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ABSTRACT

This paper introduces an approach to develop component-
based adaptive distributed applications. Our approach sepa-
rates the communication and the functional aspects of a dis-
tributed application and specifies the communication part
as an abstract distributed component called the communi-
cation component. We then introduce a model-based pro-
cess for automatically building many evolutionary variants
of this component at deployment level, and integrating these
variants into the target adaptive application that can dy-
namically select the running variant in order to adapt to
the changing context. Thanks to an adaptation guide gen-
erated by the process, the adaptive application can coor-
dinate distributed adaptations to (1) consistently transfer
data of the replaced variant to the new one and (2) main-
tain the architectural coherence between distributed parts
of the application. Hence, the target adaptive application
can correctly adapt at runtime without loss of data. In this
paper, we present the principle of our approach, illustrate
it with an example, and show how we have automated the
development process by model transformations.

Categories and Subject Descriptors

C.2.4 [Distributed Systems]: Distributed Applications;
D.2.2 and D.2.12 [Software Engineering]: Design Tools
and Techniques - Object-oriented design methods, Interoper-
ability - Distributed objects; 1.6.5 [Simulation and Mod-
eling]: Model Development— Modeling methodologies

General Terms
Design, Reliability.
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1. INTRODUCTION

Computer software must dynamically adapt its behavior
in response to changes in variable contexts. In distributed
systems, adaptations are simultaneously performed at many
sites. Therefore, coordinating adaptations across sites is
critical to ensure the correctness of applications during and
after adaptations. Developing adaptive distributed applica-
tions thus can be a challenge.

Addressing this issue, we propose an approach to develop
component-based adaptive distributed applications. Our
approach first separates the communication and the func-
tional aspects of a distributed application, and specifies the
communication part as an abstract distributed component
called a communication component or medium. Being a
component, the medium is specified in order to be reused in
similar contexts. The distributed application is thus built
by interconnecting several functional components with the
medium that manages their communication. Then, we build
the adaptive medium by a model-based process that can au-
tomatically transform the medium at the abstract specifica-
tion level into many medium variants at deployment level,
and automatically integrate these variants into a composite
medium. Thanks to distributed adaptation coordinators us-
ing an adaptation guide generated by the process, the com-
posite medium can dynamically change the running medium
variant in order to adapt to the changing context. The
target adaptive application is then built by interconnect-
ing the functional components with the adaptive composite
medium. Because the adaptive application contains all the
generated medium variants as well as the adaptation guide
describing variant transformations, distributed adaptations
can be (1) coordinately performed at runtime without loss of
data and (2) ensure the structural/architectural coherence
between distributed parts of the medium.

We have automated our development process by a model
transformation program in the KerMeta (meta) modeling
framework [8]. This program can automatically transform
the medium model at the abstract specification level into
the adaptive composite medium model at deployment level.
In our program, the medium variants in all the steps of
the process are specified in UML and represented as EMF
models [13]. Thereby, we can use code generation tools to
generate the source code of the target adaptive application.

The remainder of this paper is organized as follows: After
some related work discussed in Section 2, Section 3 intro-
duces the principle of our approach. An example is pre-



sented in Section 4 to illustrate the approach and to show
how we automate the development process by model trans-
formations. Section 5 concludes the paper.

2. RELATED WORK

In the context of component-based adaptive distributed
applications, some research [2, 6, 7] has proposed solutions
for specifying the adaptation aspect of components, and/or
providing mechanisms/frameworks for reconfiguring com-
positions of components. A few approaches have focused
on adaptations of one distributed component that is de-
ployed over many sites [1, 6, 10]. However, they do not
support distributed components having architectural and
functional constraints between their distributed parts, in
order to ensure the distributed data consistency and the
functional/architectural coherence of these distributed parts
during and after each adaptation.

3. OUR DEVELOPMENT PROCESS

In this section, we introduce our model-based process for
developing component-based adaptive distributed applica-
tions. As shown in Figure 1, our development process com-
prises five steps:

Step 1 - Specifying the distributed application. In
this step, the communication aspect of the distributed ap-
plication is separated from the functional aspects and speci-
fied as an abstract communication component (or medium in
order to differentiate it from functional components). The
application is thus built by interconnecting some functional
components and the medium that carries out all the com-
munications between these functional components. Being a
component, the medium is specified in order to be reused in
similar contexts. The medium architecture was proposed in
previous work by our team [5]. The result of this step is a
medium model at the abstract specification level®.

Step 2 - Building medium implementation variants.
This step contains a refinement process for transforming the
abstract specification of the medium into many implemen-
tation specification variants (also called medium variants)
through several sub-steps. First, some role managers are in-
troduced, one per functional component. Each role manager
carries out the communication between the corresponding
functional component and the abstract part? of the medium.
The medium is then separated step by step into the role
managers by introducing design variants (e.g., data distri-
bution strategy variants and data type variants). For each
design variant, a new medium variant is built. The result
of this step is thus different (evolutionary) medium imple-
mentation variants, each of these variants being composed
of some role managers interacting with each other. All the
medium variants of the result are at the implementation
specification level.

Step 3 - Building medium deployment variants. At
runtime, the application may contain several instances of
a role. This means that there may be several deployment
variants corresponding to an implementation variant of the
medium. The objective of this step is to build all the de-
ployment variants of the medium from the implementation

!"We distinguish the specification level from the instance
level
2This part does not exist at the implementation specification
level
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Figure 1: The five steps in the development process

variants by introducing different deployment plans. The re-
sult of the step is then medium deployment variants at the
instance level.

Step 4 - Composing the adaptive medium model. To
build the adaptive medium model [12], all medium deploy-
ment variants are integrated into one composite medium by
embedding all their role managers corresponding to a func-
tional component into a same composite role manager. In ev-
ery composite manager, an adapter, an adaptation coordina-
tor and an adaptation manager are implemented. Thanks to
these adapters and coordinators, the composite medium can
dynamically and coordinately change the running medium
variant in order to adapt to context changes. The target
adaptive application is then built by interconnecting the
functional components with the adaptive composite medium.

At runtime, distributed adaptations are performed and
coordinated by using an adaptation guide generated from
the process. This adaptation guide is a model including the
refinement process model in Step 2, design variant models
in Step 2 and deployment plan models in Step 3. As shown
in Step 4 of Figure 1, the result of this step is a model of the



adaptive composite medium that contains the adaptation
guide model. This adaptive composite medium model is
managed by adaptation managers. Thus, the model can co-
exist and co-evolve with the adaptive program in order to
provide adaptation and coordination plans for adapters and
coordinators.

Step 5 - Building the target adaptive program. In
this step, we propose a generic implementation specification
of adaptive programs in UML. From this generic specifica-
tion and the composite model of the previous step, we can
use code generation tools to generate the program mem-
brane, and implement adapters, coordinators and adapta-
tion managers. Component models, e.g. CCM [11] or Frac-
tal [3], and existing components can be introduced. So-me
other code might be implemented by developers. In this
step, a module observing the context changes and mapping
context-variant is integrated. This module executes adap-
tations by using the adaptation services of the composite
medium. In the module, we use an adaptation canvas [4] for
integrating context observers and define a constraint lan-
guage for mapping context-variant in adaptation deciders.

We have presented the five steps of our process. This
process can be automated thanks to model transformations.
We have (meta)modeled the process, medium variants, de-
sign variants, deployment plans and have used some model
transformations to transform medium models and to weave
design variant models with medium models. More details
about this automatation will be given in Section 4.

4. EXAMPLE

This section illustrates our approach with an example.
Results will be presented corresponding to each step of the
development process.

4.1 Adaptive reservation medium

Let us imagine a simple flight booking system. An airline
company offers a set of places on their flights, each place
having an identifier. These places are sold by two (or more)
travel agencies. A customer can book or cancel a place via
any agency. When all places attributed to an agency are
sold, this agency can ask the others to share their available
places. On a web site of the airline company, the total num-
ber of available places is displayed

Travel
Agency 1
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source -~ TR
Airline  [F====--- 7 Reservation M
Company |________ N . Medium S
observer “~. It
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Figure 2: Reservation medium

Figure 2 shows our specification for this system. We
have introduced an abstract component called reservation
medium. The communication between the airline company
and the travel agencies is then carried out by this medium.
In the medium, we have specified several communication
roles: the airline company plays a source role, its web site

plays an observer role and every agency plays a reserver
role.

This reservation medium can be reused in other applica-
tions, e.g., a management application for a parking lot that
has a set of places (source), cars that can come in or go
out via entries (reservers), and boards displaying available
places (observers). Generically, this reservation medium can
be reused in every identifier’s reservation system that con-
tains one source, several reservers and several observers.

To manage the identifiers shared in the medium, data
distribution algorithms can be used. These algorithms are
different from each other in data storage modes (e.g., dis-
tributed, centralized, replicating, etc.), data location types
(e.g., distributed hash table). Even if an algorithm is used,
there may be many choices of storage points. When the con-
text changes (e.g., network conditions, the number of travel
agencies, etc.), the algorithm used should be dynamically
changed in order to optimize application performance.
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Figure 3: The development process of the adaptive
reservation medium

In this section we present our model-based process for de-
veloping the adaptive reservation medium that is initially
deployed over four sites: a source, an observer and two re-
servers. As shown in Figure 3, there are four medium imple-
mentation variants (M2.2, M4.1, M4.2, and M4.3). Medium
variant M2. 2 corresponds to a centralized design variant; and
the M4.1 medium variant corresponds to a distributed design
variant in which distributed tables and Protocol A are used
for organizing identifiers. Variant M2.2 has three deploy-
ment variants (D4, D5, D6) corresponding to three storage
points: two reservers and one source. From the three other
medium implementation variants (M4.1, M4.2, M4.3), there
are three deployment variants (D1, D2, D3). The composite
medium thus contains six medium deployment variants.

We have automated this development process by a model
transformation program by using the Kermeta (meta) mod-
eling framework [8]. The aspect of process (meta) modeling
[9] is not presented in this paper. In the following sub sec-
tions, we show some medium models during the steps of
the development process. Models at the specification level
will be represented in UML class diagrams and those at the



instance level will be represented in XML.

4.2 Specifying the distributed application

Figure 4 is the UML class diagram of the medium at
the abstract specification level (variant MO) in which the
ReservationMedium class represents the medium. The com-
ponent playing the source role can set the originalSet vari-
able (the original identifiers set) by calling the setReserve-
IdSet service of the ISourceMediumServices interface im-
plemented by the medium. Similarly, the components play-
ing the observer roles and the reserver roles can interact
with the medium via the IReserverMediumServices inter-
face and the IObserverComponentServices interface.
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Figure 4: Variant MO0: Abstract specification

4.3 Buildingmediumimplementation variants

First, corresponding to each role, a class called <Role-
Name>Manager is introduced into the medium. This manager
is a proxy for the medium in the communication with the
corresponding role. The ReservationMedium medium class
now contains only some data variables of the medium such
as available (list of available identifiers) or originalSet.
These data variables are used by the managers for imple-
menting medium services.

In the next step of the refinement process, a model of
the design variants represented in XMI (XML Metadata In-
terchange) is introduced. Each design variant in the model
indicates a data variable to be distributed (available in this
example), some managers where the variable is distributed
on, a strategy (e.g., distributed, centralized, etc.), a data
location type and a distributed protocol.

<?xml version="1.0" encoding="ASCII"?>
<DesignModel xmi:version="2.0" xmins:xmi="http://www.omg.org/XMI"
xmins:xsi="http:/www.w3.0rg/2001/XMLSchema-instance"
xmins="platform:/resource/adaptive_reservation_medium/design_model.ecore"
name="ReservationDesignModel">
<element xsi:type="ManagerList' name="ManagerList">
<manager name="SourceManager"/>
<manager name="ObserverManager"/>
<manager name="ReserverManager'/>
</element>

<element xsi:type="ProtocolLibrary" name="ProtocolLibrary">

<protocol name="ProtocolA"/>

<protocol name="ProtocolB"/>

<protocol name="ProtocolC"/>
</element>
<element xsi:type="DesignVariant" ... />
<element xsi:type="DesignVariant' name="M41" data="//@element.3/@data.0"
strategy="//@element.9/@strategy.0" protocol="/@element.4/@protocol.0"
dataLocationInfoType="//@element.1/@dataLocationinfoType.0"
manager="//@element.0/@manager.2" dataType="//@element.2/@dataType.0"/>

</DesignModel>

Figure 5 is the UML class diagram of variant M2.2. In this
variant, all identifiers are managed by the MediumManager
class that can be deployed on the same site as the source
manager Or a reserver manager.
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Figure 5: Variant M2.2: centralized architecture

Variant M4.1 is represented in Figure 6. In this diagram,
the available data variable is now distributed on some vari-
ables called localAvailable of reserver managers and each
variable is managed by a ProtocolADataManager class that
is the proxy for available from the viewpoint of the corre-
sponding reserver manager. Classes Vector, Distributed-
Table and ProtocolADataManager are introduced in three
sub-steps of the refinement process in Figure 3.

In variant M2.2 and variant M4. 1, the ReservationMedium
class has disappeared. The mediums are then entirely at the
implementation level.

<<interface>>
ISourceMediumServices

S M
- --[> setReserveldSet(Reserveld][], Boolean)

1 Boolean usable init()

insert(Reserveld)
L I It remove(Reserveld)
Reserveld select(Integer)
Integer size()

<<interface>>
IProtocolADataServices

/source

elements

Reserveld

DistributedTable

ReserverManager ‘ originalSet
1

/reserver |——— Boolean usable 0 reserved
Boolean cancelerlsReserver
1l

S dataLocationInfo

<<interface>>
I0bserverComponentServices

Jobserver | L—>| ObserverManager <<inforface>>

FPvT— IReserverMediumServices noAvailable(Integen)

X Reserveld reserve() "
'
' i
'

Cancel(Reserveld)

Figure 6: Variant M4.1: distributed strategy, dis-
tributed table, Protocol A

4.4 Building medium deployment variants

Similarly to the model of design variants, we use XMI to
represent the model of deployment plans in this step. Each
deployment plan in this model describes instances of each
role and storage points. From each deployment strategy, a
medium deployment variant model is built. In this model,
each role instance is “deployed” on a RoleDeploymentCont-
ainer, and likewise, each role manager and is “deployed” on
a MediumDeploymentContainer. For example, the following
is the membrane of variant D1:



<?xml version="1.0" encoding="ASCII"?>
<Application xmi:version="2.0" xmins:xmi="http://www.omg.org/XMI"
xmins:xsi="http://www.w3.0rg/2001/XMLSchema-instance”
xmins="platform:/resource/adaptive_reservation_medium/impl_variants.ecore" name="FlyBooking"
version="D1">
<element xsi:type="RoleDeploymentContainter" name="AirineCompany" ... </element>
<element xsi:type="RoleDeploymentContainter" name="ObserverWebSite" ...</element>
<element xsi:type="RoleDeploymentContainter" name="TravelAgency1" ... </element>
<element xsi:type="RoleDeploymentContainter" name="TravelAgency2" ... </element>
<element xsi:type="Medium" name="ReservationMedium" version="D1">
<element xsi:type="MediumDeploymentContainer" name="Source" version="D1"
roleName="Source" instanceNumber="1"> ... </element>
<element xsi:type="MediumDeploymentContainer" name="Observer" version="D1"
roleName="Observer" instanceNumber="1"> ... </element>
<element xsi:type="MediumDeploymentContainer" name="Reserver1" version="D1"
roleName="Reserver" instanceNumber="1"> ... </element>
<element xsi:type="MediumDeploymentContainer" name="Reserver2" version="D1"
roleName="Reserver" instanceNumber="2"> ... </element>
</element>
</Application>

45 Composing the adaptive medium model

The model of the adaptive composite medium is composed
of two parts: the medium variant composition and the adap-
tation guide. The former contains four composite managers.
Each of these composite managers includes all role deploy-
ment containers corresponding to a role instance. The latter
describes the refinement process in Step 2 as a “transfor-
mation tree”. Each node of this tree comprises a medium
variant, a chosen design variant and all transformation ac-
tions by which this medium variant has been built. The
tree root corresponds to the medium at the abstract spec-
ification level and tree leaves represent medium variants at
the implementation specification level. Every leaf contains
some deployment plans in Step 4.

At runtime, when a role instance comes or leaves the
system, the adaptive program will modify the deployment
plans, then rebuild the medium variant composition. There-
by, this model of the adaptive composite medium co-exists
and co-evolves with the program.

4.6 Building thetarget adaptive program
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Figure 7: Generic class diagram of adaptive medi-
ums

Figure 7 is the generic class diagram of adaptive appli-
cations using mediums. As shown in the figure, an adap-
tive application includes many composite managers inter-
connecting with each other. Each composite manager con-
tains some manager variants, an adapter, an adaptation co-

ordinator and an adaptation manager managing the adap-
tation guide. When the program needs to change the run-
ning variant, an adaptation decider® calls a medium adap-
tation service of the adaptation manager. This adapta-
tion manager will analyze the adaptation guide to gener-
ate a coordination plan and some local adaptation plans.
These plans are then sent by the adaptation coordinator
to other composite managers. On the other hand, the co-
ordinator sends the local adaptation plan to the adapter
in which local adaptation actions will be performed by re-
configuring the composite manager. In this reconfigura-
tion, a reference of a composite manager proxy is changed
to the new manager variant, and data objects of the re-
placed variant are transferred to the new one as shared ob-
jects. For example, to change the running variant from D1
to D2, the DistributedTable object can be kept and reused
in the new variant as a shared object; or from D1 to D3,
DistributedTable is reused and then its data will be trans-
ferred to a DistributedList object. If one (or more) role
instance comes or leaves the system, the adaptation man-
ager will rebuild the adaptation guide and send it to other
composite managers. Figure 8 describes such an adaptation
session.
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Figure 8: Description of an adaptation session

Using this generic diagram and the model of the adap-
tive composite medium from the previous step, an UML
class diagram of the adaptive composite medium is automat-
ically generated. The adapters, adaptation coordinators and
adaptation managers are implemented in this step. Imple-
mentations of protocols, data types and data location types
are also integrated thanks to pre-defined data interfaces.

Figure 9 represents a component model of the adaptive
composite reservation medium that we have implemented in
Java by using the Fractal component model [3] that enables
us to support adaptations by connections/disconnections of
sub-components as well as to reuse shared sub-components.
In this model, all the manager variants and data used by the
adaptation managers were generated from the devemopent
process. We have also tested the application with some

3Because this paper focuses on the structure of the adap-
tive distributed component, designs and implementations of
context observers and adaptation deciders are not presented.



adaptation scenarios. The application was executed as ex-
pected.
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Figure 9: A component model of the adaptive reser-
vation medium

5. CONCLUSION AND FUTURE WORK

In this paper, we have presented a model-based process for
developing component-based adaptive distributed applica-
tions. We have separated the communication and the func-
tional aspects of the distributed application, specified the
communication aspect as an abstract communication com-
ponent (or medium), built many medium deployment vari-
ants and integrated these variants into a composite medium.
In addition, we have described how to build an adapta-
tion guide model representing the composite medium and
its evolution traces. At runtime, this model co-exists and
co-evolves with the target adaptive program and navigates
distributed coordinators to dynamically select the running
variant in order to adapt to the changing context. More-
over, we have automated our development process by model
transformations. We have successfully applied our approach
in order to build an adaptive distributed application that
can dynamically change its data distribution algorithms.

Compared to other approaches for adaptive distributed
applications [2, 6, 7, 1, 10], our approach has certain ad-
vantages. First, because application variants are embed-
ded in the adaptive application at design time and man-
aged by coordinators, the application can perform and co-
ordinate distributed adaptations at runtime without loss of
data. Second, through the refinement process, the architec-
tural coherence of the distributed parts of the application
is maintained from the abstract level to deployment level,
thus our approach can ensure that the medium variants al-
ways satisfy the architectural requirements of the applica-
tion. In other words, the approach ensures the correctness
of adaptations. Third, because the adaptation guide, co-
existing and co-evolving with the application, contains a lot
of information such as design variants or deployment plans,
the coordinators can optimize adaptation actions by spec-
ifying reusable objects. Hence, our approach gives the ap-
plication an open, seamless and optimized adaptive feature.

Finally, being components, adaptive communication com-
ponents built using our approach can be reused in many
applications in similar contexts.

Our future work includes automatically integrating com-
ponent models into the target program, focussing on the
Fractal component model [3], in order to build an integrated
environment that coordinates different tools to support our
development process.
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