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Abstract

Type safetyand expressivenessof many existing Java
libraries and their client applicationswould improve, if
the libraries were upgradedto de�ne genericclasses.Ef-
�cient and accurate tools exist to assist client applica-
tionsto usegenericlibraries,but sofar thelibrariesthem-
selvesmustbeparameterizedmanually, which is a tedious,
time-consuming, and error-pronetask. We presenta type-
constraint-basedalgorithm for converting non-generic li-
brariesto addtypeparameters. Thealgorithmhandlesthe
full Java language and preservesbackward compatibility,
thusmakingit safefor existing clients. Amongother fea-
tures, it is capableof inferring wildcard typesand intro-
ducingtypeparametersfor mutually-dependentclasses.We
haveimplementedthealgorithmasa fully automaticrefac-
toring in Eclipse.

We evaluatedour work in two ways. First, our tool pa-
rameterizedcode that was lacking type parameters. We
contactedthe developers of several of theseapplications,
and in all casesthey con�rmed that the resultingparame-
terizationswere correctanduseful.Second,to betterquan-
tify its effectiveness,our tool parameterizedclassesfrom
already-genericlibraries, and we compared the resultsto
thosethat were createdby the libraries' authors. Our tool
performedtherefactoringaccurately—in87%of casesthe
resultswere asgoodasthosecreatedmanuallybya human
expert, in 9% of casesthe tool resultswere better, and in
4%of casesthetool resultswere worse.

1 Intr oduction
Generics(aform of parametricpolymorphism)areafea-

ture of the Java 1.5 programminglanguage.Genericsen-
ablethecreationof type-safereusableclasses,whichsignif-
icantly reducesthe needfor potentiallyunsafedown-casts
in sourcecode.Muchpre-1.5Javacodewouldbene�t from
beingupgradedto usegenerics.Evennew codecanbene�t,
becausea commonprogrammingmethodologyis to write
non-genericcode�rst andconvert it later. The taskof in-
troducinggenericsto existing codecanbe viewed as two
relatedtechnicalproblems[7]:

1. The parameterizationproblemconsistsof addingtype
parametersto an existing class de�nition so that it
can be usedin different contexts without the loss of

type information. For example,onemight convert the
classde�nition class ArrayList { . . . } into class
ArrayList<T> { . . . } , with certainusesof Object in
thebodyreplacedby T.

2. Once a class has been parameterized,the instanti-
ation problem is the task of determining the type
argumentsthat should be given to instancesof the
generic class in client code. For example, this
might convert a declarationArrayList names; into
ArrayList<String> names; .

Theformerproblemsubsumesthe latterbecausethe intro-
ductionof type parametersoften requiresthe instantiation
of genericclasses.For example,if classHashSet usesa
HashMap asan internal representationof the set, thenpa-
rameterizingthe HashSet classrequiresinstantiatingthe
referencesto HashMap in thebodyof HashSet .

If no parameterizationis necessary, the instantiation
problemcanbesolvedusingcompletelyautomaticandscal-
abletechniques[7, 10], andtheINFER GENERIC TYPE AR-
GUMENTS refactoringin Eclipse3.1 is basedon our previ-
ous work [10]. However, to our knowledge,no previous
practicaland satisfactory solution to the parameterization
problemexists. Thus far, classlibraries suchas the Java
CollectionsFramework havebeenparameterizedmanually,
anddevelopersinvolvedwith this taskdescribedit asvery
time-consuming,tedious,anderror-prone[11, 2].

We presenta solution to the parameterizationproblem
suchthat: (i) the behavior of any client of the parameter-
izedclassesis preserved,(ii) the translationproducesa re-
sult similar to that which would be producedmanuallyby
a skilled programmer, and(iii) theapproachis practicalin
thatit admitsanef�cient implementationthatis easyto use.
Our approachfully supportsJava 1.5 generics,including
boundedandunboundedwildcards,andit hasbeenimple-
mentedasarefactoringin Eclipse.Previousapproachesfor
solving theparameterizationproblem[8, 6, 20] did not in-
cludeapracticalimplementation,andproducedincorrector
suboptimalresults,aswill bediscussedin Section5.

Weevaluatedourwork in two ways.First,weparameter-
izednon-genericclasses,andexaminedtheresultsto ensure
thatthey weresatisfactoryandusableto clients.Second,we
complementedthat qualitative analysiswith a quantitative
onein which we comparedits resultsto thoseproducedby
humanprogrammers.Our tool computesa solutionthat is
nearlyidentical to the hand-craftedone,andis sometimes



1 // A MultiSet maycontainagivenelementmorethanonce.
2 // Eachelementis associatedwith acount(acardinality).
3 public class MultiSet f
4 // counts mapseachelementto its numberof occurrences.
5 private Map counts = new HashMap( ) ;
6 public void add (Object t1 ) f
7 counts . put ( t1 , new Integer (getCount ( t1 ) + 1 ) ) ;
8 g
9 public Object getMostCommon ( ) f

10 return new SortSet ( this ) . getMostCommon ( ) ;
11 g
12 public void addAll (Collection c1 ) f
13 for ( Iterator iter = c1 . iterator ( ) ;
14 iter . hasNext ( ) ; ) f
15 add ( iter . next ( ) ) ;
16 g
17 g
18 public boolean contains (Object o1 ) f
19 return counts . containsKey (o1 ) ;
20 g
21 public boolean containsAll ( Collection c2 ) f
22 return getAllElements ( ) . containsAll ( c2 ) ;
23 g
24 public int getCount (Object o2 ) f
25 return ( ! contains (o2 ) ) ? 0 :
26 ( (Integer)counts . get (o2 ) ) . intValue ( ) ;
27 g
28 public Set getAllElements ( ) f
29 return counts . keySet ( ) ;
30 g
31 g
32

33 // A SortSetsortstheelementsof aMultiSetby their cardinality.
34 class SortSet extends TreeSet f
35 public SortSet ( final MultiSet m) f
36 super (new Comparator ( ) f
37 public int compare (Object o3 , Object o4 ) f
38 return m. getCount (o3 ) � m. getCount (o4 ) ;
39 g g ) ;
40 addAll (m. getAllElements ( ) ) ;
41 g
42 public boolean addAll (Collection c3 ) f
43 return super . addAll ( c3 ) ;
44 g
45 public Object getMostCommon ( ) f
46 return isEmpty ( ) ? null : first ( ) ;
47 g
48 g

1 // A MultiSetmaycontaina givenelementmorethanonce.
2 // Eachelementis associatedwith acount(a cardinality).
3 public class MultiSet <T1 > f
4 // counts mapseachelementto its numberof occurrences.
5 private Map<T1 ,Integer> counts = new HashMap<T1 ,Integer> ( ) ;
6 public void add (T1 t1 ) f
7 counts . put ( t1 , new Integer (getCount ( t1 ) + 1 ) ) ;
8 g
9 public T1 getMostCommon ( ) f

10 return new SortSet <T1 > ( this ) . getMostCommon ( ) ;
11 g
12 public void addAll (Collection <? extends T1 > c1 ) f
13 for ( Iterator <? extends T1 > iter = c1 . iterator ( ) ;
14 iter . hasNext ( ) ; ) f
15 add ( iter . next ( ) ) ;
16 g
17 g
18 public boolean contains (Object o1 ) f
19 return counts . containsKey (o1 ) ;
20 g
21 public boolean containsAll (Collection <?> c2 ) f
22 return getAllElements ( ) . containsAll ( c2 ) ;
23 g
24 public int getCount (Object o2 ) f
25 return ( ! contains (o2 ) ) ? 0 :
26 ( (Integer) counts .get (o2 ) ) . intValue ( ) ;
27 g
28 public Set<T 1 > getAllElements ( ) f
29 return counts . keySet ( ) ;
30 g
31 g
32

33 // A SortSetsortstheelementsof aMultiSetby their cardinality.
34 class SortSet <T2 > extends TreeSet <T2 > f
35 public SortSet ( final MultiSet <? extends T2 > m) f
36 super (new Comparator <T2 > ( ) f
37 public int compare (T2 o3 , T2 o4 ) f
38 return m. getCount (o3 ) � m. getCount (o4 ) ;
39 g g ) ;
40 addAll (m.getAllElements ( ) ) ;
41 g
42 public boolean addAll (Collection <? extends T2 > c3 ) f
43 return super . addAll ( c3 ) ;
44 g
45 public T2 getMostCommon ( ) f
46 return isEmpty ( ) ? null : first ( ) ;
47 g
48 g

Figure1. ClassesMultiSet andSortSet beforeandafterparameterizationby our tool. In the right column,modi�ed declarationsare
underlinedanda removedcastis struckthrough.Theexampleusescollectionclassesfrom packagejava.util in thestandardJava 1.5
libraries:Map, HashMap, Set , Collection , TreeSet .

evenbetter(i.e., it permitsmorecaststo beremoved).
Theremainderof thispaperis organizedasfollows. Sec-

tion 2 givesa motivatingexampleto illustratetheproblem
andour solution. Section3 presentsour classparameteri-
zationalgorithm. Section4 describesthe experimentswe
performedto evaluateour work. Section5 overviews re-
latedwork, andSection6 concludes.

2 Example
Figure1 shows an exampleprogramconsistingof two

classes,MultiSet and SortSet , beforeand after auto-
matic parameterizationby our tool. The following obser-
vationscanbemadeabouttherefactoredsourcecode:

1. On line 6, thetypeof theparameterof MultiSet.add() has
beenchangedto T1 , a new typeparameterof classMultiSet
thatrepresentsthetypeof its elements.

2. Online 9, thereturntypeof MultiSet.getMostCommon() is
now T1 . This, in turn, requiredparameterizingclassSortSet

with atypeparameterT2 (line34)andchangingthereturntype
of SortSet.getMostCommon() (line 45) to T2 . This shows
thatparameterizingoneclassmayrequireparameterizingoth-
ers.

3. On line 12, the parameterof MultiSet.addAll() now
hastypeCollection<? extends T1>, a boundedwildcard
type that allows any Collection that is parameterizedwith
a subtypeof the receiver's type argumentT1 to be passed
as an argument. The use of a wildcard is very important
here. Supposethat the type Collection<T 1> were used
instead. Then a (safe) call to addAll() on a receiver of
type MultiSet<Number> with an actualparameterof type
List<Integer> would not compile;theclient would befor-
biddenfrom usingthose(desirable)types.

4. On line 18, the type of the parameterof MultiSet.con-
tains() remainsObject . This is desirableandcorresponds
to the (manual)parameterizationof the JDK libraries. Sup-
posetheparameterof contains() hadtype T1 instead,and
considera client that addsonly Integer s to a MultiSet



andthat passesan Object to contains() at leastonceon
that MultiSet . Such a client would have to declarethe
MultiSet suboptimallyasMultiSet<Object> , ratherthan
MultiSet<Integer> aspermittedby oursolution.

5. On line 21, the type of the parameterof MultiSet.con-
tainsAll() hasbecomean unboundedwildcard Collec-
tion<?> (which is shorthandfor Collection<? extends
Object> ). Analogously with the contains() example
above,useof Collection<T 1> wouldforcealessprecisepa-
rameterizationof someinstancesof MultiSet in clientcode.

6. On line 28, the return type of MultiSet.getAll-
Elements() is parameterizedasSet<T 1>. It is importantnot
to parameterizeit with awildcard,asthatwouldseverelycon-
strainclient usesof the method's returnvalue(e.g.,it would
beillegal to addelementsotherthannull to thereturnedset.)

7. On line 42, the type of the parameterof methodSortSet-
.addAll() is parameterizedas Collection<? extends
T2>. Any otherparameterizationwould be incorrectbecause
the methodoverridesthe methodTreeSet.addAll() , and
thesignaturesof thesemethodsmustremainidenticalto pre-
serve theoverridingrelationship[11].

Evenfor this simpleexample,thedesiredparameteriza-
tion requires19 non-trivial changesto the program's type
annotations,andinvolvessubtlereasoning.In short,class
parameterizationis a complex process,andautomatedtool
assistanceis highly desirable.

Finally, we remarkthat, althoughthe exampleusesthe
standard(generic)Java libraries(e.g.,Map<K,V>, Set<E> ,
etc.),our techniqueis alsoapplicableto classesthatdo not
dependongenericclasses.

3 Algorithm

Ourparameterizationalgorithmhas3 steps:

1. Createtype constraintsfor all programconstructs,and
addadditionalconstraintsusingasetof closurerules.

2. Solve theconstraintsto determinea type for eachdec-
laration.

3. Rewrite the program's sourcecode: add new formal
type parameters,rewrite programdeclarations,andre-
moveredundantcasts.

After Section3.1presentsthenotationusedfor representing
type constraints,Sections3.2–3.3presentthe stepsof the
algorithm.

3.1 T yp e Constrain ts

This papergeneralizesandextendsa framework of type
constraints[15] thathasbeenusedfor refactoring[19, 5, 1]
and,in particular, asthebasisfor a refactoringthat solves
theinstantiationproblem[10] (i.e., inferring thetypeargu-
mentsthatshouldbegivento genericclassesin clientcode).
Due to spacelimitations, the pre-existing partsof the type
constraintsformalismaredescribedinformally, andthepre-
sentationfocuseson thenew constraintsnotationandalgo-
rithmic contributionsthatareneededfor solvingtheparam-
eterizationproblem.

Typeconstraintsarea formalismfor expressingsubtype
relationshipsbetweenprogram entities that are required
for preservingthe type-correctnessof programconstructs.
Consideranassignmentx=y . Theconstraint[y ] � [x ] states
that the type of y (representedby the constraint variable
[y ]) must be a subtypeof the type of x . If the original
programis type-correct,this constraintholds. The refac-
toring mustpreserve the subtyperelationship[y ] � [x ] so
that the refactoredprogramis type-correct.As anotherex-
ample,consideramethodSub.foo(Object p) thatover-
ridesa methodSuper.foo(Object q) . To preserve dy-
namicdispatchbehavior, therefactoredprogrammustpre-
serve theoverridingrelationship.This is guaranteedif the
refactoredprogramsatis�es a constraint[p] = [q] stating
thatthetypesof p andq areidentical.

Our algorithm generatestype constraintsfrom a pro-
gram'sabstractsyntaxtree(AST) in asyntax-directedman-
ner. A solution to the resultingconstraintsystemcorre-
spondsto a refactoredversionof the programfor which
type-correctnessandprogrambehavior is preserved. Fre-
quently, many legal solutionsexist, all of which preserve
theprogram's semantics,but someof which aremoreuse-
ful to clients.Our algorithmusesheuristics(Section3.3.1)
to chooseamonglegal solutions,but it never violatesthe
semanticsof theprogramby changingbehavior.

Refactoring for parameterizationis signi�cantly more
complex thanpreviouswork: it involvestheintroductionof
formal type parameterswith inheritancerelationsbetween
them,while simultaneouslyrewriting existing declarations
to refer to thesenew type parameters.This requirednon-
trivial extensionsandmodi�cations to the type constraints
formalismandthesolver, includingmostnotably:

1. the introductionof context constraint variablesrepre-
sentingthe typewith which newly introducedtype pa-
rametersareinstantiated,

2. the introductionof wildcard constraint variablesto ac-
commodatewildcardtypes,and

3. the useof heuristicsto guide the solver towardssolu-
tionspreferredby humanprogrammers(e.g.,not intro-
ducingtoo many type parameters,andpreferringsolu-
tionswith wildcardtypesin certaincases),without vio-
latingprogramsemantics.

Figure2 presentsthetypeconstraintnotation.Typecon-
straintsareof theform � � � 0 or � = � 0, where� and� 0

areconstraintvariables.Most formsof constraintvariables
arestandard,but wediscussthenew formscontext variables
andwildcard variables.

Context Variables. This paperintroducesa new form
of constraintvariablethat representsthe type with which
a (newly introduced)formal typeparameteris instantiated.
Suchacontext variableis of theform I � 0(� ) andrepresents
theinterpretationof constraintvariable� in acontext given
by constraintvariable� 0.

Wegivetheintuition behindcontext variablesbyexample.



Typeconstraintvariables:
� ::= � nw non-wildcardvariable

? extends � nw wildcardtypeupper-boundedby � nw

? super � nw wildcardtypelower-boundedby � nw

� nw ::= � ctxt contexts
T typeparameter
I � ctxt (� ) � , interpretedin context � ctxt

� ctxt ::= [e] typeof expressione
[M ret ] returntypeof methodM
[M i ] typeof i th formalparameterof methodM
C monomorphictypeconstant

Typeconstraints:
� = � 0 type� mustbethesameastype� 0

� � � 0 type� mustbethesameas,or a subtypeof, type� 0

Figure2. Notationusedfor de�ning typeconstraints.

� ::= � nw non-wildcardtype
? extends � nw upper-boundedwildcardtype
? super � nw lower-boundedwildcardtype

� nw ::= C monomorphictypeconstant
T extends � nw typeparameter

Figure3. Grammarof typesusedin theanalysis.

� ConsidertheJDK classList<E> . Referencesto its type pa-
rameterE only make sensewithin the de�nition of List . In
the context of an instanceof List<String> , the interpreta-
tion of E is String , while in the context of an instanceof
List<Number> , the interpretationof E is Number. We write
I [x ](E) for theinterpretationof E in thecontext of variablex .

� Considerthe call counts.put(t1,...) on line 7 of Fig-
ure1. Javarequiresthetypeof the�rst actualparametert1 to
be a subtypeof the formal parameterkey of Map.put . This
is expressedby theconstraint[t1 ] � I [counts ] (key ), which
meansthat the typeof t1 is a subtypeof the typeof key , as
interpretedby interpretationfunctionI [counts ] . This inter-
pretationfunctionmapstheformal typeparametersin thede-
claredtypeof Mapto thetypeswith whichthey areinstantiated
in thedeclarationof counts .

Using a context variablehereis important. Generatinga
constraintwithout a context, i.e., [t1 ] � [key ], would be in-
correct.Variablekey hastypeK, andthereis nodirectsubtype
relationshipbetweenthetypeT1 of [t1 ] andthetypeparame-
ter K of thedistinctclassMap. It would be likewise incorrect
to requirethat[t1 ] � K.

Ouralgorithmeventuallyresolves[t1 ] to T1 , implying that
I [counts ] mapsK to T1 , andthusI [counts ] (key ) resolves
to T1 .

� In somecases,a context � ctxt is irrelevant. For example,
I � ctxt (String ) alwaysresolvesto String , regardlessof the
context � ctxt in which it is interpreted.

Wildcard Variables. Therearetwo situationswhereour
algorithmintroduceswildcardsin therefactoredprogram.

Wildcard variables are of the form ? extends �
or ? super � (where � is another constraint vari-
able), and are used in caseswhere Java's typing rules

assignmente1=e2

f [e2 ] � [e1 ]g (r1)

statementreturn e0 in methodM
f [e0 ] � [M ret ]g (r2)

call e � e0 . m( e1 , : : : , ek ) to instancemethodM
canAddParams � Decl(M ) 2 TargetClasses
CGen([e]; = ; [M ret ]; [e0 ]; canAddParams) [ (r3)S
1� i � k CGen([ei ]; � ; [M i ]; [e0 ]; canAddParams) (r4)

� 1 � � 2 I � 0(� 1) or I � 0(� 2) exists

I � 0(� 1) � I � 0(� 2)
(r5)

� 1 � � 2 I � 1 (� ) or I � 2 (� ) exists

I � 1 (� ) = I � 2 (� )
(r6)

Figure4. Representativeexamplesof rulesfor generatingtypecon-
straintsfrom Java constructs(rules(r1)–(r4))andof closurerules
(rules(r5)–(r6)). Figure5 shows auxiliary de�nitions usedby the
rules.TargetClassesis a setof classesthatshouldbeparameter-
ized by addingtype parameters.Decl(M ) denotesthe classthat
declaresmethodM .

require the use of wildcard types. For example,
in Figure 1, SortSet.addAll() (line 42) overrides
java.util.TreeSet.addAll() . If SortSet becomes
agenericclasswith formal typeparameterT2, thenpreserv-
ing this overridingrelationshiprequiresthe formal param-
eterc3 of SortSet.addAll() to have the sametype as
thatof TreeSet.addAll() , which is declaredin theJava
standardlibraries as TreeSet.addAll(Collection<?
extends E>) . Threepartsof our algorithmwork together
to accomplishthis: (i) The type of c3 is represented,us-
ing acontext variable,asCollection< I [c3 ] (E )>, (ii) Type
constraintgeneration(Section3.2) producesI [c3 ](E ) =
? extends I SortSet (E ), which usesa wildcard vari-
able, and (iii) Constraintsolving (Section 3.3) resolves
I SortSet (E ) to T2.

Our algorithm also introduceswildcard types in cases
wherethat resultsin a more�e xible solution,asdiscussed
in Section3.3.1. However, this doesnot involve theuseof
wildcardvariables.

3.2 T yp e Constrain t Generation

Figure4 showsa few representativerulesfor generating
type constraints.The rulesomittedfrom Figure4 involve
nosigni�cantly differentanalysis.

Rules(r1) and (r2) are from previous work. Rule (r1)
statesthat thetypeof the right-handsideof anassignment
mustbeequalto or asubtypeof theleft-handside.Rule(r2)
statesthat if a methodcontainsa statement“ return e0”,
thenthetypeof thereturnedexpressione0 mustbeequalto
or asubtypeof themethod'sdeclaredreturntype.Thecom-
pletesetof rules[19, 10] is omittedfor brevity andcovers
theentireJava language.



� P is thetype,in theoriginalprogramP , of theprogramconstructcorrespondingto � .

CGen createsandreturnsa setof typeconstraints.Theresultconstrains� andthe interpretationof � 0 in context � 00. Theparticularconstraint(= , � , or
� ) between� andI � 00(� 0) is determinedby op. CGen is de�ned by caseanalysison thetypeof its third parameterin theoriginalprogramP .

CGen (�; op; � 0; � 00; canAddParams) =8
>>>>>>>>><

>>>>>>>>>:

f � op Cg when� 0
P � C andcanAddParams � false (c1)

f � op I � 00(� 0)g when� 0
P � C andcanAddParams � true (c2)

f � op Cg [
S

1� i � m CGen (I � (W i ); = ; [� i ]; � 00; canAddParams) when� 0
P � Ch� 1 ; : : : ; � m i andC is declaredasChW1 ; : : : ; Wm i (c3)

f � op I � 00(T )g when� 0
P � T (c4)

CGen (�; � ; [� 0]; � 00; canAddParams) when� 0
P � ? extends � 0 (c5)

CGen (�; � ; [� 0]; � 00; canAddParams) when� 0
P � ? super � 0 (c6)

Figure5. Auxiliary functionsusedby theconstraintgenerationrulesin Figure4.

Rules(r3) and(r4) areamongthenew rulesintroduced
in this research.Rules(r3) and(r4) govern methodcalls.
Rule (r3) statesthat the type of the methodcall expres-
sion is the sameas the return type of the method(in the
context of the receiver). This correspondsto how the type
checker treatsa methodcall (i.e., the type of the call and
the type of the methodare the same). Rule (r4) relates
the actual and formal type parametersof the call. The
TargetClassesset(a userinput to thealgorithm)indicates
which classesshouldbe refactoredby addingtype param-
eters(e.g., in Figure1, classesMultiSet , SortSet , and
theanonymousclassdeclaredon line 35 areassumedto be
in TargetClasses). The auxiliary function CGen, de�ned
in Figure5, performstheactualgenerationof a setof con-
straints.

Java's type rules imposecertain restrictionson para-
metric types. Closurerules suchas (r5) and (r6) in Fig-
ure 4 enforcethoserestrictions. Rule (r5) requiresthat,
given two formal type parameters1 T1 and T2 such that
T1 � T2 and any context � in which either actualtype
parameterI � (T1) or I � (T2) exists,thesubtypingrelation-
ship I � (T1) � I � (T2) must also hold. To illustrate this
rule, considera classC<T1, T2 extends T1> and any
instantiationC<C1, C2>. Then,C2 � C1 musthold, im-
plying that e.g., C<Number, Integer> is legal but that
C<Integer, Number> is not. Rule (r6) enforcesinvari-
ant subtyping2 of parametrictypes: Ch� i is a subtypeof
Ch� 0i if f � = � 0.

Examples. The following examplesshow how the rules of
Figure 4 apply to three programconstructsin the example of
Figure 1. The examplesassumethat the set TargetClassesis
f MultiSet ,SortSet g.
line 26:call counts.get(o2) to methodMap<K,V>.get(Object)

(r3)
! CGen ([counts.get(o2) ],= ,[Map.get ret ],[counts ],false)
(c4)
! f [counts.get(o2) ] = I [counts ] (V) g

This constraint expresses that the type of the expression

1or constraintvariablesthatcouldbecomeformal typeparameters
2In the presenceof wildcard types, Java uses the more relaxed

`containment' subtyping [11]: ? extends Number is contained in
? extends Object andthereforeSet h? extends Numberi isasubtype
of Set h? extends Object i ). In this paperandin our implementation,
weconservatively assumeinvariantsubtypingevenwith wildcardtypes.

[counts.get(o2) ] is the sameas the return type of method
Map.get in thecontext of thereceiver counts .
line 7: call counts.put(t1,...) to methodMap<K,V>.put(K,V)

(r4)
! CGen ([t1 ],� ,[Map.put 1 ],[counts ],false) [ : : :
(c4)
! f [t1 ] � I [counts ] (K) , : : :g

In otherwords,thetypeof t1 mustbeasubtypeof thetypeof the
�rst parameterof Map.put in thecontext of thetypeof counts .
line 15:call add(iter.next()) to methodMultiSet.add(Object)

(r4)
! CGen ([iter.next() ],� ,[t1],[MultiSet.addAll.this ],true )
(c2)
! f [iter.next() ] � I [MultiSet.addAll.this ] ([ t1 ]) g

This indicatesthat iter.next() 's typemustbea subtypeof the
typeof t1 in thecontext of MultiSet.addAll .

3.3 Constrain t Solving

A solutionto thesystemof typeconstraintsis computed
usingthe iterative worklist algorithmof Figure6. During
solving, eachvariable � has an associatedtype estimate
Est(� ). An estimateis a setof types,wheretypesareas
de�ned in Figure3. Eachestimateis initialized to the set
of all possible(non-parametric)typesand shrinksmono-
tonically asthealgorithmprogresses.Whenthealgorithm
terminates,eachestimateconsistsof exactly onetype. Be-
causetypeestimatesdo not containparametrictypes,they
are�nite sets,andalgebraicoperationssuchasintersection
canbe performeddirectly. As an optimization,our imple-
mentationusesasymbolicrepresentationfor typeestimates.

Algorithm Details. First, the algorithm initializes the
typeestimatefor eachconstraintvariable,at lines2 and15–
22 in Figure6.

The algorithmusesa worksetP containingthosecon-
straintvariablesthat it hasdecidedshall becometype pa-
rameters,but for whichthatdecisionhasyet to beexecuted.
ThesetP is initially seededwith theconstraintvariablethat
correspondsto the declarationthat is selectedeither by a
heuristicor by theuser(line 3). Theinner loop of parame-
terize()(lines5–11)repeatedlyremovesanelementfrom P
andsetsits estimateto a singletontypeparameter. For new
typeparameters,theupperboundis thedeclaredtypein the
original (unparameterized)program.

Whenever a type estimatechanges,thosechangesmust
bepropagatedthroughthetypeconstraints,possiblyreduc-



Notation:
Est (� ) a setof types,thetypeestimateof constraintvariable�
� P typeof constraintvariable� in theoriginalprogram
Sub(� ) setof all non-wildcardsubtypesof �
Wild (X ) setof wildcardtypes(bothlower- andupper-

bounded)for all typesin typeestimateX
US

E universeof all types,includingall wildcardtypes
(i.e.,bothsuper andextends wildcards)

Subroutine parameterize():1

initialize()2

// P is a setof variablesknown to betypeparameters
P  � f automatically-or user-selectedvariableg3

repeatuntil all variableshavesingle-typeestimates4

while P is notemptydo5

� tp  � remove elementfrom P6

if Est(� tp ) containsa typeparameterthen7

Est(� tp )  � f typeparameterfrom Est(� tp )g8

else9

Est(� tp )  � f createnew typeparameterg10

propagate()11

if 9�: jEst (� )j > 1 then12

Est(� )  � f selecta typefrom Est(� )g13

propagate()14

// Setinitial typeestimatefor eachconstraintvariable
Subroutine initialize():15

foreachnon-context variable� do16

if � cannothavewildcard typethen17

Est(� ) = Sub(� P )18

else19

Est(� ) = Sub(� P ) [ Wild (Sub(� P ))20

foreachcontext variableI � 0(� ) do21

Est(I � 0(� )) = US
E22

// Reconciletheleft andright sidesof eachtypeinequality
Subroutine propagate():23

repeatuntil �xed point (i.e., until estimatesstopchanging)24

foreachconstraint � � � 0 do25

Remove from Est(� ) all typesthatarenota subtypeof26

a typein Est(� 0)
Remove from Est(� 0) all typesthatarenotasupertype27

of a typein Est(� )
if Est(� ) or Est(� 0) is emptythen28

stop: “No solution”29

foreachcontext variableI � 0(� ) do30

if Est(I � 0(� )) is a singletonsetwith typeparameterT31

andEst(� ) doesnotcontainT then
add� to P32

Figure6: Pseudo-codefor theconstraintsolvingalgorithm.

ing thetypeestimatesof othervariablesaswell. Thepropa-
gate()subroutineperformsthis operation,ensuringthatthe
estimateson both sidesof a type constraintcontainonly
typesthatareconsistentwith therelation.Whenevera con-
text variableI � 0(� ) getsresolved to a type parameter, �
mustalsoget resolved to type parameter(line 30). To see
why, supposethat � getsresolvedto a non-typeparameter

type,C. In thatcase,thecontext is irrelevant(asmentioned
in Section3.1), andthusI � 0(� ) alsomustget resolved to
C (i.e., not a typeparameter).This is a contradiction.This
steppropagatesparameterizationchoicesbetweenclasses.

Assemblyof Parametric Types.Thetypeestimatescre-
atedduring the constraintsolution algorithm are all non-
parametric,evenfor constraintvariablesthatrepresentpro-
gramentitieswhosetypewasparametric(e.g.,c1 online 12
in Figure1), or will beparametricafterrefactoring(e.g.,t1
on line 6 in Figure1). A straightforwardalgorithm,applied
aftersolving,assemblestheseresultsinto parametrictypes.
For instance,the type Collection for [c1 ] and the type
? extends T1 for I [c1 ](E ) are assembledinto the type
Collection<? extends T1> for [c1 ].

A technicalreport[13] walksthroughadetailedexample
of thesolvingalgorithm. It alsodiscusseshow our system
handlesinterfacesandabstractclasses.

Someclassesarenot parameterizableby any tool [13].
If the presentedalgorithmis appliedto sucha class(e.g.,
String ), thenthealgorithmeithersignalsthat parameter-
ization is impossible(line 28 in Figure6) or elseproduces
a result in which the type parameteris usedin only 1 or
2 places.An implementationcould issuea warningin this
case,but our prototypedoesnothavethis feature.

Our analysis,like many others,doesnot accountfor the
effectsof re�ective methodcalls,but useof parameterized
re�ection-relatedclasses(suchasjava.lang.Class<T> )
posesno problems.Theanalysiscanapproximatethe�o w
of objectsin a nativemethodbasedon thesignature.

3.3.1 Heuristics

The algorithm of Figure 6 makes an underconstrained
choiceon lines 3, 6, 12, and13. (On line 8, thereis only
one possibility.) Any choice yields a correct (behavior-
preservingandtype-safe)result,but someresultsaremore
useful to clients (e.g., permit elimination of more casts).
Our implementationmakes an arbitrary choiceat lines 6
and12, but usesheuristicsat lines 3 and 13 to guide the
algorithmto ausefulresult.

Our tool letsa userselect,with a mouseclick, a typeto
parameterize.Otherwise,it usesthefollowing heuristic.

1. If a genericsupertypeexists,usethesupertype'ssigna-
turesin the subtype.This is especiallyuseful for cus-
tomizedcontainerclasses.

2. Parameterizethe returnvalueof a “retrieval” method.
A retrieval method's result is downcastedby clients,
or it has a name matchingsuch strings as get and
elementAt . Even classesthat arenot collectionsof-
tenhavesuchretrieval methods[7].

3. Parameterizethe formal parameterto an insertion
method.An insertionmethodhasanamematchingsuch
stringsasadd or put .

Givena typeestimateto narrow, line 13 choosesoneof
its elements. The heuristicminimizesthe useof castsin



parameterizableclassestime diff vs.manual
library classesLOC type uses(sec.)samebetter worse

concurrent 14 2715 415 115 353 37 25
apache 74 9904 1183 301 1011 116 56
jutil 9 305 80 1 65 15 0
jpaul 17 827 178 6 148 22 8
amadeus 8 604 129 5 125 1 3
dsa 9 791 162 3 158 4 0
antlr 10 601 140 6 n/a n/a n/a
eclipse 7 582 100 5 n/a n/a n/a
Total 148 16329 2387 442 1860 195 92

Figure 7. Experimentalresults. “Classes”is the numberof pa-
rameterizableclassesin thelibrary, includingtheir nestedclasses.
“LOC” is linesof code.“Typeuses”is thenumberof occurrences
of a reference(non-primitive) typein thelibrary; this is themaxi-
malnumberof locationswherea typeparametercouldbeusedin-
stead.Thenext columnshows thecumulative run time. The“dif f
vs. manual”columnsindicatehow our tool's outputcomparesto
themanualparameterization.

client code,while preserving�e xibility in caseswherethis
doesnotaffect type-safety:it prefers(in this order):

i) typesthatpreservetypeerasureover thosethatdonot,
ii) wildcardtypesovernon-wildcardtypes,and
iii) type parametersover other types,but only if sucha

choiceenablesinferenceof typeparametersfor return
typesof methods.

4 Evaluation
A practicaltype parameterizationtool mustbe correct,

accurate,andusable.Correctnessrequiresthatrun-timebe-
havior is notmodi�ed for any client. Accuracy requiresthat
theparameterizationis closeto whata humanwould have
written by hand.Usability requiresthat thetool is easierto
usethanotheravailableapproaches.This sectiondescribes
ourexperimentalevaluationof thesedesiderata.

4.1 Implemen tation

We implementedour techniquein a refactoringtool that
is integratedwith the Eclipse integrateddevelopmenten-
vironment. Our previous work on the instantiationprob-
lem [10] wasadoptedby theEclipsedevelopersandmade
into Eclipse 3.1's INFER GENERIC TYPE ARGUMENTS

refactoring. Our parameterizationtool builds on that pre-
vious implementationwork and is integratedwith Eclipse
in a similarway.

A programmercanuseour tool interactively to directa
refactoringprocess(eachstepof which is automatic)by se-
lecting(clicking on)anoccurrenceof atypein theprogram.
Thetool automaticallyrewrites(parameterizes)theclassin
which themouseclick occurred,andpossiblyotherclasses
aswell. Alternatively, a programmercanspecifya setof
classesto parameterize,and the tool heuristicallyselects
type occurrences.The tool usesEclipse's built-in support

for displayingchanges,andtheusercanexaminethemone-
by-one,acceptthem,or backoutof thechanges.

4.2 Metho dology

Ourevaluationusesacombinationof 6 librariesthathave
alreadybeenparameterizedby their authors,and2 libraries
thathave not yet beenmadegeneric;thesetwo varietiesof
evaluationhave complementarystrengthsandweaknesses.
Useof already-parameterizedlibrarieslets us evaluateour
technique's accuracy by comparingit to the judgmentof a
humanexpertotherthanourselves.However, it is possible
that the library authorsperformedotherrefactoringsat the
sametime as parameterization,to easethat task. Use of
non-parameterizedlibrariesavoids this potentialproblem,
but theevaluationis moresubjective,anda humanreading
the tool output may not notice as many problemsas one
who is performingthe full task. (It would be easyfor us
to parameterizethemourselves,but suchan approachhas
obviousmethodologicalproblems.)

Our experimentsstartedwith a complete,non-param-
eterizedlibrary. (For already-parameterizedlibraries, we
�rst applieda tool that erasedthe formal and actualtype
parametersandaddednecessarytypecasts.)Not all classes
areamenableto parameterization;we selecteda subsetof
the library classesthat we consideredlikely to be param-
eterizable. Our tool failed to parameterize34-40%of se-
lectedclassesdueto limitationsof thecurrentimplementa-
tion. For example,theimplementationdoesnot yet support
inferenceof F-boundedtype parameters,e.g.,T extends
Comparable<T> . Also, our prototypeimplementationstill
containsa few bugs that prevent it from processingall
classes(but donotaffectcorrectnesswhenit doesrun).

The experimentsprocessedthe classesof the library in
the following order. We built a dependencegraphof the
classes,then appliedour tool to eachstrongly connected
component,startingwith thoseclassesthatdependedonno
other(to-be-parameterized)classes.This is thesameorder
aprogrammerfacedwith theproblemwould choose.

All experimentsusedour tool's fully automaticmode.
For example,ateachexecutionof line 3 of Figure6, it chose
the lexicographically�rst candidatetypeuse,accordingto
theheuristicsof Section3.3.1.To make theexperimentob-
jective andreproducible,we did not applyour own insight,
nordid werewrite sourcecodeto makeit easierfor our tool
to handle,even when doing so would have improved the
results.

Figure 7 lists the subjectprograms. All of theseli-
brarieswere written by peopleother than the authorsof
this paper. concurrent is the java.util.concurrent
packagefrom Sun JDK 1.5. apache is the Apachecol-
lections library (larvalabs.com/collections/ ). ju-
til is a Java Utility Library (cscott.net/Projects/
JUtil/ ). jpaul is the Java ProgramAnalysis Utility Li-
brary (jpaul.sourceforge.net ). amadeus is a data
structurelibrary (people.csail.mit.edu/adonovan/ ).



dsais acollectionof genericdatastructures(www.cs.fiu.
edu/˜weiss/#dsaajava2 ). antlr is a parsergenerator
(www.antlr.org ). eclipseis a universaltooling platform
(www.eclipse.org ). Thelasttwo librarieshave not been
parameterizedby their authors.

Most of the classesare relatively small (the largest
is 1303 lines), but this is true of Java classesin general.
Our tool processeseachclassor relatedgroupof classesin-
dependently, so thereis no obstacleto applyingit to large
programs.

4.3 Results

4.3.1 Corr ectness

A parameterizationis correctif it is backward-compatible
andself-consistent.Backward compatibility requiresthat
the erasureof the resultingparameterizedclassesis iden-
tical to the input. If so, thenthecompiled.class �le be-
havesthesameastheoriginal,unparameterizedversion:for
example,all methodoverriding relationshipshold, exactly
thesamesetof clientscanbe compiledandlinked against
it, etc. Consistency (type-correctness)requiresthat thepa-
rameterizedclassessatisfythetypingrulesof Javagenerics;
morespeci�cally, thataJavacompilerissuesnoerrorswhen
compilingtheparameterizedclasses.

Our tool's outputfor all thetestedlibrary classesis cor-
rect: it is bothbackward-compatibleandconsistent.

4.3.2 Accuracy

We determinedour tool's accuracy in differentwaysfor li-
brariesfor which no genericversionis available(antlr and
eclipse) andthosefor which a genericversionis available
(all others).

Whenno genericversionof a library wasavailable, its
developersexaminedevery changemadeby our tool and
gave their opinion of the result. A developerof Eclipse
concludedthatthechangeswere“goodandusefulfor code
migrationto Java 5.0.” He mentionedonly 1 instance(out
of 100 usesof typesin the Eclipseclasseswe parameter-
ized)wherethe inferredresult,while correct,couldbe im-
proved. A developerof ANTLR statedthat the changes
madeby our tool are“absolutelycorrect”. He mentioned1
instance(out of 140 usesof types in the parameterized
classes)wherethe inferred result,while correct,could be
improved.

Whena genericversionof a library is available,we ex-
aminedeachdifferencebetweenthe pre-existing parame-
terizationandour tool's output. For 87%of all typeanno-
tations,the outputof our tool is identicalor equallygood.
For 4% of annotations,theoutputof our tool is worsethan
thatcreatedby thehuman.For 9% of annotations,thetool
output is betterthan that createdby the human. Figure7
tabulatestheresults.

Giventwo parameterizations,weusedtwo criteriato de-
cide which was better. The �rst, and more important, is
which oneallows morecaststo be removed—inclientsor

in the library itself. The secondarycriterion is which one
morecloselyfollows thestyleusedin theJDK collections;
they weredevelopedandre�ned overmany yearsby a large
groupof expertsandcanbereasonablyconsideredmodels
of style. (Whenmultiple stylesappearin theJDK, we did
not countdifferencesin eitherthe“better” or “worse”cate-
gory.) Thetwo criteriaarein closeagreement.We present
threeexamplesfrom eachcategory.

Exampleswhentheoutputof our tool wasworse:

i. Our tool does not instantiate the �eld next in mem-
ber type LinkedBlockingQueue.Node (in concurrent) as
Node<E>, but leavesit raw. Suchachoiceis safe,but it is less
desirablethanthemanualparameterization.

ii. Our tool doesnot infer typeparametersfor methods;for ex-
ample,apache's PredicatedCollection.decorate .

iii. Our tool inferredtwo separatetype parametersfor interface
Buffer in theapachelibrary. In thiscasethemanualparam-
eterizationhadonly one.

Exampleswhentheoutputof our tool wasbetter(in each
case,thedevelopersof thepackageagreedthe inferredso-
lution wasbetterthantheirmanualparameterization):

i. Our tool addsa formal typeparameterto memberclassSyn-
chronousQueue.Node in concurrent. The parameteral-
lowseliminationof severalcastsinsideSynchronousQueue .

ii. In methodVerboseWorkSet.containsAll in jpaul , our
tool inferredan upper-boundedtype parameterwildcard for
the Collection parameter. This permitsmore �e xible use
andfewer castsby clients,andalsoadheresto the standard
collectionsstylefrom theJDK.

iii. Our tool inferred Object as the type of the parameterof
methodCanonical.getIndex in amadeus. This is more
�e xible with fewer casts(andfollows theJDK style). A sim-
ilar caseoccurredin jpaul (our tool inferredObject for the
parameterof WorkSet.contains ).

4.3.3 Usability

Our tool operatedfully automatically, processingeachclass
in under3 secondsonaverage.A userwho electedto man-
ually selecttype useswould only needto make 89 mouse
clicks to add135typeparametersto 148classes.As men-
tioned,4% of thecomputedresultsaresub-optimal,requir-
ing manualcorrection.

By comparison,manualparameterizationrequiresmak-
ing 1655editsto addgenerictypes— afterreadingthecode
to decidewhat edits to make. The humanresultwassub-
optimal9%of thetime,soadjustingtheresultsafter�nish-
ing is evenmorework thanin thetool-assistedcase.

We cannotcompareour tool to any other tool because
weknow of nonethatsupportsthis refactoring.

Thoseresultsillustratethatmanualparameterizationre-
quiresasigni�cant amountof work. Parameterizationof the
apachecollectionstook“a few weeksof programming”,ac-
cordingto oneof thedevelopers.It is anerror-proneactivity
and,to quotethesamedeveloper, “the mainadvantagewe
hadwastheover11,000testcasesincludedwith theproject,
thatlet usknow wehadn't brokenanything toobadly.”



5 RelatedWork

Duggan[8] presentsanautomaticapproachfor parame-
terizingclasseswritten in PolyJava,a Java subsetextended
with parameterizedtypes. Duggan's type inferenceinfers
onetypeparameterfor eachdeclarationin aclass.Evenaf-
terapplyingsimpli�cations to reducethenumberof useless
typeparameters,Duggan'sanalysisleadsto classeswith ex-
cesstype parameters.Duggan's analysisis inapplicableto
Java becausePolyJava differs from Java 1.5 in several im-
portantways,andDuggandoesnotaddressissuesrelatedto
raw types,arraysof generictypes,andwildcard typesthat
arisein practice.Duggandoesnotreportanimplementation
or empiricalresults.

Donovan and Ernst [6] presentanotherautomatedap-
proachfor the parameterizationof Java classes.The tech-
nique determinesboth type parametersand where decla-
rations should refer to those type parameters. The ap-
proach�rst performsanintra-classanalysisthatconstructs
a type constraintgraphusing data�ow rules. Then, after
collapsingstronglyconnectedcomponentsandmakingad-
ditional graphsimpli�cations, an inter-classanalysisfuses
type parameterswhererequiredto preserve methodover-
riding. The algorithm also determineshow referencesto
genericclassesshouldbeupdated,by inferring actualtype
parameters.Our work differs in several signi�cant ways.
AlthoughDonovanandErnststatethatthedesiredsolution
is computedfor severalexamples,they reportthat“often the
classis over-generalized”(hastoo many type parameters).
Theirwork pre-datesJava1.5genericsandtargetsatransla-
tion to GJ[3]. As a result,they mayinfer arraysof generic
types(disallowedin Java1.5generics),anddonotconsider
the inferenceof wildcard types. They reportno empirical
results.

Von DincklageandDiwan[20] alsopresenta combined
approachfor theparameterizationof classesandfor thein-
ferenceof actualtypeparametersin clientsof thoseclasses.
Similarly to Duggan[8], their tool (Ilwith) createsonetype
parameterper declaration,then usesheuristicsto merge
typeparameters.Oursystemdiffersin its (1) algorithm,(2)
implementation,and(3) evaluation. (1) Ilwith is unsound,
dueto insuf�cient typeconstraints— it is missingthosefor
preservingerasurefor methodsand �elds, and overriding
relationshipsbetweenmethods. As a result, the behavior
of both the library and its clients may changeafter pa-
rameterization,without warning; this makesthe technique
unsuitablein practice. By contrast,our approachis cor-
rect (seeSection4.3.1)andusesheuristicsonly to choose
amonglegal solutions. Unlike our approach,Ilwith does
not handlekey featuresof Java genericssuchasraw types
andwildcards.To control run time andthenumberof con-
straintvariables,Ilwith usesspecialcasesin thealgorithm
to handleotherJava features,suchascalls to staticmeth-
odsandmethodsin genericclasses,andcontext-, �eld-, and
instance-sensitivity; by contrast,our systemis more uni-
form, andwe have not foundperformanceto bea problem.

Ilwith createsmaximally many type parametersand then
tries to mergethemvia heuristics(thoughotherheuristics,
suchas the requirementthat every �eld declarationmen-
tions a type parameter, may leave the resultover-general).
By contrast,our techniquestartswith no type parameters
and incrementallyaddsthem. (2) We mentiononly two
differencesbetweenthetwo implementations.First, Ilwith
doesnot rewrite sourcecode,but merelyprintsmethodsig-
natureswithout providing details on how methodbodies
shouldbe transformed. Second,Ilwith took “less than 2
minutes” per classon a 2.66 GHz machine,whereasour
implementationaveragedlessthan3 secondsper classon
a 2.2 GHz machine. (3) The experimentalevaluationof
the two tools differs as well. Ilwith was evaluatedon 9
datastructures(5 lists, 1 stack, 1 set, and 2 maps)cho-
senfrom two libraries(47 classesaltogether, including in-
ner classes,interfacesand abstractclasses). The authors
madewhatevereditswerenecessaryto enableIlwith to suc-
ceed,so theclassesaremostlike thepre-parameterizedli-
brariesin our evaluation. However, the authorsdid not
evaluatethe accuracy of the solution,eithervia examina-
tion by a Java expertor via comparisonto existing param-
eterizedversionsof the libraries(thenavailable,for exam-
ple, from the GJ projectandfrom JDK 1.5 betareleases).
Eventheexamplesignaturesshown in thepaperdiffer from
whataprogrammerwouldhavewrittenmanually, for exam-
ple in addAll , contains , equals , putAll , remove , and
removeEntryForKey . (The authorsstatethat the results
areconsistentwith Eiffel, but a Java programmerperform-
ing arefactoringis morelikely to careaboutJavasemantics
andbackwardcompatibility.)

Previous work by the presentauthorsincludestwo al-
gorithms[7, 10] that, given a setof genericclasses,infer
how client code can be updatedby inferring actual type
parametersandremoving caststhathave beenrenderedre-
dundant.This paperextendsthe constraintformalismand
implementationof [10]. As discussedin Section3.1, the
mostsigni�cant of theseextensionsarethe introductionof
context constraintvariablesand wildcard constraintvari-
ableswith correspondingextensionsof the solver, andthe
useof heuristicsto guidethesolver towardssolutionspre-
ferredby humanprogrammers.Although [10] includesa
modefor inferring methodtype parametersby meansof a
context-sensitive analysis,it doesnot infer classtype pa-
rameters. Other previous work usestype constraintsfor
refactoringsrelatedto generalization[19], customizationof
library classes[5], andrefactoringsfor migratingapplica-
tionsbetweensimilar library classes[1]. The INFER TYPE

refactoringby Steimannetal. [18] letsaprogrammerselect
agivenvariableanddeterminesaminimal interfacethatcan
be usedas the type for that variable. If suchan interface
doesnot yet exist, it is createdautomatically. Steimannet
al. only presenttheir type inferencealgorithminformally,
but they constraintsappearsimilar to thoseof [19].

A numberof authorshave exploredcompile-timepara-



metrictypeinferenceto easetheburdenof explicit parame-
terizationin languagessupportingparametrictypes[14, 16,
12]. Many of theseapproacheswereappliedto functional
programminglanguages,andthusfocusonintroducingtype
parametersfor functions,ratherthanfor classesor modules.
Suchlanguagesdiffer from Java in thelack of a classhier-
archywith inheritanceandoverriding,or in theuseof struc-
tural (cf. nominal)subtyping,or in thelack of thenotionof
type erasure.Thesedifferencesin semanticsandstructure
necessitatesigni�cantly differentconstraintsystems.More-
over, the type systemsin many functionallanguages(e.g.,
ML) inducea uniqueprinciple typefor eachprogramvari-
able,whereasin our casethe constraintsystemleavesthe
possibilityto selecta desirableresultfrom a softwareengi-
neeringperspective,which is a critical concernfor source-
to-sourcetransformations.Yet otherworks describepara-
metric type inferenceeven for languageswith mandatory
explicit parameterizationfor the purposeof statically type
checkingsuchdiverselanguagesasCecil, constraintlogic
programming[9] or ML. Again, theseworks differ from
oursin many critical detailsof thelanguage'stypesystem.

Siff andReps[17] translateC functionsinto C++ func-
tion templatesby usingtypeinferenceto detectlatentpoly-
morphism. Opportunitiesfor introducing polymorphism
stemfrom operatoroverloading,referencesto constantsthat
can be wrappedby constructorcalls, and from structure
subtyping. De Sutteret al. [4] perform codecompaction
via link-time inferenceof reusableC++ object codefrag-
ments.Their work reconstitutestype-parametricfunctions
from templateinstantiationscreatedduringcompilation,but
doessousingcodesimilarity detectionratherthantypein-
ference,andona low-level representation(objectcode).

6 Conclusion

We have presenteda solution to the parameterization
problem,which involvesaddingtype parametersto exist-
ing, non-genericclassdeclarations.This is a complex task
dueto requirementsof backwardcompatibilityandbehav-
ior preservation,theexistenceof multipletype-correctsolu-
tions,complicationsposedby raw andwildcard types,and
the necessityto simultaneouslyparameterizeand (generi-
cally) instantiatemultiple interrelatedclasses. Our algo-
rithm handlesall theseissuesandthefull Java language.

Our parameterizationalgorithm subsumesprevious al-
gorithms for generic instantiation,which changelibrary
clients to take advantageof libraries that have beenmade
generic.Ouranalysiscomputesaninstantiationat thesame
timeasit performsparameterization.

We have implementedour algorithm in the context of
the EclipseIDE andrun experimentsto verify its correct-
ness,accuracy, andusability. The resultsarecorrect: they
arebackward-compatibleandthey maintainbehavior. The
resultsareevenmoreaccuratethanparameterizationsper-
formed by the library authors: 9% of the tool resultsare
better, and4% of thetool resultsareworse.
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