Kennedy, andD. Syme.Formalizationof genericsfor the
.NET commonlanguageruntime.In POPL, pages39±51,Jan.2004.

34


