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Abstract. Adaptive Programming (AP) allows for the separate definibbdata
structures and traversals with attached computationfmpeed during the traver-
sal, that operate on these data structures. The looselyedefiontexts, struc-
ture and computation, are composed according to a givearsalspecification.
Traversal specifications are defined against a graph-baeddlrof the underly-
ing data structure with the ability to abstract over grapennames, edges and
subpaths. As suatertainmodifications to the data structure can be made without
altering the programs overall behavior. The prograsiapts or more precisely
the computation can withstand, modifications to its undeglydata structure.
Currently AP systemd,e. DAJ, provide no mechanisms to warn or even guard
against modifications thawill affect the meaning of a program. Programmers
have to depend on thorough (or even exhaustive) testingdier @o detect such
modifications.

In this paper we preseltemeter Interfaceshrough which a more thorough de-
sign method of adaptive programs allows for more resilieftwsare. Demeter
Interfaces specify the expected structural propertieb®iinderlying data struc-
ture thatmusthold in order for adaptive code to function correctly. Thyhuan
example we illustrate the usage and implementation of Denieterfaces. We
further show how Demeter Interfaces result in better desighadaptive pro-
grams, ease of adaptive code reuse and how they promotéepdealelopment.
We also discuss the applicability of Demeter Interfaces kL Xtechnologies
making our results relevant to large communities, such asXfQuery, XLing
and XSLT communities.

1 Introduction

An adaptive program is written in terms of loosely coupledteats,i.e., data structure
and behavior (computations) with a third definition suctiinbinding the two contexts
together. In DAJ [1], the most recent AP tdahrograms are defined in terms of their
data structures and a set of computations that take plaseydbe traversal of these data

! DemeterJ and DJ are alternative AP tools. The tools difgriially in the way computation
is attached to traversals. DemeterJ [2, 3] generates Jdednside Java classes, DJ [4] deploys
reflection and DAJ uses AspectJ [5, 6] introductions. Alethtools make use of the same core
library (APLib [7, 8]) when calculating traversals.



structures. Structure and computation come together dginrtvaversal specifications
Traversal specifications are defined using a domain speaifgulage that operates on a
graph-based model of a program'’s data structure. Travepsalifications can abstract
over graph node names, edges and subpaths thus allowiagno@iddifications to the
underlying data structure that do not alter the programésaibehavior.

This adaptive nature of AP programs better lends itself tdw/éterative software
development [9, 10]. Programs are built in small iteratiai®ere each iteration adds
a new small piece of behavior that operates on the underfaa structure. Typically
modifications to the underlying data structure are necgssat often lead to code mod-
ifications from older iterations. The adaptive nature of ABtems assists in limiting,
but not completely removing, such situations.

It is therefore important to identify the kinds of modifiaats to which an AP sys-
tem will not “correctly” adapt and will yield undesirableqggram behavior. Identifying
which modifications do not alter the meaning and intent of &sfstem is not a triv-
ial task. A naive approach would be to identify which partsted data structure are
explicitly referenced in traversal specifications andrthéiached computations. These
data definitions have a dependency and any modificationsetoritame and/or struc-
ture can negatively affect the attached computation. THependencies alone however
do not suffice, since computations typically depend on iaiipdissumptions about the
underlying data structure that a modification may invakdat

As a simple example consider an application that colledtgimation from a data
structure that represents a bus route. The data structosést®of a list oBusRoute
objects each one with a list &us objects as its data member. In turn, each bus main-
tains a list ofPerson objects as its member where edebrson object holds the
ticket price payed by each passenger. Calculating thedatalunt of ticket money col-
lected due to the current bus passengers riding on a busrexuiges a traversal to all
Person objects,.e. “from BusRoute to Person ”, collecting the ticket price from
each object along the way and adding the values together.

It is clear that the traversal specification depends on tmees®8usRoute and
Person . More importantly, the traversal specification makes thpliicit assumption
that all Person objects reached throughBusRoute object are all bus passengers.
Extending the data structure so tha@asRoute also holds a list oBuStops which
themselves contain a list of waiting passengers does nalidtate the traversal spec-
ification, but calculates the wrong amount of ticket monejected. DAJ (as well as
DemeterJ and DJ) offers no way to define and check for suchmggns. Program-
mers resort to extensive testing as the only mechanism émtiiging this kinds of
violations.

The problems due to modifications that alter the meaning@fptiogram make it-
erative and parallel development difficult. As dependenbietween computations and
traversals arise it becomes harder to properly test andtdmigs in adaptive programs.
At the same time, as AP programs become larger in size uradeiability of adaptive
code decreases since programmers need to perform travai@ahtions over large data
structures by hand. Programmers have to both look at thersalspecification and the
computation attached to it but also calculate from the cetealata structure the possi-
ble paths based on the traversal specification. Finallgedioth traversal specifications



and their attached computations refer to concrete datatsteinames it is harder to
reuse adaptive code as is.

In this paper we propose Demeter Interfaces (DIs) as a mesrhavithin DAJ that
allows the definition of ainterface Class GrapficG), which provides an interface for
the concrete data structure. A DI further specifies its aietraversal files which con-
sist of traversal specifications ardnstraints Constraints define properties that both
the IcG and the underlying data structure must satisfy. Computaaspecified ei-
ther as inter-type declarations (ala AspectJ) that intcedextra methods to classes, or
as Visitors that are attached to traversals via adaptiveodlst Visitors define methods
that get to execute during the traversal of the data stragtar, before and after specific
nodes are reached.

We further extend the concrete data structure definitiom \&i implements
clause used to specify which DI(s) are implemented along wihame map between
its concrete data members and the DI(s) data members.yFimalextend DAJ to stati-
cally verify the mapping provided and validate all consitaifrom the related Demeter
Interfaces.

Demeter Interfaces hit a sweat spot between flexibility afietg. They restrict what
AP can do but without going back to the old way of writing theuStural Recursion
template manually [11]. They are safer because the adgptigram'’s intent is defined
and used to check any future data type against it. As a siéeteidaptive programs
become better documented and more understandable.

The remainder of this paper is structured as follows, Se@imtroduces DAJ In-
terfaces by presenting an example application impleméntplhin DAJ and then with
Demeter Interfaces. Section 3 discusses some of the imptatran details and section
4 describes the design benefits enjoyed by adaptive prodhaingeploy DIs. Section 5
discusses the connection between DIs and XML technologgesion 6 presents related
work and Section 7 presents future work. Section 8 concludes

2 Demeter Interfaces

In this section we illustrate the usage of DIs and their athgas through an equation
system example and the implementation of a semantic chedleefirst provide a so-
lution in DAJ [1, 12] which we also use to describe the DAJ epsitself. We then
iteratively extend the equation system, exposing the gsvith the current DAJ im-
plementation. We then show a solution using DIs and analhgedtlvantages over our
initial implementation.

2.1 A simple equation system in DemeterJ

Our example is about systems of equations in which we wanhéalcthat all used
variables are defined (we call thisamantic checkgrA simple equation system could
ber=5y=9z2z=2+y;

Adaptive programs in DAJ are defined through a Class Dictipifed), a set of
Traversal Filestfv) and a mixture of Java and AspectJ code. Listing 1.1 andrigsti3
make up the DAJ code for the simple equation system alongtié@hmplementation
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Fig. 1. The UML equivalent of Simple Equations Class Graph.

of the semantic checker which prints out two lists; defined ased variables. A cd
file is a textual representation of the Object-Orientedcétme of the program which
specifies classes and their members. Figure 1 gives the Uptesentation of the class
dictionary in Listing 1.1.

Listing 1.1. Class Dictionary for Simple Equations

EqSystem =< equations- BList(Equation).

Equation =<lhs> Variable’=" <rhs> Expr.

Expr : Simple| Compound .

Simple : Variabld Numerical.

Variable = Ident.

Numerical =<val> Integer.

Compound Z(" <lrand> Expr <op> Op <rrand> Expr’)”" .
Op : Add| Sub| Mul | Div.

Add="+" .
Sub="-".
Mul =" "
Div=""".

BList(S) ""(" S{%" S}")"

Each line of the class dictionary defines a class definitianedual sign (=”) defines a
concrete class with the class name on the left hand side @fifhals and the members
of the class in the right hand side of the equals. Replaciagtjual sign with a colon
(“: ") defines an abstract class with its subclasses on the rigtiteocolon. Names
enclosed in & >" define class member variable names, classes with no merateers
specified using an equal sign followed by a doA( =. ). The class dictionary further



defines a graph-based model of the program’s structurereeféo as alass graph
with each class (concrete or abstract) represented as aanddsach member variable
represented as an edge (Figure 1). Inheritance is alscseapieal as an edge, as in UML
class diagrams, but with the direction of the arrow is res@r® point to subclasses
instead of the super class.

The system uses a class dictionary as a grammar definitiomidang a language
that can parse in sentences and create the appropriaté migances. Tokens in the
class dictionary surrounded in quotes define the generategliages’ syntax tokens
(Listing 1.2). Parameterized classes are defined throughiltte (" ") operator,e.g,
BList(S) defines a list enclosed in parentheses of one (or more) eteroetypeS
each element separated by a semicolon.

Listing 1.2. An instance of a simple equations system given as input to DAJ
(x=5;
y=(x-2);
z=((y—x) + (y+9)))

Traversalfiles are an extension to AspectJ’s aspect definithich only allow inter-
type declarations. DAJ extends Aspectilare  statement to define strategies and
traversals. Strategy declarations provide a name for thtegly €.9, define in List-
ing 1.3) and the traversal specification as a string. Travegecifications can refer to
class nodes by name and to class edges using the synt8rurce,Label, Target
(e.g, classA with memberc of type B can be expressed asA,c,B ). In place of
a class name or edge name thattern is used to match any name. In our simple
equation system the stratedgfined visits all Variable  objects starting form an
EqSystem object and bypassing any edge with the nahse along the way.

Traversal declarations require a method signature andigirwith a visitor name
as an argument. The method signature provided to a travéestdration gets intro-
duced as a new public method to the source class of the tedgestrategy. We call
these methodadaptive methoddDAJ automatically generates the method body that
performs the necessary calls for traversing the objeatesire according to the given
strategy. At each such call the attached visitor implententas advised, executing
any applicable visitor method. Visitors in DAJ are Javastsswhere the one argument
method namebefore ,after andreturn hold a special meaning. During a traver-
sal if an object’s type matches the argument typelodfmre method then that method
is called before traversing the object. After methods behiawa similar way with ex-
cept that the method gets called after traversing the aligattirn methods are used to
return a value once the traversal is terminated. The reygm ¢f thereturn  method
must match the return type of the adaptive method that thowis attached to. In
the simple equation system, befor¥ariable  object is traversed th€ollectDef
visitor prints out the variable’s name.

With the completed AP implementation of the semantic cheakglace we can
now evaluate our solution and verify the claims made, botfavor and against, AP.
The principle behind AP [2] states

“A program should be designed so that the interface of objeat be changed
within certain constraints without affecting the progratall.”



Listing 1.3. Additional traversal file $emanticChecker ), visitor class
(CollectDef ) and main driver classMain ) for the system of simple equations.

/I SemanticChecker.trv

aspectSemanticCheckef
declare strategy: defined:"from EqSystem bypassing> x,rhs to Variable”;
declare traversat void printDefined(): defined(CollectDef);

declare strategy: used *from EqSystem bypassing> x,lhsx to Variable”;
declare traversat void printUsed(): used(CollectDef);

}

Il CollectDef.java Visitor
classCollectDef
void before (Variable v){
System.out.printlifound Ident :” + v.ident.toString());

}
}

// Main Class
import java.iox;
classMain{
public static void main(String args[]X
try {
EqSystem eqSystem = EqSystem.parse(File(args[0]));
System.out.printliiDefined are : ");
eqSystem.printDefined();
System.out.printliUsed are : ”);
eqSystem.printUsed();
}catch (Exception )
e.printStackTrace();
}
}
}

For the simple equation system example, modifying the syste that equations
are now in prefix notation does not affect the program’s betaloing so requires a
single modification to the class dictionary,

Compound = “(" <op> Op <lrand> Expr <rrand> Expr *)".

No other changes are needed to the traversal file or thewishe modification simply
changed the order between tBp data member and the firgixpr data member of
the Compound class. This is not surprising since even in plain Java, $wit the
order of member definitions does not change a program’s @héaets consider a
more drastic extension, lets add exponent operations tesystem but also impose
precedence between operators. Listing 1.4 shows the ctarghéess dictionary file, the
definitions have been factored to accommodate for opera¢aedence and tHexpo
class has been introduced to deal with exponents. Againther changes are need to
either the traversal file or the visitor. The semantic chesk#é functions correctly.



Why is the semantic checker unaffected by these changes®iirchses the modi-
fications to the cd file did not falsify the strategye(, there is still a path from source
to the target) and it did not affect the way by which variatdes defined and used in
the equation systeni.§., there is no other way of binding a variable to equationsrothe
than“="  and variables still have global scope). Any modificatiorti® ¢lass dictio-
nary that does not falsify the strategy and does not alteassamptions about variable
definition and usage within the equation system will notetftbe semantic checker’s
code.

However any alteration that either

— modifies class and/or class member variable names thatglieitiyx referenced by
traversals and/or visitors,

— or, breaks an assumption about the system on which an adaptile depends on
(e.g, adding a new variable binding construct to the equatiotesysikelet for
local bindings).

will alter the program’s behavior.

Listing 1.4. Extended class graph accommodating exponents and oppratadence.

EqSystem = equations- BList(Equation).
Equation =<lhs> Variable "=" <rhs> Expr.
Expr : AddExp| SubExp| Term.

AddExp = Add Expr Term.

SubExp = Sub Expr Term.

Term : MulTerm| DivTerm | Expo.
MulTerm = Mul Term Expo.

DivTerm = Div Term Expo.

Expo : Raised Factor.

Raised = %x" Expo Factor.

Factor : Simplg BExpr.

BExpr ="(" Expr")".

Simple : Variabld Numerical.

Variable = Ident.

Numerical =<val> Integer.

Add ="+".
Sub="—".
Mul =" .
Div ="/".

BList(S)~ S{";" S}.

For example, altering the equations system to allow for fioncdefinitions with
arguments causes no compile time error, but results in eows program behavior.
This modification breaks two assumptions:

1. Thereis only one neWariable defined at each equation.
2. All variables have global scope and thus can be used amgwhe

The adaptive methods, as well as the visitor, depend on tesenptions. However
these assumptions are not explicitly captured in AP progrdihere is no tool support



to stop such modifications. In fact naively extending theatigmm system to accommo-
date for functions parameters, as in Listing 1.5, will geteia valid AP program that
will provide the wrong results for the semantic checker.

With larger AP programs, it becomes nearly impossible to dilhthese implicit as-
sumptions and even harder to predict which modificationkoaiise erroneous behav-
ior. Programmers have to rely on exhaustive testing in dadiercrease their confidence
that the program still behaves according to its specificafidis in turn limits the ef-
fectiveness of AP and its application in iterative develepirsince modifications to the
data structure due to an iteration can introduce bugs irs pduthe code developed in
previous iterations.

Listing 1.5. Class Graph for equations systems with functions of oneraeg.

EqSystem =< equations- BList(Equation).

Equation =<lhs> VarOrFunc’=" <rhs> Expr.

VarOrFunc : Variabld Function.

Function ="fun” <fname> Variable”(” <args> CList(Variable))” .
Expr : FunCall| Simple| Compound .

Simple : Variabld Numerical.

Variable = Ident.

FunCall =<fname> Variable”(" <fargs> CList(Simple)”)” .
Numerical =<val> Integer.

Compound Z(" <lrand> Expr <op> Op <rrand> Expr’)" .
Op : Add| Sub| Mul | Div.

Add="+" .
Sub="—".
Mul =" "
Div=""".

BList(S)™"(" S{"y S}y
CList(S)~ S{",” S}.

These dependencies impede parallel development and degoeaductivity. Ad-
dressing these issues requires

— The ability to define the assumptions made by adaptive codetabe underlying
data structure,

— Tool support to allow the validation of these assumptions,

— Decrease the dependency on class and class member vaaaixs,n

— The modularization of only the relevant data structurerimfation for each adaptive
behavior instead of the whole class dictionary.

2.2 A simple equation system with Demeter Interfaces

A Demeter Interface resides between a class graph anthfiiementatiorof adaptive
behaviorj.e., adaptive methods and visitor implementations. A DI defthesnterface
class graph as well as a list of traversal file names each dgfatiategies, traversal and



/I ExpriCG.di
di ExpriICGwith SemanticCheckér
ESystem = List(Definition).
Definition =
<def> DThing"=" <body> Body.
Body = List(UThing).
UThing = Thing.
DThing = Thing.
Thing =.
List(S) ™"(" S")" .
}

/I SemanticChecker.trv File
aspectSemanticCheckewith DVisitor{ \ ESystem \
declare strategy gdefinedldents: ‘ ‘
"from ESystem via DThing to Thing” Lr

declare strategy gusedldents: [ Definition |
"from ESystem via UThing to Thing” ‘ ‘

declare strategydefinedident:
"from Definition via DThing to Thing’

declare traversat
void printDefined(): gdefinedidents(
DVisitor);

‘ Body ‘ ‘ DThing

declare traversat
void printUsed(): gusedldents(DVisitor); }UThing | | Thing

declare constraints
unique(definedident),
nonempty(gusedidents),
nonempty(gdefinedldents).

}

// DVisitor.java File
classDVisitor {
public void before(Thing t){
System.out.printIn(t.toString());
}
}

Fig. 2. The Demeter Interface for the simple equations system dedinénterface class graph, the
SemanticChecker traversal file defines strategies trdgseasd constraints. The UML diagram is
equivalent to the interface class graph defineBxpriCG .



constraints for this DI. A traversal file also defines a listisitor class names that are
used in its traversal definitions.

Figure 2 shows the Demeter Interface for the simple equatistem along with its
traversal file and visitor implementation. A diagrammdtrepresentation (in UML) of
the DI's interface class graph is given on the right.

ThelcG serves as an abstraction of any class graph implementdtioaBxpriCG
Dl in order for the strategies definedkxprlICG to be applicable. The interface class
graph captures only the necessary structural informafionthe purpose of a semantic
checker the interface class graph needs to capture thensatfvariable definition and
variable usage. Any other informatios.g, operator precedence etc., is irrelevant for
the semantic checker. Any definition in the equation systemewed by the semantic
checker as either defining a new variable or using some asabthe definition body.
This is depicted in Listing 2 which defines an ESystem as afsigfmitions, each def-
inition having adef defining an entityDThing ) and abody part that uses (possibly
many) entities U Thing ).

The header for the DI defines, usingvith statement, the traversal file name that
uses this DI, in this case SemanticChecker. The Semantié€ht&raversal file defines
in its header, using with statement, the visitor required by the traversals defined in
its body. The three traversals defined are, the first for ctifig all defined entities in
an ESystem (gdefinedldents ), the second for collecting all used entities in an
ESystem (gusedldents ) and the last strategy collects all defined entities from a
Definition object @efinedldent ).

Following the strategy definitions, two adaptive methods iatroduced into the
ESystem classprintDefined() uses thgdefinedldents strategy along with
the DVisitor  to collect all defined entities. In a similar mannaintUsed()
uses thegusedidents  strategy along wittDVisitor  to collect all used (refer-
enced) entities. Finally the three constraints state tearaptions that must hold for
theicG and later for any class dictionary that is mapped to ths Specifically, that
eachDefinition has a unique path to a defined entitg,., a Definition de-
fines one and only one new variable. The remaining two conssrapecify that both
gusedldents andgdefinedidents should have at least one path satisfying their
strategy specification. We have extended DAJ and theseraortstare now validated
statically.

A visitor implementation is a typical Java class containgrge argument meth-
ods with the method name being eithesfore or after . Execution of an adap-
tive method starts traversing the data structure accotditige strategy provided with
the traversal definition. Before traversing over an obj#at, visitor attached to this
adaptive method is advised. If the type of the object to beetised matches the ar-
gument type of a method, then the method is executed. As thigoth@ames imply,
before methods are executed before traversing the ob@tdr methods are ex-
ecuted after the object is traversed. Figure 3 gives an ebeaimplementation of the
ExprlICG Demeter Interface (on the right) along with a visitor impkmtation and a
driver class (on the left). DAJ’s class dictionaries aresagied in two ways; a header
is introduced allowing for amplements statement that specifies which Dls are being
implemented and a mapping between the concrete classrdicficlasses to theG's



import java.iox;

classMain {
public static void main(String[] args)

try {

}
}

InfixEQSystem ieqgs =

InfixEQSystem.parsaéw File(args[0]));
System.out.printlf(Ds in def:” );
iegs.printDefined();
System.out.printlf(Ds in use:");
iegs.printUsed();

}catch(Exception €)

}

e.printStackTrace();

cd InfixEQSystemmplements ExprlCG {

EquationSystem =z eqs> List(Equation).

List(S) ™"(" {S} )" .

Equation =<lhs> Variable"="
<rhs> Expr.

Expr : Simple|] Compound.

Simple : Variabld Numerical.

Variable = Ident.

Numerical =<v> Integer.

Compound =<lrand>List(Expr)
<op> Op <rrand>List(Expr).

Op : Add| Sub| Mul | Div.

Add="+" .
Sub="—".
Mul ="+
Div=""" .

for ExpriCG (
useEquationSystenas ESystem,
useEquationas Definition,
useExprasBody,
use(—>x,lhs,Variable)as DThing,
use(—>x,rhsx to Variable)asUThing,
useVariableas Thing

)

Fig. 3. InfixEQSystem

defines a class graph and a mapping of the entities in the glaph

to the interface class graph BkprlCG . The driver clasain uses the adaptive methods in-
troduced byExpriCG .



classes. The concrete class dictionfixEQSystem  (Figure 3) provides a defini-
tion of its equation system and a mappihfbetween the classes in its class graph and
all the classes ifExprICG s interface class graph. The mapping definition can map
class(es) to class(es), class member variable name(g)g® lember variable name(s)
and a class to the target of a strategy.

With the simple equation system implemented using Demeterfaces we now
extend the system and verify that DIs assist the preventionaglifications that alter
the program’s behavior. We perform the same extensions &gdtion 2.1 and show
that in the situations where modifications did not affect shistems behavior are not
affected by the incorporation of DlIs. At the same time modifins that did result in
erroneous program behavior before, result in compile timargin the presence of Dls.

As a first evolution step we want to change from infix notatiomptefix notation.
This is a modification that does not alter the program’s beln@ven in the original DAJ
solution. Moving to a prefix notation requires to change te#nition of Compoundin
InfixEQSystem  to

Compound = <op> Op <lIrand> List(Expr) <rrand> List(Expr).

Listing 1.6. Extending the class dictionary to accommodate functiomdifns using
theExpriICG DI.

cd ParamEquationsnplements ExprlCG{
EqSystem =< equations- BList(Equation).
Equation =<lhs> VarOrFunc’=" <rhs> Expr.
VarOrFunc : Variablé Function.
Function ="fun” <fname> Variable”(” <args> Variabl€’)” .
Expr : FunCall| Simple| Compound .
Simple : Variabld Numerical.
Variable = Ident.
FunCall =<fname> Variable"(” <fargs> Simple”)” .
Numerical =<val> Integer.
Compound Z(" <lrand> Expr <op> Op <rrand> Expr")" .
Op : Add| Sub| Mul | Div.

Add ="+" .
Sub="—".
Mul =" %"
Div="/" .

BList(S) ""(" S{%;” S}")" .

for ExprICG (
useEquationSystemas ESystem,
useEquationas Definition,
useExprasBody,
use(—>,lhsx to Variable)asDThing,
use(—>x,rhsx to Variable)asUThing,
useVariableas Thing

)




This change does not affect the Demeter Interface at all. pdate the equation
system class graph while keeping the original mappihgAll constraints of the DI are
still satisfied after they are mapped into the actual interfaass graph and the adaptive
methods function correctly.

It is important to note that during this evolution step, otilg DI and the concrete
implementation of the interface class graph was neededeithd assumption that the
DI's constraints capture the semantic checker’s interedstatic assurances provided by
the tool because of the DI, suffice to show that the stratqgasthe correct traversals
and that the semantic checker still operates as expectedD&meter Interface allows
in this case for separate development and ease of evoldtimconcrete class graph
and its mapping can be a maintained separately while agapdigie can be developed
based on the publicly available DI. Alterations made to thactete class graph do
not need to be visible to adaptive code maintainers unlesgeitts the mapping to an
implemented DI This form of data hiding through the Demetdéeiiface also provides
for easier maintainability and higher system modularity.cdir next evolution step we
extend the set of operators to include exponents and adatopgrecedence. Keep-
ing the headers and mapping definition framfixEQSystem  and replacing the data
structure definition by that of Listing 1.4 gives as a work#ig system. The modifica-
tions to the data structure to accommodate for exponent®pehtor precedence do
not invalidate any of the DI's constraints and in the resg|tAP program behaves as
expected.

In the next evolution step we want to add functions with orggiarent to the equa-
tion system. This evolution step affects information ttetelevant to the semantic
checker. The semantic checker has to also deal with paramatees on each func-
tion definition but also usages of function definitions thatynappear on the right-
hand side of equations. Unlike definitions so far functiorapgeters do not have global
scope, their scope is local to the function definition. A raapproach would be to
alter the class dictionary as in Listing Z.@\ltering the data structure and only the
mapping toDThing results in a compile time error. The reason is that the patelic
unique(definedident) from ExprlCG is no longer valid. The modification to
allow functions with one parameter breaks one of the assomgpbdf the interface, in
particular the fact that we can reach more than one varibbbeigh the left hand side of
the equal sign. With one argument functions the meaning aftvgrdefined and what is
its scope has changed and these changes have to be refletttediemeter Interface.

It is important to note that for this evolution step the ifdee has to change (Fig-
ure 4). With a new interface class graparamExprlICG we can abstractly reason
about semantically checking systems with one argumentifume The two strategies
definedldent andusedldents are used to navigate to definitions and references
of variable names, both function names as well as simplebkes. The strategies
dNameanduNameare then used to collect arguments (at function definitiod)actual
arguments (at function invocation) respectively. SinlylatFNameanduFNamecol-
lect function names at function definitions and functiomges@spectively. The traversal
specifications use the strategies to collEeing objects, while the implementation of

2 To keep the example simple we do not allow the usage of fumctidis as arguments to other
functions,i.e, f(f(3))



[/l ParamExprICG.di File
di ParamExprICGvith SemanticCheckér
ESystem = List(Definition).
Definition = <def> DThing
<fnc> DFThing
<body> Body.
DThing = Thing.
DFThing =<fname> DThing
<fparam> DThing.
Body =<fc> List(UFThing)
List(UThing).
UFThing =<name> UThing
<aparam- UThing.

UThing = Thing.
Thing =.
List(S) ™"(" S")" .

/I SemanticChecker.trv File
import java.utilx;

aspectSemanticCheckewith PVisitor{

*

ESystem

1.*
fnc
Definition — | DFThing
I i 1
g x 5
%, 2
& X 3 3
1 1
Body ‘ ‘DThing
I i i
1.*
- 1 "
UThing ‘Thlng
1 el 1
o o
£ <
< o
< ©

UFThing
I

declare strategy definedldents from ESystem to DThing’
declare strategy usedldents “from ESystem to UThing”

declare strategy dName :"from DFThing via —> *,fparams to Thing”.
declare strategy uName "from UFThing via —> *,aparamsx to Thing”.
declare strategy dFName "from DFThing via —> *,fnamex to Thing”.
declare strategy uFName from UFThing via —> *,namex to Thing”.

declare traversat LinkedList getDefined(): definedldents(PVisitor);
declare traversat LinkedList getUsed(): usedldents(PVisitor);
declare traversat LinkedList getDefName(): dName(PVisitor);
declare traversat LinkedList getUsedName(): uName(PVisitor);
declare traversat LinkedList getDefArg(): dName(PVisitor);
declare traversat LinkedList getUsedArg(): uName(PVisitor);

declare constraints

nonempty(definedldents)honempty(usedidents)unique(dName),
unique(uName),uniqgue(dFName)unique(uFName)

IlInter-type definition

public boolean ESystem.checkBindings(LinkedList 11, LinkedList {2)

/I checks appropriate variable usage

}
}

Fig. 4. The evolved Demeter Interface and the UML representatiothefextended Demeter

Interface class graph.




methodcheckBindings  is introduced intdESystem and it is used to check the cor-
rect usage of variable and function definitions. The inpothis function are two lists
where the first represents variable and function definitemes at different scopes and
the second represents names of variables and functionsmeés at their correspond-
ing scope.

Listing 1.7. Modifications to the concrete class dictionary to accomnedangle ar-
gument functions.

cd ParamEquationsnplements ParamExprICG&

EqSystem = equations- BList(Equation).

Equation =<lhs> VarOrFunc’=" <rhs> Expr.

VarOrFunc : Variabld Function.

Function ="fun” <fname> Variable’(" <args> Variable)” .
Expr : FunCall| Simple| Compound .

Simple : Variabld Numerical.

Variable = Ident.

FunCall =<fname> Variable”(” <fargs> Simple”)” .
Numerical =<val> Integer.

Compound = (" <lrand> Expr <op> Op <rrand> Expr’)”" .
Op : Add| Sub| Mul | Div.

Add ="+" .
Sub="-".
Mul =" +".
Div="/".

BList(S) ""(" S{"" S}")"

for ParamExpriCG(
useEqSystemas ESystem,
useEquationas Definition,
use(—>,Equation,lhss) bypassingFunctionto Variableas (Definition,def,DThing)
use(—>,Equation,lhss) to FunctionasDFThing
use(—>,Function,fname,Variablgs (—>,DFThing,fname,DThing)
use(—>,Function,args,Variablegs (—>,DFThing,fparam,DThing)
use(—>,Equation,rhss) bypassingFunCallto VariableasUThing
useExprto FunCallas (—>,Body,fc,UFThing)
use(—>,FunCall,fname,Variableggs (—>,UFThing,name,UThing)
use(—>,FunCall,fargs,Variableds (—>,UFThing,aparam,UThing)
useldentasThing
)

}

Listing 1.7 shows the class graph that implemérasamExprICG . The class dictio-
nary maps the edgargs to the edgdparam and its source and target nodes accord-
ingly. Also thefargs edge is mapped to to the edgigaram andfname is mapped to
name with their source and target nodes mapped accordifglgction is mapped

to DFThing andFunCall to UFThing . All reachableVariable  objects via the
Ihs edge ofEquation that bypas$unction are mapped t®Thing . In a similar
way all Variable objects that can be reached from the edge ofEquation by




bypassing-unCall are mapped t@&JThing . Figure 5 shows the visitor implemen-
tation and the driver class. The visitor interface definesrnttethodeturn  which is
called by DAJ at the end of a traversal. The return value ofégh&n method is also
the return value of the traversal. In this evolution step,Blemeter Interface helped by

import java.util.LinkedList;

classPVisitor {
LinkedList env;
import java.iox;

PVisitor({
this.env =new LinkedList(); classMain {
public static void main(String[] args)
public void before(Thing t) { booleancodeOk ;
env.add(t);
PVisitor defV =new PVisitor();
public void before(UFThing ud){ PVisitor useV =new PVisitor();
LinkedList rib = getUsedName(); ParamEquations pe = ParamEquations.
rib.addAll(getUsedArg()); parsefiew File(args[0]));
env.add(rib); codeOk = pe.checkBindings(
pe.getDefined(defV),
public void before(DFThing ud){ pe.getUsed(useV));
LinkedList rib = getDefName(); if (IcodeOk)
ribaddAll(getDefArg()); System.out.printlri(Variables used before™
env.add(rib); " they where defined};
} }
}
public LinkedListreturn (){
return env;
}

}

Fig. 5. Changes to the interface affddain . The definition ofPVisitor  is used to check for
the local parameter names in parametric equations.

disallowing a naive extension that would violate the inehtbehavior of the original
Demeter Interface. The nature of the evolution required>dansion of the interface
and that resulted to changes in the driver class and a neweatendass dictionary.
It is important to note how the Demeter Interface exposecetheneous usage of the
ExprICG interface for this evolution step and assisted in updatihtha dependent
components due to the definition®&ramExpriCG .

3 Compiling Demeter Interfaces

The previous sections have covered most of the featured el Interfaces. In this
subsection we provide a more detailed, informal, explanaif the current tool support



for Demeter Interfaces in DAJ. We plan to introduce Demetitarfaces to all Demeter
Tools (DemeterJ and DJ) in the near future.

The incorporation of Demeter Interfaces into DAJ has resuinto two new com-
pilation steps for AP software. A Demeter interface alonghwis supporting code
(traversal files and visitor implementations) is compillecbtigh a separate phase. This
phase typechecks traversal files and visitor implemenmtsfi@., names in strategy def-
initions and in visitor methods are defined in the Dkss. Also, the return type for
traversal specifications matches the return type of théovisspeciateturn  method.
Finally, for this phase, the constraints defined insideersal files are verified, and an
archive of the necessary generated files is created.

The second compilation phase takes as input a concrete dilztgmary and an
archive generated as output from a compilation of all rexfuidIs for this concrete class
dictionary. Using the mapping in the concrete class dietignDI code is expanded for
the specific concrete class graph. After expansion the Dstcaints are verified and
finally the complete AP application is generated as compita class files.

3.1 Mapping Concrete Class Dictionary to the Interface Clas Graph

A mapping can be thought of as a relation betwaé#rthe classes in arcG and the
classes in the concrete class dictionary. Mapping direstallow mappings between:

concrete class to acG class

concrete edge (member variable name) tocamedge
concrete edge (member variable name) tocclass
— strategy to ancG class

strategy to ancG edge

Mapping an edge forces the source and target classes foedbatto get mapped
as well. For examplegyse ->,A,b,C as -> D,e,F will also mapAtoDandCto
F. This brings about the situation where the same mapping étass can be specified
more than once. This is not an issue as long as the DI prediaegestill valid under the
name mapping. If the * pattern is used as the target of a giratea mapping then all
possible targets in the concrete class dictionary get nthjgpthe samecG entity.

Since a concrete class graph can implement more than ondffgtedt DIs may
map the same concrete class to differexts classes. DAJ internally uses the name
of the DI and the name of theG class for the mapping to resolve name classes and
name ambiguities, these issues come into play at stratgggnsion. In the case where
a strategy is used to map to &G class or edge the mapping takes into account the
strategy itself and not just the target class or edge. The where an edge is mapped
to a class is treated as in the case of a simple strategy beipged to a class.

3.2 Constraints

Constraints may be placed on strategies of a DI that furiésrict the implementing
class graphs. These are specified declaratively in the Dbgparate section as shown
in Figure 2. Constraints are evaluated Traversal Graphsand not the whole class



graph. Traversal graphs are a specific view of a strategyrum@pecific class graph.
That is, irrelevant nodes and edges that cannot help ifdatisthe strategy under
a class graply are removed. The AP Library represents traversal graphdjests
parameterized by a strategy and a class graph.

Currently the following primitive constraints for strategs and¢ are provided in
DAJ:

— unique(s): There must be only one path in the traversal graph reptiegen hence
this path can statically be determined. The traversal gfaphk is uniqueif there
are no loops and all nodes have exactly one outgoing comistnuedge?

— nonempty(s): There exists at least one path in the traversal graphseptiags.

— subsets,t): All the traversals defined by are a subset of those in Put another
way, if a traversal is defined by, then it is also defined by,

— multiple(s): There exist more than one path in the traversal graph septags.

All primitives can be combined using common logical operatuch as and&),
or (|| ), and negatioh . With this ability one could, for example, define equivaleioé
two strategies andt as:

equiv(s,t) = subsets,t) && subseft,s).

The tool implements these primitives through functioyadif the current AP Li-
brary [8]. nonempty can be implemented in the current release, whkilbsetand
unique are implemented through calls to the new interfAtgorithms|  “:

i nterface Algorithmsl {
Descriptive.Boolean isSubset(TraversalGraph t1,
TraversalGraph t2);
Descriptive.Boolean isUnique(TraversalGraph t);

}

3.3 Strategy Expansion

At strategy expansion DAJ uses the mapping provided withctiverete class graph
and all the related files (the archive generated by the Disgitation) and regenerates
the files based on the name mapping.

DAJ goes through the DI's traversal files and visitor implata¢ions and systemat-
ically replaces strategy definitions and visitor methoduargnt types according to the
mapping provided by the concrete class dictionary. Thestedion is straight forward
for when a class maps to a class. In the case where an edge pedhtapa class or a
strategy is mapped to a class then this class cannot be amangto a visitor method.
Currently in DAJ visitor methods cannot deal with edges andrsy mapping that takes
anica class to an edge or strategy causes a compile time errotly-staategies that

% Construction edgeare edges in a class graph that represent class menlitersition edges
refer to edges that represent inheritance links.

4 Descriptive.Boolean is a utility class that containsltaoolean value and descriptive
reasonwvhythat value was returned.



are part of a mapping directive may have to be altered befiesedre replaced inside the
DI's strategy definitions. The last “to” directive of theategy given in the mapping is
replaced by a “via” directive if it is replacing any other seent of a strategy other than
the target. If the strategy from a mapping definition is rejpig the target class of a DI's
strategy then the last “to” directive of the DI's strategyeplaces by a “via” directive.
In this way, the rewrite ensures that the resulting straiegyntactically valid.

4 Modularity and Demeter Interfaces

The introduction of Demeter Interfaces to AP developmesisésin designing, main-
taining and understanding adaptive programs. The idedadh&ts and their usage has
revealed several design benefits.

During the design process of adaptive programs developeudwfirst design a
minimal class dictionary. Then iteratively both adaptiwele and the class dictionary
itself are developed with repeated testing to verify thedvar of adaptive code. Mod-
ifications to both the class dictionary as well as the adeptode (the traversal speci-
fication and/or the visitor attached) were necessary. Agraras become larger in size
distinguishing which parts of the class dictionary are Iaed in the different adaptive
methods becomes difficult. Furthermore, modifications éssihames in the class dic-
tionary cause changes to traversal strategies and/oowisitthods due to the lack of
abstraction over class names. For example, in the develth€oNA [13, 14] a De-
sign by Contract (DbC) extension to Java and AspectJ, ttes diztionary is the whole
Java and AspectJ language syntax. Understanding the depsasd between adaptive
code and the class dictionary becomes a laborious and eooe process.

DI provide solutions to both of these problems. The icg pilesian abstraction
of the concrete class graph while the adaptive methodsrsal/strategies and visitor
interfaces localize all the information necessary for ustéding the dependencies be-
tween adaptive code and the rest of the program. The mappobanism removes the
tight dependence on naming conventions by providing annaatic renaming mecha-
nism. The usage of DI allows for more modular AP designs.

To support our claim of modularity for DIs we borrow the detiom for modular
implementations as proposed by Kiczales and Mezini [15]

— itis textually local,

— there is a well-defined interface that describes how it atter with the rest of the
system,

— the interface is an abstraction of the implementation, &t this possible to make
material changes to the implementation without violatimg interface.

— an automatic mechanism enforces that every module satisfiesn interface and
respects the interface of all other modules, and

— the module can be automatically composed — by a compilateioénker etc. — via
various configurations with other modules to produce a cetedystem.

Dls are textually local with traversal strategies and @isitspecifying exactly how
adaptive methods interact with the rest of the system. sarabstraction of the im-
plementation both of the class dictionary, throughithe, but also through the visitor



interfaces that are part of the DI's definition. The extensimade to the DemeterJ
system provide automatic mechanisms that both check thdtilee satisfy their own
interfaces as well as the interfaces of other modules. Csitipo of DI automatically
managed by DAJ and configuration of the composition can beaited via the imple-
ments keyword and the mapping specification.

5 Demeter Interfaces and XPath

Ideas in AP can be found in other technologies where the agpabetween navigation
code and computation is necessary. According to the alistnachat traversal speci-
fications allow, the problems of surprise behavior are preisethese systems as well.
XML and XPath queries are technologies widely used todayghare similar issues
with AP. Specifically one can think of DTD as class dictioearand XPath expression
as traversal strategies. The problems of surprise behaxgoprominent in these tech-
nologies as well since modifications to the XML document nhigfeak assumptions
that the XPath query depends upon. Consider the followinp DT

<?2ml version="1.0" ?>
<!ELEMENT busRoute (bug>
<!ELEMENT bus (persor)>
<!ELEMENT personEMPTY >
<IATTLIST bus numbeCDATA #REQUIRED >
<IATTLIST person
nameCDATA #REQUIRED
ticketpriceCDATA #IMPLIED >

That definebusRoute containing list ofbus es. Eaclbus contains a list operson
which in turn contains aame for the person and ticketprice for the bus fare.
Consider the following XPath query

var nodes=xmlDoc.selectNodésfperson”)

that collects alpberson elements from dusRoute . We can think of a simple Java
script that will iterate throughodes and calculate the total amount of money received
by the current passengers riding the bus.

Thinking of the correspondence DTD to class dictionary af@ik query to strat-
egy it is straightforward to create a corresponding DAJ paog In fact, the two sys-
tems are so alike in this respect that they also share the geohkems when it comes
to modifications of their underlying data structure.

Leaving the JavaScript code and the XPath query the samemextand the DTD
to accommodate for villages with bus stops along the bugrout

<?2ml version="1.0" ?>

<!ELEMENT busRoute (busvillagex)>
<!ELEMENT bus (persor)>
<!ELEMENT village (busStop)>
<!ELEMENT busStop (persor) >
<!ELEMENT personEMPTY >



<IATTLIST bus numbeCDATA #REQUIRED >
<IATTLIST person
nameCDATA #REQUIRED
ticketpriceCDATA #IMPLIED >

The resulting amount this time is not the total of all passesgiding the bus, but
instead the total amount for all passengers, both ridingwaaiting at busStops .
Similar problems are found in other XML technologies tha ¥®ath like mechanisms,
such as XLing and XQuery, to select elements from a graplstikecture.

Ideas from Demeter Interfaces can help to stop this kindto&sbns. Just like any
XML document can define the DTD to which it confronts to, DTCenalefine the
XPath interfaces that they support and a mapping betweebDTiieelements and the
XPath interfaces interface elements. For instance, if thieeat total of all passengers
riding the bus is to be supported by the DTD representing butes then it should
make available an interface with XPath queries and comésrain these queries. The
constraints are the guarantees provided to programmerswipich they can base their
code that will operate on valid XML documents for the spedifiD. At the same time,
the mapping between the interface and the DTD itself allawslianges to the DTD to
both names of entities as well as structure within the bowfitise constraints without
imposing modifications to client code.

The usage of Demeter Interfaces also provides a clear clitgparation of re-
sponsibilities. In the case where an modification to the DT&aks one of the XPath
constraints then the blame lies with the DTD maintainer fealking an interface that
the DTD claims to implement. Taking the argument in the ottiezction, any code that
depends on DTD properties that are not explicitly exportedugh an XPath interface,
the developer for this code is to blame when modifications#DQTD alter the codes
behavior.

6 Related Work

Ovlinger and Wand [11] propose a domain specific language ragans to specify
recursive traversals of object structures used with thisovipattern [16]. The domain
specific language further allows for intermediate resutiefsubtraversals allowing for
a more functional style visitor definitions. The explicitlfdefinition of the recursive
data structure provides an interface between visitors la@dihderlying data structure.
This approach enforces that each object in a traversal igcakpdefined allowing no
room for adaptiveness.

Modularity issues in AOSD [15, 17, 18] have received greatdion recently. Kicza-
les and Mezini [15] advocate that in the presence of aspgatedule’s interface has to
further include pointcuts from aspects that apply to the mh®th question. These aug-
mented interface definitions, namadpect-aware interfacesan only be determined
after the complete configuration of the system’s componisritaown. Aspect-aware
interfaces do not provide any extra information hiding dalitées to the base program’s
modules.

Open Modules [17] extend the traditional notion of a sofevarodule to include
in its interface pointcut specifications. In this way a ma&dohn export, and as such



make publicly available, pointcuts within its implemeiat This approach gives a
balanced control between module and aspect developensns td information hiding
thus allowing for separate (parallel) evolution of aspestd modules on the agreed
upon interface. The interface of a crosscutting concernagfatt multiple modules at
different join points on each one. Thus an aspect’s interfasprinkled along module
interfaces and not localized making it harder (if not imploiesat times) for aspect
developers to develop their aspects.

Kevin Sullivan, Bill Griswold et. al. [18] advocate an XPIrsscutting program
interface) as a means to achieve separate development phdtedependencies be-
tween implementations of crosscutting concerns and bade €ls can be viewed as
a specialization of XPI for Demeter Systems. A more recepep#l9] by the same
authors, demonstrated (partially) mechanized checkingRi§ thought the usage of
aspects which check for the appropriate interface comsgai

Kiczales and Mezini in [20] discuss the benefits of usingedéht programming
language mechanisms (procedures, annotations, advigecamduts) used to provide
separation of concerns at the code level. The resultingetjnies from their analysis
sketch the situations where each mechanism will be mosttefée The inherent mod-
ularity issues associated with each technology are noeaddd.

7 Future Work

Work is currently under way for allowing visitor methods tvice edges removing the
limitation that classes mapped to edges cannot be adviseisibgrs® The mapping
definition can become long and difficult at times. A GUI tocthvill help visualize
ICG and class dictionaries are graphs will assist developdss A naive inferencing
engine that can match mappings by structuee, mapping a class will automatically
map its edges by position (as they appear in the class darfiand thacg) is already
under development.

Another extension would be the provision of contracts orptida methods. Col-
laborations of adaptive methods exchange data and cesstimmgotions are being made
that are not explicitly captured by the current system. Tdditeon of pre- and post-
conditions would assist in both defining and validating ¢hassumptions. The compo-
sition of Demeter Interfaces to provide new Demeter Intazgais also an interesting
future research direction. Also the interactions betweem@n AP program still re-
mains an open issue.

A long term goal is the extension of ideas behind Demeterfiates to more gen-
eral purpose AOP languages. Specifically exposing a gragddlbaodel for the control
flow of programs upon whichkontrol interfacesf their expected behavior can be de-
fined. Each program module,g, Java class or Java package, will be accompanied by
a control interface that will specify an abstraction of tladl graph within that module
along with constraints. Aspects that are to be attachedgarbdule will have to do so
based on the module’s interface. A composition of two moslul# generate a compo-
sition of their corresponding control interfaces. Aspestalopers and class developers

5 For the latest release of DAJ with support for Demeter latee$ visit DAJ's Beta Release web
page [21].



will first agree on the control interface of their modules ahd assumptions that it
must uphold. The implementation of the module and the asgeound it will then be
checked against the agreed upon control interface. Simdigas for interfaces between
aspects and base code have been recently discussed [17].18, 2

8 Conclusions

We introduce Demeter Interfaces as an extension to Adaptiegramming. Demeter
interfaces encapsulate all the information and dependsih&tween the adaptive code
and the underlying data structure. Through the definitioarointerface class graph
and a set of graph constraints Demeter Interfaces imposétiens on any concrete
data structure to which adaptive code will be attached. @hestrictions are enforced
at compile time disallowing modifications to the underlyishgta structure that would
otherwise provide incorrect program results. With Demétrfaces in place we have
shown how modularity as well as understandability of adegirograms increases dra-
matically leading to better program design and promotealighdevelopment.
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