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INTRODUCTION

Vehicular ad hoc networks (VANETs) are
mobile wireless networks formed by vehicles
with wireless communication and positioning
capabilities. During the last few years, VANET
has become a very popular field of research both
in academia and in industry. This is both due to
the widespread emergence of robust wireless
networking and positioning technologies, and,
more important, the demand for the next-gener-
ation intelligent transportation system to provide
both real-time traffic management and commer-
cial services to vehicles on the road.

Due to the nature of mobile wireless commu-
nications and the complex dynamics in real vehi-
cle traffic flow, simulation is the primary tool of
choice to analyze various applications of
VANETs. Sophisticated simulation packages are
available for both wireless networks and vehicu-
lar traffic flow; however, few of them can fully
address the challenging problems that arise from
the interdisciplinary nature of VANETs. There-
fore, integrating network simulation tools with

realistic vehicular traffic simulation packages is
necessary. There are different approaches to
integrating these two simulation packages. How-
ever, if the underlying integrated tool cannot ful-
fill all the requirements imposed by VANET
applications, the results are prone to be erro-
neous or unrealistic. Therefore, a classification
of VANET applications based on simulation
requirements is necessary for accurate simula-
tion design.

In general, VANET applications can be clas-
sified into the following two categories:
• Vehicular driver safety and traffic control

applications: These applications need to
address the issue of how drivers respond to
the control signals disseminated using wire-
less communication and the resulting
change in the topology of the underlying
VANET. Typical applications are accident
alert, real-time traffic condition update,
and any applications that require driver
coordination through the VANET.

• Infotainment Applications: These applica-
tions use VANET as a single- or multihop
communication platform, and do not result
in dramatic change in the topology of the
underlying VANET. Typical applications
include Internet access to vehicles, com-
mercial advertisements, and various peer-
to-peer applications.
For both of the above classes of applications,

a network communication simulation package
with full protocol stack support is desired. For
vehicular traffic simulation, realistic traffic
mobility models are also required. For infotain-
ment applications, simply integrating these two
simulation packages by using vehicular traffic
traces to determine node movements in network
simulation is sufficient. However, for vehicular
driver safety and traffic control applications,
real-time interactions between the network sim-
ulation module and vehicular traffic simulation
module are required.

The remainder of the article is organized as
follows. In the next section we present different
aspects of the most commonly used simulation
methodologies in VANET research (trace driv-
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en, open-loop, and closed-loop integration). We
then present VGSim, an integrated VANET
simulation platform that has full-fledged net-
work protocol support, a realistic microscopic
vehicular traffic model, and the ability to sup-
port real-time interactions between the two
modules. In the following section we first pre-
sent the results that validate the mobility model
in VGSim and then discuss VGSim’s ability to
adopt other mobility models. We then discuss
how VANET applications are developed for sim-
ulation analysis in VGSim. We then showcase
vehicular driver safety applications analyzed
using VGSim. The final section concludes this
article.

VANET SIMULATION
METHODOLOGIES

SIMULATION REQUIREMENTS AND DESIGN
In general, for VANET simulation there are
three dimensions in the design space: network
simulation, vehicular traffic simulation, and the
integration of these two modules. We conducted
a survey of VANET research published during
the last four years. As our survey shows, besides
in-house simulators, running a network simula-
tor with traffic traces generated by a traffic sim-
ulator is the main approach for VANET
simulation (more details in the next section).
The traffic traces specify the vehicle mobility
during simulation. We refer to this method as
the open-loop integration approach. The key dis-
advantage of this approach is that it cannot cap-
ture the dynamic interactions between the
information exchange among the vehicles and/or
roadside sensors and the traffic flow.

Another commonly used approach is the
closed-loop integration approach. In this
approach the traffic simulator is responsible for
specifying vehicle movements throughout the
simulation process, and the network simulator is
responsible for wireless communication. Howev-
er, signals transmitted using wireless channels
could be used as another type of traffic control
signal, which can result in a change in the vehi-
cles’ mobility. This is especially true for advanced
distributed multihop vehicular driver safety and
traffic control applications. In these applications
driver coordination based on wireless traffic con-
trol signals can dramatically change drivers’
behavior (accelerating, decelerating, or changing
lanes), and therefore results in a traffic flow dif-
ferent from what a traditional traffic simulator
could generate. Changes in the traffic flow may
imply changes in the topology of the wireless ad
hoc network formed by the vehicles, which in
turn can have significant impact on the perfor-
mance of the wireless network. Therefore, a
unique requirement for this type of VANET
simulation is the ability of capturing the “inter-
actions” between wireless communication and
the vehicular mobility model. Figure 1b shows
the details of information flow and the interac-
tions of the closed-loop approach.

On the other hand, not all VANET applica-
tions require this “interaction” capability in their
simulation. Infotainment applications, which
only use a VANET as a medium to transmit

value added services such as real-time advertise-
ment and Internet access service, do not neces-
sarily affect the underlying topology of the
VANET. If data dissemination is the only appli-
cation of a VANET, the current approach of
simple integration of a network simulator and a
traffic simulator (the open-loop approach) is suf-
ficient. It is, however, necessary that the adopted
network simulator support the entire wireless
communication network protocol stack to be
able to carry out detailed network performance
analysis.

In addition, since VANET simulation plat-
forms are needed for evaluating potential safe-
ty/infotainment applications, ease of new
application development should also be consid-
ered in the design. Simulation platforms that
adopt the approach of integrating existing traffic
and network simulators may encounter complex-
ities in building new VANET applications. This
is because it requires the expertise in both simu-
lation packages to build an efficient VANET
application. Also, flexibility in adopting different
mobility models and performance issues to sup-
port large-scale VANET simulations involving
hundreds or even thousands of communication
nodes (vehicles) are also important factors in the
design of the simulation tool.

RELATED RESEARCH ON
VANET SIMULATION STUDIES

We conducted a survey of VANET research
published during the last four years; due to
space limitation, we only highlight the most rele-
vant.

As discussed above, simulation analysis of
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Figure 1. Information flow of two VANET simulation approaches.
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VANETs and related applications requires both
communication network and vehicular traffic
simulations. For the communication network
simulation, our survey shows that the majority of
research adopted established network simulators
(NS2 [1]/QualNet [2]). For VANET simulations
that only considered high-level communication
parameters like transmission range, some simple
network simulators were used. While Java in
Simulation Time (JiST)/SWANS [3] is not as
popular as NS2/Qualnet, there are a number of
studies on VANETs based on this platform [4].
OMNet++ with INET Framework [5] is anoth-
er platform used for simulation analysis of wire-
less communication.

For vehicular traffic simulations, three types
of vehicle mobility models are typically used:
• Mobility models used in mobile ad hoc net-

works (MANETs) and variants
• Macroscopic vehicular traffic models
• Microscopic vehicular traffic models

MANET mobility models (e.g., the Random
Way Point model) are not accurate for realistic
vehicular traffic simulation, and can considerably
degrade the accuracy of the simulation results
[4]. Macroscopic traffic models only specify high-
level traffic metrics such as vehicle density and
flow rate. A microscopic vehicular traffic model,
on the other hand, specifies the behavior of each
individual vehicle. As a result, microscopic mod-
els can generally provide more realistic mobility
patterns and detailed statistics of vehicular traf-
fic flow.

For simplicity, a large body of work is based
on self-developed macroscopic traffic models.
When more realistic microscopic traffic models
are used, they are based on either high fidelity
traffic simulators such as VISSIM [6], CORSIM
[7], and SUMO [8], or simulators developed by
the researchers.

Table 1 summarizes the main approaches
used in VANET simulation. In the open-loop
approach with a simplistic mobility model, estab-
lished network simulators like NS2 were used for
network simulation, and simple vehicular mobili-
ty models based on a MANET or simple macro-
scopic vehicular traffic models were used to
generate vehicular traffic flows [9, 10]. Open-
loop means the vehicle mobility model is speci-
fied at the beginning of the simulation, and
underlying attributes of vehicular traffic flow
such as headways between vehicles and speed
are predetermined and do not change as a result
of the VANET application. Figure 1a shows the
information flow of the open-loop approach.

Specifically, the study reported in [9] describes
how to modify NS2 to accommodate this type of
VANET simulation. The open-loop approach
can also be trace-driven: vehicular traffic traces
generated from high fidelity commercial/non-
commercial microscopic vehicular traffic simula-
tors such as VISSIM [11, 16], CORSIM [12] or
SUMO [15], or empirical traffic traces [13, 14]
are used to describe the mobility of vehicles. The
traffic traces specify each individual vehicle’s
movement during the entire simulation. The
study reported in [17] is another example of this
approach; it adopts a microscopic mobility model
(IDM/MOBIL model) to determine the move-
ment of the vehicles and uses OMNet++ [5] to
simulate the communication network.

Figure 1b shows the information flow for the
closed-loop approach, in which vehicular move-
ments are not predetermined at the start of the
simulation. Instead, the mobility model updates
the vehicle position, velocity, and lane in real
time based not only on the vehicular traffic flow
but also on the traffic flow control signal
received through wireless communication. The
altered mobility of vehicles can in turn affect the
topology of the VANET and consequently the
performance of the data communication over
the wireless network. This closed-loop informa-
tion flow between the mobility model and wire-
less network simulation modules cannot be
provided by the open-loop approach. Conse-
quently, several studies have adopted this closed-
loop approach for simulation analysis [4, 18–20].
In [4] closed-loop integration is achieved by inte-
grating the JiST/SWANS network simulator with
Street Random Waypoint (STRAW), a modified
version of the Random Waypoint mobility
model. This work also demostrates the impor-
tance of realistic mobility models for the accura-
cy of VANET simulation results. It showed that
an unrealistic mobility model of the vehicle can
dramatically affect the simulation results. The
study reported in [18] also directly supports
closed-loop interaction between the mobility
model and the wireless communication module.
It adopts SUMO [8] as the traffic simulator and
OMNet++ [5] for wireless communication sim-
ulation. The interactions between these two
modules are achieved by connecting two simula-
tors through a TCP connection that is used to
transfer control commands to SUMO and vehi-
cle position information to the OMNet++ mod-
ule. In addition, [19, 20] are also integrated
VANET simulation platforms based on closed-
loop integration between the two simulation
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Table 1. A classification of major simulation approaches in recent VANET research.

Simulation approach Description Mobility model Examples

Open-loop, simplistic
mobility model

Network simulator with simplistic MANET or macroscopic
models

MANET models or macroscopic
traffic models [9, 10]

Open-loop, trace driven
mobility model

Microscopic simulation such as VISSIM generated vehicle
traces fed into network simulator (e.g., NS2, QualNet) Microscopic traffic models [11–17]

Closed-loop, realistic
mobility model

Integrating network communication and vehicular traffic
simulation, supporting interaction between the two Microscopic traffic models [4, 18–20]
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modules. The difference between [19, 20] and
other closed-loop approaches is that both net-
work and vehicular traffic simulation modules
are self-developed by the authors. This, however,
makes it difficult to compare with other research
based on more well-known simulation packages
such as NS-2 and VISSIM.

While all approaches can, to some extent, ful-
fill the requirements of infotainment applica-
tions, only closed-loop approaches are suitable
for accurately simulating vehicular driver safety
and traffic control applications.

VGSIM: DESIGN AND
IMPLEMENTATION

In order to easily design and analyze different
VANET applications through realistic simula-
tion, we developed a highly efficient and flexible
VANET simulation platform: VGSim. VGSim is
efficient in memory usage and suitable for simu-
lating large-scale vehicular wireless networks. It
consists of a network simulator with full protocol
stack support, a realistic microscopic vehicular
mobility model, and the closed-loop approach to
integration. VGSim’s network simulation mod-
ule is based on SWANS [3], a Java-based net-
work simulator. The SWANS network simulator
uses JiST, which is an event driven simulation
tool [3]. The JiST simulation platform is very
efficient; it outperforms existing highly opti-
mized simulation tools in both time and memory
usage. A detailed comparison of the perfor-
mance efficiency of JiST/SWANS compared to
other major network simulators can be found in
[3]. In fact, the efficiency of JiST/SWANS makes
it very suitable for VANET simulation, which
may involve hundreds or even thousands of
simultaneously communicating nodes.

In VGSim vehicular movements and applica-
tions are transformed into events that are pro-
cessed by the JiST event driven platform. The
network simulator and the vehicular traffic
model run on a feedback loop that enables the
closed-loop interaction discussed in previous sec-
tions. Information obtained from the SWANS
network simulator is fed into the mobility model
and then based on the mobility model, updated
antenna positions are determined for the
SWANS network simulator. Figure 2 shows the
architecture of VGSim. Each entity shown in
Fig. 2 has a corresponding class defined in Java.
Instances of the RoadEntity class represent the
road sections and hold multiple Vehicle
instances during simulation. Each Vehicle
instance mounts a radio antenna and imple-
ments the wireless network communication pro-
tocols defined in JiST/SWANS. Each individual
object can produce and respond to simulation
events generated by itself or other objects. In
addition, the SWANS network simulator and
vehicular mobility simulator both update a
graphical interface that allows network and
vehicular mobility parameters to be changed
dynamically. Visualization is another important
feature for both vehicular traffic and wireless
communication simulation, and many vehicular
traffic and network simulators have their own
visualization packages [1, 6]. Enabling visualiza-

tion for vehicular traffic and wireless communi-
cation at the same time in the same panel is an
important feature in VANET simulation, since it
can help in visually evaluating the correctness
and effectiveness of VANET applications. Fig-
ure 3 shows a screenshot of VGSim simulating a
four-lane freeway scenario with a roadside node
and VANET enabled vehicles communicating
with each other. It clearly shows VGSim’s visual-
ization capability of overlaying communication
traffic on top of vehicular traffic.

The vehicular mobility module of VGSim is
based on the cellular automata (CA) model,
which implements a modified version of the
Nagel and Schreckenberg (N-S) model [21]. The
NS model is a well established CA model in traf-
fic engineering research. However, in the origi-
nal N-S model, the road is divided into
equal-length cells of 7.5 m, and each vehicle
occupies one cell. The simulation time granulari-
ty is 1 s; hence, new vehicle positions are calcu-
lated every second using the N-S model. In order
to more accurately reflect real-world traffic, we
modified the original N-S model with finer spa-
tial and temporal resolution, based on the study
reported in [22]. Furthermore, we also added
lane-changing capability into our mobility model.
We discuss the validation of our mobility model
in the next section.

The SWANS network simulator provides full
network protocol support especially for mobile
wireless communication. At the application
layer, SWANS provides the standard application
network interfaces. It includes both UDP and
TCP protocols at the transport layer. We also
implemented a simple position-based routing
protocol, which leverages the GPS devices in the
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Figure 2. A block diagram of the VGSim architecture.
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vehicles. SWANS also includes standard 802.11
medium access control (MAC) layer protocol
and several path loss and fading models at the
physical layer.

The introduction of close-loop interaction
between the two simulation modules is achieved
by injecting driver decision process into different
applications. At each time step, each driver/vehi-
cle makes the decision on how to change the
speed/position of the vehicle according to not
only traffic conditions perceived, but also the
traffic control messages received from the wire-
less channel. Figure 4 shows the interactions
between the major VGSim components during
simulation. The RoadEntity object maintains
the main simulation loop by providing an imple-
mentation of the run() method of the Proxi-
able interface in JiST/SWANS, which makes
the RoadEntity a simulation entity thread in
JiST/SWANS. The run() method and the
moveVehicle() method of each vehicle object
are invoked at each time step. Upon invocation,
each vehicle object calls the mobility model
object’s updatePos() method to get an updated
position information according to the mobility
model logic. Then the updated position informa-
tion is fed into the application’s update method
updateApp(). This method implements the
logic of the wireless communication network and
traffic control applications. At the end of each
time step, each vehicle updates its own proper-
ties such as the position for the next time step,
speed limit, probability of acceleration or decel-
eration, and the probability of lane change
according to updated application state. These
updated properties will result in changes in the
behavior of vehicle movement in the next time
steps. In the case shown in Fig. 4, the mobility
model is an implementation of the N-S model,
and the Variable Speed Limit (VSL) application
is installed on the vehicle.

MOBILITY MODEL: 
VALIDATION AND EXTENSION

As a vital part of VGSim, the mobility model’s
accuracy determines the overall accuracy of the
simulation. In this section we first describe the
modifications we made to the original N-S model
and the validation. Then we describe how
VGSim can be extended to accommodate other
mobility models.

VALIDATION OF THE FINER-GRAINED
N-S MODEL

In VGSim we have adopted the classic N-S
mobility model used extensively in vehicular traf-
fic engineering research. The original N-S
model’s temporal-spatial resolution is adequate
for vehicular traffic engineering research. How-
ever, for evaluating the performance of wireless
communication, the temporal resolution in terms
of seconds is too coarse-grained. Therefore,
updating the N-S model with a finer resolution is
necessary for accurate VANET simulation. How-
ever, merely changing the resolution in the origi-
nal N-S model results in inaccurate vehicular
traffic generation. Therefore, we modified the
original N-S model, adding more realistic accel-
eration, deceleration, and lane changing behav-
iors. A detailed description of the modified
finer-resolution N-S model is reported in [22].

In order to validate our refined fine-grained
mobility model we compared the data obtained
from our model with real world traffic data. For
the latter, we used the vehicle traces produced
by the NGSIM project [23]. Ideally, the more
accurate the mobility model, the higher the
degree of correlation with the NGSIM data.

Our simulation setup consists of a five-lane
700-ft (213 m) highway. In order to be able to
accurately compare with the NGSIM data, we
must guarantee that the initial and road bound-
ary conditions in our simulation are the same as
those in the NGSIM data set [23]. The details of
how we reproduce the initial and road boundary
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Figure 3. A snapshot of the graphical user interface of VGSim. Lines connecting vehicles show communication links between vehicles.
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conditions in our simulation can be found in
[22].

Our comparison is based on the fundamental
diagram (flow-density diagram) [22]. In order to
show the accuracy of our finer resolution mobili-
ty model, we first compare the fundamental dia-
gram for the basic N-S models with that of
NGSIM. It is known that N-S models can pro-
duce a triangular flow-density fundamental dia-
gram. However, matching the fundamental
diagram generated by the CA model with real
traffic data is a challenging task. Figure 5a shows
the fundamental diagram generated by the origi-
nal N-S model (CA). It shows that in this case of
random slowdown noise of 0.8, the CA model
can generate the required triangular shaped dia-
gram; however, it fails to match the NGSIM
data set.

Figure 5b shows the fundamental diagram
generated by our finer resolution model denoted
fCA. This diagram shows that our finer resolu-
tion model not only reproduces the classic trian-
gular flow-density diagram, but also matches

with the real traffic data from NSGSIM better
than the original N-S model. This guarantees the
accuracy of VANET simulation at higher spatial
and temporal resolution.

EXTENDING VGSIM TO
OTHER MOBILITY MODELS

As discussed in the previous section, commonly
adopted mobility models in vehicular traffic
engineering may not completely fulfill the
requirements for VANET research. Therefore,
modification of common mobility models or
even incorporating a totally different mobility
model for better VANET simulation may be
required. Because of VGSim’s modular design,
this is easily achieved by providing an implemen-
tation for a mobility model interface in Java.
The mobility model interface in VGSim only has
one method that must be implemented
(updatePos() as shown in Fig. 4). The
updatePos() method contains logic of how to
update vehicle positions in any time step. There-
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Figure 4. Interactions among the VGSim components.
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Figure 5. Comparison of the fundamental diagrams obtained using different mobility models and NGSIM data set: a) original N-S
model (CA) vs. NGSIM; b) finer resolution N-S model (fCA) v.s. NGSIM
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fore, extending VGSim using other mobility
models simply takes two steps:
1. Implementing a mobility class with
updatePos() method

2. Associating each vehicle with an object of
the mobility class
After the simulation is executed, the

updatePos() is invoked every time step for
each vehicle. All other tasks, including placing
vehicles on the road, ensuring that there are no
collisions, performing wireless communication
simulation, and visualization, do not require any
modification in VGSim. Although VGSim is cur-
rently using an in-house implementation of the
mobility model, it is also possible for VGSim to
adopt other standalone microscopic traffic simu-
lators. This is achieved by implementing an
interface wrapper for controlling and/or commu-
nicating with the simulator. The ability of extend-
ing VGSim to other mobility models ensures
that VGSim is not tied to one specific mobility
model or vehicular traffic simulation platform.
This is a limitation in many other VANET simu-
lators that integrate with standalone traffic simu-
lators.

VGSIM APPLICATION DEVELOPMENT
AND EXAMPLES

VGSIM APPLICATION DEVELOPMENT
Another advantage of VGSim is the ease with
which VANET applications can be developed.
Due to JiST/SWANS’s flexibility of performing
wireless simulation, embedding wireless simula-
tion in the rest of the application logic is simply
achieved by providing a Java class with an imple-
mentation of the updateApp() method (Fig. 4).
Therefore, it is possible to have multiple applica-
tions executing in the vehicles simultaneously. In
fact, in the current VGSim, multiple applications
can be turned on at the same time. Some appli-
cations provide basic services such as position
beaconing. Other more complex applications can
make use of the service provided by other appli-

cations such as location-aware ad hoc routing.

APPLICATION EXAMPLE: ACCIDENT ALERT AND
OPTIMAL VARIABLE SPEED LIMIT

To demonstrate the capability of our simulator,
we built two VANET traffic control applications:
Accident Alert (Acc Alert) and VSL on top of
VGSim. The Accident Alert application utilizes
the vehicle’s onboard wireless communications
to send alerts to upstream vehicles of the pres-
ence of an obstruction in the road ahead. This
will allow them to change out of impacted lanes
earlier and also prevent them from changing
into those lanes. For VSL, vehicles acquire posi-
tion and velocity information of other vehicles
through wireless communication and then coop-
eratively compute the appropriate speed limit
for different sections of the road. Both applica-
tions are intended to smooth vehicular traffic on
highways. Figure 6 shows the average speed vari-
ance with and without the VGSim supporting
Acc Alert and VSL application, with one acci-
dent simulated on the road. We can see a signifi-
cant decrease in variance with the use of VSL
and Acc Alert. Both Acc Alert and VSL applica-
tions are vehicular driver safety and traffic con-
trol applications. Without VGSim’s support of
closed-loop interaction between the network
simulation and the microscopic vehicle traffic
simulation, it is hard to evaluate the effective-
ness of both applications.

CONCLUSION
Simulation is one of the most commonly used
tools in VANET studies. In this article we first
discuss the classification of simulation tools for
VANET applications and the architectural
requirements for accurate simulations. After
presenting a review of simulation tools used in
VANET research, we present VGSim, which can
fulfill most requirements of accurate simulation.
It implements closed-loop integration of realistic
vehicular traffic and a wireless communication
simulation module. It is highly flexible and can
easily adopt different mobility models. The
application development process is easy and suit-
able for building multiple distributed VANET
applications that can execute concurrently. Addi-
tionally, since it executes as a standalone Java
application using the efficient JiST/SWANS
package, it is more resource efficient than
approaches that integrate existing network and
traffic simulators. We validate the accuracy of
the mobility model of our simulator. Finally, we
present results of Accident Alert and VSL as
proof-of-concept applications simulated using
VGSim.
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