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Abstract

Distributed applications in evolving environments are typically
difficult to maintain. Currently, human intervention is needed to
maintain the application and adapt it to its changed environment.
We need to: deploy application software on the added devices (buses),
replace application software on the changed devices (e.g. to support
the new advertisement display), and remove application software
when no longer useful (e.g. because it requires an advertisement
display which is removed). When the distributed environment be-
comes too large, or changes too often, manual software maintenance
is no longer a feasible option. Automation is required.

This paper reports on our ongoing work on dEVOLVe, a new
OSGi based middleware platform which will automate some software
maintenance tasks in ’distributed evolving environments’. dEVOLVe
will detect changes in the distributed environment and will adapt
the application accordingly. This way, the user is free from software
maintenance tasks caused by the environment evolution.

Keywords : Software maintenance, distributed evolving environment, middle-
ware.
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1 Introduction

A large amount of devices with computing power (cars, VCR’s, cell phones,
...) have been introduced on the market during the last decades. A new trend
is that those devices are being equipped with network connectivity. Those
newly formed distributed environments provide a promising platform for new
distributed applications. An example of such an application is the advertisement
application of the IBBT-SPAMM project [3]. In this project, public transporta-
tion buses of ’De Lijn’ [1] are equipped with an onboard computer, a wireless
network connection and an advertisement display. The advertisement client ap-
plication is executed on the company back-end application server. With this
client, advertisements are sent to the advertisement server applications, run-
ning on the different buses, which will show them on the advertisement displays
of the buses. Figure 1 gives an overview of the distributed environment of the
advertisement application.

Figure 1: Distributed evolving environment of advertisement application

We can distinguish 3 types of evolution in this distributed environment:

1. Devices (buses) will be added to and removed from the distributed appli-
cation. The added devices (buses) can differ from the previously used ones
in system software (e.g. new Java Virtual Machine (JVM)) and/or hard-
ware (e.g. new type of advertisement displays), introducing heterogeneity
in the distributed environment.

2. The employed devices will change over time when peripherals are added
to or removed from the devices. For instance, busses which are upgraded
after some years of service with new types of advertisement displays.

3. The application software itself will evolve: new features will be added,
bugs will be fixed, ... .

We focus in this paper on middleware support for the first two types of evolu-
tion. Software evolution and application life cycle management in distributed
environments are currently not fully covered in our research.

Changes in the distributed environment may require an adaptation of the
application software: 1) When a device (bus) is added to the distributed envi-
ronment, the appropriate application software must be deployed on it. 2) When
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a device changes (e.g. a peripheral device is added), it may be required to re-
place the application software (e.g. to support the new advertisement display).
3) Application software can become useless after a change in the distributed en-
vironment (e.g. because it requires an advertisement display which is removed).
This application software should be stopped or removed to free resources.

The adaptation of the application software is made harder by the heterogene-
ity in the distributed environments. Application software imposes requirements
to its execution environment. It typically requires a certain JVM, the presence
of certain devices or peripherals (e.g. an advertisement display), ... . Hence, in a
heterogeneous environment, different application software is needed on different
devices for the same task.

Human intervention is currently needed to maintain applications in dis-
tributed evolving environments; to detect the changes in the distributed envi-
ronment, to determine the best fitted application software for this environment,
and to deploy the selected software on the correct devices. In large distributed
environments that change a lot over time, software maintenance is complex, time
consuming and error-prone. Therefore, middleware support is needed to auto-
mate the software maintenance tasks caused by the evolution of the distributed
environment.

The main contribution of this paper is an OSGi [4] based middleware plat-
form, called dEVOLVe, which automates software maintenance tasks in ’dis-
tributed evolving environments’. The middleware will adapt distributed appli-
cations towards their changing environment by fulfilling the following tasks: 1)
Determining the properties of the distributed environment. 2) Detecting the
addition and removal of devices in the distributed environment. 3) Detecting
when the peripherals of the devices change. 4) Selecting the application soft-
ware, best fitted for the execution environment. 5) Automatically deploying the
selected software on the correct devices. 6) Detecting the presence of software
that is no longer needed and removing it from the application.

The remainder of this paper is structured as follows. In section 2, we present
the requirements for software maintenance middleware for distributed evolving
environments. Section 3 demonstrates how an important part of our middleware
requirements can be realized with existing OSGi technology. Section 4 enumer-
ates the major functionalities with which dEVOLVe extends the OSGi service
platform. In section 5, we compare our middleware platform with some state-of-
the-art middleware platforms for software maintenance in distributed evolving
environments. Section 6 concludes this paper and describes future directions.

2 Middleware requirements

In this section, we identify the main requirements for software maintenance
middleware for distributed evolving environments. First, we explain why we
see a component based application architecture with service dependencies as a
pre-requisite. Second, we describe a use case of the advertisement application
to identify the middleware requirements.
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2.1 Pre-requisite

As a pre-requisite, we require for all applications a component based architecture
and the usage of service dependencies [6]. The component based architecture
limits the amount of application software that has to be replaced when the
execution environment changes. An example is given in Figure 2. When a large
advertisement display is added to the execution environment, the monolithic
application architecture requires the replacement of the complete application.
In case of a component based architecture however, only the adaptation of a
part of the application is required. The usage of service bindings between the
components allows the application to be rewired at-runtime.

Figure 2: A monolithic (a) and a component based (b) application architecture
in an evolving environment

2.2 Advertisement application use case

We identify the middleware requirements with a use case of the ’De Lijn’ ad-
vertisement application. Figure 3 gives a simplified representation of the com-
ponent based application composition at two moments in time. The left part of
Figure 3 shows the advertisement application running on two identical busses
and on the back-end server. The right part of the figure shows how the execution
environment may become over time. The advertisement display of one bus (a)
is replaced by a large one, and a new model bus (b) is added with future system
software (Java Standard Edition 8) and two large advertisement displays. To
support this evolution, the middleware platform must be able to:

• Detect the replacement of the advertisement display on the second bus
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Figure 3: Advertisement application in distributed evolving environment

by a new model with different possibilities: Environment evolution,
determining local environment properties

• Select the application software best fitted for the large advertisement dis-
play. Automatically deploy the selected application software on the second
bus. Rewire the application software to replace the old ’Small display ad-
vertisement policy’-component by the new ’Large display advertisement
policy’-component: Local automatic application composition, Au-
tomatic software deployment

• Detect the adding of a new bus to the execution environment: Environ-
ment evolution, group discovery

• Detect the difference in system software (JVM) and peripheral devices
between the new bus and the other busses: Determining local envi-
ronment properties

• Select the best fitted application software for this bus, install it on the bus
and wire it in the distributed application: Local automatic application
composition, automatic software deployment

Further, there are two additional requirements:

• The application software on the back-end server requires a ’busAdvertise-
mentService’ from the buses (not represented in figure). The middleware
platform must be able to resolve remote dependencies. Remote depen-
dencies

• The remote dependencies (between software components on back-end server
and bus) must also be resolved during the automatic wiring of distributed
applications: Distributed automatic application composition
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3 OSGi service platform

The OSGi [4] service platform has support for component based architectures,
service dependencies and application life cycle management. In this section,
we describe how the OSGi service platform can be used to fulfill a subset of
the middleware requirements identified in section 2. First, we demonstrate how
local environment properties can be determined with OSGi. Second, we show
how OSGi can be used to compose an application composition, adapted to the
local execution environment.

3.1 Determining local environment properties

The OSGi service platform is able to determine different kinds of environment
properties. It identifies the underlying JVM and checks the JVM requirements
of each application component before deployment. Further, OSGi can be used
to detect the presence of peripheral devices (displays, sensors, actuators, ...)
and to identify their offered functionality by using peripheral devices which are
able to register themselves with the OSGi platform as services [9, 13].

3.2 Local automatic application composition

The middleware platform must be able to automatically compose new applica-
tion compositions, adapted to the local environment. To make this possible,
we equip each application with an application-root component. This com-
ponent describes which critical functionality must be offered by the application
during its complete lifespan. It distinguishes itself from the other components in
two ways. First, this is the only component of the application for which we don’t
allow the middleware to replace it automatically. We made this choice to guar-
antee that the critical functionality of the application is maintained. The second
difference is that this is the only application component which does not have
to offer any services to other application components. This is because we start
the application composition from this component. The middleware platform
automatically composes the application by resolving the service requirements
of the application-root component with application components best fitted for
the local environment. The root component in the ’De Lijn’ advertisement
application (Figure 3), is the ’Management GUI’-component.

When the local environment properties are determined, the middleware has
to adapt the application composition accordingly. First, the middleware has
to determine the best fitted application composition for this environment by
resolving the service requirements of the application-root component. If not
locally available yet, the middleware has to download and install the application
components of the selected application composition. Once all needed application
components are installed on the local platform, the middleware needs to wire
them in the distributed application.

We are currently working on an implementation of our middleware plat-
form. In this implementation, we are using the OSGi Bundle Repository
Service or OBR [5] for the selection of the best fitted application composition,
the downloading and the installation of the needed application components.
For the automatic application composition on each device, we use the OSGi
Declarative Service (DS) service [2].
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4 dEVOLVe

Figure 4 presents an overview of the middleware requirements identified in sec-
tion 2. For each requirement, the middleware components used to meet the
requirement are marked with a rectangle. As mentioned in the previous section,
a large part of the required functionality is covered by existing OSGi technol-
ogy. However, middleware support is missing for: remote dependencies, group
discovery, distributed automatic application composition, and environment evo-
lution.

Figure 4: overview of the functionality offered by the middleware platform com-
ponents

We are currently working on a OSGi component, called dEVOLVe, which
contains the missing middleware support. In this section, we describe how
dEVOLVe realizes the needed functionality.

Figure 5 gives an overview of our middleware platform for software mainte-
nance in distributed evolving environments. Both the dEVOLVe, OBR, DS and
application components run on top of the OSGi base framework. OSGi allows
direct access to both the JVM and the OS.

Figure 5: Middleware platform for software maintenance in distributed evolving
environments

4.1 Remote dependencies

The OSGi service platform has support for the description and wiring of service,
package and bundle1 dependencies within a single VM. However, dependencies
with remote devices are not supported. Therefore, we added a remote service,
package and bundle dependency header (Figure 6) to the component manifest

1Components are called bundles in the OSGi community.
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file as remote variants on the existing OSGi dependency headers. The ’group’
argument of those manifest headers will be discussed in the next subsection.

Figure 6: Remote dependency manifest headers

The dEVOLVe component parses the manifest files of the used application
components and tries to resolve their remote dependencies. OBR [5] is used to
deploy the needed application components on the remote devices.

4.2 Group discovery

The devices in an evolving environment will change over time. Because of this,
application developers can not describe the devices themselves in the remote
dependencies. To deal with this problem, we introduce weak couplings with
remote devices by adopting the role concept from the sensor network community
[11]. The developers can describe dependencies with groups of remote devices
fulfilling certain roles. They do not need to know which devices will fulfill
these roles, and devices can be added and removed at runtime to each role.
The assignment of roles to the devices is considered a task of the local network
manager who may choose to automate this task with a role assignment algorithm
[7].

4.3 Distributed automatic application composition

Automatic wiring is not possible with remote package and bundle dependen-
cies. Remote service dependencies can be wired automatically with DS when
the remote services are registered as local services. To realize this, dEVOLVe
generates a proxy object for each remote service and registers it as a local ser-
vice. This is similar to the approach of R-OSGi [12] to make remote services
accessible. A simple remote method invocation mechanism is used to handle
the remote service calls.

4.4 Environment evolution

The middleware platform must be able to deal with changes in the execution
environment. A very robust, but not necessary the best, technique to deal with
changes in the execution environment is a periodical recomposition of the com-
plete distributed application. We realize this with an application heartbeat:
a periodic signal which starts from the application-root component and trav-
els through the complete distributed application by following the service bind-
ings between the application components. On each device where this heartbeat
passes by, we react on this signal by checking if the current application compo-
sition is still the optimal one to satisfy the service requirements. When a better
fitted application composition is discovered, the application will be adapted.

Some installed application components may no longer be used after an appli-
cation recomposition. For instance, because a new component has been installed
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to deliver the required service, or because a broken network connection is making
it impossible to deliver the remote service. In case of local service dependencies,
DS will be able to react by stopping the currently unused components. How-
ever, this is not possible for the remote service dependencies. The heartbeat
signal, which travels periodically through the complete distributed application,
allows us to identify the components which are no longer part of the current
application composition. Those components will no longer receive the heartbeat
signal and can be removed or deactivated since they are no longer useful in the
application.

5 Related work

Existing, state-of-the-art middlewares are able to adapt software towards its
changing distributed environment. However, they all have limitations, making
them less fitted for software maintenance in distributed evolving environments.

5.1 Impala

Impala [10] is a middleware platform for distributed sensor networks, able to
adapt the distributed application on-the-fly towards the evolving execution en-
vironment. Impala determines on each device some properties of the local ex-
ecution environment such as the battery level and number of direct neighbors.
The user is able to describe switching rules which determine how the application
has to be adapted when the environment properties change. Impala is also able
to check the peripheral requirements of the application software. This avoids
the execution of application software with unmet hardware dependencies.

However, Impala only supports monolithic applications. This makes it im-
possible to adapt parts of the application. Further, Impala does not support the
assignment of roles to devices. Therefore, only distributed applications which
require the execution of the same task on each device are supported. Impala
also is not able to check remote dependencies. Because of this, all application
software on the network must offer and require the same remote services.

5.2 TinyCubus

The TinyCubus [11] middleware supports component based application archi-
tectures with service dependencies between the application components. It is
able to detect changes in the environment, to selects the best fitted application
components and to wire them together. The selection of the application compo-
nents is done based on 1) the device environment (e.g. network density), 2) the
application requirements (e.g. reliability requirements), and 3) the optimization
parameters (e.g. minimal resource usage).

However, TinyCubus does not allow to describe remote dependencies. This
makes it difficult to guarantee cooperation between the application software
running on the different devices. Further, TinyCubus is only able to select
components installed on the device. The automatic deployment of components
on the devices is currently an un-solved problem. TinyCubus also is not able to
rewire service dependencies at-runtime.
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5.3 Gridkit

Gridkit [8] is a middleware framework able to adapt itself to changes in the envi-
ronment. A component based architecture with service bindings is used to allow
dynamic adaptation. In contrast to the previously discussed middlewares, Grid-
kit uses a centralized approach. A configurator collects information about the
composition of the complete distributed framework and receives events about
changing environmental conditions. With this information, the configurator
determines when and how to change the framework by inserting, deleting, dis-
connection, connecting and replacing middleware components on the different
devices. However, although Gridkit is able to adapt the middleware support
towards the applications, it is not able to adapt the distributed applications
themselves.

6 Conclusion and future work

In this paper, we have identified the middleware requirements for software main-
tenance in distributed evolving environments. We illustrated this with a use case
of an advertisement application for public transportation. We have demon-
strated how existing OSGi technology can be used to realize an important part
of the middleware requirements. We have presented an OSGi based middle-
ware platform, called dEVOLVe, which adds the missing middleware support
for: Remote dependencies: Remote service, package and bundle dependen-
cies can be described and are automatically resolved.
Group discovery: Application developers can describe remote dependencies
with an unknown group of devices fulfilling a certain role.
Distributed automatic application composition: Remote services are
made available as local services to allow automatic wiring of service depen-
dencies.
Environment evolution: Changes in the distributed execution environment
are detected by the middleware and the application is adapted accordingly.

Application developers who are familiar with OSGi and DS can start writing
applications for dEVOLVe without much additional effort. They only have to
learn to use three new manifest headers for the description of remote dependen-
cies. dEVOLVe does not require the implementation of additional methods, or
the inheritance of dEVOLVe classes. Even existing OSGi components can be
used without any adaptation.

dEVOLVe is work in progress. In the near future, we want to add some
optimizations to allow dEVOLVe to react faster to changes in the environment.
We also are going to evaluate the proposed solutions and enhance them where
possible. Further, we want to investigate how dEVOLVe can be extended to sup-
port life cycle management (including software evolution) in distributed evolving
environments. Our current middleware platform already contains some life cy-
cle management support; the OSGi service platform has support for software
life cycle management on a single device, and dEVOLVe extends this life cy-
cle management support to distributed applications. However, we believe that
the current life cycle management support for distributed applications is too
difficult to use. Research of additional middleware support is required.
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