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Abstract tations of the Wireless LAN technology have been devel-
oped in this area recently, the benefit of the technology on
Even though currently there is a lot of research going traffic safety and efficiency has not yet been more than a
on in the field of short range wireless data communication mere hope. Partly this may be due to the fact that assess-
between vehicles, inspired by the hope that this new tech- ing the effects of deploying specific applications is a some-
nology can greatly improve traffic flow and prevent acci- what complex matter. Deploying a prototype in real world
dents, the effects have not yet been clearly analyzed. In and analyzing the effects is almostimpossible, since dozens
this paper, we present one of the first approaches to gain of prototype vehicles would have to be built, operated and
insight into the benefits and drawbacks of deploying a so- observed. The costs of such an approach are prohibitive.
called vehicular ad hoc network (VANET). In order to an- Thus, it is necessary to simulate this very complex sys-
alyze such a complex system, a comprehensive simulationtem first. Simulation is not a simple task either, since it
environment is needed. The requirements from the appli- is necessary to simulate vehicle movement, radio propaga-
cation side on such an environment are described and it tion, network protocol behavior, vehicle and driver behav-
is evaluated in how far existing simulation tools meet those ior. Fortunately, microscopic traffic models, driver mod-
requirements. Further, we are considering the traffic effects els, vehicle models, radio propagation models and wire-
of a vehicle-to-vehicle traffic obstacle messaging applica- less system models are all available, but need to be com-
tion as one representative for the class of real-time traffic bined and integrated with new and specific VANET proto-
and safety information systems. For these kinds of appli- cols and respective applications. Combining the different
cations, mainly traffic simulation and network simulation parts is also challenging because of the interdependencies.
need to be combined. In addition, we discuss the integra- In addition, existing simulators are not implicitly compati-
tion of driver, vehicle and radio propagation models into  ble, neither on the modeling side nor on the implementation
a simulation environment that can be used to Analise the side. Whether simulation is time-discrete, time-continuous
different kinds of VANET applications. or event-based or whether a simulator is available only on
specific computing platforms and only offers a certain in-
terface has direct implications on the usage and integration
1. Introduction with other simulators.

This paper addresses the construction of such a com-
The availability and applicability of Wireless LAN tech-  bined simulation environment for the analysis of VANET

nologies to dedicated short range communication in auto- applications. The main building blocks and their connec-
motive traffic along with recent advances in ad hoc network tions are described after a brief overview of related work.
technology have spurred the development towards the es- The requirements posed by different application classes are
tablishment of decentral wireless inter-vehicle communi- explained and their impact on the simulation environment
cation, often called vehicular ad hoc networks (VANETS). is analyzed. Existing simulation environments for the net-
While more and more application ideas, algorithms for data work and traffic simulation part are presented and their use
exchange and forwarding, concepts for security, and adap- in a combined simulation environment is assessed. We ex-



plain our current choices of simulation modules and present
our approach for their integration. We show how we sim-

ulate the traffic effects of an obstacle information system

based on vehicle-to-vehicle messaging. First results ob-
tained by our simulation are presented.

2. Related Work

So far, most simulations in the field of car-to-car com-
munication rely on rather simple tools for generating net-
work node mobility. For example with the help of Bonn-
Motion [1], simple vehicle movement patterns can be cal-
culated and stored into so-called trace-files. These are uti-
lized by network simulators and used as static represen-
tation of node mobility. Thereby, message dissemination
can be investigated within the VANET. However, effects of
warning messages on traffic behavior cannot be taken into

account, since node movement has been completely com-

puted before network simulation.

One of the rare projects dealing with a feedback mech-
anism between simulators for road traffic and wireless net-
works is being conducted at the Ohio State University (the
OKI project, [18]). The OKI project is focusing on the
potential of using VANETS to increase traffic safety, espe-
cially in the context of Intersection Collision Warning Sys-
tems [11]. In this project, all vehicles approaching an inter-

3. Requirements on Simulation Environ-
ment

In general, traffic effects for either safety or efficiency
require a changed behavior in longitudinal and lateral con-
trol of single vehicles based on additional information ob-
tained by car-to-car communication. Simulating the traffic,
calculating vehicle positions, and then feeding a network
simulator with this data is fine for simulating network be-
havior in general but provides no means for the traffic sim-
ulator to change the movement of the vehicles based on the
information received.

Traffic flow improvement and active safety applications
pose different requirements on the simulation environment.
For traffic flow analysis, it is important to model traffic be-
havior and route choices drivers are taking with their vehi-
cles based on information they have. Change of behavior
means choosing a different route along the street network
based on information on the current traffic situation. Usu-
ally, there is some time in the order of seconds or min-
utes for the single vehicle changing its route after a certain
event happened. For active safety, vehicle control needs
to be adapted in order to prevent an accident that would
otherwise have happened, based on additionally available
information in a vehicle. Such collision avoidance can be
based on different driver behavior after receiving a specific
warning or being supplied with more information on the

section automatically exchange messages containing their local traffic context. It can also be based on automatic ve-

positions, velocities and headings. Based on this informa-
tion, the system in every vehicle computes whether there is
a danger of collision with another vehicle. If so, the driver
gets a warning and can thus take appropriate action like
conducting an emergency brake. In order to evaluate the
system, a simulation environment has been implemented
for the OKI project. The driving simulator aims at ex-
actly modeling the movement of cars driving across an in-
tersection with a precision of milliseconds. The car-to-car
communication is included in a relatively basic manner. A
feedback loop between the driving simulator and the com-
munication component ensures that drivers’ reactions on

hicle reaction. In case of the driver, reaction time is usually
around a second. In case of an automated vehicle reaction,
an action is usually taking place within milliseconds.

The time duration which is allowed for the vehicle
movement to adapt to information received from vehicle-
to-vehicle communication poses constraints on the simu-
lation environment. For traffic flow improvement appli-
cations it is fine if the vehicle movement simulator starts
adapting vehicle behavior one or a few seconds later than
a message is received by the network simulator, whereas
automatic vehicle control simulation needs to know about
incoming data packets almost immediately. When traffic

message reception are continuously taken into account by and network simulation are both time-discrete, this poses

the vehicle movement simulator, and that the network sim-
ulator, on the other hand, knows about the vehicles’ cur-
rent position during the whole simulation time. Using such
an integrated simulation environment enables the evalua-
tion of the intersection collision warning system in the case
of the OKI project and is a necessary precondition for the
analysis of the impact of VANET applications in general.
In this paper, we concentrate on a slightly different appli-
cation scenario with a local traffic obstacle that is commu-
nicated in a multihop fashion. However, we describe the
simulation environment in a general manner for simulating
and evaluating different kinds of applications.

very different levels of constraints on synchronization be-
tween the simulators. Also, if the reaction needs to be done
within milliseconds, effects of wireless data communica-
tion which can embody varying delay times in the order
of milliseconds as well as lost data packets, the wireless
channel and the wireless communication system need to be
modeled much more precisely. In this paper we concen-
trate on the case with the lowest timing requirements and
traffic flow optimization. However, the simulation environ-
ment is intended to be used for the analysis of active safety
applications as well. Therefore, the requirements for safety
applications based on driver information are also consid-



Application Behavior

-

. h Wireless Communication
Driver Behavior
Network

L i

Figure 1. Overall Simulator System Concept
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ered. For now, automatic vehicle reaction is out of scope
of our work since the requirements not only on simulating

these scenarios but also implementation issues concerning
h

system penetration rate and system robustness are so hig
that it is unlikely any kind of applications in this context
will be implemented in a real life scenario any time soon.

4. System Concept

For all application types considered in the previous sec-
tion, it is necessary to model vehicle movement for every
single vehicle, the wireless communication network, the
application behavior itself and the behavior of the driver
reacting to information presented by the application. Our
current simulation environment, reflecting these required
models, consists of four logical components which are de-
picted with their relations in Fig. 1.

The vehicle movement is realized with a microscopic
traffic simulator. A network simulator imitates the behav-
ior of the wireless communication network. The network
simulator comprises a model of the radio propagation char-
acteristics along with implementations for radio channel
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Figure 2. Coupling of Network- and Traffic-
Simulator

The communication network depends on the vehicles’ po-
sitions and therefore on vehicle movements. The network
simulator must permanently be notified about the positions
of the vehicles that participate in the network in order to
have the current connectivity pattern available. The appli-
cation depends on the communication network to send and
receive messages. The application can be implemented as
an additional module or as part of the network simulator. In
our case, the application is integrated in the network sim-
ulator. Also, driver behavior has been integrated with this
application implementation, simplifying our simulation en-
vironment to two simulators between which synchroniza-
tion is needed (see Figure 2). If the application logic is
supposed to be implemented in a separate user interface
or should be implemented in a different programming lan-
guage in order to be able to transfer it between simulator
and prototype without (major) changes, the simulation en-
vironment should be split up into three different parts.

In our solution, the network simulator acts as a client
requesting for information from the traffic simulator. For
instance, it needs to know both the exact number of cars
being part of the network and their geographic positions.
The traffic simulator, on the other hand, acts as a server
answering the requests of the network simulator. Not all
vehicles of the traffic simulation need to be part of the net-

access, error correction, data packet routing and data secu-Work. Therefore, each node of the network simulation is

rity, to name the most important ones. The application that
is used to demonstrate the concept in this paper is a traffic
obstacle information application. It consists of a part that

representing a specific vehicle of the traffic simulation, but
the traffic simulation can consist of many more cars. The
ratio of equipped to the total number of vehicles can be ad-

decides whether to send such a traffic obstacle information Jjusted.
message and a part that receives this message and decides

whether to forward the information to the driver. The driver
behavior in this example consists of an algorithm to make

route choices to reach the destination based on information

on the traffic situation. This information is presented to
the driver by the application. Therefore, the driver behav-
ior depends on the application behavior but not vice versa
since the driver does not directly interact with the applica-

4.1. Network Simulation

A Network Simulator for VANETS needs to support spe-
cific functions and contain specific properties of the spe-
cial automotive application field. Among the most impor-
tant criteria for an appropriate network simulation tool is
a comprehensive model for mobile wireless networks with

tion. For example, the drivers decide to move around a dan- a representation of the environment to account for effects
gerous zone in case they have already been warned aboutlike shadowing caused by buildings in urban areas or radio
it. The driver controls the vehicle and so vehicle move- wave reflections due to roads and building walls. These fea-
ment depends on the driver’s control behavior where the tures must be readily available and adjustable within a con-
driver’s behavior also depends on the vehicle’s movement. venient simulator. Proper antenna models plus adjustable



transmit powers and reception thresholds are necessary inconcentrating on traffic flow effects, we only consider mi-

order to reproduce the properties of the real wireless mod-
ules built into prototyping cars.

An appropriate network simulator also needs a model of
the widely accepted communication standard IEEE 802.11,
in the following called WLAN, which specifies both the
physical and the Medium Access Control (MAC) layer of
the ISO/OSI reference architecture. WLANS are currently
considered as the most promising wireless technology for
VANETs. They have shown relatively low sensitivity to
high velocities, sufficient transmission ranges and support
fast connection setup times, if configured correctly [15].
In addition to the models included and protocols imple-
mented, a network simulator suitable for our simulation

croscopic traffic simulators here. Non of the ones we are
aware of support the detailed vehicle physics needed for
collision avoidance simulation. For these applications, ei-
ther the traffic simulator needs to be extended or a different
simulation tool has to be used. Besides the obvious require-
ment of simulating traffic in an as realistic manner as pos-
sible, it is crucial to be able to influence the behavior and
the routes of cars during the simulation. Additionally to
this control feature used by the driver behavior component
(and possibly by a vehicle control component that we are
not considering here), an interface to exchange data with
the network simulation tool is mandatory.

METROPOLIS [10, 8] is specially suited for simulat-

purpose needs to be able to be combined with at least a ing traffic patterns in large urban environments. It is avail-

traffic simulator and thus must either contain an appropri-

ate interface or be available as an open source implementa-

tion which can easily be extended. The integration of new
network protocols and changes to the other protocol layers
must be possible as well.

The simulator GloMoSim [20, 7, 5], would be a possi-
ble candidate meeting most of the mentioned requirements.
It is the freely available version of the Qualnet simulator.
However, we do not consider it further since it has not been
updated since 2001.

A different choice is the so-called network simula-
tor 2 (NS2) [6] which is among the most widely accepted
network simulation tools in the scientific community. Its
software architecture is well prepared for extensions and

able for both Windows and Linux operating systems. It
enables simulations both in real-time and off-line. A sce-
nario builder and a graphical results viewer are provided
to adjust simulation parameters and evaluate resulting data.
METROPOLIS provides a so-called mesoscopic [9] view
of vehicle movement, which tends to model individual ve-
hicles, but describes their behavior in a simplified manner,
on an aggregate level. This approach does not satisfy the
need for a fairly detailed modeling of single cars and their
reaction on receiving a warning message.

SUMO [2], is an open source mobility simulator, de-
veloped at thedbeutsche Gesellschatftrf Luft- und Raum-
fahrt (DLR) (http://www.dIr.de ). In contrast to
METROPOLIS it a microscopic simulator. The imple-

enables attaching software modules for data exchange with j,ented mobility model is space continuous and time dis-

other programs. NS2 features a comprehensive model for
simulating multihop wireless networks and includes an im-
plementation of the IEEE 802.11 MAC-protocol. As radio
wave propagation models, NS2 basically provides the free
space model and the so-called Two Ray Ground model,
which takes into account both the direct communication
path between two vehicles and an additional path due to
reflections on the ground. This model is very well applica-
ble to the VANET domain [17]. In contrast to GloMoSim,
NS2 also features a simple model for the representation
of reflections, refraction and shadowing effects caused by
buildings and other obstructions. For this purpose, a simple
black and white bitmap containing a picture of the scenario

crete. What appears to make it an interesting choice for our
purpose is that it supports single vehicle routing, the inte-
gration of different vehicle types, and multilane streets with
lane changing. Street networks can either be generated or
imported from diverse map formats. A graphical interface
to control a simulation run is included that, since SUMO
is open source, could be extended to control an integrated
simulation environment. Hopwever, the major drawback
of this simulator is that vehicle routes are computed before
the beginning of a simulation. This is a characteristic that
inhibits SUMOQO's use for evaluating the effect of car-to-car
messaging. Changes in vehicle behavior and the modifi-
cation of their routes are a necessary precondition for this

(in our case does black denote streets, white denotes build- 5pajysis.

ings) is imported and interpreted.

Overall, the network simulator NS2 best meets the re-
quirements and is our choice for the network part of the
simulation environment.

4.2. Traffic Simulation

In addition to the network simulator, an appropriate sim-
ulation of the vehicle movements is needed. Since we are

VISSIM [3] is a commercial traffic simulator, as op-
posed to the free and open source simulator SUMO. It is
a very rich tool, featuring a 3D rendering of simulated traf-
fic scenarios, including not only cars but also trains, busses
and trucks as well as persons and surrounding buildings.
VISSIM is based on the microscopic, time discrete traf-
fic model from Wiedemann [19]. Street networks are rep-
resented in a very detailed manner with the possibility to
adjust the number of lanes and the position and behavior



of traffic lights. In contrast to SUMO, VISSIM also pro- traffic simulator network simulator |
vides configurable driver models, which by representing
the characteristics of car-drivers allows to take, for exam-
ple, inattentiveness or aggressive behavior into account for .
the simulation. VISSIM is not available as a source code
package, so its functionality can only be customized by ad-
justing certain parameters. Road maps can only be used by -
translating them with the help of an additional tool, called
VISUM [4]. Through programmable interfaces, it is pos-
sible to couple VISSIM with other programs. However,
the possibilities to recalculate vehicle routes at runtime are Y
limited. The standard version of VISSIM only allows ve-
hicles to move along routes determined before simulation
start. Only with a lot of programming effort, the routes of
s_ingle vehicle_s can be madt_e modifiable during s_imulation Figure 3. Basic Simulator Coupling Concept
time. VISSIM is a very promising tool for the traffic effect
evaluation purpose. Nevertheless, a few additional features streets and periodically computes connectivity information
are needed to fully use it for a VANET analysis as targeted for every vehicle.
here. Among the three presented traffic simulators,
Since none of the mentioned simulators fully met our CARISMA has been chosen due to its open architec-
requirements, especially the possibility to influence vehicle ture, the compatibility with existing map formats, the
movement during simulation time, we have been building availability of a simple line-of-sight model and the
on our own traffic simulation solution, called CARISMA  Possibility to easily realize dynamic routing.
Traffic Simulator (CARISMA-TS). CARISMA-TS has
been described in [13]. It supports mainly inner-city sce- 4.3. Coupling Concept
narios with a few hundred to a few thousand vehicles. A
number of simplifying assumptions are made: CARISMA |y order to evaluate impacts of disseminating warning
only supports two lanes per road and all streets have the messages on traffic patterns, the traffic and network simu-
same traffic capacity and priority. The simulator works on  |ator have to run simultaneously and permanently exchange
a time- and position-discrete basis and updates vehicle po- synchronization data among each other. Synchronization
sitions and directions every second. Street networks can gata is exchanged at certain synchronization points in vir-
be imported from digital map sources in ESRI-Shape-file tya] time of the two simulators. We denote this concept as
format [12]. The mobility model applied mainly follows  coupling of simulators. The coupling starts with an initial-
the widely accepted Kraul3-model [16]. Different models jzation phase, where data concerning the simulation sce-
for destination and route selection are implemented. Inter- nario, such as the number of nodes, is exchanged. After-
section conflict management works according to the simple \yards, the actual simulation is started and synchronization
four-way stop principle. data is exchanged periodically between the two simulators.
What made CARISMA-TS our choice for the inte- More precisely, both simulators will simulate a certain
grated simulation environment, in spite of its comparatively amount of virtual time, which we denote as a simulation pe-
weaker traffic model, was its ability to compute vehicle riod At. Note thatAt has to be identically for both simula-
routes during simulation time. As soon as a car arrives tors. Then the simulators will wait for each other, exchange
at its destination, both a new destination and the shortest synchronization data and then again simulateunits of
possible path to this new destination are computed. The virtual time (Fig.3). The simulation perioft should be
route decision can be periodically evaluated and altered if small to ensure a good alignment. However, if it is too
necessary at any point in simulation time. Numbers can be small, computational performance is heavily reduced by
freely assigned to street segments. The route search algo-adding too much overhead for synchronization.
rithm then evaluates different possible paths to a destina-  The parallelism of this concept should provide a gain in
tion by comparing their cost based on the assigned values. performance when running simulations on either multipro-
Hence, by assigning a high number to a certain street seg- cessor machines or on two separate PCs. However, it also
ment, the algorithm will pick alternative roads as part of introduces some inaccuracies, as one simulator may use
a new route for a vehicle. CARISMA-TS features a radio data gathered from the last synchronization point, which
wave obstruction model that it can provide to the network has already been updated in the other simulator. This is be-
simulator. It assumes that buildings are located along all cause the alignment of synchronization data is done only
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periodically, and not when needed by one of the two sim-

ulators. Depending on the type of synchronization data,

these inaccuracies may be mitigated, as will be shown in ]
Sec. 5.3.

For the actual data transfer between the two simulators,
some concept of inter-process communication is needed.
Since the coupled simulators may run in different environ-
ments, cross-platform interoperability is necessary. Fur-
thermore, the connection should be fast and reliable to en-
sure good performance. Finally, it should be possible to
easily extend the communication mechanism to meet new
requirements. Therefore, a standard TCP connection has
been chosen to couple the two simulators, running a sim-
ple request-response protocol. In terms of implementa-  Figure 4. Route Deviation of Different Cou-
tion, reusability and adaptability of the connection were pling Approaches
taken into account. Therefore, the simulators used in our

setup can easily be swapped for other ones without major 5.3. Realization of Simulator Coupling
changes in the coupling concept.

— actual route
+ mobility simulator
X network simulator

Both simulators start with the initialization phase, where
CARISMA transmits the geographic scenario size and the
number of vehicles to NS2. Afterwards, the simulation
phase follows, where synchronization data is exchanged

After defining adequate components of the simulation periodically. At each synchronization point, CARISMA
environment, new functionality has been implemented into informs NS2 about the actual vehicle positions and con-
each of them. nectivity data, whereas the traffic simulator relies on being
notified about desired changes in the vehicles’ routes.

In our case, the minimal length of the simulation pe-
riod At is determined by CARISMA, since this simulator
updates the vehicle positions and directions once every sec-

Within the framework of this work, a comprehensive ond. Hence, the highest possible update frequency between
model of a new ad hoc agent has been implemented into the both simulators is one data transfer per second of virtual
NS2 environment, which determines the network nodes’ simulation time. Nevertheless, this interval turns out to be
behavior while sending, receiving or forwarding data. It agood trade off between optimum simulator alignment and
basically implements the message dissemination algorithm computational efficiency, since the interaction between the
for the whole simulation. Messages are flooded to all inter-vehicle communication and traffic flows does not have
reachable other nodes, taking care of certain areas of rel- t0 be investigated on a millisecond basis like in an intersec-
evance and time limits. The findings of [14] were used as a tion collision warning system.
basis for designing an efficient message dissemination pro-  Further issues concerning the data exchange are the dif-
tocol. ferent coordinate systems, which have to be adapted, and
the different level of accuracy when representing vehi-
cle movement. CARISMA simulates acceleration and de-
celeration of vehicles, where the mobility model of NS2
only supports nodes moving at a constant speed. Four ap-

The CARISMA traffic simulator must also be modified ~ Proaches to mitigate the position deviations have been in-
in order to fulfill the requirements of the coupled simula- Vestigated in detail within this work and will be presented
tion environment. Its main new task is to periodically re- consecutively.
ceive data concerning changes in vehicle behavior from the
network side, realize them and send new node positions Coupling Approach | At each synchronization poirg,
and connectivity patterns back to the network simulator. In the traffic simulator simply sends the current positions of
case a vehicle is warned against a local hazard, for exam- the vehicles to the network simulator. The network sim-
ple, it may desire to seek a route around the danger zone. It ulator sets the positions of the nodes accordingly. Thus,
is CARISMAs job to implement possible route changes in  exactly equal vehicle positions are guaranteed at each syn-
real-time. chronization point, which can be seen in Fig. 4 (I).

5. Implementation

5.1. New Ad Hoc Agent for NS2

5.2. Modifying CARISMA



Nevertheless, this involves several severe problems. For
moving a node from one point to the other within one time
step, NS2 requires a geographical destination and data re-
garding the velocity with which the node is supposed to
move. Furthermore, the network simulation strongly lacks
in accuracy due to the fact that nodes do not move contin-
uously, but remain at a fix position for a whole time step.
Thus the mobility model of NS2 lies idle. Connectivity be-
tween vehicles would be estimated unrealistically, since the
network topology would not change within a whole second.
In a real-world scenario however, the structure of VANETSs
permanently changes due to vehicles connecting or discon-
necting when driving through an urban environment.

Coupling Approach Il This is an extension of the previ-
ous approach. At each synchronization pajnthe traffic
simulator does not only send the vehicle positiont,diut
also the estimated vehicle positions,at; to the network
simulator. Estimations are based on current velocity and
driving direction. NS2 sets the positions of the nodes and

CARISMA NS 2

current vehicle positions

synchronization points

virtual time (CARISMA) virtual time (NS 2)

Figure 5. Sequence Chart for Approach IV

which can be seen in Fig. 4 (lll). Nodes generally tend to
cover a higger distance in NS2 than in the mobility simu-
lator. Furthermore, at the synchronization points succeed-
ing to, there is no consistency of the vehicles’ positions be-

updates the nodes’ speed and direction based on the esti-tween the two simulators.

mated positions & 1.

This solution also features consistency of vehicle po-
sitions after synchronization. Additionally, the mobility
model of NS2 is fully utilized, so the simulation results
should get more accurate. However, this concept intro-
duces some inaccuracies which result from the extrapola-
tion of the destination positions for the next synchroniza-
tion point. The approximation is rather rough, however,
since velocity is wrongly assumed to remain constant dur-
ing the whole interval. Also, bending of roads is not taken
into account by this approach. As a consequence, a consid-
erable node positioning error may occur before each syn-
chronization point, which is visualized in Fig. 4 (11). Addi-
tionally, there are still leaps in the movement of the nodes
in NS2.

Coupling Approach lll  The third approach differs from
the previous approach in that at each synchronization point
tx only the estimated positions &t 1 are transferred to the
network simulator. Like in the previous approach, NS2 sets

Coupling Approach IV  The last approach is a refine-
ment of approach Ill. The idea is to give the traffic sim-
ulator a "head start” of one simulation period, so that the
vehicle positions for the next synchronization point are no
longer estimated, but calculated. At the synchronization
pointtp, the traffic simulator sends the current vehicle posi-
tions to the network simulator, which will update the nodes’
positions accordingly. Then, the traffic simulator proceeds
tots, while the network simulator does not do any comput-
ing and thus its virtual time is stith. For all further steps,
when the network simulator is g the traffic simulator is
atty, 1, so the traffic simulator will keep a head start in vir-
tual time ofAt. At each succeeding synchronization point,
the traffic simulator then sends its current vehicle positions
atty, 1, which will be received by the network simulator at
ty and used to update the nodes’ speed and directions. This
concept is shown in Fig. 5.

With this solution, the consistency of vehicle positions
at synchronization points is ensured. The mobility model

the positions of the nodes and updates the nodes’ speed ancbf NS2 is utilized, and there are no leaps in the movement

direction based on the received positions. An exception is
the first synchronization poiriy, where the vehicle posi-
tions attg are also transferred. The network simulator will
set the nodes’ positions onlytgt At every synchronization
point it will then only update the nodes’ speed and direc-
tion. Hence, there are no more leaps in the movement of
the nodes in NS2, and this approach also utilizes its mobil-
ity model.

On the other side, the inaccuracies which result from
the estimation of the destination positions for the next syn-
chronization point are even bigger than that of approach I,

of the nodes in this simulator. As illustrated in Fig. 5 (1V),
there are still deviations between the actual node movement
and the movement in NS2. Nodes tend to cover a smaller
distance than in the mobility simulator. However, this de-
viation is smaller than that of thé®or 39 approach, since
we are now using interpolation to calculate the node move-
ment in NS2 between synchronization points. The head
start of the traffic simulator introduces a new drawback:
Since the traffic simulator is &t,1 when the network sim-
ulator is atty, requested route changes arrive at the traffic
simulatorAt units of virtual time too late. However, we ar-
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gue that this is negligible as long As is not much longer
than the average reaction time of a driver on a route change
notification by the navigation system.

We have therefore chosen th® dpproach to align the
position of the vehicles between the two coupled simula-
tors.

6. Simulation and Results

The scenario described in Chapter one has been
simulated within the environment consisting of NS2,
CARISMA and the data exchange mechanism. 900 vehi-
cles are driving through an 8Knscenario, of which a small
cut-out is depicted in Fig. 6. 400 of these cars are equipped
with wireless communication modules (gray dots) and thus

can send, receive and forward data. In our scenarios a com-

munication range of 400m has been applied. One specific
vehicle breaks down in the beginning of the simulation run,
stops moving and starts to periodically broadcast a warn-
ing message of defined content. Cars receiving this mes-
sage seek new routes and drive around the danger zone
which comprises all roads closer than 250m to the break-
down location. Since NS2 and CARISMA are linked, the
traffic simulator takes into account these route changes of
the warned cars during simulation. However, not warned
vehicles (black dots) still drive through the danger zone and
possibly get trapped in congestion. A CARISMA snapshot
(Fig. 6) shows this scenario after a simulation time of 300s.
Average velocities of warned and not warned cars have
been logged as a means for quantifying the value propo-
sition of car-to-car messaging.

Several simulation runs were conducted for different ve-

than those not warned in this simulation scenario. But in
case of a high number (Fig. 7 shows the dependence of
velocity development on traffic density in case a warning
message is distributed) of vehicles trying to drive around
the hazard, traffic density heavily increases and thus av-
erage velocities decrease on the alternative routes, as can
be seen in Fig. 6. This negative impact of introducing dy-
namic traffic information must be also taken into account
when evaluating the benefits of VANET applications.

Within three further experiments, the average velocities
of 1100, 900 and 700 wireless enabled vehicles driving on
an 8knt scenario were observed. To eliminate statistical
aberrations as far as possible, the simulation was conducted
10 times per curve. Fig. 7 shows the changes in vehi-
cle speeds. In the beginning of the simulation, cars drive
around according to the so-called Waypoint Uniform mo-
bility model, where average speeds remain at a rather con-
stant level. After a time of 400%;{), a vehicle breaks down
and begins to periodically send out warning messages con-
taining, among other data, its geographical location. Due to
the high vehicle density, the connectivity is excellent in all
three cases, so that the messages are disseminated through
the whole network within a few seconds. The breakdown
car stops, but causes almost no congestion since all vehicles
are warned. Hence, these vehicles consider roads closer
than 250m to the accident as within a danger zone and seek
alternative shortest paths to their destinations.

As a consequence, traffic density becomes higher and
thus average vehicle speeds lower on the streets surround-
ing the location of the accident. Only the velocities of cars
being closer than 700m to the breakdown car have been
logged, since this area includes the streets becoming more
congested due to the dynamic route changes. As can be
seen in Fig. 7, average speeds heavily decline after cars are
warned in case of high traffic densities, whereas for less
than 700 vehicles almost no speed drops were observed. In
case of low vehicle densities, the number of cars choosing
an alternative route around the hazard is not very high. The
few warned vehicles do not considerably affect traffic flow

on these roads and thus decreasing average speeds were not

observed.

High densities, in contrast, cause congestion-like traf-
fic patterns on the alternatively chosen roads around the
breakdown car, which reduces the actual benefits in travel
time. A message lifetime of 300s was chosen in this ex-
ample. Hence, at 700%), most of the vehicles drop the
message because it is not up to date any more. They con-
sider the congestion to be disappeared. Velocities rise again
and reach the former levels.

In order to roughly quantify the overall benefits of us-
ing IVC for warning against a local danger, the average

hicle densities and percentages of wireless enabled cars. Invelocities of warned and not warned cars have been logged
most cases, warned cars turned out to be considerably fasterduring a 500s simulation. The results depicted in Fig. 8
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prove that wireless enabled cars strongly benefit of receiv-
ing warning messages in most cases. Only if traffic density

is very high and the percentage of wireless enabled cars, to a small road with only low capacity. In case many wire-
too, warned cars are driving at even lower velocities than €SS enabled cars are warned and recommended to switch

those not warned due to the effects described above. This [0 the small road, they would possibly even drive at a lower
effect can be seen in Fig. 8; the two graphs intersect and speed than t_hose remaining on the highway due to the ex-
the dark graph drops below the white graph. In case nu- {féme capacity overload of the country road.
merous vehicles receive warning messages and try to drive
around the hazard location, high traffic densities and thus 7
lower average speeds occur on their routes. In the worst "~ °
case, heavy congestion emerges on these alternative routes.
The area within the fix Warning radius of 250m, in contrast, This paper provides an overview of a Concept for cou-
is almost free of cars after a while. Only a few mostly not pling a network and a road traffic simulator. With the help
warned cars get trapped in the congestion behind the break- of such a simulation environment, the impacts of vehicle-
down car, whereas others can drive through the area at high to-vehicle communication on traffic can be investigated in
speeds. Hence, being warned can even be of remarkabledetail, which is crucial for evaluating the benefits for traf-
disadvantage in some situations. Last, the surfaces declinefic safety and throughput. The simulation environment set
towards high vehicle densities, since a high volume of traf- yp is a big step forward to a realistic representation of dif-
fic generally results in lower average speeds. ferent scenarios, where the used simulators still show some
Results from real-world experiments would probably weaknesses. Future work is devoted to refine and extend
slightly vary from those visualized in Fig. 8, depending on the models applied; CARISMA is expected to be replaced
the specific drivers’ behavior. Within the framework of this  with VISSIM, which provides a more detailed and realis-
work, all drivers, which are warned against using the roads tic representation of vehicle mobility. We are also planning
around the accident indeed seek an alternative route. In re- to implement the application logic in a separate application
ality, however, a certain percentage of drivers might simply environment simulator. This new simulator will provide
ignore the warning popping up on their navigation inter- the environment which an application running in a car de-
face or at least would react at a later point in time, than it pends on. This should enable us to use applications running
is assumed within this simulation run. Hence, a more com- in the simulation environment in real-world prototypes and
prehensive driver model could be implemented in order to vice versa without major modifications. Also, a component
achieve even more realistic simulation results. for controlling the whole simulation environment shall be
Even more issues should be considered when design- added. It will enable a user to design, deploy and after all
ing a real-world application. In contrast to the CARISMA  run simulations with customized behavior. With the help
model, roads normally do not have equal traffic capacities. of this tool, the message dissemination algorithm as well
In case a vehicle breaks down on a huge highway causing as the drivers’ reaction on warning message reception and
congestion, for example, it is not necessarily recommend- many more parameters can be adjusted via an easily adopt-
able for all following cars to change their route and switch able user interface.

Conclusion
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