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Abstract. In this paperwe proposetwo new forms of Adaptive Programming.
The rst approachAP-P, is an imperative approachthat addsa programming
constructcalled,interpositionvariables thatreduceboilerplatecodein computa-
tionsoverrecursve datastructuresOur currentimplementatiorof AP-Pis called
DemeterPandis provided asa standardlaza annotatiorprocessothatgenerates
AspectJcode.The secondapproachAP-F, is a functionalapproachhat param-
eterizesa generictraversalwith threesetsof functions. Thesefunctionscanbe
combinedo modify traversalbehaior to producevariousfunctionaltransforma-
tions andfolds. Our currentimplementatiorof AP-F is calledDemeterFandis
provided asa Java library thatrelieson re ection. We describethe ideasbehind
the two approachegjiscusstheirimplementationsandusethemto solve some
typical programmindanguageelatedproblems.

1 Intr oduction

The cornerstoneof ObjectOrientedProgramming OOP)is the notion of objectcom-
municationviamessagpassingCollaborationdetweerobjectsarethebuilding blocks
usedby programmerso provide desiredprogramfunctionality. One of the mostcom-
mon collaborationpatternsusedis recussivetraversal [1-3]— givenan object, recur
sively traverseits elds, performingnecessargomputationyecursiorterminatesvhen
an objectwithout elds is reachedThe visitor designpattern[4] givesan abstraction
thatcanbe customizedo implementoperationver a datastructure put programmers
arestill left with thefollowing questions:

— how shouldthedatastructurebetraversed,
— which objectsareresponsibldor thetraversalimplementationand
— whereandhow shouldinformationbe madeavailableduringtraversal.

Adaptive Programming(AP) emeged as an extensionto OOP with the goal of
abstractingand separatingraversaland computationfrom object structures.In AP,
traversalcodeis automaticallygeneratedrom a descriptionof the datastructureand
a traversalstrategy— a speci cation of whereandhow deepthe traversalshouldgo.
Computationis de ned separatelyn a specializedvisitor, with methodsexecutedbe-
fore andafter reachingan objectof a speci c type. Valuesarecommunicatedbetween
visitor methodsy mutatingvisitor instancevariables.



In this paperwe introducetwo re nementsof AP: AP-P andAP-F. AP-P usesan-
notationsto de ne interpositionvariables[5, 6] within visitors. Thesevariablesare
only available during traversaland canbe usedto communicaténformationbetween
differentexecutionsof visitor methods AP-F is a functional formulation of AP that
decomposetraversalcomputationinto threesetsof functions:transformes, builders,
andaugmentos. AP-F employs a methoddispatchmechanisnmduringtraversal,allow-
ing communicationto occurthroughfunction argumentsand return values.Both re-

nementsenhanceommunicatiorduringtraversalmaintainingtraversalseparatiory
decreasinglependencieletweertraversalandcomputation.

As anillustrative example considerthe classhierarchyin Figure1 that describes
Iltem s;anitem s eithera singleElement with a weight,or a Container  with a
maximumcapacityanda list of items . Givenanitem, we wantto checkrecursvely
for containewiolations i.e., containerobjectswhosetotal weightis greaterthantheir
capacity

Element Container

+weight: int +capacity: int
[2)

item:

first

ItemList

ItemCons

Fig. 1. ContainersJML ClassDiagram

Figure2 givesafunctional,objectorientedsolutionto thecontaineproblemin Java.We
de ne ahelperclassPair , to holdthenumberof violationsandthetotal weightof the
currentitem(s).We introducethe methodcheck() into eachclasswhichresponsible
for calculatingtheitem's weightandnestedviolations.

In thepureobjectorientedsolutionwriting traversalcodeis tedious put straightfor-
ward: for eachobjecttype, recursethroughits immediate elds until we reachanEl-
ement , which containsno aggreate elds?®. Thetraversalalsohard-codeshe names
andlayoutwithin the objectstructuresAs aresultany modi cation of namesor struc-
turerequiresa numberof disjoint changego the implementationthesechangesreto
“boilerplatecode”thatis uninterestingo developandmaintain.

Figure3 shavs an AP Visitor solutionto the containemproblemin DJ[7]. Thecre-
ationof aClassGraph instanceextractsarepresentationf therelatedclassesising
re ection. Themethodtraverse() traversests rst argument,usingthe secondas
a stratgyy andits third asthe visitor to be executedduringtraversal.ln AP, aswith the

1 We do notusuallyattemptto traversebasetypessuchasinteger , thoughthey mayactually
have elds



/I Pair of Ints , <weight , violations >
class Pair{ /I In class Container
int w, v Pair  check(){
Pair (int ww, int w){ .. } Pair p = items .check ();
static Pair make(int  ww, int wv) { return  p.add (0, (p. w > capacity )?1:0)
return  new Pair (ww,wv); }
Pair add(int ww, int w){ /' In class ItemList
return  Pair.make (w+ww, Vv+w); Pair  check(){
} return  Pair .make(0, 0);
} }
/I In class Item /' In class ItemCons
abstract ~ Pair check (); Pair  check(){
Pair f = first .check (),
/' In class Element r = rest .check ();
Pair check () return  fadd (rw, r.v);
return  Pair .make (weight,0) }
}
Fig. 2. Javaimplementatiorof the Containermproblem.
class CheckAP extends Visitor {
Stack <Integer > weightStk = new Stack <Integer >();
int  weight = 0, violations = 0;
void after (Element e){ weight += e.weight ; }
void before (Container c)
weightStk . push(weight );
weight = 0;
void after (Container c){
if (weight > c.capacity ) violations — ++;
weight += weightStk .pop()
}
static int  check (Item i){
CheckAP v = new CheckAP() ;
new ClassGraph (true , false ).traverse (i, "from Item to *', v);
return  v.violations
}
}

Fig. 3. AP Visitor Implementatiorof the Containerproblem.



visitor pattern,communicatioris provided by local mutationto visitor instancevari-
ables.We usea Stack to mimic therecursve calls of the Java solution,pushingand
poppingthe previous containers runningweightwhentraversinga nesteccontainef.

AP-Pwasdesignedwith this type of calculationin mind, encapsulatingperations
and nestedstatewithin visitors. Figure 4 shavs the containersolutionwritten in our
AP-P implementationDemeterPThe Java annotationassociatesin Integer  vari-
able,namedweight , with eachContainer instance Eachweight is initialized
to 0 and available only during traversal,within the the scopeof the visitor CheckP.
Using the nameweight within the visitor methodsaccessethe currentvalue of the
enclosingcontainers weight. The specialsyntax($ipvs.weight.val ) references
thelastvisitedcontainersweight,i.e., theweightassociateavith theargumento after.
Upontraversalentry of a containeythe correspondingnterpositionvariableis initial-
izedandbecomesctive; afterexiting eachcontaineythe enclosingcontainers weight
is updatedandthe variableis discardedsimilar to the pushandpop operationsn our
AP solution).

class CheckP extends InterpositionVisitor {
@Interposition (classes ={Container .class }, initializer ="0")
Integer  weight ;
int  violations = 0;

void after (Element e){ weight += e.weight ; }

void after (Container ci
int currWeight = S$ipvs .weight .val ;
violations += ((c. capacity < currWeight )?1:0) ;
weight += currWeight

}

static int  check (Item i){
CheckP v = new CheckP();
new ClassGraph (true , false ).traverse @i, "from ltem to *, )
return  v.violations

Fig. 4. DemeterAmplementatiorof the Containemproblem

AP-F extendsAP using a functional traversalin the style of our Java container
solution.Communicatiorbetweerfunctionsis providedthroughargumentsandreturn
valueswith amethoddispatchbaseonall agumentypes.Figure5 shavsthecontainer
solutionwrittenin our AP-FimplementationcalledDemeterFWe write combine()
methodscorrespondingo eachof the check() methodsin the Java solution—the

rst argumento the methodds the objectbeingtraversed Thedispatchmechanisnse-
lectsthemostspeci ¢ applicablemethodbasedn thetype signature The methodwith
argumenttype Element executeswhenwe reachan Element , while the method
with argumenttypesltemCons , Pair , andPair executeswhenwe reachan ob-
ject of type ItemCons , after processingts elds: first  andrest . The traversal

2 Thestackis neededecauseve areperforminganon-tail-recursie computationFor example,
asinglevariableis sufcient to countthetotal numberof elementsn a givencontainer



of these elds yields objectsof type Pair , which are passedasthe secondandthird
arguments The separatiorof functionsin this way allows for a morefunctionalstyle
traversal,leadingto straightforwardtraversalparallelizationand simplerimplementa-
tionsof transformations.

class CheckF extends IDb{
Pair combine (Element e){ return Pair .make(e. weight, 0); }
Pair combine (Container ¢, Integer cap, Pair p)
{ return p.add (0, (p.w > cap)?1:0); }
Pair combine ( ItemList i{ return  Pair .make(0, 0); }
Pair combine (IltemCons ic, Pair f, Par r){ retun f.add(rw , r.v); }

static Pair check (Item i)
{ return new Traversal (new CheckF() ).traverse (i

)}

Fig. 5. DemeterAmplementatiorof the Containemproblem

AP-PandAP-F allow for betterabstractiongor traversalrelatedcomputationsAP-
P encapsulatesisitor stateand operationn this state providescontet sensitve ac-
cessto visitor stateand boilerplatecodefor updatingvisitor statein the presenceof
recursve objectstructures AP-F providesa new decompositiorof computationdur-
ing traversalinto transformer builder, and augmentoifunctionsalongwith an extend
methoddispatchmechanismCommunicatiorand statepassingoccursthroughargu-
mentsandreturnvaluesleadingto functionalstyle solutions.

Both approachegnhanceaspectof communicatiorfoundin AP andremove the
needfor boilerplatecode;computatioralongrecursivetraversaldecomesuccincteas-
ier to maintain,andreusableTo supportour claimswe introduceour runningexample
in the next sectionandfollow our discussiorwith a moredetailedexplanationof AP-P
in section3 andAP-F in section4. We discusselatedwork in section5 andconclude
in sectionb.

2 Running Examples

For theremaindeof the papemwe introducea smalllanguageandprovide solutionsfor
evaluation typecheckingandcompilation.All threephasesre rst implementedising
AP-PandthenAP-F explaining our approacho programdesignunderboth AP exten-
sions.We introducea small languageof integers and stringstogetherwith castsand
polymorphicaddition We de ne classef our abstractsyntaxtree for this language
using a Demeterstyle ClassDictionary (CD) that mixes concretesyntax (terminals)
with abstracsyntax(datatypede nitions).

Figure6 shawvs our CD for thesimplelanguageanddatastructuresin this notation,
"' de nesanabstractlass(a sumor uniontype),and'=" de nes a concreteclass(or
producttype). Field namesare givenin < > followed by their type Concretesyntax
is given as string literals in-placeand eachde nition is terminatedby a period (.").



Exp: IntExp | StrExp | StrCast | PIusExp .

IntExp = <val> Integer .

StrExp = <val> String .

StrCast = "(string )" <exp> Exp.

PlusExp "(" <lhs > Exp <op> Plus <rhs> Exp ")"

Plus = "+" .

Fig. 6. Mixed concreteandabstracsyntaxfor Examples

From this descriptionit is easyto seehow we would generateéboth Java classde ni-
tions anda generalparserfor the datatypes'. In this simplelanguagethe expression
("5"+(string)4) would berepresentefly thefollowing Java expression:

new PlusExp (new StrExp ("5"), new Plus (),
new StrCast (new IntExp (4) ));

2.1 Example: Evaluation

For our rst examplewith this languagewe will produceevaluatorshasedon a sim-
ple, intuitive semanticsWe usethe notation and  to denotetherepresentation
of the integer andthe string respectiely. Valuesin our languageconsistof
constantshatrepresenintegers,and , constantshatrepresenstrings.For ourimple-
mentationdothrepresentationsorrespondo the Javaclassesnteger andString
respectiely. Thelanguagéhasanoverloadedperator , which,giventwo stringvalues
returnsa stringvaluerepresentingheir concatenatiorandgiventwo integervaluesre-
turnsanintegervaluerepresentingheir sum.If givenastringandaninteger, throws
an error. We denoteconcatenatiorof two string representationsith and integer
additionwith +.

(string)

(string)

2.2 Example: Type Checking

Our secondexampleinvolvestype checkingexpressiondasedon the obvious typing
judgmentgdescribedelon. Thereis no type ernvironment;thetypesof expressionare
basedsolelyonthetypesof their sub-epressionsHere meanswve assigrthetype

totheexpression . Str sandint sareof typeStrType andIntType respectiely.
Any well typedexpressiorcanbecastto astring,assigningt theresulttypeStrType ,
while PlusExp is assignedhetypeof its sub-expressions.

% We useDemeterJ[8}o generatddava classesaindinput for the javacc[9] parsemgenerator



(string)

To representypesin our type checlerimplementationsve introducethe following
Java classeawith static elds. The elds represensingletontypes;they will only be
usedastagsduringtype checking.

class Type{
static Type Int = new IntType (),
Str = new StrType (),
Plus = new PlusType (),

Err = new ErnType ();

}

class IntType extends Type{}
class StrType extends Type{}
class PlusType extends Type{}
class ErrType extends Type{}

2.3 Example: Compilation

As a nal examplewewill reuseourtypecheckingsolutionsto createa compilerfrom
our examplelanguageto a simple assemblylanguagefor an abstractstackmachine.
The semanticsof our assemblylanguageare describedbelow. In this notationeach
instructiontransformghe stad; aninstructionis a functionof type

The stackis alist of valuesseparatedy commaswith the top of the stackto the Ieft
pushs andpushi instructionsare straightforward, pushingvaluesonto the stack.
casts replacesanintegervalueon thetop of the stackwith the correspondingstring
value;a castof a stringvaluehasno effect.

Thetwo formsof Plus aregivenby theadd andconcat instructionsaddingor
concatenatinghetoptwo valuesonthestack.Notethattheargumentsareplacedonthe
stackin order, left to right, sothetop of the stackis actuallythe right mostargument.
We introducea functionallist class,OpList , with anoverloadednethodappend()
thatacceptaan Opcode — the abstrachaseclassof theabove de nitions— or another
OplList , returningthe updatedOpList . Theusages madeobviousin thefollowing
sections.



3 AP-P

AP-Pis concernedvith achiezing structue-shycommunicatioramongdifferentpoints
during traversal, limiting the amountof boilerplatecodethat needsto be written. In

a functional style traversal,asin Figure 2, differentfunctionscommunicatethrough
argumentpassingandreturnvalues.Typically, only onereturnvalueis allowedandar-

gumentsare passednly to immediatefunction calls. This form of communicatioris

not structure-shypecause&aluesarecommunicatedhroughpossiblyunrelated/uninter
estingportionsof the datastructure.

In an AP style traversal,a visit methodacceptsa single parameterthe currentob-
ject beingtraversed.andreturnsvoid. Communicatiorbetweervisit methodsis done
throughmutationof sharedstate—the elds of thevisitor instanceThe approactpro-
posedby AP-P for structuringcommunicationis to have elds in the visitor, called
interpositionvariables[5, 6], which storeinformation relatedto instancef speci ¢
typesbeingvisited. While traversing differentvisit methodscancommunicatehrough
the elds associatedvith a giveninstance.

In thecaseof non-tailrecursivetraversalsthe stateof eachpieceof traversaladvice
needso bekeptduringtheexecutionof nestedrisit methodsalls. Thestatecanbekept
asa mappingfrom the hostobjectto anotherobjectencapsulatinghe stateof traversal
advice.In caseof recursve datastructurege.g., a compositg4] asin Figurel), the
depthof recursve callsis notknown in advanceA stackcanalsobe usedaswe did in
3. Maintenancef the mappingstructureresultsin undesirabldoilerplatecode.

3.1 Interposition Variables

An interpositionvariableis acontet sensitivevariable Its contect is de ned by thestate
of thetraversal.As a part of its de nition, an interpositionvariablegetsa setof host
types During traversal,we signala contet entry beforevisiting a hosttype's children
nodes-its elds. We signala context exit aftervisiting a hosttype's children.

Statically aninterpositionvariableof type overahosttype introducesa new
eld in  of type . At runtime,during traversal,for eachcontext de ned by each
instanceof  we associatea new instanceof . We referto this runtimeassociation
betweeninterpositionvariablesinstancedo hosttype instancesasincarnationof an
interpositionvariable.Whenthe visitor is visiting an instanceof one of a hosttypes,
the interpositionvariablestill refersto the innermostenclosingincarnation On the
otherhand,the objectwhich is beingvisited alsohasa correspondingnstanceof the
interpositionvariable. This instancecanalsobe referredto usinga specialJava enum
whoseconstantsienoteall interpositionvariablesde ned in the currentvisitor. Before
thevisitor hitsthe rst instanceof any hostclass,thereareno enclosingincarnations
Therefore the interpositionvariablerefersto an emptyincarnationthe root incarna-
tion. Thisrootincarnationholdstheresultof the entirecomputation.

Ourimplementatiorof interpositionvariables DemeterPsaresthe developersthe
mentalburdenof identifying thosecontrol o w pointswherethe interpositionvariable
context changeslt alsosavesthe developerthe effort of writing the boilerplatecode
requiredto adaptinterpositionvariableso their context.



3.2 Polymorphic Inter position Variables

Thetraditionalinterpositionvariablesdescribedabose aremonomorphicregardlesof

thetype of the hostclassthey areattachedo, all instantiationshave the sametype. A

monomorphidnterpositionvariableis suitablefor implementingtype unifying traver-

sals[10]. A polymorphicinterpositionvariablecanhave differenttypesbasedon the
type of the hostclassit is attachedo. Therefore polymorphicinterpositionvariables
aresuitablefor implementingtypepreservingtraversalg[10], i.e., deepcloningan ob-

jectstructure.

Using Java's subtypemechanismpolymorphicinterpositionvariablescan be de-
claredto be of type Object . The interpositionvariables initialization expressionis
executedin an ernvironmentwherethe variablehost is boundto the currentobject
aboutto betraversedInitialization expressiongancheckfor thetype of thehostusing
host.getClass() andinitialize the interpositionvariableto an appropriatetype.
Piecesof traversaladviceneedto down castthe polymorphicinterpositionvariableto
theappropriataype beforeusingit.

3.3 Syntaxof Inter position Variables

An interpositionannotatiornconsistsof threeoptionalparts:anarrayof classesanini-
tializer, anda ag to controltheinitialization of therootincarnation Figure7 shovsthe
abstracsyntaxof interpositionvariables An emptyarrayof classesneansall classes
in thetraversal A true initialization ag meanghattheinitializer is alsousedfor the
rootincarnation Thisinitializesthevisitor eld.

Eachparthasa default value. The default value of the classlist is anemptyarray
Thedefaultvalueof the ag is true.Figure8 shavsthe Javzaannotatiortype.An initial-
izerwhichuseghetypeof theprede nedvariablehost resultsin atruly polymorphic
interpositionvariable.On the otherhand,aninitializer which doesnot usethe type of
theprede nedvariablehost resultsin amonomorphidnterpositionvariable.

VisitorField . NormalVariable | InterpositionVariable .

NormalVariable = <type> Type <name> ldent [<initializer > JavaExpr ].
InterpositionVariable = [IPClasses ] [IPInitializer 1 [IPInitVisitor 1.
IPClasses : ProperClassList | EmptyClassList

ProperClassList = List(ClassName ).

EmptyClassList =.

IPInitializer = JavaExpr .

IPInitVisitor = Boolean .

ClassName = Ident .

List (x) ~ {x}

Fig. 7. AbstractSyntaxfor InterpositionVariables



@Documented
@Retention (value= RetentionPolicy .SOURCE)
@Target (value =ElementType .FIELD)
@interface  Interposition {
Class <?>[] classes () default {};
String  initializer () default ™
boolean initVisitorVar () default true ;

Fig. 8. InterpositionAnnotation

3.4 DemeterPImplementation

DemeterH11] is implementedasa standardlava annotatiorprocessof12]. Our anno-
tationprocessogeneratesspectsn the AspectJ13] LanguageThegenerated\spect
is responsibldor:

Identifying the pointsat which the context of aninterpositionvariablechanges.
— Introducinginterpositionvariablesat their hosttypes

Initializing therootincarnationof theinterpositionvariable.
Adaptinginterpositionvariablegto their context.

In AP, visitors have two typesof visit methodsbefole andafter. A befole method
is executedat a hostobjectbeforeary of its childrenare visited. An after methodis
executedat a hostobjectafterall of its childrenarevisited.

In ourimplementationye trapthe executionof thesemethodsusingpointcus gen-
eratedfrom thetemplateshowvn in Figure9. Interpositionvariableswith incarnations
atevery visited objecthave a slightly differenttemplate Figure9.

Pointcutsalonearenot enoughithe processedisitor containsonly a before(..
host) without a correspondingfter(.. host) or the reversecaseof an after
without a correspondingefore. In thesecasespur generatorintroducesappropriate
methods.Thatis why we needto have the <AspectType> inside the within()
clausein our pointcuts capturingexecutionof our generatedisitor methods.

Interpositionvariablesare introducedat their host typesusing AspectJ$ private
introduction This makestheintroducedelds inaccessibleutsidetheaspecf13]. Root
incarnationsof interpositionvariablesareinitialized by advisingvisitor constructor(s).

For every visitor beingprocessedyur processogenerates Java enumwhosecon-
stantsdenotethe interpositionvariablesde ned in the visitor. This enumis usedto
accesgheincarnationf interpositionvariablesat the currentobjectbeingtraversed,
in casethatobjectis aninstanceof oneof the hosttypes

Interpositionvariablesareadaptedo their context usingthreepiecesof advice.The

rst is executedbeforeenteringto a hostclass.lt setsthe appropriateenumconstant
enumto a new incarnationof theinterpositionvariableusingthe appropriatenitializer

if oneexists. The secondis executedafter a befole methodterminateslit storesthe

interpositionvariable(in thevisitor) atthehostobjectandsetstheinterpositionvariable
to the new incarnationfrom the enum Thethird pieceof adviceis executedbeforean

after methodbegins andrestoresncarnationgo their original state— the statebefore
executingour secondadvice.

10



ContextChangePointcut =
pointcut <method ><HostTypeName ><VisitorTypeName >
(< VisitorType > v, <HostType > c): target( V)& & args (c)&&
execution (public  void before (<HostType >))&&
within  (<VisitorType >||<AspectType  >);

EverywhereContextChangePointcut =
pointcut <method >Object <VisitorTypeName >(<VisitorType > v, Object c):
target (v) && args( c)&&
execution (public  void before (.) )&&
within  (<VisitorType >||<AspectType >);

Enumeration = enum <VisitorTypeName >$IPVS{
<InterpositionVariables (VisitorType  )>;
public  Object val ;
}
where:
— methods either"before” or "after”.
— HostType/\sitorTypeis thefully quali ed classnameof the host/visitor
— HostTypeName/iitorTypeNames the HostType/MsitorTypewith
every”.” replacedwith " ".
— Aspectypeis thenameof theaspect.
— Interposition\&riables(\sitorType)is a functionthattakesa
VisitorTypeandreturnsa commaseparatedist of all interposition
variablesde ned in thegive VisitorType.

Fig. 9. CodeGeneratioriTemplates

3.5 Example Solutions

Figure10shavsaninterpreterfor theexamplelanguagevrittenin DemeterPAn inter-
positionvariableis associateavith every classthatrepresentanoperationj.e., Str-
Cast andPlusExp . Theinterpositionvariableholdstheresultsof evaluatingthe sub-
term(s)of the expression After traversinga StrCast we addthe newly castvalue
to theinnermostincarnationof vals . We do the samefor PlusExp , dispatchingon
thetype of the rst result,relying on dynamiccastsfor error checking.After traversal
completegherootincarnationcontainghe evaluationresultof the entireexpression.

Figure 11 shaws a type checler for the examplelanguagewritten in DemeterP
The structureof thetype checlerresembleshatof theinterpreteybut ourinterposition
variablestoresthe typesof ary sub-epressionsThesetypesare usedto choosethe
correctresultfor compoundexpressionsbeingcarefulto propagatery type errorsup
throughtheinterpositionvariables.

Figure 12 shows a compilerfor the examplelanguagewritten in DemeterPThe
compileris implementedasan extensionto thetype checler. This way, thetranslation
canusethetypesto chooseheappropriateéOpcode for PlusExp . Thetypechecking
codeis reusedand compilationis performedin a single traversal. The static com-
pile()  functionrunsthe traversal,checksfor a valid returntype, and produceshe
resultingOpList . Notthatwithin the CompilerVisitor weuseasingleOpList ,
not an interpositionvariable,to storethe Opcodes . This is becausehe orderof op-
erationsmatcheghe de ned traversalorderin DemeterPpachOpcode cansafelybe

11



class EvalVisitor extends Visitor {
@Interposition (classes ={StrCast .class ,PlusExp .class },
initializer ="new Vector <Object >()")
Vector <Object > vals ;

void after (Integer i) { vals. add(i); }

void after (String s){ vals.add (s); }

void after (StrCast e){
Object val = $ipvs .vals.val .elementAt  (0);
vals .add(" "+val);

}
void after (PlusExp e){

Object vall = $ipvs .vals. val.elementAt (0) ;
Object val2 = $ipvs .vals. val.elementAt (1) ;
vals .add(( vall instanceof Integer )?

(Integer) vall+(Integer )val2
(String)vall ~ +(String )val2 );

Fig. 10. ExampleLanguageEvaluationin DemeterP

class TypeCheckerVisitor extends Visitor {
@Interposition (classes ={StrCast .class ,PlusExp .class },
initializer ="new Vector <Type>() ")
Vector <Type> types ;

void after (IntExp e){ types. add(Type .Int); }
void after (StrExp e){ types. add(StrType .Str) ; }
void after (StrCast e){

Type opT = $ipvs.types .val .elementAt (0);

types .add(( opT == Type.Err )?Type. Erm:Type .Str);

void after (PlusExp e){ types .add(plusType (e) ); }
Type plusType (PlusExp e){
Type oplT = S$ipvs. types.val .elementAt (0);
Type op2T = S$ipvs. types.val .elementAt (1);
return  (oplT == op2T && oplT != Type.Err) ?0plT:Type .Err;

}
Type getType() { return types .elementAt (0); }

Fig. 11. ExampleLanguag€lype Checlerin DemeterP

12



addedo theendof thelist, in order We alsouseanappend() methodto localizelist
mutation,sinceits implementations immutable.

class CompileVisitor extends TypeCheckerVisitor {
OpList trans = new OpList ();
void append(Opcode op){ trans = trans .append (op); }

void after (StrExp s)
super . after (s);
append (new PushS(s .val));

}

void after (IntExp i){
super . after (i);
append (new Pushi(i .val));

}
void after (PlusExp e){
super . after (e);
Type plusType = plusType (e);
append ((plusType ==Type.Int )? new Add(): new Concat ());

}
void after (StrCast e){

super . after (e);
append (new CastS() );

static OpList compile (Exp e){

CompileVisitor comp = new CompileVisitor 0 ;
new ClassGraph (true , false ).traverse (e, "from Exp to *', comp);
if (comp.getType () == Type.Erm)

throw new TypeException (comp.getType () );
return  comp.trans;

Fig. 12. ExampleLanguageCompilerin DemeterP

4 Functional AP

AP-F was conceved to memge ideasprevalentin functional programmingwith those
alreadyfoundin AP. Recursve traversalsin functionallanguagesrewrittenin anele-
gantway, but usuallyrepeatcommonstructure Becausamary programmingsolutions
involve traversalsandrewriting thesebecomededious,we canfactorout the generic
traversalcode leaving only theinterestingpartsof the program.

This haslong beendonethroughthe useof generalAP— separatingrisitors from
traversals—but the completeseparatiorof traversalsmakes mutationthe only form
of communicationand computation Mutation works ne whenwe wantto compute
a few valuesfrom a given datastructure becauseside-efectsarerestrictedto a visi-
tor'sinstancevariables For problemswhich requireupdatego the datastructurebeing
traversed(e.g., rewrites andtransformations)ye are forcedto mutatewhat could be
globally sharedstate.

This may seemreasonablén a singlethreadedernvironment(thoughchangeseen
throughreferencesnay causeproblems) but whenattemptingto parallelizeour solu-

13



tions,asis now oftenthe casewe arerequiredto addlocksandsynchronizatiorwhich
aredif cult (if notimpossible}o getright for non-trivial programsWith theseideasin
mind, we designedAP-F to allow communicatiorthroughouthetraversalusingargu-
mentsandreturnvalues ratherthanmutatiorf.

4.1 AP-F Traversals

An AP-F programis roughly de ned by threesetsof functions,which we call trans-
formers, builders, andaugmentos. Thesesetsof functionsadaptthe behavior of apre-
de nedrecursvetraversalwith the helpof a multiple dispatchfunction,which chooses
the bestfunctionfrom a givensep. The traversalfunction, , andrelatedabstrac-
tionsaredescribedn Figure13. The traversalis divided into two casesBuiltin types
(eg. int ,boolean ), anduserde ned types;representedbstractlyasa sequencef
elds. Thetraversalacceptanextraargument, inthe gure, whichis updatedduring
traversal.

if then
let — traversalagumentupdate
— traverse elds
— combineResults
in — apply
else

and aresetsof functions.
applies toapre x of theamguments, , choosing

thebestfunctionbasedn thetypesof the actualagumentsandthetypesof
functionsin . (multiple dispatc)

Fig. 13. AP-F TraversalFunctionDe nition

Thetraversaladaptefunctionsetsrepresenthreeaspect®f hand-codedraversals
thatone might write. To malke the traversaladaptatiorsufciently generalwe de ne
thethreesetsof functionsas:

: Generatransformationstun ateachnodeof the datastructure
: Reconstructiomr folds usingtransformediatafrom sub-traversals

: Modi cation or replacementf traversalarguments.
* In mostplausibleimplementatiodanguagesJjava in particular mutationis still available so

theusercanmix theimplementatiodanguages features.
5 The notion of bestfunctionis basedon staticattributesof functions:the numberof agument

acceptedndformal parametetypes.
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Whentraversingadatatype,we rst chooseanaugmentafin , to updatethetraversal
argumentbeforetraversingthe elds of the object;this allows informationto be passed
downduringtraversal.We thentraverseeach eld of the object,passinghe new argu-
ment.Onceall elds havebeentraversedwedispatchto abuilder,in , whichcombine
thesevalues;thendispatchto a transformeyin , allowing a nal modi cation to the
valuebeforereturningto the caller.

The way we have formulatedthe traversalfunction minimizesdatadependencies
betweerindividual valuesmakingit simpleto parallelize Eachcalculationof ~ canbe
donein separatehreadsjmplicitly synchronizingonthedispatchto . Separatinghe
traversaladaptatiorinto threesetsof functionsalsoincrease®pportunitiesfor reuse;
allowing anAP-Fimplementatiorio provide suitabledefaultsfor commondevelopment
scenariosFigure 14 describeghe default functionswe have found usefulin practice.
The and functionsarestraightforvard,butthebuilders and aresomevhat
special.We chosethe behaior of to be error to help with dehugging programs,
beforeour statictype checler was completed.The constructingbuilder, , attempts
to call the constructorof type , thetypeof , passingthe traversalresultsasnewn
elds. We canthenuse to dofunctionalupdatedo a datastructureby implementing
atransformer

Fig. 14. AP-F Default FunctionDe nitions

The containercheckingsolutionin Figure5 is de ned asa function object,which
extends ; coveringall casesothereis neveracall to the default, . To createa
traversalusingthe CheckF functionobjectwe implicitly usethedefaultfunction,
andignoreary traversalargument$, asshown in the staticcheck() method.

4.2 Implementation: DemeterF

Ourimplementatiorof AP-F conceptds calledDemeterF[14]lt is a generictraversal
and function library written in pure Java that usesre ection for both datastructure
traversalandargumentmatchingdispatchThelibrary providesthetraversalfunction(a
simpleJava translationof from Figure13), thedispatchfunction, , andvarious
combination®f thedefaultfunctionsde ned in Figure14 (describedn Figure15).
We usefunction objects torepresensetsof functions,whichallowsusergo
overrideandoverloadmethodgo completelyadaptthe generictraversal.To differenti-
atethethreetypesof functionswithin objectswe usea differentmethodnamefor each.

8 Traversalagumentsareoptionalin DemeterF .
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Thevarioussetsof functions ,

bine() , andupdate()

objectsthatimplementa numberof method<f ary kind.

Traversal
IDf
IDb
Bc
IDa
ID

Genericre ective traversalfunctionover all datatypes

Jaraimplementatiorof
Javaimplementatiorof
Javaimplementatiorof
Jaraimplementatiorof
Javaimplementatiorof

,and areimplementedy writing apply()
methodsrespectiely. This allows us to assembldunction

IDfa
IDba

Jaraimplementatiorof
Jaraimplementatiorof

Fig. 15. DemeterAProvided ClassesandFunctionObjects

Figure15 describeghe providedclassnamesandtheimplementatiorof thetraver-
salrelatedfunctions.Most of the defaultimplementationgreassimpleas:

class IDfa{
Object
Object
}
ProgrammerganthenuseJava inheritanceto overload/averridemethodsjmplement-
ing desiredfunctionality over the traversal.Figure 16 describesa few of the provided
Traversal  constructorsanddefault function choicesfor eachcase.This shows the
ability to combinefunction setsinto a singlefunction object,eliminatingsomedetails
andproviding extra e xibility whencreatingtraversalsolutions.

apply (Object
update (Object

D, Object
D, Object

da) { return
da){ return

D; }

da; }

Traversal(IDf f) Traversal(f, Bc, IDa)
Traversal(IDfa fa) Traversal(fa, Bc, fa)
Traversal(IDb b) Traversal(IDf, b, IDa)
Traversal(ID fba) Traversal(fba, fba, fba)

Fig. 16. DemeterMefault TraversalConstructions

4.3 Dispatch: Function Selection

The last portion of AP-F to explain is our dispatchfunction, , which selectsthe best
(mostspeci c) functionfrom aset,basednthetypesof actualargumentsiuringtraver-
sal.
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Fig. 17. AP-F DispatchFunctionDe nition

Figure17 describe®ur algorithmfor functiondispatchwhere is thetraditionaltran-
sitive, antisymmetricsubtyperelationand is its re exive extension.To selectafunc-
tion we rst Iter theset,leaving only thoseapplicableto sub-sequencesf the given
argumenttypes.We canthensortthe functionsin ~ basedon thede ned comparison
functionlessthanapplyingtheleastfunction, ,tothe rst  agumentgprovided.

The Iter andimplementationsf lesstharandmoreSpeci carechoserto allow the
lastfew argumentgo beoptional.Placingfunctionswith moreargumentsatthefront of
thelist is a consequencef allowing optionalargumentswe considemrmorearguments
to bemoreinformation.Thisalsoallows functionswith alargernumberof moregeneral
argumentgo beselectecaheadf thosewith fewerbut morespeci ¢ agumentsAvoid-
ing the algorithmiccompleity of comparingfunctiontypeswith differentnumbersof
arguments.

The function moreSpeci c comparesequallength sequence®f argumenttypes,
stoppingat the rst inequality This ensureghat argumentsat the front of the signa-
ture are given priority in function selection.It alsocomplimentsthe inclusion of the
original dataelementbeing traversedasthe rst agument—the mostimportantar-
gumentfor structuringadaptie codeis alsothe mostimportantin function dispatch.
Thesefunctions( , lessthanandmoreSpeci § areimplementedor DemeterFusing
Javare ection andtype lists built from function objectsthatareusedwhencreatinga
traversal.We simply comparethe re ective typesof traversalresultswith the setsof
functionsde ned atthe correctpointin thetraversalfunction.

4.4 Type Checking Traversals

Anotherbene t of this functional traversal organizationis the ability to type check
traversals Hereatype erroris de ned asthe casewhenthe lter stepof thedispatch
algorithmreturnstheemptyset.Becausef theway our defaultfunctionshave beende-
ned this canonly occurwhendispatchingo userprovidedbuilders. Not surprisingly
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this kind of error canbe caughtwith staticinformationaboutthe datastructurego be
traversedandthefunctionsto be dispatched.

Builtins

Fig. 18. AP-F TraversalTyping Rules

Ignoringaugmentaos for simplicity, Figure18 shows our threetyping rulesfor AP-
F traversalsWe reusea modi ed form of the DemeterXlassDictionary (CD) syntax
to differentiatebetweertype de nitions. Sum(or union) typesarerepresentegvith "',
using' ' to separatevariants.Product(or recoid) typesarerepresenteavith '=" using
' ' for eld de nitions followed by their type. The judgment means
traversinganvalueof type returnsanvalueof type , while thetypedispatchfunction,

, followsthe selectioralgorithmdescribeckarlier, but produceghereturntypeof the
choserfunctioninstead.

Thoughslightly informal’, this descriptionhasbeenusedto producea statictype
checlerfor DemeterFwrittenin DemeterFTheonly dif cult portionsof thealgorithm
are the recursionfrom two of the rules and the uni cation of subtypesin the third
rule. Usingthis type checler we canrule out the possibility of traversalerrorswithout
needinganinstanceof a datastructure.

4.5 Example Solutions

The solutionsto the exampleproblemsin DemeterFusethe agumentmatchingto im-
plementcasedrom our languagedescriptionsFor mostof theseproblemswe choseto
extendIDb becauseeconstructior{ ) of thedatastructureis notneededFor eachof
theproblemswe will discussary issuesanddesigndecisiongnvolved.

Figure 19 shaws our evaluationfunction for the examplelanguage Eachcombine
methodis atranslationof arule from the examplelanguagesemanticsith the excep-
tion of combine(Plus) ,whichisimplementedor completenes8ecauseightmost
argumentsare optionalin Demeterk-the rst two combines(IntExp andStrExp )
couldinsteadtake only oneargument,looking insidee for theresult.Becauseve use
the defaulttransformer , the returntypesof our combine methodsarethe result

" Completeformalizationandproof of type safetyareitemsof future work.
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class Eval extends IDb{
Integer combine (IntExp e, Integer i) { return i; }
String combine (StrExp e, String s){ return s; }
String combine (StrCast ¢, String s){ retun s; }

String combine (StrCast ¢, Integer i){ return "+

Integer  combine (PlusExp p, Integer |, Plus op, Integer r){ return |+r; }
String combine (PlusExp p, String I, Plus op, String r){ return I+r ; }
Plus combine (Plus op){ return op; }

Fig. 19. ExampleLanguageEvaluationin DemeterF

typesof the traversalfunction. The agumentsof eachmethodcorrespondo the orig-
inal objectandthe resultsof traversingary of its elds. For PlusExp therearetwo
valid caseswe treateachof them,relying onthe IDb default (error) for any runtime
typeerrors.

class TypeCheck extends IDb{
Type combine (IntExp i){ return Type. Int; }
Type combine (StrExp s){ return Type. Str; }
Type combine (Plus p){ return Type.Plus ; }

Type combine (PlusExp p, IntType |, Type op, IntType r)}{ return Type.Int; }
Type combine (PlusExp p, StrType |, Type op, StrType r){ return Type.Str; }
Type combine (PlusExp p){ return Type.Err; }

Type combine (StrCast c¢){ return Type.Str; }
Type combine (StrCast c¢, ErnType t{ return t; }

Fig. 20. ExampleLanguag€eType Checlerin DemeterF

Figure 20 shavs our DemeterFtype checler for the examplelanguage Here in
the rst two combine methodswe ignorethe secondargument(presumablyinte-
ger andString respectrely) becauset is not neededn thetyping judgment.The
rst two casedor PlusExp aresimilarto evaluation,but we adda lessspeci c case,
combine(PlusExp) , to catchary invalid casesSimilarly for StrCast , we adda
morespeci ¢ methodto catchtype errorsin sub-terms|eaving the moregeneralcase
toreturnType.Str

Our compiler for the examplelanguage,jn Figures21 and 22, is slightly more
complicatedbecauseve needto selectdifferentOpcode s for addition and concate-
nation.To demonstrat®neof the strengthsof AP-F we do this usinga simplerewrite
passwhichtransformdPlus operatorsWe introducetwo new variantsPlusint  and
PlusStr , to represenadditionandconcatenatioriThefunctionobject, TypeTrans
whichextendslDfa , updateshetraversalagumento bethe Type of the outerPlu-
SExp 8. Whenreachinga Plus operatorthe traversalwill eventuallydispatchto one

8 Calling the type checktraversaleachtime is inef cient; we arecurrentlyworking on waysof
composingraversalgo eliminatethis type of situation.

19



of ourapply() methods—assuminghe original expressiortype checksOnceap-
ply() hasbeencalled,the parentsarethenreconstructedby the builder B¢ (implicit
in the traversalconstruction) producingan expressionvherePlus is replacedoy the
type correctvariant.

class TypeTrans extends IDfa {
/I Pass the Type as a Traversal  Argument
Type update (PlusExp p, Object o)
{ return new Traversal (new TypeCheck ()).traverse ®) }

Plus apply (Plus pl, IntType i){ vreturn new Plusint () ; }
Plus apply (Plus pl, StrType i){ return new PlusStr () ; }

class Plusint extends Plus {}
class PlusStr extends Plus {}

Fig. 21. TypedTranslationof PlususingDemeterF

OncepolymorphicPlus is removedfrom the expressionpur compilationstepbe-
comessimpler The Compiler functionobjectextendsIDb , following a similar for-
matto our evaluator IntExp sandStrExp s producepushinstructions—aswith our
type checler, thesecombinemethoddgnoretheresultsof traversingtheir elds. When
traversingour new plusoperatorsve produceAdd andConcat instructionsata Str-
Cast weexpectanOpList fromtraversingthesub-epressionappend ingaCastS
instructionto thelist.

class Compiler extends IDb{
OpList single (Opcode o0){ return new OpList() .append (0); }

OpList combine (IntExp i){ return single (new Pushl(i .val)); }
OpList combine (StrExp s){ return single (new PushS(s .val)); }
Opcode combine (Plusint p{ return new Add() ; }

Opcode combine (PlusStr pl){ return new Concat (); }

OpList combine (PlusExp p, OpList |, Opcode op, OpList r)
{ return lappend (r) .append (op); }

OpList combine (StrCast ¢, OpList [){ return lappend (new CastS()); }

static OpList compile (Exp e){
Type t = new Traversal (new TypeCheck ()).traverse (e);
if (t == Type.Erm)
throw new TypeException (t);
Exp newe = (new Traversal (new TypeTrans () ).traverse (e, Type.Emr) );
return  (new Traversal (new Compiler ()).traverse (newe ));

Fig. 22. ExampleLanguageCompilerin DemeterF
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The combinemethodfor PlusExp is more complicatedwe expectan OpList
from eachof the sub-epressionsand an Opcode from the operator Plusint  or
PlusStr . TheresultOpList is simply a concatenatiorof theselists in the right
order Thestaticcompile()  methodcallsthetypecheclertraversal.lf theexpression
type checksthenwe cansafelytransformplus operatorsThereturnvalueis theresult
of traversingis alist of Opcode, translatedisinganinstanceof our Compilerfunction
object.

5 RelatedWork

ThethreeDemetettoolsprovidedifferentimplementationgor AP relatedideas Deme-
terJ[8] is a sourcemanipulationtool andimplementsDemetervisitors usingthe vis-
itor designpatternand statictraversalcodegenerationDJ [7] usesJava re ection to
traverseobjects,removing the needfor accept() = methodde nitions withing host
classesDAJ [15] usesAspectOrientedTechniqueg$16,17] to introducethe necessary
traversalmethodslin eachof thetools, traversalcontrolis de ned usingstrataies, al-
lowing certainchange$18] to adatastructurewithoutaffectingtheprogramsmeaning.
In all threetools communicatiorduring traversalis encodedn thetradition manner—
via visitor elds. Our AP-P solutionis anadditionto thesetoolsthatremovestheneed
for boilerplatecodein somerecursve computationsDemeterRusesDJ for implement-
ing its dynamictraversals,aswell as AspectJfor its implementationof interposition
variables AP-F is a moredrasticextensionin thatit changeghe way computationis
decomposedlongatraversal.The nev decompositiorallows communicatiorthrough
argumentsaandreturnvaluedeadingto purelyfunctionalcomputationsFunctionalstyle
traversalsareeasierto parallelizeandcomposg19], thoughwe haven't fully explored
boththosearea$8. Our DemeterAimplementatiorhasbeenseamlesslyleployedalong
sidethesetoolswithoutany extramodi cations.

EnvironmentalAcquisition[20,21] is someavhat relatedto the contexts of AP-P's
interpositionvariablesWith ervironmentakcquisitionjnformationis acquiredhrough
thecontainmenstructureusingexplicit declarationslnterpositionvariablesareimplic-
itly availablethroughouthetraversalwithin a givencontext andcanbeusedto provide
reverselinks within compositestructures.

OvlingerandWand[3] proposeadomainspeci ¢ languageassameango specifyre-
cursive traversaldor usewith thevisitor pattern4]. Thelanguagesupportgheaddition
of traversalargumentscalling of arbitrary functionsduring traversal,and functional
stylecombinationof intermediateesults. Thelanguageprovidestraversal e xibility at
a higherlevel thanhand-codedraversalsbut is not robustwith respectto datastruc-
turechangesAP-PandAP-F areimmuneto someformsof structuralchangessimply
becausdraversalandcomputatiorareseparatethetraversalcanbe adaptedo changes
in the datastructureseparatelyleaving computationsinchangedThe e xibility of the
traversallanguages suchthatit could be usedto specifythe traversalsfor the various
incarnationof AP, includingAP-PandAP-F

® We have developeda working, parallelversionof DemeterFbut arestill working on traversal
compositions
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In [22] a functionalvisitor implementatiorof DJ [7] is presentedhat introduces
around() visitor methodswith the ability to controltraversal.A secondmethodar-
gumentof type Subtraversal captureghe currenttraversalcontext, which canbe
ignoredor continued A genericcombine() methodacceptsan Object arrayand
is usedto provide default behaior for around . The valuesreturnedfrom visitors
andsub-trarersalsareunchecledandtypically becomeObject , decreasingtatictype
checkingandsafety ultimatelyforcing runtimechecksandmary programmeinserted
casts.Thoughthe ideasare similar to AP-F, our traversalorganizationand dispatch
functionsrelieve the programmeiof castingand provide staticguarantieof traversal
resulttypes.

Stratgjic Programming(SP) hasits rootsin term rewriting [23,24], but hasbeen
usedn otherparadigmsncludingObjectOrientated®rogramming25]. In SR traversal
computationg@resynthesizedby passinga functionto anappropriatdraversalschema.
Programmede nable schemagre compositionsof traversalprimitiveswhich areap-
plied to a nodesimmediatechildren(or elds). The OOPincarnationof SPis imple-
mentedthrougha generalizedvisitor pattern,in which objectstructuresmplementa
prede nedJavainterface.Visitor methodsalwaysreturnanobjectof thevisitableinter-
face;traversalprimitivesandcomposition@reachievedthroughparametrized¢onstruc-
tors.Although SPis more e xible with regardsto traversalspeci cation(e.g., top-dowvn
or bottom-up[26]) the type limitations force programmersnto heary useof casting.
Theuseof genericouldremove the needfor castingalthoughit is notclearif it could
be removed completely AP-F doesnot imposeary extra type restrictions,while the
extendedmethoddispatchmechanisntanbe usedto implementlimited form of the
traversalprimitivesfoundin SR

Thegoalof ScrapYourBoilerplate(SYB) [27—-29]is to automaticallytraverseglata
structuresusing developerprovided functionsthat perform transformationsGeneric
traversalfunctionstake a combinatorand specify what nodesin the datastructurea
functionshouldbe appliedto. The traversalcombinators agumentis itself a function
thattransformgdatatypesof interestedactinglik eid for others.SYB providestransfor
mationsthatcanbetype-unifying(TU), wereeachrecursve traversalreturnsthe same
type,or type-preservingTP), whereeachreturnsthe sametypeasits inputtype. AP-F
abstractgheseideasa bit more,separatingraversal,transformationandconstruction
sointermediatdunctionscanreturnary type.TU and TP transformationshenbecome
specialcasesln addition,AP-F doesnotrestrictthe useof mutation,while mutationin
SYB mustto encapsulatethside monadsthoughthis hasmoreto do with the imple-
mentationanguages;atherthanthe concepts.

6 Conclusion

We presentedwo re nementsto AP: AP-P and AP-F. AP-P introducesinterposition
variables visitor variablesthat are only available during traversaland canbe usedto
communicaténformation betweendifferentexecutionsof visitor methodswithin the
sameraversalcontet. Interpositionvariablecomewith implicit updateghatmimic the
recursve traversals structure alleviating programmerdgrom writing boilerplatecode.
AP-F is a functional formulation of AP that decomposesraversalcomputationinto

22



threesetsof functions.An extendedmethoddispatchmechanisnduring traversalal-
lows communicatiorto occurthroughfunctionargumentsandreturnvaluesleadingto
purely functional computationsThe traversaldecompositiorallows programmergso
easilybuild transformationshat,dueto their functionalnature Jendthemselesto easy
parallelism.
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