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Abstract

Type safety and expressivenessf 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-
selvesnustbe parameterizednanually which is a tedious,
time-consumingand error-pronetask. e presenta type-
constaint-basedalgorithm for cornverting non-generic li-
brariesto addtypeparametes. Thealgorithm handlesthe
full Java language and preservesadkward compatibility
thusmakingit safefor existing clients. Amongother fea-
tures, it is capableof inferring wildcard typesand intro-
ducingtypeparametes for mutually-dependeriasses\We
haveimplementedhealgorithmasa fully automaticrefac-
toring in Eclipse

We evaluatedour work in two ways. First, our tool pa-
rameterizedcode that was lacking type parametes. We
contactedthe developes of several of theseapplications,
andin all casesthey con rmed that the resultingparame-
terizationswere correctanduseful.Secondto betterquan-
tify its effectivenessour tool parameterizedclassesfrom
already-genericlibraries, and we compaed the resultsto
thosethat were createdby the libraries' authors. Our tool
performedthe refactoringaccurately—in87% of caseshe
resultswere asgoodasthosecreatedmanuallyby a human
expert, in 9% of casesthe tool resultswere better and in
4% of caseghetool resultswere worse

1 Intr oduction

Genericgaform of parametrigpolymorphismareafea-
ture of the Java 1.5 programminglanguage.Genericsen-
ablethecreationof type-safeeusablalasseswhich signif-
icantly reduceshe needfor potentiallyunsafedown-casts
in sourcecode.Much pre-1.5Java codewould bene t from
beingupgradedo usegenericsEvennew codecanbene t,
becausea commonprogrammingmethodologyis to write
non-genericcode rst andcorwvertit later The taskof in-
troducinggenericsto existing code can be viewed as two
relatedtechnicalproblemd7]:

1. The parameterizatiorproblemconsistsof addingtype
parametersto an existing class de nition so that it
can be usedin different contexts without the loss of
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type information. For example,one might corvert the

classde nition class ArrayList ~ {...} intoclass
ArrayList<T> {...}, with certainusesof Object in
thebodyreplacedoy 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 corvert a declarationArrayList names; into
ArrayList<String> names; .

Theformer problemsubsumeshe latter becausehe intro-
duction of type parameter®ften requiresthe instantiation
of genericclasses.For example,if classHashSet usesa
HashMap as an internal representationf the set,then pa-
rameterizingthe HashSet classrequiresinstantiatingthe
referenceso HashMap in thebody of HashSet .

If no parameterizations necessarythe instantiation
problemcanbesolvedusingcompletelyautomaticandscal-
abletechnique$7, 10], andtheINFER GENERIC TYPE AR-
GUMENTS refactoringin Eclipse3.1is basedon our previ-
ouswork [10]. However, to our knowledge, no previous
practicaland satishctory solutionto the parameterization
problemexists. Thusfar, classlibraries suchasthe Java
CollectionsFrameavork have beenparameterizedhanually
anddevelopersinvolvedwith this taskdescribedt asvery
time-consumingtedious,anderrorprone[11, 2].

We presenta solution to the parameterizatiomproblem
suchthat: (i) the behaior of ary client of the parameter
ized classess presered, (ii) the translationproducesare-
sult similar to that which would be producedmanuallyby
a skilled programmerand (iii) the approachs practicalin
thatit admitsanef cient implementatiorthatis easyto use.
Our approachfully supportsJara 1.5 generics,including
boundedandunboundedvildcards,andit hasbeenimple-
mentedasarefactoringin Eclipse.Previousapproachefor
solving the parameterizatioproblem[8, 6, 20] did notin-
cludeapracticalimplementationandproducedncorrector
suboptimakesultsaswill bediscussedn Section5.

We evaluatedburwork in two ways. First,we parameter
izednon-genericlassesandexaminedheresultsto ensure
thatthey weresatishctoryandusableto clients. Secondwe
complementedhat qualitative analysiswith a quantitatve
onein which we comparedts resultsto thoseproducedby
humanprogrammers Our tool computesa solutionthatis
nearlyidenticalto the hand-craftecdbne,andis sometimes



1/l A MultiSet may containa givenelementmorethanonce.
2/l Eachelements associatedvith a count(a cardinality).

1// A MultiSet may containa givenelementmorethanonce.
2 // Eachelements associatedvith acount(a cardinality).

3public class MultiSet f 3public class MultiSet <T;> f

4 [l counts mapseachelemento its numberof occurrences. 4 [l counts mapseachelemento its numberof occurrences.
5 private  Map counts = new HashMap(); 5 private  Map<Ty,Integer> counts = new HashMap<Tj,Integer> ();
6 public void add(Object t1) f 6 public void —add (T, t1) f

7 counts .put (t1 , new Integer (getCount (t1) + 1)); 7 counts .put (t1 , new Integer (getCount (t1) + 1));
8 g 8 g

9 public Object getMostCommon () f 9 public T; getMostCommon () f

10 return  new SortSet (this ).getMostCommon (); 10 return — new SortSet <T;>(this ).getMostCommon ();
1 g 1 g

12 public void addAll (Collection cl) f 12 public void addAll (Collection <? extends T;> cl) f
13 for  (lterator iter = cl .iterator 0; 13 for (lterator <? extends T;> iter = cl .iterator 0;
14 iter .hasNext (); ) f 14 iter .hasNext (); ) f

15 add (iter .next ()); 15 add (iter .next ());

16 g 16 g

17 g 17 g

18 public boolean contains (Object o0l1) f 18 public boolean contains (Object ol) f

19 return  counts .containsKey (ol); 19 return  counts .containsKey (ol);

20 g 20 g

21 public boolean containsAll (Collection c2) f 21 public  boolean containsAll (Collection <?> ¢2) f
22 return  getAllElements () . containsAll (c2); 22 return  getAllElements () . containsAll (c2);

23 g 23 g

24 public int getCount (Object o02) f 24 public int getCount (Object o02) f

25 return (! contains (02)) ? 0 : 25 return (! contains (02)) ? 0 :

26 ((Integer)counts .get (02)).intValue (); 26 counts .get (02)).intValue ();
27 g 27 g

28 public Set getAllElements O f 28 public  Set<T 1> getAllElements O f

29 return  counts .keySet (); 29 return  counts .keySet ();

30 g 3 g

31Q 319

32 32

a3/l A SortSetsortsthe elementof a MultiSet by their cardinality a3/ A SortSetsortsthe elementof a MultiSet by their cardinality
3aclass SortSet extends TreeSet f 3aclass SortSet <T,> extends TreeSet <T,> f

35 public SortSet (final MultiSet  m) f 35 public SortSet (final MultiSet <? extends T,> m) f
36 super (new Comparator () f 36 super (new Comparator <T,>() f

37 public int compare (Object 03, Object o04) f 37 public int compare (T> 03, T, 04) f

38 return  m.getCount (03) m.getCount (04); 38 return  m.getCount (03) m.getCount (04);

39 99); 39 99);

40 addAll  (m. getAllElements 0); 40 addAll  (m.getAllElements 0);

a1 g a1 g

42 public boolean addAll (Collection c3) f 42 public boolean addAll (Collection <? extends T,> c3) f
43 return  super .addAll (c3); 43 return  super .addAll (c3);

a4 g a4 g

45 public Object getMostCommon () f 45 public T, getMostCommon () f

46 return  isEmpty () ? null : first  (); 46 return — isEmpty () ? null : first  ();

47 g 47 g

489 489

Figurel. ClassesviultiSet and SortSet

underlinedanda removed castis struckthrough. The exampleusescollectionclassesrom packaggava.util

libraries:Map, HashMap, Set , Collection , TreeSet .

beforeandafter parameterizatioy our tool. In theright column,modi ed declarationsare

in the standardlava 1.5

evenbetter(i.e., it permitsmorecastso beremoved).

Theremaindeof thispapelis organizedasfollows. Sec-
tion 2 givesa motivating exampleto illustratethe problem
andour solution. Section3 presentur classparameteri-
zationalgorithm. Section4 describeghe experimentswe
performedto evaluateour work. Section5 overviews re-
latedwork, andSection6 concludes.

2 Example

Figure 1 shawvs an example programconsistingof two
classesMultiSet and SortSet , beforeand after auto-
matic parameterizatiomy our tool. The following obser
vationscanbe madeaboutthe refactoredsourcecode:

1. Online 6, thetype of the parametepf MultiSet.add() has
beenchangedo T, anew type parametenf classMultiSet
thatrepresentshetype of its elements.

2. Online 9, thereturntypeof MultiSet.getMostCommon() is
now T;. This,in turn, requiredparameterizinglassSortSet

with atypeparameteT; (line 34)andchanginghereturntype
of SortSet.getMostCommon() (line 45) to T,. This shavs
thatparameterizingneclassmayrequireparameterizingth-
ers.

3. On line 12, the parameterof MultiSet.addAll() now
hastype Collection<? extends Ti>, aboundedvildcard
typethatallows ary Collection  thatis parameterizedvith
a subtypeof the recever's type agumentT; to be passed
as an agument. 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 recever of
type MultiSet<Number>  with an actual parameternf type
List<Integer> would not compile;the client would be for-
biddenfrom usingthose(desirable}ypes.

4. On line 18, the type of the parameterof MultiSet.con-
tains() remainsObject . Thisis desirableandcorresponds
to the (manual)parameterizatiorf the JDK libraries. Sup-
posethe parameteof contains()  hadtype T; 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  suboptimallyas MultiSet<Object> , ratherthan
MultiSet<Integer> aspermittedby our solution.

5. On line 21, the type of the parameterof MultiSet.con-

tainsAll() hasbecomean unboundedwildcard Collec-
tion<?> (which is shorthandor Collection<? extends
Object> ). Analogously with the contains() example

above, useof Collection<T ;> wouldforcealessprecisepa-
rameterizatiorof someinstance®f MultiSet  in clientcode.
6. On line 28, the return type of MultiSet.getAll-
Elements() is parameterizedsSet<T 1>. It isimportantnot
to parameterizét with awildcard,asthatwould severely con-
strainclient usesof the methods returnvalue (e.qg.,it would
beillegalto addelementotherthannull  to thereturnedset.)
7. On line 42, the type of the parametenf methodSortSet-
.addAll() is parameterizedas Collection<? extends
T»>. Any otherparameterizatiomould beincorrectbecause
the methodoverridesthe methodTreeSet.addAll() , and
the signatureof thesemethodsmustremainidenticalto pre-
senetheoverridingrelationship[11].

Evenfor this simpleexample,the desiredparameteriza-
tion requires19 non-trivial changego the programs type
annotationsandinvolvessubtlereasoning.In short, class
parameterizatioiis a complex processandautomatedool
assistances highly desirable.

Finally, we remarkthat, althoughthe exampleusesthe
standardgeneric)Java libraries(e.g.,Map<K,V>, Set<E>,
etc.),our techniquds alsoapplicableto classeghatdo not
depencbn genericclasses.

3 Algorithm

Our parameterizatioalgorithmhas3 steps:

1. Createtype constraintgor all programconstructsand
addadditionalconstraintausinga setof closurerules.

2. Solwe the constraintdo determinea type for eachdec-
laration.

3. Rewrite the programs sourcecode: add new formal
type parameterstewrite programdeclarationsandre-
move redundantasts.

After Section3.1presentshenotationusedfor representing
type constraints Sections3.2—3.3presentthe stepsof the
algorithm.

3.1 Type Constrain ts

This papergeneralizesandextendsa framework of type
constraintg15] thathasbeenusedfor refactoring[19, 5, 1]
and,in particular asthe basisfor a refactoringthat solves
theinstantiationproblem[10] (i.e., inferring thetype argu-
mentsthatshouldbegivento genericclassedn clientcode).
Dueto spacdimitations, the pre-&isting partsof the type
constraintgormalismaredescribednformally, andthepre-
sentatiorfocuseson the new constraintsiotationandalgo-
rithmic contributionsthatareneededor solvingtheparam-
eterizationproblem.

Type constraintsaarea formalismfor expressingsubtype
relationshipsbetweenprogram entities that are required
for preservingthe type-correctnessf programconstructs.
Considemnassignment=y . Theconstrainfy] [x] states
that the type of y (representedby the constaint variable
[y]) mustbe a subtypeof the type of x. If the original
programis type-correctthis constraintholds. The refac-
toring mustpresenre the subtyperelationshiply]  [x] so
thatthe refactoredprogramis type-correct.As anotherex-
ample,consideramethodSub.foo(Object p) thatover
ridesa methodSuper.foo(Object q) . To presenre dy-
namicdispatchbehaior, the refactoredprogrammustpre-
sene the overriding relationship. This is guaranteedf the
refactoredprogramsatis es a constraint[p] = [q] stating
thatthetypesof p andq areidentical.

Our algorithm generatesype constraintsfrom a pro-
gram'sabstracsyntaxtree(AST) in asyntax-directednan-
ner A solutionto the resulting constraintsystemcorre-
spondsto a refactoredversionof the programfor which
type-correctnesand programbehaior is presered. Fre-
guently mary legal solutionsexist, all of which presere
the programs semanticsbut someof which aremoreuse-
ful to clients. Our algorithmusesheuristicg(Section3.3.1)
to chooseamonglegal solutions,but it never violatesthe
semantic®f the programby changingoehaior.

Refactoring for parameterizations signi cantly more
comple thanpreviouswork: it involvestheintroductionof
formal type parametersvith inheritancerelationsbetween
them,while simultaneouslyewriting existing declarations
to refer to thesenew type parameters.This requirednon-
trivial extensionsand modi cations to the type constraints
formalismandthesolver, includingmostnotably:

1. the introductionof contet constaint variablesrepre-
sentingthe type with which newly introducedtype pa-
rametersareinstantiated,

2. theintroductionof wildcard constaint variablesto ac-
commodatevildcardtypes,and

3. the useof heuristicsto guide the solver towardssolu-
tions preferredby humanprogrammerge.g.,not intro-
ducingtoo mary type parametersand preferringsolu-
tionswith wildcardtypesin certaincases)withoutvio-
lating programsemantics.

Figure2 presentshetypeconstraininotation. Typecon-
straintsareof the form %r = 0 where and °
areconstraintvariables.Most forms of constraintvariables
arestandardbut we discusghenew formscontext variables
andwildcard variables

Context Variables. This paperintroducesa new form
of constraintvariablethat representghe type with which
a (newly introduced)formal type parameteis instantiated.
Suchacontetvariableis of theform| o ) andrepresents
theinterpretationof constraintvariable in acontetgiven
by constraintvariable °.

We givetheintuition behindcontext variablesy example



Typeconstraintvariables:
n= nw non-wildcardvariable
?extends nw Wildcardtypeupperboundeddy nw
?super nw wildcardtypelower-boundeddy nw

nw o= ctxt contets
T type parameter
I e () , interpretedn context ¢
caxt o= [€] type of expressiore
[Mret ] returntype of methodM
Mi] typeofi" formal parametenf methodW
C monomorphidype constant

Typeconstraints:

= 0 type mustbethesameastype

0 type mustbethesameas,or a subtypeof, type

0
0

Figure2. Notationusedfor de ning type constraints.

u= nw non-wildcardtype
? extends . upperboundedwildcardtype
? super nw lower-boundedwildcardtype
w = C monomorphidype constant
T extends nw typeparameter

Figure3. Grammarof typesusedin theanalysis.

Considerthe JDK classList<E> . Referenceso its type pa-
rametere only make sensewithin the de nition of List . In
the contet of aninstanceof List<String> , theinterpreta-
tion of E is String , while in the contet of an instanceof
List<Number> , the interpretationof E is Number. We write
| x1(E) for theinterpretatiorof E in the context of variablex.
Considerthe call counts.put(ti,...) on line 7 of Fig-
urel. Javarequireshetypeof the rst actualparametetl to
be a subtypeof the formal parametekey of Map.put . This
is expressedy theconstraingtl ] | (counts j(key ), which
meanghatthetypeof t1 is a subtypeof thetype of key, as
interpretedby interpretationfunction| (counts 1. Thisinter-
pretationfunctionmapsthe formal type parameterin thede-
claredtypeof Mapto thetypeswith whichthey areinstantiated
in thedeclaratiorof counts .

Using a context variable hereis important. Generatinga
constraintwithout a context, i.e., [tL ]  [key], would bein-
correct.Variablekey hastypek, andthereis nodirectsubtype
relationshipbetweerthetypeT; of [t1 ] andthetype parame-
ter K of the distinctclassMap. It would belikewise incorrect
torequirethat[tl ] K.

Our algorithmeventuallyresohes|tl ] to Ty, implying that
| [counts ] MapsK to Ty, andthus| (counts j(key) resohes
toT:.

In somecases,a context o« IS irrelevant. For example,
I . (String ) alwaysresohesto String , regardlesf the
contxt cxe in whichit isinterpreted.

Wildcard Variables. Therearetwo situationsvhereour
algorithmintroduceswildcardsin therefactoredorogram.
Wildcard variables are of the form ? extends
or ? super (where is another constraint vari-
able), and are usedin caseswhere Java's typing rules

assignmené; =e,

flez2] [er]g (r1)
statementeturn ey in methodM
fleol [Mretlg (r2)
calle e.m(er, :::, e) toinstancenethodM
canAddParams Decl(M) 2 TargetClasses

g CGen([e];=; [Mret ]; [e0]; canAddParams) [ (r3)
1 i «CGen([e], ;[Mi];[eo]; canAddParams) (r4)

I o( 1) orl of 2)exists

I o 1) I o 2)

1 2

(r5)

I ,()orl ,( ) exists

FaC)=1,0)

Figure4. Representate examplesf rulesfor generatingypecon-
straintsfrom Java constructqrules(rl)—(r4)) andof closurerules
(rules(r5)—(r6)). Figure5 shaws auxiliary de nitions usedby the
rules. TargetClassesis a setof classeghatshouldbe parameter
ized by addingtype parametersDecl(M ) denoteshe classthat
declaresnethodM .

1 2

(r6)

require the use of wildcard types.
in Figure 1, SortSet.addAll() (line 42) overrides
java.util. TreeSet.addAll() . If SortSet becomes
agenericclasswith formaltype parameter,, thenpreserv-
ing this overriding relationshiprequiresthe formal param-
eterc3 of SortSet.addAll() to have the sametype as
thatof TreeSet.addAll() , Which is declaredn the Java
standardlibraries as TreeSet.addAll(Collection<?

extends E>). Threepartsof ouralgorithmwork together
to accomplishthis: (i) The type of c3 is representedys-
ing acontext variable asCollection< | ¢3;(E)>, (i) Type
constraintgeneration(Section3.2) producesl ¢3;(E) =
? extends | gortset (E), which usesa wildcard vari-
able, and (iii) Constraintsolving (Section 3.3) resohes
I sortset (E) toTe.

Our algorithm also introduceswildcard typesin cases
wherethatresultsin a more e xible solution,asdiscussed
in Section3.3.1. However, this doesnot involve the useof
wildcardvariables.

For example,

3.2 Type Constrain t Generation

Figure4 shavs a few representatie rulesfor generating
type constraints. The rules omitted from Figure 4 involve
no signi cantly differentanalysis.

Rules(rl) and(r2) arefrom previous work. Rule (r1)
stateghatthe type of the right-handside of anassignment
mustbeequalto or a subtypeof theleft-handside.Rule(r2)
stateshatif a methodcontainsa statementreturn  ep”,
thenthetype of thereturnedexpressiorey mustbeequalto
or asubtypeof themethodsdeclaredeturntype. Thecom-
pletesetof rules[19, 10] is omittedfor brevity andcovers
theentireJavalanguage.



p isthetype,in theoriginal programP, of the programconstructcorrespondingo .

CGen createsandreturnsa setof type constraints Theresultconstrains andtheinterpretatiorof %in contet %0 Theparticularconstraint(=, , or
) between andl oo ©) is determinedby op. CGen is de ned by caseanalysison thetype of its third parametem the original programP .

gGen(; op; % % canAddParams) =

f opCg
f opl oo Hg
f opCgl ; ; mCGen(l (Wi);=;[i]; % canAddParams)
f opl oo(T)g
% cGen(; ;[ 9; %canAddParams)
" cGen(; ;[ 9; %canAddParams)

when % C andcanAddParams false (c1)
when % C andcanAddParams  true (c2)
when % Ch1;:::; miandC isdeclaredasChW1;:::;Wmi  (c3)
when % T (c4)
when % 2 extends °© (c5)
when % 2 super © (c6)

Figure5. Auxiliary functionsusedby the constrainigeneratiorrulesin Figure4.

Rules(r3) and(r4) areamongthe new 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
contet of therecever). This correspondso how the type
checler 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 parameterof the call. The
TargetClassesset(a userinput to the algorithm)indicates
which classeshouldbe refactoredby addingtype param-
eters(e.g.,in Figurel, classesMultiSet , SortSet , and
theanorymousclassdeclarecon line 35 areassumedo be
in TargetClasse}. The auxiliary function CGen de ned
in Figure5, performsthe actualgeneratiorof a setof con-
straints.

Java's type rules impose certain restrictionson para-
metric types. Closurerules suchas (r5) and (r6) in Fig-
ure 4 enforcethoserestrictions. Rule (r5) requiresthat,
given two formal type parameters T; and T, suchthat
T1 T, andary context in which either actualtype
parametet (T;) orl (T,) exists,thesubtypingrelation-
shipl (T1) | (T2) mustalsohold. To illustrate this
rule, considera classC<T1, T2 extends T1> andary
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 subtyping of parametrictypes: Ch i is a subtypeof
Ch9iff = ©

Examples. The following examplesshawv how the rules of
Figure 4 apply to three programconstructsin the example of
Figure 1. The examplesassumethat the set TargetClassesis

f MultiSet ,SortSet @.
line 26:call counts.get(02) to methodMap<K,V>.get(Object)

frs) CGen ([counts.get(02) .= [Map.get (g ],[counts ],false)

4)
Ec f [counts.get(02) 1= I [counts (V) O
This constraint expressesthat the type of the expression

lor constraintvariablesthat couldbecomeormal type parameters

2In the presenceof wildcard types, Jasa usesthe more relaved
‘containment' subtyping [11]: ? extends Number is contained in
? extends Object andthereforeSet h? extends Numberi isasubtype
of Seth? extends Object i). In this paperandin our implementation,
we conseratively assumenvariantsubtypingevenwith wildcardtypes.

[counts.get(02) ] is the sameas the return type of method
Map.get in thecontext of therecever counts .
line 7: call counts.put(tl,...) to methodMap<K,V>.put(K,V)
¥ ceen(t1], [Mapput 1], [counts Jfalse)[ :::
£ 101 1 counts 1091110
In otherwords,thetypeof t1 mustbea subtypeof thetype of the

rst parameteof Map.put in the contet of thetypeof counts .
line 15:call add(iter.next()) to methodMultiSet.add(Object)

Y cGen(liternext) ], [t1],[MuliSet.addAllthis ltrue)
c2) .
f f [iternext) 1 | [MultiSet.addAll.this 1t 9
This indicatesthatiter.next() 'stype mustbe a subtypeof the
typeof t1 in thecontet of MultiSet.addAll

3.3 Constrain t Solving

A solutionto the systemof type constraintss computed
usingthe iterative worklist algorithm of Figure6. During
solving, eachvariable hasan associatedype estimate
Est ). An estimateis a setof types,wheretypesare as
de ned in Figure 3. Eachestimateis initialized to the set
of all possible(non-parametrictypesand shrinks mono-
tonically asthe algorithmprogressesWhenthe algorithm
terminateseachestimateconsistof exactly onetype. Be-
causetype estimatesio not containparametridypes,they
are nite sets,andalgebraicoperationsuchasintersection
canbe performeddirectly. As anoptimization,ourimple-
mentatiorusesasymbolicrepresentatiofor typeestimates.

Algorithm Details. First, the algorithminitializes the
typeestimatefor eachconstraintvariable atlines2 and15-
22in Figure6.

The algorithm usesa worksetP containingthosecon-
straintvariablesthatit hasdecidedshall becometype pa-
rametersbut for which thatdecisionhasyetto beexecuted.
ThesetP isinitially seededvith theconstraintariablethat
corresponddo the declarationthat is selectedeither by a
heuristicor by the user(line 3). Theinnerloop of parame-
terize()(lines5-11)repeatedlyemovesanelementfrom P
andsetsits estimateto a singletontype parameterfFor new
typeparametergheupperboundis thedeclaredypein the
original (unparameterizeg)rogram.

Wheneer a type estimatechangesthosechangesnust
be propagatedhroughthetype constraintspossiblyreduc-



Notation:

Est( ) asetof types,thetypeestimateof constrainivariable
P typeof constraintvariable in theoriginal program
Suld ) setof all non-wildcardsubtypef

Wild (X) setof wildcardtypes(bothlower- andupper
boundedYor all typesin type estimateX

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

1 Subroutine parameterize():

2 initialize()
/I P is asetof variablesknown to betype parameters
3 P f automatically-or userselectedariabley

4 repeatuntil all variableshavesingle-typeestimates
5  while P is notemptydo

6 t remove elementfrom P

7 if Est( ) containsa typeparameterthen

8 Est( i) f type parametefrom Est( )g
9 else

10 Est( ) f createnew type parametey
11 propagate()

12 if9:jEst( )j> 1then

13 Est( ) f selectatypefrom Est( )g

14 propagate()

/I Setinitial type estimatefor eachconstraintvariable
15 Subroutine initialize():
16 foreachnon-contgt variable do
17 if cannothavewildcard typethen
18 Est( )=Suld p)
19 else
20 Est( )=Sul{ ) [ Wild (Sul{ »))
21 foreachcontetvariablel o( ) do
22 Est(l of )) =Ug

// Reconciletheleft andright sidesof eachtypeinequality
23 Subroutine propagate():
24 repeatuntil xed point(i.e., until estimatestopchanging)

25  foreachconstaint %do

26 Remae from Est( ) all typesthatarenota subtypeof
atypein Est( 9

27 Remove from Est( 9 all typesthatarenotasupertype
of atypein Est( )

28 if Est( ) or Est( 9 is emptythen

29 stop: “No solution”

30 foreachcontetvariablel o( ) do

31 if Est(l o )) is asingletonsetwith typeparameterT
andEst( ) doesnotcontainT then

32 add toP

Figure6: Pseudo-codfor theconstrainsolvingalgorithm.

ing thetypeestimate®f othervariablesaswell. Thepropa-
gate()subroutineperformsthis operation ensuringthatthe
estimateson both sidesof a type constraintcontainonly
typesthatareconsistentvith therelation.Whene&era con-
text variablel o ) getsresoledto atype parameter
mustalsogetresohedto type parametefline 30). To see
why, supposahat getsresohedto a non-typeparameter

type,C. In thatcasethecontext is irrelevant(asmentioned
in Section3.1), andthus| o ) alsomustgetresolhedto
C (i.e.,notatypeparameter)Thisis acontradiction.This
steppropagateparameterizatioshoicesbetweerclasses.

Assemblyof Parametric Types.Thetypeestimatesre-
atedduring the constraintsolution algorithm are all non-
parametricevenfor constraintvariablesthatrepresenpro-
gramentitieswhosetypewasparametride.g.,c1 online 12
in Figurel), orwill beparametriafterrefactoring(e.g.,tl
online 6 in Figurel). A straightforwardalgorithm,applied
aftersolving,assembletheseresultsinto parametridypes.
For instance the type Collection ~ for [c1] andthe type
? extends T for I'c1;(E) areassemblednto the type
Collection<? extends Ti>for[c1].

A technicakeport[13] walksthrougha detailedexample
of the solving algorithm. It alsodiscussesiow our system
handlesnterfacesandabstractlasses.

Someclassesare not parameterizabléy ary tool [13].
If the presentedalgorithmis appliedto sucha class(e.qg.,
String ), thenthe algorithmeithersignalsthat parameter
izationis impossible(line 28 in Figure6) or elseproduces
a resultin which the type parameteiis usedin only 1 or
2 places.An implementatiorcould issuea warningin this
caseput our prototypedoesnot have this feature.

Our analysisJike mary others,doesnot accountfor the
effectsof re ective methodcalls, but useof parameterized
re ection-relatedclassegsuchasjava.lang.Class<T> )
poseso problems.The analysiscanapproximatehe o w
of objectsin a natve methodbasedon the signature.

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 (behaior-
preservingandtype-safeyesult,but someresultsaremore
usefulto clients (e.g., permit elimination of more casts).
Our implementationmakes an arbitrary choice at lines 6
and 12, but usesheuristicsat lines 3 and 13 to guide the
algorithmto ausefulresult.

Ourtool letsa userselect,with a mouseclick, atypeto
parameterizeOtherwisejt useshefollowing heuristic.

1. If agenericsupertypeexists, usethe supertypes signa-
turesin the subtype. This is especiallyusefulfor cus-
tomizedcontainerclasses.

2. Parameterizehe returnvalue of a “retrieval” method.
A retrieval methods result is downcastedby clients,
or it has a name matchingsuch strings as get and
elementAt . Even classeghat are not collectionsof-
tenhave suchretrieval methodq7].

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

Givenatype estimateto narraw, line 13 chooseoneof
its elements. The heuristicminimizesthe useof castsin



parameterizableclassestime | diff vs.manual
library |[classesLOC |type useg(sec.)samgbetter|worse
concurrenf 14 |2715| 415 115| 353 | 37 25
apache 74 |9904| 1183 | 3011|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 | nla| nla| nla
eclipse 7 582 100 5 | nfa| nla | nla
Total 148 16329 2387 | 4421860 195 | 92

Figure 7. Experimentalresults. “Classes”is the numberof pa-
rameterizablelassedn thelibrary, includingtheir nestectclasses.
“LOC” islinesof code.“Typeuses”is the numberof occurrences
of areferencgnon-primitive) typein thelibrary; this is the maxi-
mal numberof locationswhereatype parametecouldbeusedin-
stead.The next columnshaws the cumulatize run time. The “dif f
vs. manual”columnsindicatehow our tool's outputcomparego
themanualparameterization.

client code,while preservinge xibility in casesvherethis
doesnot affecttype-safetyit prefers(in this order):

i) typesthatpreseretypeerasureoverthosethatdonot,
i) wildcardtypesovernon-wildcardtypes,and
iii) type parameterver othertypes, but only if sucha
choiceenablesnferenceof type parametersor return
typesof methods.

4 Evaluation

A practicaltype parameterizatiomool mustbe correct,
accurateandusable Correctnesgequireghatrun-timebe-
havior is notmodi ed for ary client. Accurag requireghat
the parameterizatiois closeto whata humanwould have
written by hand.Usability requiresthatthetool is easierto
usethanotheravailableapproachesThis sectiondescribes
our experimentakevaluationof thesedesiderata.

4.1 Implemen tation

We implementedbur techniquén arefactoringtool that
is integratedwith the Eclipseintegrateddevelopmenten-
vironment. Our previous work on the instantiationprob-
lem [10] wasadoptedby the Eclipsedevelopersand made
into Eclipse 3.1's INFER GENERIC TYPE ARGUMENTS
refactoring. Our parameterizatiotiool builds on that pre-
vious implementatiorwork andis integratedwith Eclipse
in asimilarway.

A programmercanuseour tool interactively to directa
refactoringprocesgeachstepof whichis automatichy se-
lecting(clicking on) anoccurrencef atypein theprogram.
Thetool automaticallyrewrites (parameterizegheclassin
which themouseclick occurredandpossiblyotherclasses
aswell. Alternatively, a programmercan specify a set of
classesto parameterizeand the tool heuristically selects
type occurrences.The tool usesEclipses built-in support

for displayingchangesandtheusercanexaminethemone-
by-one,accepthem,or backout of thechanges.

4.2 Metho dology

Ourevaluationusesacombinatiorof 6 librariesthathave
alreadybeenparameterizetly their authorsand?2 libraries
thathave not yet beenmadegeneric;thesetwo varietiesof
evaluationhave complementangtrengthsandweaknesses.
Useof already-parameterizdibrarieslets us evaluateour
techniques accuray by comparingit to the judgmentof a
humanexpertotherthanourselhes. However, it is possible
thatthe library authorsperformedotherrefactoringsat the
sametime as parameterizationto easethat task. Use of
non-parameterizetibraries avoids this potentialproblem,
but the evaluationis moresubjectve, anda humanreading
the tool output may not notice as mary problemsas one
who is performingthe full task. (It would be easyfor us
to parameterizéhem oursehes, but suchan approachhas
obviousmethodologicaproblems.)

Our experimentsstartedwith a complete,non-param-
eterizedlibrary. (For already-parameterizéibraries, we

rst applieda tool that erasedthe formal and actualtype
parameterandaddednecessaryype casts.)Not all classes
areamenabldo parameterizationye selecteda subsetof
the library classeshat we consideredikely to be param-
eterizable. Our tool failed to parameterize84-40%of se-
lectedclasseglueto limitations of the currentimplementa-
tion. For example theimplementatiordoesnot yet support
inferenceof F-boundedype parameterse.g., T extends
Comparable<T> . Also, our prototypeimplementatiorstill
containsa few bugs that prevent it from processingall
classegbut do not affect correctnessvhenit doesrun).

The experimentsprocessedhe classesf the library in
the following order We built a dependencgraphof the
classesthen applied our tool to eachstrongly connected
componentstartingwith thoseclasseshatdepende@n no
other(to-be-parameterizeajassesThis is the sameorder
aprogrammefacedwith the problemwould choose.

All experimentsusedour tool's fully automaticmode.
For example ateachexecutionof line 3 of Figure®6, it chose
the lexicographically rst candidatetype use,accordingto
theheuristicsof Section3.3.1.To make the experimentob-
jective andreproduciblewe did not apply our own insight,
nordid we rewrite sourcecodeto make it easierfor ourtool
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 SunJDK 1.5. apacheis the Apachecol-
lections library (larvalabs.com/collections/ ). ju-
til is a Java Utility Library (cscott.net/Projects/

Jutil/ ). jpaul is the Jara ProgramAnalysis Utility Li-
brary (jpaul.sourceforge.net ). amadeusis a data
structurdibrary (people.csail.mit.edu/adonovan/ ).



dsais acollectionof genericdatastructuregwww.cs.fiu.
edu/"weiss/#dsaajava2 ). antlr is a parsergenerator
(www.antlr.org ). eclipseis a universaltooling platform
(www.eclipse.org ). Thelasttwo librarieshave notbeen
parameterizety their authors.

Most of the classesare relatively small (the largest
is 1303 lines), but this is true of Java classesn general.
Ourtool processesachclassor relatedgroupof classesn-
dependentlyso thereis no obstacleto applyingit to large
programs.

4.3 Results
4.3.1 Correctness

A parameterizatiofis correctif it is backward-compatible
and self-consistent.Backward compatibility requiresthat
the erasureof the resultingparameterizedlassess iden-
tical to theinput. If so,thenthe compiled.class le be-
havesthesameastheoriginal,unparameterizedersion:for
example,all methodoverriding relationshipshold, exactly
the samesetof clientscanbe compiledandlinked against
it, etc. Consisteng (type-correctnessequiresthatthe pa-
rameterizealassesatisfythetyping rulesof Javagenerics;
morespeci cally, thataJavacompilerissuesoerrorswhen
compilingthe parameterizedlasses.

Ourtool's outputfor all the testedibrary classess cor-
rect:it is bothbackward-compatibl@ndconsistent.

4.3.2 Accuracy

We determinedbur tool's accurag in differentwaysfor li-
brariesfor which no genericversionis available(antlr and
eclips@ andthosefor which a genericversionis available
(all others).

Whenno genericversionof a library was available, its
developersexaminedevery changemadeby our tool and
gave their opinion of the result. A developerof Eclipse
concludedhatthe changesvere“good andusefulfor code
migrationto Java 5.07 He mentionedonly 1 instance(out
of 100 usesof typesin the Eclipseclasseave parameter
ized)wherethe inferredresult,while correct,could be im-
proved. A developerof ANTLR statedthat the changes
madeby our tool are“absolutelycorrect”. He mentionedL
instance(out of 140 usesof typesin the parameterized
classesWwherethe inferred result, while correct,could be
improved.

Whena genericversionof a library is available,we ex-
aminedeachdifferencebetweenthe pre-eisting parame-
terizationandour tool's output. For 87% of all type anno-
tations,the outputof our tool is identicalor equallygood.
For 4% of annotationsthe outputof our tool is worsethan
thatcreatedby the human.For 9% of annotationsthetool
outputis betterthanthat createdby the human. Figure 7
takulatestheresults.

Giventwo parameterizationsye usedtwo criteriato de-
cide which was better The rst, and moreimportant,is
which oneallows more caststo be removed—inclientsor

in the library itself. The secondarycriterionis which one
morecloselyfollows the style usedin the JDK collections;
they weredevelopedandre ned overmary yearshy alarge
groupof expertsandcanbe reasonablyconsiderednodels
of style. (Whenmultiple stylesappeaiin the JDK, we did
not countdifferencesn eitherthe “better” or “worse” cate-
gory.) Thetwo criteriaarein closeagreement\We present
threeexamplesfrom eachcategory.
Examplesvhenthe outputof our tool wasworse:

i. Our tool does not instantiatethe eld next in mem-
ber type LinkedBlockingQueue.Node (in concurrent) as
Node<E>, but leavesit raw. Suchachoiceis safe,butit is less
desirableghanthe manualparameterization.

ii. Ourtool doesnotinfer type parametergor methods;for ex-
ample,apachés PredicatedCollection.decorate

iii. Ourtool inferredtwo separatdype parameterdor interface
Buffer in theapachelibrary. In this casethe manualparam-
eterizatiorhadonly one.

Examplesvhentheoutputof ourtool wasbetter(in each
case the developersof the packageagreedheinferredso-
lution wasbetterthantheir manualparameterization):

i. Ourtool addsa formaltype parameteto memberclassSyn-
chronousQueue.Node in concurrent. The parameteral-
lows eliminationof severalcastansideSynchronousQueue .

ii. In methodVerboseWorkSet.containsAll in jpaul, our
tool inferred an upperboundedtype parametemildcard for
the Collection parameter This permitsmore e xible use
and fewer castsby clients, and also adheredo the standard
collectionsstylefrom the JDK.

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

4.3.3 Usability

Ourtool operatedully automaticallyprocessingachclass
in under3 second®n average A userwho electedto man-
ually selecttype useswould only needto make 89 mouse
clicks to add135type parameterso 148 classes As men-
tioned,4% of the computedesultsaresub-optimal requir

ing manualcorrection.

By comparisonmanualparameterizationequiresmak-
ing 1655editsto addgenerictypes— afterreadingthecode
to decidewhat editsto make. The humanresultwassub-
optimal 9% of thetime, soadjustingtheresultsafter nish-
ing is evenmorework thanin thetool-assisted¢ase.

We cannotcompareour tool to any othertool because
we know of nonethatsupportshis refactoring.

Thoseresultsillustratethat manualparameterizatione-
quiresasigni cant amountof work. Parameterizationf the
apachecollectiongtook“a few weeksof programming”ac-
cordingto oneof thedeveloperslt is anerrorproneactiity
and,to quotethe samedeveloper “the main advantagewe
hadwastheover11,000testcasesncludedwith theproject,
thatlet usknow we hadnt brokenanythingtoo badly”



5 RelatedWork

Duggan[8] presentsanautomaticapproactor parame-
terizingclasseswritten in PolyJaa, a Java subseextended
with parameterizedypes. Duggans type inferenceinfers
onetypeparametefor eachdeclaratiorin a class.Evenaf-
terapplyingsimpli cations to reducethe numberof useless
typeparameterd)uggansanalysideadsto classesvith ex-
cesstype parametersDuggans analysisis inapplicableto
Java becausdPolyJaa differsfrom Java 1.5 in severalim-
portantways,andDuggandoesnotaddressssuegelatedto
raw types,arraysof generictypes,andwildcard typesthat
arisein practice.Duggandoesnotreportanimplementation
or empiricalresults.

Donovan and Ernst [6] presentanotherautomatedap-
proachfor the parameterizationf Java classes.The tech-
nigue determinesboth type parametersand where decla-
rations should refer to thosetype parameters. The ap-
proach rst performsanintra-classanalysisthat constructs
a type constraintgraphusing data ow rules. Then, after
collapsingstrongly connectedcomponentandmakingad-
ditional graphsimpli cations, an inter-classanalysisfuses
type parametersvhererequiredto presere methodover-
riding. The algorithm also determineshow referencedo
genericclasseshouldbe updatedpy inferring actualtype
parameters.Our work differsin several signi cant ways.
Although DonovanandErnststatethatthe desiredsolution
is computedor seseralexamplesthey reportthat“often the

classis over-generalized’(hastoo mary type parameters).

Theirwork pre-datedava 1.5genericsandtargetsatransla-
tion to GJ[3]. As aresult,they mayinfer arraysof generic
types(disallovedin Java 1.5generics)anddo notconsider
the inferenceof wildcard types. They reportno empirical
results.

Von DincklageandDiwan [20] alsopresenta combined
approactfor the parameterizationf classesandfor thein-
ferenceof actualtype parameters clientsof thoseclasses.
Similarly to Duggan[8], theirtool (Ilwith) createonetype
parametemper declaration,then usesheuristicsto memge
type parametersOur systendiffersin its (1) algorithm,(2)
implementationand (3) evaluation. (1) llwith is unsound,
dueto insufcient typeconstraints—it is missingthosefor
preservingerasurefor methodsand elds, and overriding
relationshipsbetweenmethods. As a result, the behaior
of both the library and its clients may changeafter pa-
rameterizationwithout warning; this makesthe technique
unsuitablein practice. By contrast,our approachis cor-
rect (seeSection4.3.1) and usesheuristicsonly to choose
amonglegal solutions. Unlike our approach llwith does
not handlekey featuresof Java genericssuchasraw types
andwildcards. To controlrun time andthe numberof con-
straintvariables llwith usesspecialcasedn the algorithm
to handleother Java features suchascalls to static meth-
odsandmethodsn genericclassesandcontet-, eld-, and
instance-sensitity; by contrast,our systemis more uni-
form, andwe have not found performanceo be a problem.

llwith createsmaximally mary type parametersaand then
triesto memge themvia heuristics(thoughotherheuristics,
suchasthe requirementhat every eld declarationmen-
tions a type parametermay leave the resultover-general).
By contrast,our techniquestartswith no type parameters
and incrementallyaddsthem. (2) We mentiononly two
differencedetweerthe two implementationsFirst, llwith
doesnot rewrite sourcecode,but merelyprintsmethodsig-
natureswithout providing details on how methodbodies
shouldbe transformed. Second,llwith took “less than 2
minutes” per classon a 2.66 GHz machine,whereasour
implementationaveragedessthan 3 secondger classon
a 2.2 GHz machine. (3) The experimentalevaluation of
the two tools differs aswell. llwith was evaluatedon 9
datastructures(5 lists, 1 stack, 1 set, and 2 maps)cho-
senfrom two libraries (47 classesaltogetherincludingin-
ner classesjnterfacesand abstractclasses). The authors
madewhatevereditswerenecessaryo enablelwith to suc-
ceed,sothe classesaremostlik e the pre-parameterizelit
brariesin our evaluation. However, the authorsdid not
evaluatethe accuray of the solution, either via examina-
tion by a Java expertor via comparisorto existing param-
eterizedversionsof the libraries (thenavailable,for exam-
ple, from the GJ projectandfrom JDK 1.5 betareleases).
Eventhe examplesignatureshownn in the paperdiffer from
whata programmewvould have written manually for exam-
plein addAll , contains ,equals , putAll ,remove , and
removeEntryForkey . (The authorsstatethatthe results
areconsistentvith Eiffel, but a Java programmeiperform-
ing arefactoringis morelik ely to careaboutJasza semantics
andbackward compatibility)

Previous work by the presentauthorsincludestwo al-
gorithms|[7, 10Q] that, given a setof genericclassesjnfer
how client code can be updatedby inferring actual type
parameterandremoving caststhathave beenrenderede-
dundant. This paperextendsthe constraintformalismand
implementationof [10]. As discussedn Section3.1, the
mostsigni cant of theseextensionsarethe introductionof
contet constraintvariablesand wildcard constraintvari-
ableswith correspondingxtensionsof the solver, andthe
useof heuristicsto guidethe solver towardssolutionspre-
ferred by humanprogrammers.Although [10] includesa
modefor inferring methodtype parameterdy meansof a
contt-sensitve analysis,it doesnot infer classtype pa-
rameters. Other previous work usestype constraintsfor
refactoringselatedto generalizatiorf19], customizatiorof
library classeg5], andrefactoringsfor migratingapplica-
tionsbetweersimilar library classeg1]. TheINFER TYPE
refactoringby Steimanretal. [18] letsaprogrammeselect
agivenvariableanddeterminesminimalinterfacethatcan
be usedasthe type for that variable. If suchan interface
doesnot yet exist, it is createdautomatically Steimannet
al. only presenttheir type inferencealgorithminformally,
but they constraintsappearsimilarto thoseof [19].

A numberof authorshave explored compile-timepara-



metrictypeinferenceto easetheburdenof explicit parame-
terizationin languagesupportingparametridypes[14, 16,
12]. Many of theseapproachesvereappliedto functional
programmindanguagesandthusfocusonintroducingtype
parameteror functions ratherthanfor classe®r modules.
Suchlanguagediffer from Javain thelack of a classhier
archywith inheritanceandoverriding,or in theuseof struc-
tural (cf. nominal)subtyping.or in thelack of the notion of
type erasure.Thesedifferencedn semanticsand structure
necessitateigni cantly differentconstrainsystemsMore-
over, the type systemdn mary functionallanguagege.g.,
ML) inducea uniqueprinciple typefor eachprogramvari-
able,whereasn our casethe constraintsystemleavesthe
possibilityto selecta desirableresultfrom a softwareengi-
neeringperspectie, which is a critical concernfor source-
to-sourcetransformations.Yet otherworks describepara-
metric type inferenceeven for languagesvith mandatory
explicit parameterizatioffior the purposeof statically type
checkingsuchdiverselanguagess Cecil, constraintiogic
programming[9] or ML. Again, theseworks differ from
oursin mary critical detailsof thelanguagestype system.
Siff andReps[17] translateC functionsinto C++ func-
tion templatedy usingtypeinferenceto detectlatentpoly-
morphism. Opportunitiesfor introducing polymorphism
stemfrom operatooverloadingyeferenceso constantshat
can be wrappedby constructorcalls, and from structure
subtyping. De Sutteret al. [4] perform codecompaction
via link-time inferenceof reusableC++ object codefrag-
ments. Their work reconstitutegype-parametri¢unctions
fromtemplatenstantiationsreatedduringcompilation but
doesso usingcodesimilarity detectionratherthantypein-
ferenceandon alow-level representatiofobjectcode).

6 Conclusion

We have presenteca solution to the parameterization
problem,which involves addingtype parametergo exist-
ing, non-genericlassdeclarationsThis is a complex task
dueto requirement®f backward compatibility andbehar-
ior preseration,theexistenceof multipletype-correcsolu-
tions, complicationgposedby raw andwildcard types,and
the necessityto simultaneouslyparameterizeand (generi-
cally) instantiatemultiple interrelatedclasses. Our algo-
rithm handlesall theseissuesandthe full Javalanguage.

Our parameterizatioralgorithm subsumegprevious al-
gorithms for genericinstantiation, which changelibrary
clientsto take advantageof librariesthat have beenmade
generic.Our analysiscomputesaninstantiationatthe same
time asit performsparameterization.

We have implementedour algorithmin the context of
the EclipseIDE andrun experimentsto verify its correct-
ness,accurag, andusability Theresultsarecorrect: they
arebackward-compatibleandthey maintainbehaior. The
resultsare even more accuratehan parameterizationper
formed by the library authors: 9% of the tool resultsare
better and4% of thetool resultsareworse.
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