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Abstract. Interoperability among simulators is one of the
key factors in distributed simulations. Several interopera-
bility infrastructures such as HLA and DEVS/SOA have
been utilised, but most of them do not provide any dy-
namics. This paper introduces the use of the OSGi service
platform as universal middleware for dynamic distributed
simulation of DEVS models. We have designed and im-
plemented the DEVS/OSGi simulation framework, which is
an approach similar to DEVS/SOA, but relies on an inte-
grated service-oriented and protocol independent archi-
tecture. It enables standardized plug-and-play capabilities
and dynamic reconfiguration within distributed simula-
tions. The architecture and implementation has been vali-
dated in an analytical context against a traffic simulation
model. We conclude that the standardized interoperability
and run-time dynamics provided by the OSGi service plat-
form are highly valuable for distributed simulations.

Introduction

Distributed simulations (DS) are used in the context of
analytical smulations for the analysis or forecast of the
behaviour of areal or imaginary system [6]. In this case
detailed quantitative data is collected and simulation
runs are typicaly executed as fast as possible. Further,
DS have been applied in distributed virtual environ-
ments (DVE), such as Second Liferm. In this case the
simulation embeds human participants or physical de-
vices and simulation time advances usualy in real time.
For DVE the need of system accuracy is usualy lower
than in analytical smulations. In both domains interop-
erability infrastructure enables geographically distribut-
ed execution and the integration of heterogeneous simu-
lators. Next to proprietary protocols more abstract in-
teroperability infrastructures such as HLA and DEVY
SOA have been utilised for DS of DEVS models[9, 15].
However, in recent work [8, 14] a lack of standardiza-
tion for plug-and-play capabilities and a need for re-
search on dynamic reconfiguration in distributed simu-
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lations has been identified. This should be adopted on
an abstract architectural level and possibly also within
the simulation nodes.

The DEVS/OSGi simulation framework introduced
in this paper addresses both issues. The DEVS standard
for modelling and simulation of discrete event systems
is being mapped to the OSGi service platform, a widely
used industrial standard for modular and dynamic appli-
cations in Java. The standardized run-time dynamics
and service-oriented (distribution) concepts of OSGi en-
able plug-and-play capabilities for distributed simula-
tion. Furthermore dynamic reconfiguration within the
distributed simulation environments becomes possible.

In chapter two both standards (DEVS and OSGi)
will be introduced, followed by a short overview over
recent work in this context. In chapter three we will pre-
sent the architecture and implementation of the
DEVS/OSGi simulation framework. Thisis followed by
some experiments using a traffic simulation model. Fi-
nally, some conclusions are drawn and issues for further
research are highlighted.

1 Background

1.1 The Discrete Event System Specification (DEVS)

The Discrete Event System Specification (DEVS) is a
modular and hierarchical system formalism that was in-
troduced by Bernard P. Zeigler in 1976 [16]. DEVS
models consist of atomic and coupled components.
Atomic components define a specific behaviour of an
entity that is being modelled. Whereas coupled compo-
nents define the coupling of output to input ports of
components. Every atomic component has a defined
state at any time. State transition functions prescribe the
change of this state if events occur. For internal events
the internal transition function and for external events
the externa transition function define the new state. An
output function returns the output events and a time ad-
vance function returns the remaining time in state.
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In 1996 Paralel DEVS was introduced, which al-
lows the parallel execution of DEVS models [2]. Input
events are handled as a set of events and a confluent
transition function defines the new state in case of con-
current internal and external events. For the simulation
of such Parallel DEVS models specific simulation pro-
tocols are required. The Parallel DEV'S simulation pro-
tocol is based on a direct mapping approach and thus the
processing of simultaneous internal events. This simula-
tion protocol has been used for our work and is defined
by the following steps: 1. Initialization, 2. Determina
tion of the next event time, 3. Output of events, and
4. Execution of state transitions. Even though we fo-
cussed on this protocol others could be implemented.

1.2 The OSGi Service Platform

The OSGi standard defines a dynamic module system
for Java, the OSGi service platform. The OSGi Alliance
(formerly known as the Open Services Gateway initia-
tive) isan industrial consortium (Oracle, IBM, Siemens,
ProSyst and others) founded in 1999, which is focused
on the maintenance of this standard [10]. Several organ-
izations have implemented the standard. Applications
range from industrial automation over mobile applica
tions to enterprise systems. Apache Felix, ProSyst mBS,
and Eclipse Equinox (core of the Eclipse IDE) are well
known implementations of OSGi. The OSGi framework
is the core of the OSGi service platform. It provides a
standard environment for run-time components, called
bundles.

Bundles are JAR packages with additional manifest
headers. Applications are developed from these reusable
and loose coupled components. The framework archi-
tecture can be divided into three layers (Figure 1). The
module layer defines class loading behaviour. In Java it
is common to have one classpath, OSGi extends this
model with modularization. Thus every bundle has its
own classpath and holds private classes, that can be ex-
ported to other bundles.

Bundles | Service Layer

Security

| Lifecycle Layer

| Module Layer

|

I Operating System (0S)

Java Virtual Machine (Java VM)

Figure 1. OSGi service platform.
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The life-cycle layer adds run-time dynamics, that are
normally not part of an application. It provides capabili-
ties to install, start, stop, update, and uninstall bundles
in an OSGi framework. This alows fine-grained
maintenance on the level of bundles.

On the service layer services and the service registry
are introduced. The basic model is a 'publish/find/
bind/execute’ pattern as in a service-oriented architec-
ture (SOA). But it does not rely on web services, in fact
in OSGi it operates within an application. Hence, PO-
JOs (‘Plain Old Java Objects) can be registered with the
OSGi service registry. These services can be found and
executed by other bundles.

In the OSGi service compendium [11] and corre-
sponding specifications, such as the OSGi enterprise
specification [12], system services for numerous do-
mains of application development are specified. For our
work the event admin service and remote services have
been used. The event admin service defines a simple
‘publish/subscribe’ pattern.

Thus bundles can register (subscribe) event handler
services for a specific topic with the service registry. If
an event is posted (published) via an event admin ser-
vice implementation, it will be delegated to all corre-
sponding event handlers.Remote services provide the
ability to register services not only for internal usein the
framework, they can be made remotely accessible, so
that bundles of another framework or even other appli-
cations can make use of them.

Furthermore external services, such as web services,
can be registered with the service registry. The type of
service distribution and discovery depends upon in-
stalled distribution and discovery providers (Figure 2).
Severa implementations for service discovery exigt, e.g.
via |P broadcast (Zeroconf or SLP) or distributed con-
figuration servers with Apache ZooK eeper. Distribution
providers rely on protocols such as RMI, Web Services
(SOAP/REST), or R-OSGi [13].

ZooKeeper

Server

0SGi Service i Service 0SGi
Framework A Registry Registry  Framework B
. : H ."_n' : "
register 1 get
Bundle A B RN Bundle B

Service | gip/Zeroconf Service
Proxy

Figure 2. OSGi remote services.
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1.3 Related Work

Even though OSGi has not been used to simulate DEVS
models, some simulation environments use the Eclipse
IDE and Eclipse plug-ins for component-based simula-
tion. In [3] the implementation of an object-oriented ge-
neric simulation environment based on Eclipse is intro-
duced. The main benefits identified are the separation of
model and experiments and the extensibility via Eclipse
plug-ins. However, this simulation environment is not
capable of simulating DEV'S models. Another flexible,
extendible, and reusable simulation framework is James
[1 [7]. It is based on an OSGi-like architecture that uses
plug-ins for the integration of different smulators, in-
cluding DEVS. But this approach does not use OSGi as
plug-in environment.

The CD++Builder introduced in [1] is an Eclipse
plug-in and thus uses the OSGi bundle concepts, but it
isonly used in terms of DEVS modelling and does also
not use OSGi plug-ins for the implementation and simu-
lation of DEVS models. Several protocols and distribut-
ed middleware concepts have been applied for distribut-
ed simulation of DEVS models in Java. The most ap-
propriate one is DEVS/SOA [9], which uses a SOA and
thus classic SOAP web services for distributed interop-
erability among simulators. It enables run-time compos-
ability and has been approved of simulating DEVS
models in paralel. Even though the architecture of
DEVS/SOA is serviceoriented, it is still rather different
from the service-oriented interoperability and distribu-
tion concept provided by the OSGi service layer and
OSGi remote services.

The approach of a shared abstract model (SAM) in-
troduced in [15] targets the integration of heterogeneous
models and uses proxies as abstraction of model inter-
faces. SAMs can be implemented using sound distribu-
tion middleware and enable flexible and non-tedious in-
tegration of new component models. This is indeed
closeto our intent of the abstraction of the interoperabil-
ity infrastructure. Next to distributed interoperability
our goal is to enable dynamic reconfiguration within the
simulation framework. With a variable structure ap-
proach introduced in [8] dynamic reconfiguration can be
achieved during run-time. Components can be added,
removed, updated or migrated and connections between
components can be added or removed dynamicaly.
However, the run-time dynamics and distribution con-
cepts provided by the OSGi lifecycle and service layer
have not been fully utilised yet.

2 The DEVS/0SGi Simulation
Framework

The DEVS/OSGi simulation framework introduced in
this chapter will enable all benefits of object-oriented
application frameworks: Modularity, reusability, exten-
sibility, and inversion of control [5]. Furthermore a ser-
vice-oriented architecture concept is used for interoper-
ability and extended modularity, e.g. loose coupling and
run-time dynamics.

2.1 Approach

Obviously DEVS and OSGi rely on the same basic con-
cept, a decomposed system approach. In DEVS a sys-
tem is being modelled from decomposed components,
while with OSGi applications are build out of compo-
nents. Furthermore OSGi is based upon service-oriented
interoperability concepts, proven to be appropriate for
distributed simulations of DEVS models. Both stand-
ards have not been integrated in awell-founded way yet.
Thus our approach is to bring together both standards
and enable dynamic distributed simulation. In fact two
aspects need to be considered, first the mapping of the
DEVS formalism onto the OSGi service platform and
second the concepts of interoperability and distribution
for the Parallel DEV S simulation protocol.

DEVS components (implemented as Java classes)
are wrapped into bundles that register a service with the
OSGi service registry. Notice, that in case of this 1:1
mapping only one DEV'S component is wrapped into a
single bundle. Although this is not the best for every
application, it enables the full power of OSGi life-cycle
layer dynamics, e.g. installation/uninstallation and up-
date of DEVS components. Drawbacks and potential
improvements of this mapping will be discussed later.

The interoperability can be described as an abstract
integrated service-oriented architecture, that is basically
provided by the OSGi service platform. The service-
oriented design is similar to the concepts of DEVS/SOA
but protocol independent (abstract) and more fine-
grained (integrated). The interoperability is abstract as it
depends upon the installed discovery and distribution
providers. The term integrated reflects the service con-
cept that is being used internally in a ssmulation node
and also externally via OSGi remote services. Both is-
sues will be described in the following two chapters in
detail.
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2.2 Architecture

The main bundle of the DEVS/OSGi simulation frame-
work (Figure 3) is the DEVS/OSGi core bundle. It con-
sists of al interfaces and abstract classes required for
the implementation of DEVS/OSGi components, simu-
lators, and nodes.

—l [ DEVS/OSGi Components | |_

DEVS/OSGi Simulation Framework

|  DEVS/OSGi Node | | DEvs/OsGi Simulators |

| DEVS/OSGi Core |

| 0sGi service Platform (+Distribution/Discovery Provider) |

| Java Virtual Machine (Java VM) |

Figure 3. DEVS/OSGi simulation framework.

DEVS/OSGi components are simple DEVS component
classes that implement a DEV S/OSGi atomic or coupled
component interface. These interfaces define the meth-
ods of the DEV S formalism and thus should be compat-
ible with every DEV S component implemented for oth-
er ssmulation environments. The component classes are
then wrapped into bundles and register a component
service on startup (Figure 4a). DEVS/OSGi simulators
implement the steps of the Parallel DEVS simulation
protocol. Each simulator installed in a simulation node
is responsible for a specific type of component. It in-
stantiates a simulator object for each corresponding
component and registers this as remote simulator ser-
vice with the OSGi service registry (Figure 4b).

DEVS/OSGi nodes are not required for the execu-
tion of a simulation, however we have defined a node
service that represents our simulation nodes in the ser-
vice environments.

Simulation node 1

Remote
Event Admin

EventAdmin
[DEVS/OSGi Simulato rj—
EventHandler

Service
L.n Service

Component 4

With thisit is possible to install, uninstall and update
DEVS/OSGi component bundles into remote simulation
nodes. Furthermore information about installed compo-
nents, states and simulation progress are provided that
can be used by the controller (GUI).

The interoperability of a simulation is related to

simulation control and event delegation. The simulation
is controlled by a root simulator that is typicaly in-
stalled in a separate controller node. This root simulator
is aware of the simulator service belonging to the root
component (this needs to be set/selected). It executes
the steps of the simulation protocol via asynchronous
calls and dictates the simulation time advance, e.g. real
time or as fast as possible. The same is done by every
coupled simulator, they are responsible for the execu-
tion of the steps on their child simulators. Invocation of
all (root/child) simulators is realised via OSGi service
layer and OSGi remote services. Thus the simulation
control is executed transparently without knowing if the
simulator isinstalled in the local or in a remote simula-
tion node.
Event delegation uses the OSGi event admin and thus a
'‘publish/subscribe’ pattern (Figure 4c). As mentioned
before, event handlers are registered for each port. If
events are posted to the OSGi event admin, it is respon-
sible for the delegation to all appropriate event handlers
of other simulators. As regular OSGi event admin im-
plementations are only used for framework internal
event delegation, we had to implement a remote event
admin.

2.3 Implementation
The implementation is similar to others for DEV'S,
such as DEV S/SOA. However with the implementation
of the DEVS/OSGi simulation framework some recent
concepts of the Java

Controller programming language,
such as generics, anno-

vimmamr tations, and exception

1.n ; Service handlingwere integrat-

ed. Especialy the use
of generics for the sep-

Service - - 1.n B S
(a)

1 (b) Simulator
Service

~
DEVS/OSGi Component 1n i

Figure 4. DEVS/OSGi simulation framework services and distribution.
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The state is implemented as separate class and ge-
neric type of thecorresponding component. Thus simu-
lators manage the state of its components using Java ge-
nerics and can store state data via object serialization.
The abstract simulator classes implement a service
tracker concept to recognize component services and
(child) simulator services installed within the simulation
environment dynamically. The event delegation via
OSGi event admin has also been implemented on this
abstract level. For this we needed to implement aremote
event admin implementation, which uses service proxies
for remote event handler services and thus uses OSGi
remote services for event delegation.

We have implemented two default simulators based
on the Parallel DEV S simulation protocol, one is appro-
priate for atomic, the other for coupled DEVS/OSGi
components. The atomic simulator manages the state
and functions of components, as mentioned in Chap-
ter 1.1. The coupled simulator manages al child simula-
tors and executes thesimulation steps. All steps are exe-
cuted as asynchronous/non-blocking calls.Furthermore
we implemented a default node implementation and a
controller (withGUI) for the decentralized installation of
DEVS/OSGi components (Figure 5). We built releases
of both, node and controller (including the core and
simulators), so that they canbe used standalone without
the Eclipse IDE.

|2 =1

. DEVS/OSGi Controller {IP: 192.168.0.104) p— Y

AnalyticalRoot Simulator | v 1] m

Wall Clock ' 000115 | « Simulation Time | 00:31:57 < (

,/%vhs\

Graph

Simulators

Figure 5. DEVS/OSGi Controller GUI.

3 Experiments

In order to validate the framework architecture and im-
plementation we have conducted some experiments.
The main objective was to test functionality and per-
formance. For al experiments the DEVS/OSGi simula-

tion framework was installed in an Eclipse Equinox
(3.6.1) OSGi framework. We used the Eclipse Commu-
nication Framework (ECF) in version 3.4 as OSGi re-
mote service implementation. The best performance
could be achieved with the ECF generic distribution
provider based on sockets and ZooDiscovery based on
Apache ZooK eeper as discovery provider.

3.1 Traffic Simulation Model

We have implemented a single road crossing as an
atomic DEVS component. Carspass the crossings and
are directed to other crossings via output and input
events. Thetraffic lights consist of four states (green,
yellow, red+yellow, and red), thus we possiblygain mul-
tiple simultaneous events per simulation step. This
component was thenreplicated (wrapped) with different
traffic light configurations and cars queuing in frontof
them. The crossings were connected using coupled
DEV S components that form atorus model (Figure 6).
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Figure 6. Traffic simulation model.
3.2 Results

We have installed models with 4* to 4* crossings on dif-
ferent distributed simulation configurations (1, 4, 8, and
16 nodes) and run several simulation runs. Every simu-
lation run was set to 24 hours simulation time. The re-
sults in Figure 7 show, that we can achieve a speed-up
(TUTn, Tn = simulation time on n nodes) greater than
1.0 for torus models with 64 and 256 crossings. The to-
rus model with 256 crossings can be executed on four,
eight, and sixteen simulation nodes faster than on one.
An average speed-up of 1.84 was obtained.

E I
£ 3
il
= 2
3 i e
[
4 16 64 256

Torus model size (number of crossings)

Figure 7. Speed-up on 4, 8, and 16 simulation nodes.
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3.3 Discussion

The performance tests with the traffic simulation mod-
els approved the simulationframework executing steps
in parallel. But due to memory utilisation we could in-
stallonly 256 crossing bundles per simulation node and
the installation time was significantlyhigh. For perfor-
mance tests replication of crossings as bundles is appro-
priate, but in factit is not that reasonable installing bun-
dlies consisting of the same class into one simulation-
node. Thus support for multiple occurrence as described
in [4] should be considered. Inother applicationsit could
be appropriate wrapping more than one DEV'S compo-
nent intoa bundle. The challenge is to address these is-
sues without losing the power of the runtimedynamics
provided by the OSGi service platform.

4 Conclusions

The OSGi run-time dynamics are highly valuable for
plug-and-play capabilities and dynamic reconfiguration
in DS, especially for the integration of simulators, com-
ponents, and distribution/discovery providers, dynamic
assembly of distributed models and dynamic distribu-
tion of components. Furthermore OSGi provides a
standardised and protocol independent interoperability
infrastructure. The DEVS/OSGi simulation framework
is fully compatible to Eclipse plug-ins and has been
tested using the Eclipse Equinox OSGi framework.
Nevertheless some research needs to be done on the im-
plementation of multiple occurrence and the integration
of heterogeneous simulators. Further integration into the
Eclipse IDE in means of extensions and views would be
useful. Additionally OSGi has a lot more capabilities
that could be integrated, such as versioning and configu-
ration management.

We focussed our experiments on an analytical simu-
lation context. In DVE the system accuracy is lower and
possibly its components more heterogeneous, thus the
DEVS/OSGi simulation framework may be even more

appropriate.
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