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Abstract: It is generally accepted that object-oriented programming and distilcomputing fit well
togetherbecause distriliion can be easily inggated into object-oriented systems in a transparent man-
ner. But while transparency is desirable with respect to code readability and reusability, it can cause se-
vere performance problems, because the programmer loses control over distribution.

This paper presents an approach toesadhis conflict with Aspect-Oriented Programming: The basic
functionality of the program can be formulated completely digiob-transparent, whereas the pro-
grammer retains complete contreko the distribtion through the aspect Iangud@%AL. DAL differs

from other aspect languages in that it is based on the design of the application, not on its implementation.
We shav that using the design as the basiD®AL gives access to abstractions that greatly increase the
expressiveness, as compared to an implementation-based aspect language.

1 Introduction

It is generally accepted that object-oriented programming and distilcomputing fit well together

Since all interactions between objects occur through metlodations, there is only a single mecha-

nism that has to bexeended to transparently introduce digitibn into an object-oriented programming
language. In such a programming language, the programmer can writeigigtpbograms in much the

same vay as non distrilted programs, because local and remote metlvodations provide nearly the

same syntax and semantics. But complete abstraction from distnitteads to softare with etremely

poor performance, because there will be many remote invocations, which take several orders of magni-
tude longer than localwocations. Br an eficient distrituted application, objects that interact Visa

must be located togethéecause this may changeeo time, object migration should be possible. Fi-
nally, it should be possible to replicate objects that interact with objects at many different places.

We beliee that a detailed understanding of an application is necessary to decide which is the best dis-
tribution for it. Therefore, we think that neither automated analysis of the source code nor monitoring
the application behaviour at runtime can lead to satisfactory results, but that instead the software devel-
oper should have explicit control over the distribution.

Some languages or architecture® Ilkmerald [BHJ+88] and CORBOMG98] provide the program-
mer with explicit means to control migration or replicatiohhe problem with these approaches is that
they introduce distribtion control by adding special statements or operations to the programming lan-



guage that is used to specify the basic functiondltis leads to a mixture of code that implements the
basic functionality with code that controls the disitibn. This mixture mads the code harder to under-
stand and to maintain, anfedt that can generally be obsetvwhen difierent aspects are tangled
[KLM+97]. Furthermore, these approaches limit reuse, because inheritifignitte®nality of a class
also inherits the classdistribution, which may be inappropriate.

To sole this problem, we deloped an aspect language for disttibn specification, which we call

D?AL (Design-basedistribution AspectLanguage). Our approach enables the softvdeeloper to

specify the desired distuition separately from the basic functionalityhich is implemented in va.

What distinguisheB?AL from other approaches to distition specification (and, more generaftpm

other aspect languages) is that it refers to the design instead of to the implementation of the basic func-
tionality. This has several advantages:

First of all, modelling languages for object-oriented analysis and design can thesiizeiviered as

being aspect-oriented. They provide specialized notations to explicitly express aspects like object inter-
actions, abstract states, or the static structure of the system. Some of these agpelojsclikelations

and abstract states, pmvery useful and camenient for the specification of disttition requirements.

But since the separate ang#cit notation of these aspects gets lost during the implementatigrarthe
accessible only in the design model.

Furthermore, single aspectsdilabstract states or object relations can besroently expressed through

a single model element or a single diagram in the design, whiletkespread over several operations

or even over s@ral classes in the implementation. Thus, an aspect language that is based on the design
can refer to a single element where several elements in the implementation would be needed.

Using the design as the basis of an aspect language also helps to relax a problem generally@ind in A
Sewral specifications that describefdient aspects of an applicatiorvbao be kpt consistent. Be-
cause the design abstracts from ynamplementation details, it is generally more stable then the imple-
mentation, which in turn makes changes to referring aspect specifications less often necessary.

The rest of this paper is organized as follows: Section 2 describes the basic fedddAds Sfection 3
outlines some issues in the construction of averetor D?AL. Section 4 gies the current status of the
project, and Section 5 gives our conclusions.

2 TheD?AL Aspect Language

The focus 0D?AL is to pravide means of minimizing the number of remote interactions\iggycon-

trol over object distribtion and replicationD?AL does not dér control aver marshalling, lik e.g.D

does [LoKi97]. Our choice for the underlying design representation is the UML. At the moment, ho
ever, we do not use any features that are unique to the UML—other mainstream methodologies like the
Booch method or OMT would also provide sufficient expressiveness.

An important feature d?AL is that the programmer describes the desired digimitrelatively, i.e. the
distribution specification does not determine where an object should regtdehéther tw objects
should be located on the same node. This notioelative distributionis based on the work of Faustle
([Faus92a],[Faus92b]). The design concept that we use as the basis for the specificationeadigelati

1. CORBA defines only the interfaces for migration and replication, while the mechanisms have to be im-
plemented by the application- or ORB implementor
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Fig. 2.1 Class diagram of an electronic mail system

tribution requirements is tteollaboration In accordance with the UML, we define a collaboration as a
group of objects that interact to accomplish a particular task, such as a use case or an operation. Since
there is typically a lot of interaction among the members of a collaboratigrath@n obvious choice

for objects that should be considered for collocaffL provides direct support for the collocation of
collaboration members: The programmer can describe collaborati®féin and state forvery col-

laboration whether its members should be collocated or not.

In D2AL, the specification of collaborations is based on either associations gmubhetransient rela-

tions between objects. Associations are used to model object relations with a semantic backgeound, lik
the relation between an e-mail and its seridsetead of just a uses relationship. Since interacting objects
are often semantically related, associations are well suited for the description of collaborations, Actually
the awailability of associations in the design model is one of the primary reasgnaevhae chosen

the design as the basis for the disttitn specification: Although object relations are a central aspect of
object-oriented softare, none of the programming languages that are widely used téelsyasfy sup-

port for them. The reason for this is that object relations cross the border of a single object, which is the
single abstraction pwided by these programming languages. As a consequence, the programmer has to
circument this shortcoming by implementing associations with pimlanguage elements dikpoint-

ers, references, or contairmsjects in one or both of the related objects. In the implementation, it is
therefore not immediately visible ymore what relationsxést between objects. Furthermorewhan
association is implemented is an implementation detail thately lik change. & this reason, the im-
plementation is not a good basis to describe collaborations.

To see hw collaborations are specified and useB4AL, consider the class diagram for a simple e-mail
system gien in Fig. 2.1. In this design, an EMail object is separated from the EMailContent, which
makes it easy to send &kfent kinds of content by simply using specific subclasses of EMailContent.
While this separation mak sense from a design perspastit usually mags little sense to handle an
EMail and the accompging content-object as separate disttibn entities. Instead, theshould alvays

be collocated. IID?AL, the following expression can be used to achieve this behaviour:

collaboration EMailCluster  {
link Content ;
participants EMail , EMailContent ;
distribution collocation ;

}

The epression describes that the objects participating in this collaboration are related via an association
named “content”, and that the objectyéghe types EMail and EMailContent, respegdii. Finally, it
is said that these objects should be collocated.



Whether tw objects should be collocated depends not only on their relatibalsb on their type. Con-
sider an e-mail that contains deramounts of data, Bka sound recording: In that case, one probably
would not vant to transfer the content in ahce, lnt only when it is neededoFthat purpose, the pro-
grammer can specify another collaboration that spe@besdRecording as type of the second par-
ticipant andindifferent as distrilution, efectively neutralizing the abe specification for sound
recordings.

While there is often a semantic relationship between interacting objects, this is not necessarily the case.
Consider an object that provides a name service for a distributed system: Clearly, many objects will re-
quire this service and therefore interact with the name service ohjeohdvould not normally model

this with an association. For this reasbRAL also supports collaborations that are based on object ref-
erences that were passed as method arguments or that are stored in local variables or instance variables.
The user specifies these collaborations simply by supplying a diffedentform.

With the D?AL-expressions described so, fdre programmer can only specify relaty static collabo-
rations, because pim and end of a collaboration arevays bound to the gin and end of a relation.

But an object may collaborate with féifent objects\en though its relations remain unchanged. Con-
sider the e-maib>@ample: The relations between an e-mail and its originator andeeeéll persist for

the whole lifetime of the e-mail message. But until the e-mail is sent, most interactions will be with ob-
jects at the originatos’site, while after sending the e-mail, most interactions will be with objects at the
receivers site. Therefore, the e-mail should be migrated to the receiver after sending it.

D?AL provides the ability to specify such dynamic distition requirements by including tis¢atesof

the participating objects into the specification of a collaboration. What we mean here with state is not
the implementation-related notion of an objestate bt rather the conceptual model of an obgestate

that the designer or programmer has. Considerxthmgle gien in Fig. 2.2, which shes a state dia-

gram for the class EMaiDraft is the state where the EMail has not yet been Seamsferring

where the send operation has been calledstnot finished yet, aridelivered  andUndelivera-

ble where the excution of send has completed with or without success, resgdgciihe programmer

can nav use these states in a collaboration specification by adding constraints on the abstract state for
the members of a collaboration. Thus, the desired migration of an e-mail could be specified ttwough tw
collaborations that are constrained on the Eldaditate: One collaboration with the originator’
MailAccount that is constrained on the stawft andUndeliverable , and another collabo-

ration with the receiverMailAccount that is constrained on the st&@elivered

% send Transferring

send failed

send successful

Undeliverable Delivered

Fig. 2.2 State diagram for the class EMail




As an alternatie to migrating the e-mail to the reeet the runtime system could also replicate the e-
mail at the receives’site. In the case ofveal receivers at different sites, this would in fact be the only
way to satisfy the required distuition. Since no changes are made to an e-mail once it has been sent,
replication does not require any special mechanisms for keeping the replicas consistent.

D?AL handles replication by distinguishing between replicable and non-replicable states: By declaring
a state areplicable  , the programmer guarantees that replicating an object that has reached this state
does not lead to grinconsistencies. Obviouslgnly other replicable states may be reached from such

a state. The replication of &Mail could then be enabled through the followDRAL-expression:

states EMail {
replicable {Transferring, Undeliverable, Delivered};

}

It should be noted that the programmer does natedgtieplicate the object, as hewd do e.g. in COR-

BA with thecopy -operation, bt that he only states that it can be safely replicated. The decision whether
an object is replicated or migrated to satisfy a collocation is made by the runtime system, whikh kno

all current collocation requirements and thus has the information that is necessary to make the right de-
cision.

Typically, a state is replicable if the object is not changeganamne, or if ag changes occurring in this
state do not impose wrreonsisteng problem. Replication of mutable objects that require consigtenc
protocols is currently out of the scopeDﬁ‘AL. Nevertheless, we expect that the way in which we sup-
port replication can significantly improve the performance of distributed applications.

3 The aspect weaver foD?AL

While using the design as the basisBGAL greatly contribites to its epressieness, it also means that
the weaer has to bridge theap between design and implementation, since the basic functionality is
specified using a normal programming language. In this section, we will outlimehi® can be
achieved.

Our weaer works as a preprocessor that transforms digich transparent ¥a code into Ja code

that, when compiled andecuted, is distribted as described in tIﬁL?AL—specification. To achieve this,

the runtime system must be able &g track of events at the design level that might be relevant to the
distribution, like a state change. Atary place in the source code where suchventanight be caused,

the preprocessor inserts instructions that pass theanelmformation to the runtime system. The runti-

me system can then in turn react to tivisrg, e.g. by migrating an object. The problem is that some of
these design elements, e.g. associations and abstract statas) ldirect mapping to the implementa-

tion. Therefore, the wear needs not only thevlacode and thB2AL-specification, bt also a represen-

tation of the design and a mapping that specifies how these design elements have been implemented, so
that it can identify the relevant places in the source code.

Associations are one of these design elements for which no direct mayigisgBut keeping track of
associations is relattly simple, because thare usually implemented with references that are stored in
instance &riables or container objects, depending on the multiplicity of the association. In that case, the
programmer must only pvime a mapping between associations and the instamiebles that are used
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Fig. 3.1 Architecture of theD?AL weaver

to store the references. Because most design tools can automatically generate code, the use of a design
tool can eliminate the need for a manual mapping.

The abstract state of an object also lacks a direct mapping to the implementation. Our approach to pro-
viding such a mapping is based on the assumptionvbat gansition between twabstract states must

be accompanied by some event in the implementation, such as an operation invocation or an exception.
Since the state machine is an abstraction of the implementation, this is a reasonable assomgten. F

ry transition in the abstract state machine, the programmeidpsoone or more implementatiorvéé

ewvents that trigger this transition, thusigg a mapping from abstractents to eents in the implemen-

tation. In the state diagram for BMail given in Fig. 2.2, theventsendwould be mapped to thevio-

cation of send(), whileend failedvould be mapped to some exceptions that can occur during send().

Every state diagram that is usedDRAL is implemented through aw@aclass that is generated by the
weaver This class is independent from the mapping. Thesgreases the mapping to insert the appro-
priate instructions into the source code that pass the respabttract\ent to the abstract state ma-
chine. Our approach allows the programmer to implement the class in the same way that he would nor-
mally do it, instead of forcing him to explicitly represent the abstract state in his implementation.

4  Status of the project

We are currently implementing a prototype of the weedhat can handle tHDZAL-expressions de-

scribed in this paper. The purpose of this prototype is to study the problems that are caused by weaving
languages at difrent abstraction \els, and to alidate the suitability db?AL for practical applications.

One area for future research is xplere whether interaction diagrams could be used to describe highly
dynamic distribution requirements.

5 Conclusion

We have shown how aspect-oriented programming can be used to give the programmer detailed control
over the distribution of an application’s distrtibn, while at the same time retaining theabages of
distribution-transparent programming, such as reusable and understandable eqdes#tited the as-

pect Ianguag@zAL, which enables the programmer to specify the desired distnibof an application



based on its design. We could shthat the use of the design increases ¥peessiveness dd?AL, be-
cause the design contains abstractions that are well suited for the specification otidistrégjuire-
ments, but that get lost during the implementation phase.
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