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Abstract

In this paperwe describea new traversalorganizationinspiredby
ideasbehindtype-generidraversalshatclearly separatetraversal
codeand computationjmplementedn an object-orientedsetting.
By delegating portionsof the traversaland computationto sepa-
rate functionswe provide a library and methodologyto develop
succinctsolutionsto data-structurdransformationproblems.Be-
causewe provide an implementationof thesenew traversalsvia
re ection in Java, all previous tools and libraries are still avail-
ableandfunctionality canbe extendedandcomposedo dealwith
datastructurereolganizationusing inheritanceand encapsulation.
We demonstratéhe useof theseabstractiondy solvingafew pro-
totypical languageproblems:calculationof de Bruijn indicesand
type-checking.

Categories and Subject Descriptors D.3.3 [ProgrammingLan-
guageq: LanguageConstructandFeatures—Eatterns

General Terms functional traversals,function objects,transfor

mations

Keywords traversalsargumentpassingreconstructionfransfor

mation

1. Introduction

A commondevelopmentscenariofacedby programmersnvolves
the implementationof operationsover a rich, hierarchicaldata
structure Typical examplesarefoundin languageprocessingand
implementation,e.g., source-to-sourcdransformations,compil-
ers,andXML librariesfor adaptve object-orientegorogramming.
Thesekinds of operationsare usually done using visitors, hand-
codedtraversals,or domainspeci ¢ languageshowever, we can
view suchoperationsas functional transformationcomprisedof
threeparts:

traversal theorderof sub-componerttaversalandtheapplication
of transformationver the datastructure,

function(s) applicationspeci ¢ tasksor transformationgo be ap-
plied ateachdatatype duringtraversal,

builder specializedcombinationsor selectionof sub-components
thatproducea new data-structure.

Existingsolutionsadmitlimitationsincludingduplicatingtraver-
sal code and mixing traversalwith functional and reconstruction
code! Thesdimitations createsolutionsthatareoverly dependent
ondatastructuresnakingthemlessamenableo structuralchanges
and dif cult to extend. Furthermore systemconstraintssuch as
closedcodelibrariesmale existing solutionsdif cult to reuse.

To give usa speci ¢ datastructureto discusssxamplesandex-
tensionswe introducea variation of the -calculusthatincludes

rst-class functions, integers, operations(addition and equality),

1We relateandcompareour solutionto previouswork in Section?.

andif expressiongFigure 1). Figure2 de nes our examplelan-
guagejn amix of concreteandabstracsyntax,asa Demeterstyle
classdictionary[6]. Eachnameontheleft sidede nesadata-type;
' de nesasumtypeand’=' de nes a producttype. We include
concretesyntaxin quotationsjnterspersedvith types,but exclude
eld namedor brevity.

Our datastructureis givenin alanguagendependentiescrip-
tion, but similar datastructuresouldbewrittenin ML or Haslell.
Ignoring issuesrelatedto the underlyingprogramminglanguage,
considerthe tasksrelatedto implementingthe following analysis
andextensiongo the examplelanguageastransformationsfocus-
ing onthethreecomponentstravesals functions andbuilders.

de Bruijn indices For ourtraversalwe needo exploreexpressions
in which variablesmay appearandexpressionghat cancreate
new bindings.During traversalwe needto maintaina list of
boundvariablesandtheir correspondindexical depth.At each
expressiorthatcreatesiew bindingswe needto addthemto our
list. Finally, ourbuilderneedgo construchew expressionsvith
variablereferencegeplacedby their correspondingle Bruijn
index.

Simple Type Checking Traversal needsto reachall expressions
while maintaininga type ernvironment.At eachexpressiorthat
de nes new bindingswe needto extend our type ernvironment
with the variablesand their types. At eachvariable use we
needto look up informationin the type ervironment. While
traversingall other expressionsve mustconstructtheir types
from sub-expressionscheckingthat noneof our typing rules
areviolatedin the process.

Lists Extendingour languageto supportlists as valuesrequires
us to modify our data-structuresand extend our type check-
ing solution.We shouldbe ableto easilyupdateour traversal,
function,andbuilder with justthe nev casesntroducedby the
additionof list relatedconstructorsaccessorandpredicates.

All threeextensionsrequireinformationto be maintaineddur-
ing traversal.While calculatingde Bruijn indicesandtype check-
ing, informationcanbediscardedftertraversingbindingforms.in
thecaseof deBruijn indicesthefunctionusesheaddressnforma-
tion collectedto replacevariableinstancesWhentype-checking,
the builder usesthe ernvironmentto constructthe type of eachex-
pressionldeally, whenaddinglist constructswe shouldnot have
to modify ary existing code,only extendit with casedor lists.

To supportour designandtestour claims, we provide a Jasa
implementatiorconsistingof a generakraversalwith default func-
tion andbuilder classesOur traversal,implementedhroughJava
re ection, visits eachelementof our datastructure,allowing ar
gumentsto be passedalong during traversal.We provide an ex-
tendeddispatchstratgyy for methodsde ned in function objects
(functionsand builders). Our extendeddispatchselectsthe most
speci ¢ methodde nition consideringall methodargumentsand
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Figurel. ConcreteSyntax

E: Num | Var | Op | If | Lambda | Call.
Num = Integer.

Var: Sym.

Sym = Ident.

Op: Plus | Equals.

Plus = "+".

Equals = "=".

Arg = Sym.

If ="(1f" EEE ")".

Lambda = " (lambda" " (" ArgList ")" E ")".
Call = "(" E EList ")".

Figure 2. MixedDataStructureSyntax

Var: Sym | Addr.
Addr = Integer.

class AddrTrans extends IDf{
Var app/y(Var var, SymList senv) {
return new Addr (senv.lookup (var));
}
}

Figure 3. SimpleAddressReplacement

types.Defaultfunctionandbuilder classesanbeextendedo spec-
ify operationon datatypesof interest.

Our codefor the de Bruijn index calculationis shavn in Fig-
ure 3 with the additionof a traversalargumentshavn in Figure7
(discussedn Section4). Our type checler in Figure9 follows di-
rectly from the languages typing rules. Our type checler imple-
mentationfor lists is a straightforward extensionthat only adds
operationdor the casesntroducedo ourlanguage.

Therestof this paperis organizedasfollows: the next section
describes preliminaryversionof our generatraversal,functions,
andbuilders.Section3 explainsour extendeddispatchmechanism.
Sectiond extendsour traversalwith agumentsandgivesadetailed
descriptiorof ourdeBruijn indicescalculation Sections addstype
annotationso our languageand shavs our simple type checler
implementationas a builder. Section6 extendsour type checler
implementatiorwith lists. We discussrelatedwork in Section7,
futurework in Section8, andconcludewith Section9.

2. Traversal and Recombination

To begin discussionof our traversalfunction and decomposition
we rst introducea limited versionthatis usefulfor simpletrans-
formations.Figure 4 gives the speci cation of our new traversal
function,parameterizetly two otherfunctions. is apolymorphic
functionthattakesa singleargumentandreturnsaresult.A builder

is a function objectthatis responsibl€or the reconstructiorof
datatypes.

When isatomic,eqg., int orboolean (the rst caseof ),
thebuilderfunctionis notusedonly is called.Whenthedatatype
beingtraverseds compoundsigni ed by theuseof aconstructor ,
werecursvely traversets dataelementandreconstrucit usingthe
builder, passingheoriginal objectasits rst agumentollowedby

TRAVERSAL

where
is atomic

where

DEFAULT FUNCTIONS

Figure 4. TransformationTraversalFunction

E: ... | Bool.
Bool: True | False.
True = "#t".

False = "#f".

class BoolTrans extends IDf{
static E newtrue = Call.parse("(=1 1)"),
static E newfalse = Call.parse("(=1 0)");

E apply (True t){ return
E apply (False t){ return
}

newtrue; }
newfalse; }

Figure5. BooleanLiteralsandRewrite Function

theresultsof sub-componerttaversals Theresultingcombination
isthenpassedo for transformation.

Below the de nition of arede nitions of usefulinstances
of and . is the identity function and is the builder
thatignoresrecomputedesults,returningthe original compound
object.Thebuilder combinesherecursveresultsusingthesame
constructarpreservingheoriginal types.We assumeét is possible
to inspectthe datain someway to matchargumentsand aid in
reconstructionThoughour Jasaimplementatiorusesre ection to
distinguishdatatypes Janguagesvith patterrmatchingcanprovide
equivalentfunctionality.

To demonstrat@neuseof our new de nitions, we addboolean
constantso theexamplelanguageusingthemasabbreiations:
will beshortfor theexpression= 1 1),and for(= 1 0).
We will transformthemusinga newly de ned functionobjectand
theprede nedbuilder,

Figure5 shavs our additionsto the syntax(both concreteand
abstractandthefunction objectwe useto transformbooleancon-
stantsThefunctionwhenappliedto True andFalse returnsthe
appropriateCall expression.The static parse function knows
how to createa Call giventhestring“(= 1 1) ". The builder

will thenreconstructermswhile traversing.Theresultwill bea
copy of the original termwithout boolearliterals.

3. Dispatch and Matching

For the sale of this discussionwe will referto our Java imple-
mentationof functionsasObject swhichimplementhecorrectly
namedmethodq1].

Our library calls methodshasedon the expectedname the ac-
tual datatypesencounterediuring traversal,and all typesin the
de ned methods signature As shawvn in BoolTrans  (Figureb)
functions are expectedto implementthe methodapply( ) for
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Figure6. ArgumentPassingTraversalFunctions

datatypesthat they wish to transform.Similarly builders are ex-
pectedo implementacombine( ) method.

Method calls are dispatchedusing a simple multiple dispatch
matchingalgorithmthatre ects ontheformalandactualargument
typesat runtime.Methodpossibilitiesareexploreduntil amatchis
found usinga list of eacharguments superclasseandinterfaces.
Themethodwhosesignaturecontainsthe exacttypesastheactual
amgumenttypesis the mostspeci c. Theleastspeci ¢ is amethod
whoseargumenttypes are all Object . We choosethe method
which is the most speci ¢ for the rst  arguments where sub-
classesrealwaysmorespeci ¢ thansuperclasse3heprede ned
builder is implementedusingthe samelookupto nd construc-
tors of the original compoundobjects type. If no suitablemethod
is foundwe throw anerror, to helpwith traversaldehugging.

Thenext sectiondiscussesn additionto the traversalfunction
thatmalesit possibleto passargumentsWe usethe samedispatch
stratgy to allow modi cation of this parametethroughoutraver-
sal.

4. Traversal Arguments

Now thatwe have anideaof the basictraversaland our dispatch
implementationywe make a simpleadditionthatallows usto solve
more interestingproblems.For our secondmodi cation of the
example language we add supportfor de Bruijn indicesto our
abstractsyntax. Figure 3 containsthe syntax additionsand the
AddrTrans function object which extends . We introduce
Addr , aninteger offset, as a variantof Var . We do not needto
addconcretesyntax,asAddr will only appeamafterrewriting.

We mustkeeptrack of a symbolenvironment(SymList ); re-
placing eachvariable accesawith the index of its symbolin the
currenternvironment. To supporttheserequirementsye needto
parameterizéhetraversalwith athird functionobject,anaugmen-
tor, andaddan argumentto the traversaland eachof the function
objects.

Figure6 shavsthemodi ed traversalanddefaultfunctions Be-
fore recurringinto a dataelement,we usethe augmentorto cal-
culatea newv argumentfor sub-traersals.The augmentos result
becomeghe lastagumentpassedo the traversaland otherfunc-
tions. Our traversalimplementatiorin Java expectsthe augmentor
to implementa function,update( ), asseenin Figure?7.

5. Type Checking

As athird additionto our mini-languagewe integratetype annota-
tionsandwrite asimpletypechecler usinga combinationof func-
tion objects.Themodi cations to the abstractandconcretesyntax

class SymExtender extends 1IDa{
SymList update(Lambda lambda, SymList senv) {
return senv.push (lambda.formals) ;
}
}

Figure7. SymEnvironmentExtender

Arg = Type Sym.

Type: BoolT | IntT | FuncT.
BoolT = "bool".

IntT = "int".

FuncT = Typelist Type.

Figure 8. AddedSyntaxfor Types

areshavn in Figure8. We adda tupeannotatiorto Arg represent-
ing thetypeof armgument(s)In this new syntax,we canwrite the
identityfunctionfor integersas: , While thetypeof
Plus canbewrittenas(int int -> int ). Wewill only infer
thetype of thebody of expressions.

The problemof typecheckinganexpressiorin this languages
differentfrom all of the previous examplesin thatthe traversalis
not type-peserving i.e., given an E, we wantto returna Type,
not anotherE. It is also not type-unifying meaningwe do not
always return a Type, but sometimeseturna TypelList . For
example,whentraversinga Call expressionwe build thetype of
theprocedureandalist of actualargumenttypes,inferredfrom the
givenexpressions.

The solutionhereis to createa customizeduilder thatwill re-
turn a Type for expressionshut returna TypeList whenwe
encounteran ArgList , or EList . As beforewe needto keep
track of a type ernvironment.Figure 9 containsa function object,
TypeBuilder |, thatcheckghetypesof expressionsn our exam-
ple languageand TEnvExtender , holdspairsof (Sym Type).
For simplicity we usea Lisp-stylelist representatiofor ArgList
EList and TypelList . We representConsL and EmptyL as
interfaces andassumautility methodsareimplementede.g.,
equals( ) ). WeusetheexceptionTE to signalatypeerror

One major benet of our traversal organizationis that our
type checler implementatiorfollows directly from the languages
typing rules including the more complex casesof expressions,

and . As before,environmentextensionis
encapsulateth asinglefunctionobject(TEnvExtender ). Inthe
next sectionwe reusethis TypeBuilder  to addlist typesto our
language.

6. Adding List Values

Given our organizationof traversals,builders and agumentswe
canextendourtypecheclerto handlehomogeneoulsts by adding
new syntaxand simple rules for the typesof various operators.
Figure 10 shavs the new syntaxfor lists andthe simple additions
to the TypeBuilder

We adda new operatorfor eachbuilt-in function.Eachoperator
requiresthe elementtype to be given, except"empty?" , which
implicitly acceptghetypeany . Becauseur referencamplemen-
tationis written in Java, we canuseinheritanceo reuseour earlier
methodsaddingonly thespeci csfor this extension We againuse
thestaticparse( ) functionfor brevity; constructinga String
thatrepresentthetypeof theoperatorNotablyourtransformations
BoolTrans andAddrTrans areunafectedby thischange.



class TypeBuilder extends 1IDb{
/I IF-expression

Type combine(1f ife, Type ttest, Type tthen, Type telse,

TEnv te) {

if (!ttest.isBoolT())throw new TE ("Condition Not Boolean");

if (tthen.equals(telse))return telse;
throw new TE ("Then and Else not the Same Type");
}
/I Call- expression

Type combine(Call call, Type proc, TypelList args, TEnv te) {

if (!proc.isFuncT())
throw new TE ("Args Applied to Non-func");
FuncT £ = (FuncT)proc;
if (f.args.equals (args))return f.ret;
throw new TE ("Argument Types Incorrect");
}
/I Var-expression
Type combine (Sym sym, Ident id, TEnv te)
{ return te.lookup (sym); }
/I Lambda-expression

Type combine (Lambda lam, Typelist args, Type ret, TEnv te)

{ return new FuncT (args, ret); }
/I Op-expression
Type combine (Plus plus, TEnv te)

{ return FuncT.parse (" (int int -> int)"); }
Type combine (Equal equal, TEnv te)
{ return FuncT.parse (" (int int -> bool)")}

/I Num, Arg-expression
Type combine (Num num, Integer i, TEnv te){ return

/I EList and ArgList

new IntT(); }
Type combine (Arg arg, Type t, Sym sym, TEnv te) { return

ti }

TypeList combine (ConsL cons, Type t, TypelList tlst, TEnv te)

{ return new TypeCons (t, tlst); }
Typelist combine (EmptyL mt, TEnv te){ return
}

class TEnvExtender extends IDa{
TEnv visit (Lambda lam, TEnv te) {
return te.extend (lam.formals);

7

}

new TypeEmpty (); }

Figure9. TypeChecler/BuilderandTEnv Extender

Component | Method Name | BooleanTrans. deBruijn Type Checking
function apply() , Customizedor Bool , Customizedor Sym
builder combine() Customfor TypeRules
augmentor update() N/A , Customizedor VarEnv. , Customizedor TypeEnv.

Table 1. TraversalCombinationSummary

7. Related Work

Type-generidraversals(TGT) [5] are generalfunctionsthat can
be appliedto termsof ary type andallow recursve traversalinto
subterms Transformationsan be type-unifying (TU), were each
recursve traversalreturnsthe sametype, or type-preservindTP),
were eachrecursve traversalreturnsthe sametype asit's input
type. Information maintainedduring traversal and operationson
themareencapsulatedsinga monad.Our augmentorsindtraver-
sal agumentsenesthe samepurposeasthe monadin TGT sep-
aratingdatafrom functionality Ourimplementatiortraversesdata
structuresn the samegenericfashionas TGT, however, we sepa-
ratetraversalfrom constructionso transformationganreturnary
type.TU and TP transformationdecomespecialcasesWhile we
give e xibility onreturntypeschecleddynamically TGT provides
staticallytypedTU and TP traversals.

Thegoalof ScrapYourBoilerplate(SYB)[2, 3, 4] isto automat-
ically write codethattraversesdatastructureswhile the developer
providesfunctionsthat performtransformationsGenerictraversal

functionstake acombinatorandspeci eswhich of thenodesn the
datastructurea function shouldbe appliedto. The traversalcom-
binator's agumentis itself a functionthattransformshe datathat
it'sinterestedn andactslike for others As with TGT, SYB pro-
videsboth TU and TP traversalsalongwith statictype guarantees.
Using SYB we believe it is possibleto expresssomeof the same
transformationdetweenTU and TP thatarenot possiblein TGT,
but we arenot sure;thatis a possibledirectionfor futurework.

The implementationof our generictraversalis similar to the
WalkAbout classdescribedy Palsbeg andJay[8]. We provide
a similar mechanismbut separatéunctionalityinto multiple func-
tion objects,usemultiple algumentdispatchand a moreinvolved
matchingalgorithm.

Adaptive Programming(AP) [6] hasprovided differentmech-
anismsfor separatingraversalsfrom functionality DemeterJ 9]
tradesdynamiccontrol using a static, generatre approachwhile
DJ [7] deplg/s a dynamic,refective traversal.Both usea domain
speci ¢ languageo describea setof legal paths which allows the



Op : ... | Cons | Empty

| EmptyHuh | Car | Cdr.
Cons = "cons<" Type ">".
Empty = "empty<" Type ">".
EmptyHuh = "empty?".
Car = "car<" Type ">".
Cdr = "cdr<" Type ">".
Type: ... | AnyT | ListT.
AnyT = "any"
ListT = "[" Type "]".

class ListChecker extends TypeBuilder{
Type combine(Car car, Type t, TEnv te)
{ return FuncT.parse (" (["+t+"] —>"+t+")"); }
Type combine(Cdr cdr, Type t, TEnv te)
{ return FuncT.parse (" (["+t+"] —> ["+t+"])"); }
Type combine (Empty mt, Type t, TEnv te)
{ return FuncT.parse (" ( => ["+t+"])"); }
Type combine (EmptyHuh mthuh, TEnv te)
{ return FuncT.parse (" (any —-> bool)"); }
Type combine(Cons cons, Type t, TEnv te) {
return  FuncT.parse (" ("+t+" ["+t+"]->["+t+"])");
}
}

Figure 10. New SyntaxandType Checler for Lists

toolsto optimizetraversalsaccordingo theselectegaths Because
traversalagumentsandreturnvaluesare x ed,combinatiorandar-
gumentpassingmustbe implementedhroughvisitors via assign-
ment.Our generictraversalhaspossibilitiesfor more e xibility but
is comparatiely inef cient andlacksaform of traversalcontrol.

8. Future Work

Our traversal abstractionshave beenre ned from earlier ideas
in both Adaptive Programmingand Type-genericTraversals.We
would like to continue exploring the usesof theseabstractions
in solving larger languageproblemsrelatedto interpretersand
compilers.e.g., XML or Jaratransformationsvithin Eclipse.

Our rst taskwill be the addition of someform of traversal
control.In additionto thereferencelaszaimplementationywe would
like to provide implementationsn otherlanguageswWe would also
like to addsomeform of staticguaranteebk e thosefoundin TGT
andSYB.

9. Conclusion

We have describeda functional decompositionof traversalsthat
clearly separatedraversal code, functional code, reconstruction,
andtraversalarguments.This separatiorallows us to build solu-
tions to more complex problemswhile preservingthe functional
natureof transformations.

We provide animplementatiorof our ideasin Java that shawvs
how function objectscanbe usedto write transformationsvith or
without traversalargumentsWe cannow solve problemdik e type
checkingthat requirea mix of type-preservingnd type-unifying
traversals As areferenceTablel summarizesur functionobjects
andinterfaces;shaving the differentcomponentsisedin eachof
our examples We have alsotestedour traversalorganizationwith
promisingresultson other problemsincluding structuralduplica-
tion, ShannorDecompositionandprogramevaluation.
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