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Abstract

For many years, designers of complex systems have
recognized the need for interoperation among different
system models. Each of models is proper to represent
structures or behaviors of the target system, such as discrete
event system and continuous system. Furthermore,
interoperation can provide users with reusability of models
and distributed simulation environment. This paper
proposes a framework, called PlugSim, which provides not
only distributed simulation environment but also
interoperation among simulators. The PlugSim utilizes plug-
in method so that users can simulate a target system with
models developed in accordance with the simple interface of
the PlugSim. The PlugSim provides two kinds of interfaces:
DEVS model interface and Non-DEVS model interface.
With plug-in method, users can synthesize an interoperable
simulator with the framework and their models. Besides,
users can change user models during the simulation. For a
distributed and interoperation environment, the PlugSim is
separated from user models and has algorithms to support
data exchange and time synchronization. At the end of the
paper, to show the correctness of the PlugSim, the result of
an experiment about interoperation with DEVS model and
MATLAB model, an example of Non-DEVS Model will be
shown.

1. INTRODUCTION

Modeling methodology in the perspective of discrete
event system has considered as a representative method of
abstract knowledge representation about a real world. The
Discrete Event Systems Specification (DEVS) formalism, a
set-theoretic formalism, specifies discrete event systems in a
hierarchical and modular form [1]. For Modeling and
Simulation of the discrete event systems, the DEVS
formalism has been widely used in many parts. For many
years, designers of complex systems have recognized the
need for interoperation among different system models.
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Each of models is proper to represent structures or behaviors
of the target system, such as discrete event system and
continuous system model [2]. Furthermore, Interoperation
among different models can provide users with reusability
and distributed simulation environment [3] [4]. There have
been many researches about interoperation. A representative
example is HLA/RTI. HLA (High Level Architecture) is a
standard in IEEE and it describes a specification for
interoperation between heterogeneous simulators. RTI
(Run-Time Infrastructure) is software that is the resultant of
implementing HLA [5] [6] [7]. HLA/RTI is supporting
interoperability and reusability of simulators. However, it is
inconvenient to interoperate among simulators using
HLA/RTI. In order to use HLA/RTI, users should
understand the APIs and callback functions of HLA/RTI
and make interfaces that can handle HLA/RTI services.
Another example is the DEVS Bus [8]. The DEVS Bus,
based on HLA/RTI and DEVS formalism, is the interface
that can communicate among heterogeneous simulators over
the RTI. It also needs users to develop the model interface
that is compatible to the HLA/RTI. There is a recent
research about distributed simulation. Virtual Laboratory
Environment (VLE) is the framework for integration of
heterogeneous formalisms using DEVS and associated
extensions [9].

This paper proposes a framework, called PlugSim, which
provides  distributed and interoperable simulation
environment. The PlugSim utilizes plug-in method so that
users can simulate a target system with models developed in
accordance with the simple interface of the PlugSim [10]. In
the view of users work, the PlugSim differs from DEVS Bus
and HLA/RTI. In the DEVS Bus and HLA/RTI, user should
implement the HLA-compatible interface but in the
PlugSim, user implements DEVS atomic model or simple
interface. Difference with VLE is that the PlugSim supports
exchanging models during the simulation so that users can
compare models in the same simulation.

The objective of the PlugSim is conveniently creating an
interoperable simulator that is synthesizing the provided
framework and user models. Using plug-in method, users
can change their models during the simulation. The PlugSim
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offers two types of interface: DEVS model interface and
Non-DEVS model interface. DEVS model interface is based
on the atomic model specification in the DEVS formalism
[1]. Non-DEVS model interface consists of network
handling process using TCP/IP connection, which can
provide users with the distributed simulation environment
[14]. The PlugSim has algorithms for data exchange and
time synchronization that are indispensable for
interoperation.

The rest of the paper is organized as following: In
section2, DEVS formalism, on which the PlugSim is based,
is introduced. Section 3 presents an overview and internal
components in the PlugSim. Section 4 shows how to make
models to simulate in the PlugSim. Section 5 gives an
experimental result of interoperation simulation between
DEVS model and MATLAB model. Section 6 concludes the

paper.
2. DEVS FORMALISM

This section briefly explains the DEVS formalism. The
DEVS Formalism specifies discrete event models in a
hierarchical and modular form. The DEVS formalism
exhibits the concepts of system theory and modeling. With
this formalism, anyone can do modeling with ease by
decomposing a large system into many smaller components
with coupling scheme among them. There are two kinds of
models in the formalism: Atomic model and Coupled model
(1]

Atomic model is a specification of basic model behavior
as timed state transition. Formally, a 7-tuple specifies an
Atomic model M as follows:

M=<X,Y,S, Sext Oint A, ta >,
Where
X : a set of input;
Y : a set of output events;
S : a set of sequential states;
Oext - Q x X — S, an external transition function,

where Q = {(s,e)|sES, 0<e<ta(s)} is the total state
set of M;

Oint : S — S, an internal transition function;

A:S — Y, an output function;

ta: S — Real, time advance function.

Coupled model is a specification of hierarchical model
structure. It provides the method of assembly of atomic
and/or coupled models to build complex systems hierarchy.
Formally, a Coupled model is defined as follows:

DN=<X,Y, M, EIC, EOC, IC>,
Where
X : a set of input events;

Y : aset of output events;

M : a set of all component models;

EIC & DN.X x UM.X : external input coupling;
EOC & UM.Y x DN.Y : external output coupling;
IC & UM.Y x UM.X : internal coupling;
SELECT: 2™ — ¢ — M: tie-breaking selector.

An overall system consists of a set of component models,
atomic or coupled models. Therefore, the system can be a

hierarchical and modular form.

3. PLUGSIM : THE FRAMEWORK FOR
INTEROPABILIY OF SIMULATORS

This Section introduces the PlugSim. Conceptual design,
advantages and how the PlugSim supports interoperation
between simulators will be introduced in detail.

3.1. Conceptual Design of the PlugSim

Time Synchronization changeable {
/ changeable C changeable
\[ User Model3 ] [ User Modell ]

VF I/F!

User Model4 ] [ User Model2 ]

PlugSim

User Model
Model2
ser User
_stogens ) [
Model3

Changeable

\

Figure 1. Conceptual Design of the PlugSim

/

The objective of the PlugSim is to provide distributed and
interoperation environment to users and to change models
during the simulation. Generally, in the simulation, there are
two parts: changeable part and unchangeable part. The
changeable part is such as a simulation model. It can be
modified for the purpose of the simulation. The un
changeable part is like data exchanging, time synchroniza
tion and simulation algorithm, which are essential for the
interoperation of simulation. Figure 1 shows the conceptual
design of the PlugSim. The conceptual design shows that
the PlugSim is providing an unchangeable part to users.
Therefore, the PlugSim helps to make interoperable
environments with user models as a changeable part.

Users can simulate user models in the interoperable
environments by developing the models complying with the
provided interfaces. The models are available to change
with other models using plug-in method. It means that a
model can change the internal structure, such as algorithms
or behaviors, during the simulation. However, the data used
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in the model cannot change. This can be helpful to
simulations in which the structure of model (such as
algorithms, not the data used in the model) changes
frequently according to the objectives of simulation. For
example, in the missile simulation, user can change the
algorithm of missile model. However, input/output data of
torpedo model cannot be changed. With this alternative,
user can evaluate the effectiveness of the missile in one
simulation.

User models participating in the simulation are
connected each other through the PlugSim. It supports

interoperability among simulation models with data
exchanging and time synchronization algorithms.
3.2. Overview of the PlugSim
[ User Model ] User Model User Model
L L User
Predefined I/F Predefined I/F Predefined I/F Model
Predefined I/F Predefined I/F Predefined I/F
Model Model Model
Manager Manager Manager PIugSim
L
SimManager

Figure 2. Overview of the PlugSim

Figure 2 shows an overview of the PlugSim. There are
two kinds of internal components in the PlugSim: a
SimManager, a number of ModelManagers. User model,
which is a simulation model developed by user, can be
connected the PlugSim with the provided interfaces. The
role of internal components, SimManager and Model
Manager, in the PlugSim is supporting interoperation. Their
roles are like as following:

Time Routing
Infor m:ltion_,.-_"'ﬂ‘ ——— Information_—"

B 3 B

Scheduling Routing
Manager Manager

—— I -

T —— — I
TimeSchdulelnfo | |

Routi-nglnfo |

Figure 3. Structure of SimManager

SimManager: SimManager has two components:
Scheduling manager and Routing manager. Scheduling
manager manages time schedule in the simulation using
the time information from ModelManager. Routing
Manager manages data exchange information from user

documents. SimManager connects to all Model
managers joined in the simulation and control them to
execute the simulation. Figure 3 shows the structure of
SimManager.

Model Information
(Time, Data)

Predefined I/F

Data Exchange

Simulation
Algorithm

Time Synchronization

Figure 4. Structure of ModelManager

ModelManager: one ModelManager is connected for
supporting one of user models. The ModelManager
uses simulation algorithm based on the DEVS
formalism to simulate the connected model. The
ModelManager gets time and data information from the
model. The ModelManager is connected to
SimManager and other ModelManagers. So, The
ModelManager sends data information to other
ModelManager according to Routinglnfo and time
information to SimManager. Figure 4 shows the
structure of ModelManager.

3.3. Data Exchange in the PlugSim

The PlugSim supports data exchanging among models. It
can be performed by Routinglnfo that is managed by
SimManager. All ModelManagers get Routinglnfo from
SimManager before the simulation. ModelManagers transfer
data to other ModelManagers according to the RoutingInfo.
In the following subsection, how RoutingInfo is made and
detail procedure of data exchange will be explained.

3.3.1. Routinginfo

Routinglnfo is the table containing information about
which model generates what kind of data and which model
receives the data. It is generated by documents that are
representing input/output data of models. User should
prepare this information, called Interoperation Object Model
(IOM), before execution of simulation. There are two kinds
of the documents in the IOM: Local Data Set (LDS) and
Global Data Set (GDS). LDS is the set of data that is
input/output in a model. GDS is the set of data used in the
simulation. Generally, GDS is the union of LDS of all
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simulation models. Using a simple example, how the
RoutingInfo is constructed will be shown.

Q q ")
Cutput DI Output: D2 Qutput: D3.D4
Inpur: D3 Input:D1. D4 Input :D2

LDS LDS LD5
:Local Dal M :Local Data M2 :Local Data

\fF I/F

GDS
: Global Data

Framework

Figure 5. RoutingInfo using LDS and GDS

In Figure 5, we assume that three user models have joined
the simulation using the PlugSim. In order to use the
PlugSim, users should make LDSs, as many as the number
of models, and one GDS. For example, In Figure 5, three
models joined in the PlugSim, so three LDSs and one GDS
are required. When models join, the SimManager reads
LDSs and a GDS and make a RoutinglInfo like Table 1.

Table 1. Example of RoutingInfo

Data Name Source Model Destination Model
Dl M1 M2
D2 M2 M3
D3 M3 M1
D4 M3 M2

Using the Routinglnfo table the PlugSim can recognize
the data transferring information.

3.3.2. Data Exchange

In this subsection, how data exchange is carried out using
RoutingInfo will be explained in detail. In the DEVS
formalism, data is exchanged using the coupling relations
between atomic models in a coupled model. With the
coupling scheme in the coupled model of the DEVS
formalism, we compare the data exchange using
Routinglnfo in the PlugSim.

In Figure 6, a coupled model is represented using the
RoutingInfo in the PlugSim. With Figure 6, we explained
how data exchanging is performed. For example, in the
coupled model, outl, one of the data used in the system, is
generated in the M1 and forwards to M2 through Coupled
model M23 by the coupling scheme. This data exchanging
can execute in the PlugSim. In the PlugSim, D1 generated
from Mlgoes to M2 directly according to Routinglnfo.
Consequently, the data exchange in the coupled model and
in the PlugSim is in the bi-simulation relation. However, in

the point of the number of message, the PlugSim is more
efficient than the DEVS Coupled model [11].

M23

D3

out1 in in21 5 qut31  out
M1 out2 n;
DI in22 M2 L M3 duta?
i D2 D4

(m ] [(m ] Routingnto

[m ]

DI oI {}
Data Exchange DI |Ml — M2
ModelManager I::> ModelManager ModelManager
| | | D2 |M2— M3
Get Routelnfo Get Routelnfo Get Routelnfo
of all data of all data of all data D3 M3 Ml
| SimManager | D4 |M3— M2

Framework

Figure 6. Comparing coupling scheme in DEVS

3.4. Time Synchronization in the PlugSim

SimManager
Inputs :
TAR(tn) message.
Qutputs
TAG(Y, tn) message
variables :
tn Jf Time of Mext event
m i ModelManger
Tni ' Mext event time of ith model|
Intiallization :
Update all TAR message(Tn) of MadelManagers
When all TAR message (tn) received
tn = min { Tny, Tnz, Tna. .. T}
if (tn equal to "infinity”)
End simulation
else
send TAG(® tn) message to ModelManager m of tn

Figure 7. Algorithm of Time Synchronization

All ModelManager
TAR

—

End Yes 5 End
Condititon? Simulation

lNo

TAG to ModelManager
of minimum Tn

Receive \

all TAR?

l Yes

Scheduling

I

Figure 8. Flowchart of Time Synchronization

Mo
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Time Synchronization in the PlugSim has performed
using the next event time of joined models. Figure 7 shows
the algorithm of time synchronization in the PlugSim and
Figure 8 shows the flowchart of the time synchronization.

When the simulation has begun, each of the joined
models informs the connected ModelManager of next event
time of the model. The informed ModelManager sends
TimedAdva nceRequest (TAR) to SimManager with the
next event time. After SimManager gets TARs of all
ModelManagers, the SimManager schedule the next event
time of the whole simulation. In other words, the
SimManager sends Time AdvanceGrant (TAG) to the
ModelManager sent the minimal next event time among all
ModelManagers [12]. The  TimeAdvanceGranted
ModelManager informs the model that the model can be
executed until the granted time. After execution, the model
request the next event time to the ModelManager. This
process will be iterated until the end condition of the
simulation. End condition of the simulation is when the
minimum next event time is ‘infinity’. It means the whole
simulation has already performed.

4. USER MODEL DEVELOPMENT

The PlugSim supports two types of models: DEVS
model and Non-DEVS model. In order to use the PlugSim,
user should do extra works: making LDS and GDS file and
implementing models with provided interfaces. Especially,
According to the type of user model, user should develop
model with a proper interface. In the following subsection,
using DEVS model and MATLAB model that is a
representative of Non-DEVS model, how to make LDSs and
GDS and implement with the provided interfaces is
represented case by the model type.

4.1. Making LDS and GDS

LDS and GDS are used to make Routinglnfo in the
SimManager. LDS is the set of input/output in a model, so
the number of LDSs is same as the number of models. GDS
is the set of using data in the whole simulation. User should
make LDSs and GDS as the form provided in the PlugSim.

LDS(DEVS) LDS(MATLAB)
Publish : 1
Publish : | TargetPos(2)
Work| DatalD: |
Subscribe :2 FieldMName| :xpos
Gen,Donel FieldType | :double

FieldName2 :ypos
FieldType2 :double
Subscribe : |
Defense(l)
DatalD: 2
FieldName :power
FieldTypel :int

Figure 9. Example of LDSs

Figure 9 shows the examples of LDS according to a type of
model. In DEVS model case, users should specify data
names, the number of data according to published and
subscribed data, respectively. In MATLAB model case,
users should describe more information of exchanged data:
data names, the number of data, packet ID, the number of
field, the name and type of each field according to published
and subscribed data. This information uses for making
packets to communicate between MATLAB model and
Model Manager in the PlugSim. GDS is made with the
union of all LDSs of models.

4.2. User Interfaces

User Model(DEVS) User Model(Non-DEVS)

[ Atomic Model } [ MATLAB Model ]

Interface

Bt A Sext I ta
\

Request
Packet

Complete
Packet

Function call

[l

TCP/P

Simulation Algorithm

ModelManager
Figure 10. Interfaces in the PlugSim

Simulation Algorithm

ModelManager

Figure 10 shows two kinds of provided interfaces in the
PlugSim. User models connect to the PlugSim through the
provided interfaces. DEVS Model interfaces in the
ModelManager connect to user model by four functions
(internal, external transition, output, time advance function)
in the DEVS atomic model. In other words, DEVS Model
Interface enables the ModelManager to call state transition,
time advance and output function of DEVS model directly.
Therefore, ModelManager can get time and data
information of DEVS model through DEVS model interface.
Using DEVS formalism as an interface of the PlugSim,
DEVS models can be reused in the PlugSim [13]. User
implements DEVS model with the interfaces and make it as
a DLL (Dynamic Link Library) file. With this DLL file,
DEVS model can change during the simulation using
Dynamic DLL Loading method. In MATLAB model, the
PlugSim can communicate with it using TCP/IP interface
[14]. MATLAB Model interfaces convert MATLAB model
time information to TAR and TAG messages. The PlugSim
automatically generates packets for communicating with
MATLAB model according to LDS of the MATLAB model.
With these packets, the ModelManager gets Time and Data
information.

5. CASE STUDY
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The PlugSim applied to simulation of simple war game
models depicted in Figure 11.

1%t Defense : Anti-Air Weapon_(AAW) Go to a warship

P

Anti-Ship Missiles
(Target) - MATLAB |,

Move according to
Movement equation.
r——

Tms
% Target L S
27 Defense : Close-InWeapon System (CIWS) X MATLAB "
Framework  Warship Radar
DEVS MATLAB
T
; \
Decide how to defend Target Detect Target Position
- it —,l‘iﬂ'*“”““ Missile/Gun) Calculate Distance between
B P ——— Warship and Target
e NN e
o " Radar -

‘Warship - e
DEVS =

MaTLAE | -IEHEE-e

Figure 11. Defense of warship against anti- ship missiles

The objective of this simulation is to evaluate the
survivability of a war ship. This simulator can be useful to
increase the survivability by testing various parameters of
defense systems in a warship. The brief scenario of the war
game simulation is as follows.

1: A warship is moving to a certain destination point.

2: Radar is detecting any hostile missiles toward the
warship

3: A warship has two steps of defense systems: Anti-
Air Weapon (AAW) and Close-In Weapon System
(CIWS). The systems have different effective ranges
and so they are controlled by command and control
(C2) system.

4: If an Anti-Ship Missile (ASM) hits the warship or it
is shot down, the simulation ends.

The example simulation model consists of three models.
The models and their roles are as follows.

- Warship Model

It sends initial variables and states to other models. This
model takes roles of maneuver and engagement
analysis. The warship model sends Warship Position to
Radar Model in some period. When it receives a
distance from Radar Model, it assigns a defense system
by the range of systems. This model is modeled by the
DEVS formalism, because it is activated by state
transition with some events.

- ASM Model
It calculates next position using following movement
equations by period and sends the position information
to Radar model.

x = Vgt + X,
y =Vt +yo

t
Z= f (V, + gtydt +z,,g = —9.8m/s?
0

- Radar Model
It detects positions of a warship and an ASM
periodically and sends the information to the warship.
Mathematical functions of MATLAB/Simulink are
used to decide whether the ASM is in the range of
detection.

Overall simulation architecture of the war game model is
described in Figure 11. Models consist of one DEVS model
and two MATLAB models. All models are implemented
with the provided interfaces and LDS and GDS about the
simulation is prepared. The purpose of the simulation is to
analyze survivability of a warship according to detection
range of a radar model. The simulation is executed with
parameters in Table 2.an ASM moves toward the warship
using movement equations. Detecting range changes at an
interval of 3km from 10km to 25km. Figure 12 shows the
simulation result of the war game model. As the longer
detection range of radar, the probability of a warship’s
survival gets higher.

Table 2. Parameters using Simulation

‘ Parameter | Value |
Total simulation count 100
# of warships 1
Initial position of warships (x,y, z)km (0,0,0)
# of targets 1
Initial position of targets (x,y,z)km (20,20,0)
# of AAWs 6
# of CTWSs 100
Range of CIWSs (km) <5
100 =
B 32 i
TE 70 ~
B E 60 "
£: 50 //
= 40
2 % 30 r4
2 20 //
& 2 4
10 13 1a 19 22 5
1% Defense Range{kKm)

Figure 12. Result of Simulation
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The paper that simulates the same models in a different
environment, HLA/RTI environment, exists [14]. The result
of [14] shows same trend as this simulation.

6. CONCLUSION

This paper proposes the framework, called PlugSim,
which supports interoperation among simulation models and
provides users with a distributed environment. Because of
using plug-in method in the PlugSim, users can change their
models during the simulation without any changes in the
other models. Changing models during the simulation is an
advantage to simulations for developing internal algorithms
of model. To support interoperation, the PlugSim has
algorithms for data exchange and time synchronization. In
order to use the PlugSim, users only define the shared data
in the simulation and implement their models with the
provided interfaces.

As a further work, we think automatically generating IOM
using standard methods and extending user model to a
Coupled model that supports hierarchical and modular
design.
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