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This article focuses on the study of the modeling and simulation of an intelligent transportation
system that uses discrete event system specification (DEVS)/high-level architecture (HLA), which
is the methodology of hierarchical modular modeling and distributed simulation. The authors per-
formed distributed homogeneous traffic simulation by extending an existing developed DEVS-based
I*D? transportation simulation system to an HLA-based distributed simulation environment. First, the
suggested methodology gives an object-oriented and hierarchical modular modeling and simulation
environment of traffic models that have complicated, dynamic features of the real world. Second,
it provides easiness and extendibility of a distributed traffic simulation system design/development.
Third, it offers the whole simulation time management method between distributed simulation ob-
jects through the HLA distribution standardization technique. Finally, it can offer an effective and
hierarchical simulation analysis environment of a large-scale road network.
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1. Introduction

The growth of urban automobile traffic has led to serious
and worsening traffic congestion problems in most cities
around the world. Intelligent transportation systems (ITS)
appear to provide aset of intuitively promising toolsto im-
prove the increasingly complex and rapidly deteriorating
transportation systems of today. Intelligent transportation
systemss an umbrella term. It covers the application of
awide variety of computer, communication, positioning,
sensing, control, and other information-related technolo-
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gies. Mgjor categories of ITS include traffic management
systems and traveler information systems|[1, 2]. In recent
years, simulation has become atool commonly used to un-
derstand the characteristics of atraffic system and to select
an appropriatedesign for ITS[1]. Thus, modeling and sim-
ulation techniques provide aconvenient way to (1) evaluate
the aternative signal control strategies at the operational
level of advanced traffic management systems(ATMS) and
(2) generate simulation-based forecasting information for
advanced traveler information systems (ATIS) [2, 3]. Po-
tential success of such ITS is implicit and derived, to a
large extent, from the success of the underlying technol-
ogy in other fields such as the defense and aerospace in-
dustries. Comprehensive research toolsfor quantifying the
expected benefits from ITS are, however, till absent. At
the moment, the use of traffic simulation is regarded as
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inevitable for anyone who needsto quantify potential ben-
efits prior to any major investment in development and
deployment. Simulators are needed not only to assess the
benefits of ITS in a planning mode but also to generate
scenarios, optimize control, and predict network behavior
at the operationa level [2]. In addition, recent ITS adds
advanced electronic, communication, and computer tech-
nigues to existing transportation systems and tries to in-
tellectualize the road environment, generalize the offer of
transportation information, make vehicles and traffic man-
agement advanced, and so on, so the compl exity of existing
traffic components is growing. To receive these changes,
existing simulation systems are trying to draw a parallel
and distributed method.

Research of distributed simulation is rapidly progress-
ing in various sectors as ameasure to overcome limitations
derived from nonbalanced system performance and com-
plex applications. Lately, as the need increases for a tool
that can perform a synthetic analysis and evaluation of
the ATIS and ATMS, distributed and parallel simulation
techniques that improve system performance, share sys-
tem resources, enhance extendibility, and reduce costs are
catching peopl € sattention. For example, microscopic traf-
fic simulation systems such as TRANSIMS (Los Alamos
National Lab) [3, 4], THOREAU (The MITRE Corp.)
[5], SSMLAB (MIT) [1], DYNEMO (PTV AG) [6-9],
and PARAMICS (Edinburgh Parallel Computing Center &
Quadstone Corp.) [9, 10] aretrying toimprovetheir system
performance by using a paralel virtual machine (PVM)
(see www.epm.ornl.gov/pvm) that offers avirtual parallel
computing environment. However, this PVM technology
has a shortcoming—it does not have elements needed for
the whole simulation time management and its data man-
agement in a distributed simulation environment. Instead,
it has an advantage in that a large computational problem
can be solved more cost-effectively by using the aggre-
gate power and memory of many computersin a homoge-
neous/heterogeneous simulation environment becauseit is
a software package for exchanging distributed messages
between systems built in a different system-developing
environment. In addition, SmartPATH [11-13]—asimula-
tion environment for the automatic highway system (AHS)
of the PATH research center at the University of Cali-
fornia, Berkeley—offers a distributed simulation environ-
ment by obtaining adistributed supervisor (DS) to manage
messages among processors. However, although this sys-
tem developed and applied independent distributed sim-
ulation techniques, thereby overcoming problems derived
from overhead that the simulation of larger road networks
generates, there are still difficulties in supporting the in-
teroperability and reusability of various traffic smulation
systems resulting from independent development and re-
search of various traffic components. Helsinki University
of Technology in Finland also implemented a distributed
traffic monitoring and information system in HUTSIM
[14] by using adistribution method such as the distributed
shared memory system (DIME) [15], which Nottingham
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Trent University in Britain devel oped. Otto-von-Guericke
University in Germany showed that its system could be
available for interoperability among simulators operated
in heterogeneous systems by applying the high-level ar-
chitecture (HLA) interface to commercial simulation tools
such as SLX and Simplex 3 [16, 17]. However, a study
has not been attempted of direct distributed processing for
internal traffic modelsto express effectively their dynamic
featuresamong various and complicated traffic modelsina
distributed environment. In the meantime, we have devel-
oped an 13D? transportation simul ation system [18, 19] and
attracted considerable attention in that it reproduces real-
world traffic phenomena according to discrete event for-
malism by using an advanced hierarchical modular mod-
eling and simulation method. Although this system hasthe
possibility of distributed processing among traffic models,
it still has limitationsin practical use.

Therefore, we addressed the complexity and extendibil-
ity of ITS by applying a discrete event system specifica-
tion (DEV S)/high-level architecture (HLA)(DEVS/HLA)
[20, 21]—based distributed modeling and simulation envi-
ronment to the 13D? transportation simulation system that
we have developed and implemented it. The suggested
DEV S/HLA-based distributed traffic simulation environ-
ment has the following advantages compared to the exist-
ing distributed traffic simulation environment by integrat-
ing DEV S formalism and the HL A-distributed simulation
standardi zation technique:

1. It provides an object-oriented and hierarchical mod-
ular modeling and simulation environment of traffic
models that have complicated and dynamic features
of the real world.

2. It provides easiness in the design and devel opment
of adistributed traffic simulation system.

3. It provides the whole simulation time manage-
ment method between distributed simulation ob-
jects through the HLA-distributed standardization
technique.

4. 1t provides an effective and hierarchical simulation
analysis environment of alarge-scale road network.

In this study, we performed distributed homogeneous
simulation by dividing 16 crosses, 78 two-way roads and
their vehicles, and other components—which areincluded
in the sample road network of an existing 1°D? transporta-
tion simulation system—into four federates on the basis
of DEVS/HLA. Therefore, we proved that the suggested
DEV S/HL A-distributed modeling and simulation environ-
ment gives an effective distributed traffic simulation envi-
ronment of a large-scale road network made by the same
simulation language/environment.

The remainder of this article is organized as fol-
lows. Section 2 provides the background on distributed
and parallel traffic simulation systems. Section 3 gives
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DEVS/HLA-based distributed traffic modeling and sim-
ulation environments, and section 4 provides a distributed
traffic simulation example. Finally, section 5 provides con-
clusions and future work.

2. Background on Distributed and Parallel Traffic
Simulation Systems

Recently, an approach method of traffic simulation systems
for a distributed and parallel ssmulation environment that
deals with the complexity and extendibility of the ITS has
been largely classified in two ways. One way is to clas-
sify according to distributed and parallel computing tech-
niques, and the other isto classify according to distributed
targets. Table 1 shows the classification of traffic simula-
tion systems based on distributed and parallel simulation
techniques and distributed targets.

2.1 Classification by Computing Technology

Asdistributed and parallel techniques are devel oped, sim-
ulation techniques for the analysis and evaluation of traf-
fic simulation systems have become various. First, there
are ways to use a high-power supercomputer that has a
distributed shared memory and multiprocessor and to en-
hance the speed of systems by using a parallel computing
technique in the workstation system environment. Second,
there is a method that supports not only the speed of sys-
tems but also the interoperability and reusability for vari-
ousindividua traffic simulation systems by using the dis-
tributed middleware technique. Therefore, flexible system
extendibility and low simulation costs can be offered.

ThePVM [13] isrepresentative of one of the recent par-
alel computing techniques and has been applied to traffic
simulation systems. PVM is the software technique that
effectively converts the same or different kinds of com-
puters that use UNIX connected to a computer network to
one virtual parallel computer by the message-transmitting
method. PVM 1.0 was developed by Oak Ridge National
Laboratory in Los Alamos in 1989 and was used for par-
alel calculating. PYM 3.4 (3.6 beta), currently in the spot-
light as a good tool for paralleled calculations, especially
plays a crucia role in parallel computing through Linux-
PC clustering. However, PVM technologies are unsatis-
factory in the time and data management of the distributed
simulation, such as the whol e time-progressing method by
conservative synchronization that HLA provides.

Various distributed computing techniques have been
developed for exchanging data effectively in a gen-
erad network environment. Middlewares that support
this distributed environment offer the technique of ex-
changing data on a different platform and interoper-
ability in a client-server environment. They also give
effective, flexible, and extensible information sharing by
integrating different platforms. General middleware tech-
niques such as these are the HLA standardization tech-
nique that the U.S. Department of Defense (DoD) re-

cently suggested, the common-object request broker ar-
chitecture (CORBA) of the Object Management Group
(OMG), and the distributed-component object model
(DCOM) of Microsoft. Here, the HLA-distributed mid-
dleware technique is a measure to enhance interoperabil-
ity among various simulation models and stands in the
spotlight of modeling and simulation in defense fields.
Its availability is increasing in various applications [22,
23] (see d so http://hla.dmso.mil and http://www.omg.org/
gettingstarted/specintro.htm#CORBA).

2.2 Classification by the Distributed Target

Traffic simulation systems were devel oped independently
according to their functions and purposes to perform their
dutiesasatool for variousanalysesand evaluationsof ITS.
However, their role as integrated systems became larger
dueto the need for a synthetic analysis and evaluation tool
of the ATISand ATMS of ITS. Therefore, the need for the
integration of traffic simulation systemsincreased accord-
ing to each analysis purpose and function. Also, the need
for the distributed simulation of large-scale road networks
increased. The method that classifies current traffic sim-
ulation systems according to a distributed target includes
the following two ways.

One way is to apply the distributed and parallel simu-
lation technique by integrating simul ators devel oped inde-
pendently according to analysis purposes and functions. It
includes SIMLAB, developed by MIT, and the HL A-based
distributed traffic simulation system by Otto-von-Guericke
University in Germany. For example, SIMLAB [1] dis-
tributed, integrated, and implemented threesimulation sys-
tems such as MITSIM, TMS, and MesoTS according to
the PVM technique. In the integrated and distributed sim-
ulation environment of SIMLAB, simulators (MITSIM,
TMS, MesoTS) implement communications according to
the PVM technique by using message-transmitting shared
memory and data files. The HL A-based distributed traffic
simulation system by Otto-von-Guericke University inte-
grated different ssimulators (driving simulator, traffic sm-
ulator) developed in a different simulation domain by us-
ing SLX and Simplex 3—commercial simulation tools—
through the HL A interface. Thedistributed environment of
individual simulation components is good for integrating
different individual simulation components, but if one of
the independent simulation components gets more com-
plex, it isdifficult to extend to the flexible system.

The other way is to apply the distributed and parallel
simulation technique by dividing whole traffic networks
into regional subnetworks for the analysis of large-scale
traffic networks. For example, the simulation of large traf-
fic networkswith substantial numbers of carsrequirescon-
siderableruntimes. Thetraffic flow model DYNEMO[8, 9,
24] has been parallelized to speed up this simulation pro-
cess. The master processisresponsible for the supervision
of the slaves, the initialization and decomposition of the
traffic network, and tasks that require information about
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Table 1. Classification of distributed and parallel traffic simulation systems

Distributed Target
Computing Technology

Traffic Network

Parallel computing based

Distributed “middleware” based

- TRANSIM (PVM)
- DYNEMO (PVM)
- THOREAU (PVM)
- PRAMICS (PVM)
- SmartPATH (DS)

- 13D2 (DEVS/HLA)

Layer 4 : Distributed Traffic
Modeling & Simulation Environment

Layer 3: DEVS-based Traffic Modeling

Layer 2 : DEVSHLA-based Distributed Simulation Method

Layer 1: Hierarchical, Modular and Object-oriented Modeling
& Simulation Environment

Simulation Component

- SIMLAB(PVM)
- HUTSIM(DIME)

- Traffic simulation system [16] (HLA)

Figure 1. Layered approach for a distributed traffic modeling and simulation environment

the state of the complete network. During one time step,
each dave calculatesthe spatial motion of thevehiclessitu-
ated on its subnetwork. The decomposition should provide
possibly large, coherent regions of the subnetworks with
minimal interconnections (stretches) between the subnet-
works. The performance enhancement method, by dividing
thetraffic network, issuitablefor planning and managing a
macroscopic simulation environment based on large-scale
networks.

3. DEVS/HLA-Based Distributed Traffic Modeling
and Simulation Environment

In this section, we suggest a layered approach such asthe
onein Figure 1 to get adistributed transportation modeling
and simulation environment for receiving the complexity
and extendibility of the ITS. In the first layer, a hierar-
chical, object-oriented, modular modeling and simulation
environment of the system is applied through the system
entity structure and model base framework. In the second
layer, we receive the complexity and extendibility of sys-
tems according to the DEV S/HLA that offers a distributed
modeling and simulation environment. In the third layer,
amodeling environment for various traffic components of
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the ITS is built according to the methodology obtained
from the low layers. Finaly, the fourth layer shows adis-
tributed traffic modeling and simulation environment ob-
tained from these layers.

3.1 Layer 1: Hierarchical, Modular, and Object-
Oriented Modeling and Simulation Environment

Thesystem entity structure/model base[24, 25] framework
servesasabasic hierarchical, modular, and object-oriented
modeling and simulation environment for designing traf-
fic smulation systems. The system entity structure/model
base framework was proposed by Zeigler as a step to-
ward marrying the dynamics-based formalism of simula-
tion with the symbolic formalism of artificial intelligence.
Basicdly, it consists of two components. a system entity
structure (SES) and a model base (MB).

The system entity structuyedeclarative in character,
represents the knowledge of decomposition, component
taxonomies, coupling specification, and constraints. The
entitiesof SES refer to conceptual components of reality
for which models may reside in the MB. An entity may
have several aspects each denoting decomposition and
therefore having several entities. An entity may also have
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System Entity Structure LEGENDs
M, :Model
M S : Simulator
Co : Co-ordinator
N\ R-Co : Root-Co-ordinator

Transform

Figure 2. System entity structure/model base environment

severa specializationseach representing a classification
of the possiblevariants of theentity. The pruningoperation
extracts a substructure of the SES by selecting one aspect
and/or one specialization for each entity in the SES. Hier-
archical simulation models can be constructed by applying
the transform function to pruned entity structures (PESS)
in working memory. The model base&ontains models that
are procedural in character, expressed in DEVSformalism
[24, 25], which is a theoretically well-grounded means of
expressing modular discrete event simulation models. As
shown in Figure 2, the SES that has a structural feature of
the system and the model s that have dynamic behaviorsin
the model base are composed by the transform command.
Eachmodel isoperated by the DEV Sabstraction simulator.
Detailed descriptions of SES/MB are available in Zeigler
[24] and Zeigler, Praehofer, and Kim [25].

3.2 Layer 2: DEVS/HLA-Distributed Modeling and
Simulation Environments

Traffic simulation models traditionally have been devel-
oped as monoalithic, more or less stand-alone systems
well suited for actual needs. However, what happens if
these needs change, posing new regquirements or new con-
nectivity demands to other systems? Interoperability and

reusability are the catchwords for open systems that pro-
videnew flexibility inamodular way. TheHLA isapromis-
ing, upcoming standard in distributed simulation. Usingthe
HLA asabasisfor distributed traffic simulation, new syn-
ergetic effects could be used to gain even more flexibility
[16].

HLA [22] is a middleware designed specifically for a
distributed simulation environment. HLA, which defines
major functional elements, interfaces, and design rules, is
the technical architecture for DoD simulations. The HLA
rules are a set of rules that must be followed to achieve a
proper interaction of simulations in federations. The run-
time infrastructure (RTI1), which works as a logical layer,
providescommunications between afederation and several
federates in a way that is analogous to how a distributed
operating system provides services to applications.

DEVSHLA [20, 21, 23, 26], suggested by the Univer-
sity of Arizona, isan HLA-compliant modeling and simu-
lation environment formed by mapping the C++ version of
the DEV S formalism to the C++ version of the HLA/RTI.
DEVS is a mathematical formalism for expressing dis-
crete event models that supports discrete event approx-
imation of continuous systems and has object-oriented,
substrate-supporting model implementation and repository
reuse. Advantages of the DEVS methodology for model
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Federate-A

DEVS Modds

RTI
Ambassador

'

Federate-B

DEVS Models

RTI
Ambassador

'

Data Communication Network(RTI:Run Time Infrastructure)

*Federation M anagement
*Object M anagement
*Time M anagement

Declaration M anagement
*Owner ship M anagement
«Data Distribution M anagement

Ll

RTI Interface

FedEx RTI
Executive

Figure 3. DEVS/HLA-based distributed simulation environments

development include well-defined separation of concerns
supporting distinct modeling and simul ation layersthat can
beindependently verified and reused in later combinations
with minimal reverification. Such formal properties of the
DEV S methodology enable DEVS/HLA to support high-
level federation development and execution. Modularity,
in which component models are coupled together in input-
output ports, allows messages to be sent from one federate
to another using the underlying HLA interface messages.
Oneof thekey objectivesindesigningtheDEVS/HLA sim-
ulation environment is portability of models across plat-
forms at a high level of abstraction. Since a DEV S model
can be reused based on object-oriented technology, such
portability would enable amodel to be developed and ver-
ified in a platform and be easily ported across distributed
platforms. The DEVS formalism is expressed as a collec-
tion of objects and their interactions, with the details of
the implementation hidden within the objects. The user in-
teracts with only those interfaces that manifest the DEVS
constructs while being shielded from the ultimate execu-
tion environment provided by the servicesof theHLA/RTI.
Figure 3 shows a DEVS/HLA-based distributed simula-
tion environment. The RTI of HLA performs federation
management, obj ect management, time management, dec-
laration management, ownership management, and data
distribution management to provide a distributed simula-
tion environment among each federate. DEV'S models in
each federate transmit messages to the RTI through the
DEV SFederateAmbassador. Events and messages to be
input to outside federates perform distributed simulation
while being input through the RTIAmbassador, the class
that the U.S. DaD released. To deal with these capabilities,
the DEVS/HLA-C++ [18, 19] code has been developed in
Visual-C++ on the basis of the HLA-compliant DEV Sfor-

428 SIMULATION Volume 79, Number 8

malism, as shown in Figure 4. Upper-case letters indicate
the class, and a lower-case letters indicate the attributes
that the class has. Each classis explained as follows.

* ENTITIES:The uppermost abstraction class of DEVS el-
ements. The ENTITIESclass has only the entity name and
classname. All modelshavetheir namesthroughthisclass.

* MODELS:The uppermost class of the DEVSmodel. This
manages pointer of parent model, simulation time and
combination information among models. Through MOD-
ELS, information about the models used in the actual sim-
ulation, as well as combination information among mod-
els, can be obtained. Also, this class declares functions
that are expected to be defined in the lower classasvirtual
functions.

¢ ATOMIC: Basic atomic model of DEVS model inherited
when the user DEVS model is materialized. This class
contains the status and time information that each DEVS
model has. That is, this class changes its status with time
information and should maintain the statusthrough sigma,
timevalue, and phase that has statusinformation. As men-
tioned in DEV'S formalism, the internal status transition
function, external status transition function, time delay
function, and output function help these status transitions.

¢ COUPLED: Abstracted class of all DEVS models that
has a children model. Unlike ATOMIC, this class simply
transmits messages among model sto thetarget model with
information about the combined ATOMIC model.

* DIGRAPH:Member variablethat hasalist of the children
model. Users should inherit one element of this class to
define children as a combined relation.

 ENTSTRA class that manages simulation. Users should
have one element of this class for simulation.

« FEDERATEAMBASSADOR:classthat definesthefunc-
tion that the RTI calls. Thisclasswasreleased by the U.S.
DoD.
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LEGENDs

ENTITIES || ~'¢
~name

:| DEV S basic classes

:| Added classes for DEVSHLA

MODELS

~ind-vars ild
~int-transfn ~children

ATOMIC —ext-trangin COUPLED ~receivers
~outputfn ~influencers
~time- advancefn

~processor
~parent
~inport
~outport
~cell-position
~savefn
<|gadfn

DIGRAPH ~composition-tree

BRIDGE

ATOMICFEDERATE

~influence-digraph

FEDERATE
AMBASSADOR

HLACOORDINATE

hasa

DEVSFEDERATEAMBASSADOR

WRAPPER <€ PORTHLA

Figure 4. Basic class hierarchy of DEVS/HLA-C++

* DEVSFEDERATEAMBASSADORis class receives
functions for communication with the RT1 from the FED-
ERATEAMBASSADOR. This is defined as a callback
function to the event that occurred by the RTI, and it is
used to synchronize and set events to the externa input
message, the time advance grant signal, and the next grant
time.

* PORTHLAThisclassmanagestheinteractionand param-
eter of HLA. It isequal to the port concept of the existing
DEVS model, and it also defines publish-and- subscribe
functions of the interaction class.

 ATOMICFEDERATE:A class for making the atomic
model of DEV'S one federate. This class defines member
functions for the HLA federate.

 HLACOORDINATE:A class for making the combined
model of DEV Sonefederate. Like ATOMICFEDERATE,
this class has member functions for the HLA federate.
However, the function for transmitting a message from
outside to inside the atomic or coupling model is defined.

 WRAPPERA class that has a port to communicate with
outside. The WRAPPER model surroundsall DEV Smod-
els to make message transmission among federates easy.

* BRIDGE: A class that handles messages when models
in each federate communicate with the external federate
through the WRAPPER model. The BRIDGE model is
used to analyze the overhead that has occurred in the
distributed environment and the distributed simulation’s
performance.

The suggested DEVS/HLA-based distributed traffic
modeling simulation environment, as mentioned before,
provides easiness and extendibility in the design and de-
velopment of thedistributed traffic simul ation system com-
pared to existing PV M-based distributed simulation mod-
els by giving the object-oriented and hierarchical modular
modeling and simulation environment of traffic models, as
well as the whole simulation time management method
between distributed simulation objects. Also, HLA/RTI
has an advantage in system portability compared to PVM,
which supportsC, C++, and FORTRAN language, because
it supports various object-oriented programming environ-
ments such as ADA95, COBAL, IDL, C++, and Java.

3.3 Layer 3: DEVS-Based Traffic Modeling

The DEVS/HLA-based distributed traffic simulation sys-
tem performs distributed modeling and simulation ac-
cording to the complexity of traffic components. Fig-
ure 5a is an expression of the system entity structure
of the distributed traffic simulation system. The DIS
TRIBUTED_TRANSPORTATION_SYSTEM is decom-
posedintotheDISTRIBUTED_TRAFFIC_COMPONENT
and CONNECTING_COMPONENT for effective inter-
operability in the distributed environment. The DIS
TRIBUTED_TRAFFIC_COMPONENT is decomposed

Volume 79, Number 8 SIMULATION 429
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DISTRIBUTED_TRANSPORTATION_SY STEM

distributed_transportation _system-dec

I
CONNECTING_COMPONENT

connecting_component-dec

DISTRIBUTED_TRAFFIC_SYSTEMS

DISTRIBUTED_TRAFFIC_SYSTEM

distributed_target-spec
II

LEGENDS
| decomposition
|| specification

multiple entity

attribute

BRIDGES ~ WRAPPERS |
l l REGIONAL FUNCTIONAL
BRIDGES ~ WRAPPERS N N
regional-dec functional-spec
Il
VEHICLES MANAGEMENT_SYSTEMS NETWORK
| | VEHICLE MANAGEMENT_SY STEM
VEHICLES _satevarisble NETWORK MANAGEMENT_SYSTEMS
~type
VEHICLE  maoner network-dec MANAGEMENT_SYSTEM
~path-info ~name ~Inoa‘cgleion
. ~service-type ~location -
vehicle-dec “jocation management_system-spec
NODES ocaion  LINKS |
"l ~link number |I| | |
MICROSCOPIC DRIVER NODE ROAD SIGNAL_CONTROLLER SENSOR TRAFFIC SIGNAL_LAMP
~nature of driver :Inlummgg of lanes ~sate variable ~ype _CENTER
Microscopic-dec o eentanee node-spec e Zconirol palicy ~state variable  ~region number
~licensed date ~rear cross ~grategy of signal control
~license type ~signding time

CAR_FOLLOWING LANE_CHANGING CROSS GENR TRANSD

(a) SES representation of distributed transportation system

DISTRIBUTED_TRANSPORTATION_SY STEM

CONNECTING_COMPONENT
[ I |

REGIONAL<DISTRIBUTED_TRAFFC_SYSTEM REGIONAL+DISTRIBUTED_TRAFFIC_SYSTEM1

BRIDGEO BRIDGE7 WRAPPERO WRAPPER1
VEHICLEO SENSORO SIGNAL-CONTROLLERO TRAFFIC-CENTERO  SIGNAL_LAMPO
VEHICLENn SENSOR15 SIGNAL-CONTROLLER1 SIGNAL_LAMP?

DRIVER MICROSCOPIC

l—l—\

CAR_FOLLOWING LANE_CHANGING

NETWORK

GENRO GENR4  CROSSO CROSS1 ROADO

(b) Example of PES

ROAD13 TRANSDO

TRANSD4

Figure 5. Distributed traffic modeling example. (a) SES representation of distributed transportation system. (b) Example of PES.
(c) Conceptual view of PES and the simulation model structure (continued on next page)
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(c) Conceptual view of PES and Simulation model structure

Figure 5. (continued from previous page)

into the REGIONAL entity and FUNTIONAL entity ac-
cording to the distributed target. The REGIONAL entity
isthe system that performs distributed simulation, decom-
posing a large-scale traffic network into a regiona sub-
network. The FUNCTIONAL entity explainsthe structure
that can be made when integrated management is needed
through the distributed simulation of simulation systems
that have independent functions such as the traffic signal
system and the simulation system for vehicles. The RE-
GIONAL entity is decomposed into three elements, in-
cluding the MANAGEMENT_SY STEMS and the NET-
WORK, which are the actual traffic components, and the
VEHICLES that occupy above NETWORK. Then, MAN-
AGEMENT_SYSTEMS is decomposed into the SIG-
NAL_CONTROLLER, SENSOR, TRAFFIC_CENTER,
and SIGNAL_LAMP, and NETWORK consists of many
NODES and LINKS. As shown in Figure 5a, they can

consist of various types. VEHICLE consists of MICRO-
SCOPIC simulation, which reproduces behaviors of in-
dividual vehicles, and the DRIVER. In the figure, at-
tributes (~) belonging to each entity represent the com-
mon characteristic variable that each entity has. For ex-
ample, a characteristic variable such as nature of the
driver, among the attributes of DRIV ER, affects choosing
CAR_FOLLOWING, which performs the main operation
in the microscopic simulation. By applying the pruning
process to an SES built like this, the system structure for
distributed simulation is completed. Figure 5b, which is
an example of the PES of the SES in Figure 5a, decom-
poses one large-scale traffic network into two federatesin
the DEV S/HLA-distributed simulation environment and
performs distributed simulation. The conceptual map and
model structure of PES are similar to the ones shown in
Figure 5c.
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3.4 Layer 4: Distributed Traffic Modeling and
Simulation Environment

The distributed traffic modeling and simulation environ-
ment that uses DEVS/HLA is obtained from the hierar-
chical approach of the three phases previously suggested.
A distributed traffic modeling and simulation environment
obtained such as this one can be available for the syn-
thetic analysis and evaluation of each function of the ITS.
Figure 6 explains atraffic simulation system development
methodology that uses a DEV S/HLA-distributed traffic
modeling and simulation environment with five phases,
ranging from phase | (constraint and requirement speci-
fication) to phase V (application). Each phase is simply
explained as follows.

Phasel. Constraints and requirements of each city/road
that are needed for the analysis of large-scale networks
and the traffic plan are input, and initial conditions of the
distributed simulation target and simulation environment
are given. Structural/dynamic models of traffic models to
be created in the second phase are created. Data (size of
traffic network, vehicle's generation distribution, number
of subnetworks, simulation period, and attributesof various
traffic components) needed for creating initial conditions
for distributed simulation in the third phase are collected,
and these data are input.

Phase I1. In this phase, structural/dynamic models for
distributed modeling and simulation of large-scale net-
works are built. The DEV S-based traffic model, explained
inlayer 3 of section 3.3, iscreated. The system entity struc-
ture of the distributed transportation system, as shown in
Figure 5a, iscreated. The pruned entity structureis created
based on data (size of traffic network and number of sub-
networks, vehicles, sensors, signal controllers, bridges, and
wrappers) obtained in phase |. Each traffic model is ma-
terialized according to the DEV S formalism introduced in
layer 1 of section 3.1, and these models are mounted on a
model base. Various information about traffic components
needed for simulation runtime is constructed as a traffic
database.

Phase I11. The DEVS/HLA-based distributed simula-
tion environment is built by (1) dividing the DEV S-based
large traffic network (built in the second phase) and the
traffic componentsinto a subnetwork in each federate (see
Fig. 3) and (2) mounting this on DEV S/HLA-distributed
modeling and simulation environmentsintroduced in layer
2 of section 3.2. The subnetwork divided into each feder-
ate isjoined with the RTI of HLA at the same time when
simulation starts. Also, it is combined into one federation
that the RTI manages, and distributed simulation of one
large traffic network is performed.

Phases |V and V. In phase |V, useful data for the traf-
fic plan and the management of thelarge-scale network are
created based on the result of the distributed simul ation ob-
tained in phase I11. In phase V, research and development
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of various types of application systems that can perform
a synthetic analysis of each function of the ITS are ap-
plied according to the simulation environment obtained in
the previous phase. This article is a subsequent paper of
“Hierarchical Modeling and Simulation Environment for
Intelligent Transportation Systems” [19]. InLee, Lim, and
Chi [19], the method of traffic modeling and simulation,
as well asthe traffic network, is explained in detail. Their
study also showed that “ATIS : The Next Generation” and
the I3D? transportation simulation system were devel oped
asan application system of thel TS. Therefore, moredetails
areinLee, Lim, and Chi [19].

4. Distributed Traffic Simulation Example

In this section, we expand and apply the 1°D? transporta-
tion simulation system [18, 19], developed by the intelli-
gent system lab at Hankuk Hangkong University, to the
previously proposed DEV S/HLA-distributed traffic mod-
eling and simulation environment. By this, we verified that
the environment accepts the complexity and extendibility
of ITSthrough a case study. The left-hand side of Figure 7
explains the approach method, which performs distributed
simulation after dividing one large-scale traffic network
into four subnetworks (dotted lines) and mounting them
on four systems, such as the one shown on the right-hand
side of the figure.

4.1 Model Description and Simulation Conditions

To test the distributed traffic simulation, we divided 16
crosses, 78 two-way roads, vehicles, and other components
that the sample road network of Figure4 includesinto four
subnetworks (federate). Each federate consists of 4 crosses
(CROSS), 24 road models (ROAD), many vehicles (VE-
HICLE), and the component models of the ITS, asin the
simulation model structure presented in Figure 8. The sub-
networks are mounted on four computers, and distributed
simulationisperformed. Simulation modelsof Figure8 are
explained as follows. (The ROAD model, CROSS model,
generator model, transducer model, car-following algo-
rithm, and lane-changing agorithm are omitted because
they areintroduced in Lee, Lim, and Chi [19].)

« Signal controller model (SCYhismodel controlsthesig-
nal light at the intersection, and there is one signal con-
troller model at the signal intersection that has a signa
light. This model collects information about the conges-
tion situation from the sensor model and establishessignal
policy. Also, it offers asignal to each signal lampmodel
according to the phase sequence, cycle, green signal time,
and signa control variables. Figure 9 represents asimple
pseudo-code of the signal controller model.

« Sensor model (S)fhis model is in charge of collecting
traffic information, which is an important part of ITS
research. It is possible to classify this model into vari-
ous kinds of models. The kind of sensor, the location of
the sensor, and the sensing rate play an important role in
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Figure 7. Decomposition concept of the large-scale traffic network

collecting information about vehicle flow. Figure 10 isa
simple pseudo-code of the sensor model, which sensesthe
vehicle's speed.

Signal lamp model (SL)hisprovides signal information
tothe ROAD model; it isinstalled by turning on the signal
according to the signal controller model and performsin-
tersection control, such as stopping vehicles and passing
them through. Figure 11 represents a simple pseudo-code
of the signal lamp model.

Bridge model (BRIDGE)This performs encoding and
decoding of messages when models in each federate ex-
change messages through the WRAPPER model. There-
fore, the BRIDGE model is suitable for applying the per-
formance enhancement method, such as message reduc-
tion, to enhance performance of the network overhead
that occurred in adistributed simulation environment. Leg,
Chi, and Zeigler [27] performed research on the network
performance enhancement method in a distributed traf-
fic simulation by using predictive quantization-based fil-
tering. Figure 12 represents a simple pseudo-code of the
BRIDGE model.

The initial conditions for distributed simulation are as
follows. The amounts of generating vehicles of each fed-
erate rely on the exponential distribution that X is 1. The
number of vehicles on the roads for the first time is 50.
The signal phase system of crosses consists of simultane-
ous signals, including going straight and turning left. The
signal phase order is clockwise, and the length of simulta-
neous signals on the roads is 30 seconds. Of the vehicles
generated in vehicle-creating models, 75% are designed
for going straight and 25% for turning left. After setting
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.....................

Y Y Y

RunTime Infrastructure (DEVS/HLA)

thesetest conditionsinitially, simulation was donein 7200
seconds.

4.2 Simulation Result

Webuilt atest environment by using four PCswiththeWin-
dows 2000 operating system on an Intel Pentium |11 700-
MHz processor and a 125-Mbyte main memory according
to test conditions outlined previously. Each PC installed
four subnetworks onto an 1°D? transportation simulation
system based on the DEV S/HLA-distributed simulation,
which was performed in an RTI (version 3.33) environ-
ment. The test for simulation is divided in two ways: (1)
when there are no special occurrences such as accidents
on roads and (2) when there are no special occurrences
but accidents do occur on a Federated during simulation.
Figure 13 explains the result of the distributed simulation
that usesthe D2 transportation simul ation system. Arrows
show the direction of flow of the vehicles on roads, which
were extracted to graph the simulation result. The cross-
shaped plate in the center shows boundariesfor separating
the distributed four systems. Figure 13a-d shows that four
federates in a normal state share information about vehi-
clesand roadsin an RTI environment of the HLA and that
the flow of vehiclesis normal. Figure 13a'-d’ shows the
riffle effect of congestion when accidents occur at Feder-
ated at simulation time 500. Figure 13b’, which represents
the road situation at simulation time 600, shows that con-
gestion is mounting due to the riffle effect of the accident
at simulation time 500. This riffle effect of congestion is
effectively transmitted to Federate? and Federate3 about
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Figure 8. Distributed simulation model structure of the 13D? transportation simulation system

the accident that occurred at Federated. Congestion in-
formation about the vehicles (shown in Fig. 13c’,d’), is
distributed, and therefore we know Figure 13 represents
effectively the riffle effect of congestion that can occur
in accidents. Based on these results, traffic simulation in a
DEV S/HLA-distributed modeling and simulation environ-
ment will be used as an effectivetool for analyzing thetraf-
fic flow of large-scale traffic networks and building traffic
plans. Also, by using distributed processing, performance

was two times more efficient than the result from which
we performed the simulation after setting 16 crosses, 78
two-way road networks, and 50 vehicles per road initialy
inthe same system. However, we could not obtainideal im-
proved performance due to the overhead of the distributed
environment, derived from the conservative asynchronous
method of RTI, compared to that of distributed simulation
based on resource use. Therefore, the study of how the
DEVSHLA environment can effectively reduce overhead
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State variables

External Transition Function

Compute Signal Policy
Internal Transition Function
Case phase ‘yellow
Compute green signal time

Case phase ‘green

Output Function
Case phase ‘yellow
Selecting signal lamp

Case phase ‘green
Selecting signal lamp

phase, sigma, green signal time, yellow signal time, etc.

Receiving Sensor Info on port ‘InSensor
Update Congestion of Road

Changing state ‘green and set sigma = green signal time

Compute yellow signal time
Changing state ‘yellow and set sigma = yellow signal time

send yellow signal to selected signal lamp port ‘YellowSignalOut

send yellow signal to selected signal lamp port ‘GreenSignalOut

Figure 9. Pseudo-code of the signal controller model

State variables

External Transition Function
Recelving vehicle speed on port ‘ InRoad
Update average speed of road
Continue phase Collecting
Internal Transition Function
Case phase ‘ Collecting

Case phase ‘ Sendinglnfo
Compute collecting time

Output Function
Case phase ‘ Sendinglnfo

phase, sigma, averages speed of road, collecting time, etc.

Changing state ‘ Sendinglnfo and set sigma = 0

Changing state ‘ Collecting and set sigma = collecting time

send average speed of road to signal controller port * SensorOut

Figure 10. Pseudo-code of the sensor model

generated during communications due to distributed sim-
ulation needs to be continued by taking advantage of the
interoperability and reusability among the different simu-
lation systems that has the HLA technique.

5. Conclusions and Future Work

This study suggested a DEV S/HL A-based distributed traf-
fic simulation methodology that is a hierarchical modu-
lar modeling and simulation environment. To do this, we
performed distributed homogeneous traffic simulation by
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extending an existing developed DEV S-based I1°D? trans-
portation simulation system to an HLA-based distributed
simulation environment. Therefore, the suggested method-
ology providesthefollowing features compared to the dis-
tributed traffic simulation environment, which uses a dis-
tributed/parallel computing technology such asan existing
PVM. First, it gives an object-oriented and hierarchical
modular modeling and simulation environment of traffic
model s that have complicated dynamic features of the real
world. Second, it provides easiness and extendibility of
distributed traffic simulation system design/devel opment.
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State variables

External Transition Function

Internal Transition Function
Case phase * ChangingYellowSignal

Case phase ‘ ChangingGreenSignal

Output Function
Case phase * ChangingYellowSignal

Case phase  ChangingGreenSignal

phase, sigma, averages speed of road, collecting time, etc.
Receiving yellow signal on port ‘ FromSignal Controller
Changing state ‘ ChangingYellowSignal and set sigma = 0
Recelving green signal on port ‘ FromSgnal Controller
Changing state ‘ ChangingGreenSignal and set sigma = 0
Changing state ‘yellow and set sigma = INF

Changing state ‘green and set sigma = INF

send yellow signal to road model port * YellowSignal Out

send green signal to road model port ‘ GreenSignal Out

Figure 11. Pseudo-code of the signal lamp model

State variables

External Transition Function

Internal Transition Function
Case phase ‘passOut or ‘passin

Output Function
Case phase ‘ passOut

Case phase ‘passin

phase, sigma, RemoteOut, Remoteln, VehicleList etc.

Receiving Vehicle List on port ‘inFromLocal
Encoding Vehicle Info (Vehicle List) ;
Queue Add from Local ( VehicleList) ;
Changing state ‘ passOut and set sigma =0
Recelving Last Vehicle Info on port ‘inFromeRemote
Decoding Last \ehicle Info (Last Vehicle Info);
Queue Add from Remote ( ehicleList) ;
Changing state ‘passin and set sigma = 0

Changing state ‘Idle and set sigma = INF;

Queue Delete from Local (Vehicle List ) ;
send Vehicle List to neighbor road in external federate port ‘ OutToRemote

Queue Delete from Remote (Last \ehicle Info)
send Last \ehicle Info to connected road with external federate port ‘ OutToLocal

Figure 12. Pseudo-code of the BRIDGE model

Third, it offers the whole simulation time management
method between distributed simul ation objectsthrough the
HLA distribution standardization technique. Finally, it can
offer an effective and hierarchical (road, local, city, etc.)
simulation analysis environment of alarge-scale road net-
work. Therefore, the DEV S/HLA-based distributed traffic
simulation methodology we suggest accepts complexity
and extendibility of the I TS and offersinteroperability and
reusability so that it can be used as atool to analyze, plan,
and evaluate large-scal e traffic networks as well asto con-

duct synthetic analysis and evaluation.

We showed that the DEV S/HLA-distributed modeling
and simulation environment proposed in this study can be
effectively applied to enhance the performance of ahomo-
geneoustraffic simulation system by dividing alargetraffic
network. Therefore, as afuture work, the distributed sim-
ulation approach of a heterogeneous traffic system should
progress through additional research of the DEV S/HLA-
based heterogeneoussimulation environment introducedin
Kim, Kim, and Kim [28]. Also, overhead problemsderived
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Direction of vehicles

(&) Time =500 on normal situation

(b) Time = 600 on normal situation (b") Time = 600 on abnormal situation

(d) Time = 5000 on normal situation (d") Time = 5000 on abnormal situation

Figure 13. Distributed transportation simulation result
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from synchronization and data transmission among each
federate of the distributed simulation should be solved.
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