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Abstract- Vehicular Ad hoc Network (VANET), a subclass of
mobile Ad Hoc networks (MANETs), is a promising approach for
future intelligent transportation system (ITS). These networks
have no fixed infrastructure and instead rely on the vehicles
themselves to provide netw ork functionality. However, due to
mobility constraints, driver behavior, and high mobility, VANETs
exhibit characteristics that are dramatically different from many
generic MANETs. This article provides a comprehensivxe study of
challenges in these networks, wihich we concentrate on the
problems and proposed solutions. Then we outline current state of
the research and future perspectives. With this article, readers
can have a more thorough understanding of xvehicle ad hoc
networking and the research trends in this area.

I. INTRODUCTION

The integration of comnnlnication technology in state-of the-
art vehicles has begun years ago: Car phones and Intnet
access based on cellular technologies as well as Blnetooth
adapters for the integration of mobile devices are popnlar
examples. However, the direct cominunication between
vehicles nsing an Ad Hoc network, referd to as itter-vehicle
conmnmucation (IVC) or vehicle ad hoc networks (VANETs),
is a relatively new approach. Compared to a cellnlar system,
IVC has three key advantages: lower latency due to direct
comuinication,i broader coverage and having no service fee.

Recently, the promises of wireless comminncations to
support vehicnlar safety applications have led to several
research projects around world: the Vehicle Safety
Communications Consortium [1] developiig the DSRC
techiology [2] (USA), the Interet ITS Consortium [3] (Japan),
the PReVENT project [4] (Europe) or the 'Network on
Wheels' project (Genrmany) [5] are soine samples
To cater to the emerging wireless comnnumcation needs with

regard to vehicles, in July 2003 ASTM and IEEE adopted the
Dedicated Short Range ConiMnnication (DSRC) standard
(ASTM E 2213-03) [61. The aim of this standard is to provide
wireless conunnnications capabilities for transportation
applications within a 1000 m range at typical highway speeds.
It provides seven 10 MIz clannels at the 5.9 GHz licensed
band for ITS applications, with different channels designated
for different applications, including one specifically reserved
for vehicle-to-vehicle conmunnications.

Thie specific properties of VANETs allow the development
of attractive new services. Some cnrrently discussed examples
in the two most relevant areas safety and comfort are as
follows [7]3.

1) Comfort Applications: This type of application improves
passenger comfort and traffic efficielcy and/or optimizes the
route to a destination. Examples for this category are: traffic-
information system, weather information, gas station or
restanrant location and pnce informtfion, and interative
communmication snch as Intetet access or music download.

2) Safety Applications: Applications of this category
increase the safety of passengers by exchanging safety relevant
information via IVC. The i'nfortion is either presented to the
driver or used to activate an actuator of an active safty system.
Example applications of this class are: emergency warning
system, lane-changiing assistant, intersection coordination,
traffic sign/signal violation waning, and road-condition
warnig. Applications of this class usually demand direct
vehicle-to-vehicle comninication due to the stringent delay
reqLirements.
Althongh tinch effort is weded until these applications

come to realty, dissemination of vanous messages is the most
i:mportant challenge. In this paper we focns on networking
problems which should be addressed for message exchanging
between vehicles in VANETs.

Since VANETs are new topic of interest in scientific and
indnstry community, we strongly believe a comprehensive
survey study about the topic is needed. In the previous work
[8] the atithors had a review of works in vanous protocol stack
layers. However we will concentrate on the mechanisms
instead of protocol stack layers, and then describe each
mechanism which can be implemented in different layers.

In this work we first classify the challenges as shown in
fig. 1, and then describe networking strategies whch shonld be
considered.
The rest of this paper is organized as follows: We clarify

distinctive networking properties of VANETs in section 3. In
section 4 the literature abont safety applications has been
reviewed and in section 5 we will bn'ng to debate previous
works about comfort applications. In the section 6 we briefly
introdnce efforts going on for simulation of VANETs and
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mobility modeling. Finally in sections 7, 8 We conclude our
survey and outline some open problems for future woorks.

L
Figure1. Networking challenges in VANETs

II. NETWORKING PROPERTIES OF VANETs

VANETs are an instantiation of a nmobile Ad Hoc networks
(MANETs). MANETs have no fixed infrastrcture and instead
rely on ordinary nodes to perform routing of messages and
network management functions. However, Whicle Ad Hoc
networks behave in fundamnentally different ways than the
models that predormiated MANET research. Dnrver behavior,
constrMints on mobility, and high speeds create unique
Characten'stics in IVC networks. These characteristics have
importanit implications for design decisions in these networks.
The major differences are as follows.

a) Rapid changes in the VANETs topology are difficullt to
manage. Due to high relative speed between cars network's
topology changes very fast. In [9], [101 authors tnred to find the
approximation of link's lifetime and [11] tried to find trajectory
dturation for a typical highway scenano through simulation.
Although their results could be useful, they are valuable just
for considered scenanros.

b) The IVC network is subtject to frequent fragmentation,
even at a high rate of IVC deployment. Although the
connectivity characteristic of MANETs has been studied
broadly, there is few research which tries to tackle this
problem. It is mostly because VANET's connectivity depends
on the scenario. In [12][13] authors tries to captures some
relationlships between the model of velhicular mobility and
connectivity of the networks, but since the results are from
simulation they are specific-purpose. Of course being
connective for VANETs is not important for emergency safety
messages since while the nietwork is not connected there is no
problem in safety point of view.

c) The IVC ntwtork has small efctive network diameter.
Rapid changes in lii's connectivity cause many pas to
disconnect before they can be utilized. In [14] authors studied
the effective network diameter in a typical VANETs. This
characteristic is important for mostly comfott application as
they need to establish unicast and multicast routes (e.g., to the
internet gateway).

d) No significant power constraints, unlike sensor and other
types of mobile netwoiks where limited battery life is a major
conicem.

'i Potentially large-scale: In a city ceinter or highways at the
entrance of big cities the network could be quite large scale.

Variable Network density: the ntwork's densit depends
on vehicular density which is highiy variable. In traffic jam
situations the network can be categonzed in very dense
networks xx hilst in suburban traffics it could be a sparse
ntwork.

g) The topology of the network could be afected by driver's
behavior due to his/her reaction to the messages. In other
words the content of messages can change net-work's topology.

III. SAFETY APPLICATIONS

Examples of veihicle-to-vehlicle safety comiunication may
include collision waning, road obstacle warning, cooperative
driving, intersection collision warning, and lane change
assistance [15].

There are two types of safety messages circulak in the
control channel (e.g., of DSRC) and can be classified
depending on how they are generated: event driven and
periodic. The first ones are the result of the detection of an
unsafe situation, (eg., a car crash, the proximity of vehicles at
high speed, etc). Periodic inessages instead can be seen as
preventive messages in terms of safety, and their information
can also be used by otlher (non-safety) applications (e.g., traffic
nmonitoning) or protocols (e.g., routing). Periodic message
exchange (also called beaconing) is needed to mnake vehicles
aware of their environment. Thus, they will be able to avoid
emergency or unsafe situations even before they appear.
Therefore beacon messages essentially contain the stat of the
sending vehicle, i.e., position, direction, speed, etc., and also
aggregated data regarding the state of their neighbors.

It is reasonable to assume that these periodic messages will
be sent in a broadcast fashion since the messages' content can
be beneficial for all vehicles around. In the following we come
to debate the previous related works attempting to providing
safety applications.
MAC Layer Issues.: As mentioned before, event driven

messages should have higher priority than periodic and
comfort messages. Thus some mechamnsms for service
differentiation and admission control are needed. In the other
words, we could define thee levels of priority. event drien
safety messages, beacomni sakty messages and comfort
messages, in decreasing order.
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These mecan'isms are highly depended on MAC layer policy.
Therefore in the first step the research and industry comnumnuity
should standardized a standard for MAC layer in VANETs.
There are some promising MAC techniques for future
VANETs [16]. Currently IEEE 802.1 la is chosen by ASTM
(American Society for Testing and Materials) to be basis for its
standard of DSRC [2] and IEEE P 1609 Working Group is
proposing DSRC as IEEE 802.11p standard [15]. However
MAC layers based on UTRA TDD [17] , promoted by
CarTALK cani be another alternative. Also still some efforts
are ruinng on Time Division Multiple Access (TDMA) [181.
Messag Dissemination: Due to specific charactenrstics of

saety messages, broadcasting could be the only possible way
for message exchange. So it could be possible to get complete
coverage to all relevant vehicles.
Message forwarding can help warning message reach

vehicles beyond the radio transmission aWge. In [15], the
authors propose a multi-hop broadcast protocol based on
slotreservationMAC. Considen'g the scenario that not all
vehicles will be equipped with wireless transceivers,
emergeny message forwarding in sparsely conncted ad 1oc
network consisting of highly mWbile vehicles is studied in [19].
Motion properties of vehicles are exploited in [201 to help with
message relay. Two protocols to reduce the amount of
fotwarding messages were proposed in [211.

In [22] authors presented several cottext-aware packet
forwarding protocols for intra-platoon scenarios. Also in [23]
some other algonritms haxe been proposed which can help
vehlicles to limit the efcts of broadcast stonn problem.

Clustering: Clustering neighbor vehicles into manageable
umiits, is crucial to achlieve efficient an reliable sakty
conununications. Without boundanres among vehicles.
e Too man vehicles can interfere with ech other in

contetiion fbr radio bandwidth for transmissions.
* All messages may propagate everywhere, flooding the

system with messages.
Although maW clustering algorithms are proposed in the

literature [24], i a vehicle network where nodes may be
densely populated and lined on roadways, the conventional
clustenug strategies may not be effective to form efficient
groups and organize vehicles in clusters. More efficient
orgaizing methods need to be derived with consideration of
the vehicular environmnent. In [25] authors proposed a novel
grouping (clustering) niethod for vehicle ad hoc networks
called Local Peer Groups (LPGs). Two alternatives for the
proposed grouping are. static and dynamic LPGs. Also
application level clustering has been discussed in [26] which
considers die problem of groW managing in application layer

Powver assignment:
Independently of the type of MAC, mobile nodes exchange

information with their neighbors and form a network topology.
The topology varies with time as users move, radio channel
characteristics vary and users may join or leave die netwoik.
Ofred traffic, that is, the density of active users per unit area,
greatly affects topology. It is well known that when user

density is low, a high percentage of nodes may be isolated or
form isolated clusters. It is possible to cope with this problem
by increasing transnnssion power, in order to let nodes
communmicate even if the network is lightly populated. On the
other hand, if the user density is too high, nodes compete for
radio transmission resources and the average amount of radio
capacity per user may be excessively small. This problem can
be approached by reducing traisnsission power so that, in a
given area, fewer nodes compete for the radio channel.
The key system parameter involved in this problem is

transmission power. If nodes transmit at fixed power. they will
find few neighbors if traffic is low or an excessive number of
nighbors if offered traffic is high. By adusting transnnssion
power adaptively, that is, by iicreasing power when the
number of neighbors is small and by decreasing power when
the number of neighbors is large, a node jointly copes with the
isolation problem at low load and with the litmited syst;em
capacity at high load.
Although Chanel capacity and power control are broadly

studied concepts in ad hoc networks and large number of
studies tried to optimze the channel troughput or capacity
adjusting the transmission power.
Up to now, The particularity of having safety as main goal

brings to VANETs new constraints not considered before.
Most of the stLdies address unicast cevironments and try to
improve the spatial reuse minimizing the interference or energy
consumption. These studies find the path to the destination that
minimizes energy consumption and/or maximizes the overall
dnoughput. In the category of 'energy concerned protocols'
would fit most of the topology control proposals such as [27]
that propose adaptive algorithms that make use of only local
information to adjjust dieir power. Although we can find related
issues and methodologies in all these works we have to
remember that energy efficiency is not an issue in VANETs
where nodes have unflimited power supply. In addition, another
common goal of diese approaches is to keep the network
conuected for umiicast flows, which is a totally different
approach than the one in VANETs.

the most related piece of work to our special case is as
folloxs: Li et al. in two steps [28] and [29] propose, first, an
analytical model able to find a transmission power that
maximizes 1-hop broadcast coverage and, second, an adaptive
algorithm that converges to the beforehand fixed transmission
power. Although they focus on a pure broadcast environment
their assumptions make their approach infeasible for VANETs:
a) all nodes are static and b) all nodes use the same
transmission power.

In [30] authors proposed a power assignment algorithn
called FPAV the goal is to mke sure that nodes close to the
sender will receive its messages with high probability while
ensuring fairess in the overall system.

Authors in [31] discus an important characteristic of
VANETs: dependency of network density on the
chaeatenrstics of vehicle traffic flow. Thus they found a
method for estimating density of vehicles widiout any message
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exchanging by using traffic flow theory. By using this
estimation each vehicle can set its transmission range for better
network performance.

In other work G. Caizzone at el., proposed a power control
algon'thm which is based only on local information and no
exchange of power-related signling among nodes is required
[32]. This target is obtained by controlling transmission
power, so that the number of neighbors of each node is alwxay s
within a minimllum and maximum threslold.

IV. COMFORT APPLICATIONS

Generally, four services that have inumediate application for
comfort issues are uicast, multicast, anycast and scan.
To illustrate an application using these services, consider a

vehicle (or a traffic signal controller) wisling to obtain
iformation concerning some remote region. The
vehicle/controller needing the information first queries its own
proximity (nmulticast) to determine if a near-by vehicle happens
to have this information. An vehicle haVing such information
can respond (unicast with approximatej?recise location). If no
one replies within a certain ainount of time, the
velhicle/controller sends a uery to any vehicle in the remote
region (anvyast). Receivers in the remote region with this
information can respond. The response can be disseminated as
unicast with approxinateprecise location, or multicast if
caching is desired.

Another application is mobile Internet access. Fixed
location Interet gateways may be placed along roads. A
vehicle wish:ing to access the Inteniet first propagates a query
through a region for gateways (6can). Gatways receiving the
query can respond to the requiesting vehicle (unicast with
approximate location). The reqLesting vehicle picks one
responder and begins to interact with it. The conmunication
from the vehicle to the gatway is unicast with exact location
while the reverse direction is unicast with approximnate
location.
Because of distinctive networking claracteristics of

VANETs as described before in this paper, data dissemination,
especially, comfort inessages comes on the shadow of a class
of routing strategies which discuss the problem in sparse
nietworks. In the following we brictly introduce these
algorithms and investigate their applicability to VANETs.
Data delivery in ad-hoc network heavily relies on the routing
protocol, which has been extensively studied for many years.
However, inost protocols assume that intermediate nodes can
be found to setup an end-to-end connection; othervise, the
packet will be dropped. Since the network diameter in
VANETs is relatively small, there should be other strategies
for data delivery in vehicle networks and tmditional algonrthms
are not applicable. To deal with disconnections in sparse ad
hoc networks, researchers [33] adopt the idea of carry and
forward, where nodes carry the packet when routes do not
exist, and forward the packet to the new receiver that moves
into its vicim. There exist three important categones of data

delivery protocols which can be used in companion with cam
and forward mechanism in VANETs: Geographical
forwarding, Trajectory based forwarding, Opportum'stic
forwarding, which have been discussed bnrefly in following. In
addition recently some algorithms have been presented which
use the comnbination of two or three of the mentioned
mechanisms[34] [35]

Geographic Forwarding Geographic routing uses nodes'
locations as their addresses, and forwards packets (xvhen
possible) in a greedy manner towards the destination. The most
Widely klown proposal is GFG/GPSR [36]. One of the key
challenges in geographic routing is how to deal with dead-
ends, where greedy routing fails because a node has no
neighbor closer to the destination; a variety of methods (such
as perimeter routilng in GPSR/GFG) have been proposed for
this. More recently, GOAFR+[37] proposes a method for
routing around voids that is both asymptotically worst case
optimal as well as average case efficient. GeograpWic routing is
scalable, as nodes ony keep state for their neighbors, and
supports a frilly general any-to-any communication pattern
without explicit route establishment. This forwarding strategy
can be used in vehicular ad hoc networks for both unicasting
and multicasting [38].

Traqjectr7 Forwarding: This mechanism [39] directs
messages along predefined trajectones. It was presented to
work well in a dense network. Despite their sparseness, V2V
networks should be a natural application of trajectory based
forwarding because messages are moving along the road graph.
Trajectory forwarding can help limit data propagation along
specific paths and thus reduce message oxerhlead.
A forwarding tmjectory is specified as a path extending from

the source to the destination region. The road ntwork can be
abstracted as a directed graph with nodes representing
intersections and edges representing road segments.
Geographical forwarding attempts to move the message
geographiccally closer to die destintion. For an ad-hoc network
deployed in a two-dimensional area, geographical distance is
often defined as Cartesian distance [40].Howexver, in V2V
networks, geographical distance has to be defined as graph
distance [41].

Opportunistic forwarding: This mechanism as suggested in
[42]. targets networks where ani end-to-end path cannot be
assumed to exist. Messages are stored and forwarded as
opportumties present themselves. When a message is
forwarded to another node, a copy may remain with the
onginal and be forwarded agaln later to improve reliabiit.
Some simple linplementations, eg., two nodes exchange data
whenever they can conmumcate [43], work well if the data
needs to be propagated to everybody. But they are inefficient if
a message is to be delivered to some specific receivers, e.g.,
those in a certain region. In this case, it is more efficient to
forward messages in a way that they migrate closer to the
eventual destination, and not to others. In VANETs, since
vehicles are moving in roads, it is possible their opportunistic
neet for exchanging information. In [44] authors describe an
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analytical description of message dissemination which is based
on opportunistic forwarding.

In [34] authors proposed a data dissemination technique
called vehicle-assisted data delivery (VADD) which is based
on the idea of cary and forward This method makes use of the
predicable mobility, which is limited by the traffic pattern and
road layout. Another sample in this category is MDDV [35]. It
exploit vehicle mobility for data dissemination, and combines
the idea of opportunistic forwarding, trajectory based
forwarding and geographical forward1in.

V. MOBILITY MODELING AND SIMULLATION

For Classical MANETs studies, researchers often adopt a
common set of simulation parameters, such as:

* The nwumber of nodes is small (i.e., <10m).
* Nodes move in an open field.
* Nodes move according to a random waypoint model or the

Manhattan mobility mode with aibitrary pause times and often
with arbitrarily uniform speed distributions between 0 and
20ns.

* Nodes transmit signals that propagate withoLt error to other
nodes witliin a radius of 250m.
Such parameter settings are cleatly inadequate for nany

MANETs, and particularly for VANETs. For example, in [45],
the authors have shown that the relationslhip between distance
and signal reception between two nodes is, at best, weakly
corelated over large distances. Further, besides settings such
as conwentions in large confeirence halls, it is difficult to
imagine many scenaros where nodes will move in an open
field and/or in a way that can be accurately modeled by
random waypoints. Specifically in VANETs, the number of
nodes is generally large, the inobility of these nodes is
constrained by roads and their velocities muLst be adjusted
according to traffic control inechanisms (e g. stop signs and
traffic lights), speed limits and the level of congestion in the
vehicular netwvork.
The ad-hoc research community is increasingly aware of the

limitations resulting from some of these simplifying
assumptions [45]. In the context of VANETs, various research
groups are designing experiments that better model real
vehicular traffic scenarios. For example [46] uses CORSIM, a
proprietary vehicular traffic simulator, to provide mobility
traces for the simulation. Also in [ 47] a new mobility model
call STRAW which incorporates a simple car-following model
with traffic control to introduce vehicular congestion, which
models real traffic conditions.

There is another trend toward coupling betveen network
simulators (e.g., NS, GloMoSim) with Vehicle traffic
simulators (e.g., CORSIM, VISSIM). So co-simulation of
ietwork traffic and vehicle traffic can be conducted [48].
Another advantage of this approach is that the effects of dnver
behavior can be simulated [49].

This paper presents a state of the art survey in networking
challenges in vehicular ad hoc network which is a promising
technology for intelligent transportation system (ITS).

Although many problems are not yet solved, the general
feeling is that vehicles could benefit from spontaneous wireless
commuications in a near fuLtre, making VANETs (Vehicular
Ad-Hoc Networks) a reality. In this way we classified the
problems into several aspects and surveyed each issue bnrefly.

In the following we smnmarize the paper and present some
proposals for the fututr works.

1. For being practical. it is needed that research and
industry commumty come to agreemnent about a
MAC technology. The trend is toward an eXtension
Of IEEE 802. 11 called DSRC

2. Because of the emergeicy of safety messages and
their strict QOS requirement, there is a severe need
to optimum methodologies for service
difereitiation and admission control.

3. Due to limited bandwidth of channel, there is a
need for some techniques for controlling the
amount of data sent to the netWork. This problem
addressed in [15] as congestion conitrol.

4. Efficient broadcasting for safety messages for
getting full coverage and low latency should be
addressed increasingly.

5. There are some cotfort applications which will
have very good business market (e.g., in-vehlicle
internet access). For providing these applications
many problems related to routing in partitioned ad
hoc networks should be solved.

6. General charactenrstics of VANETs (i.e.,
connectivity, coverge) are deeply related to the
traffic flow, which is varable both in time and
spac. It is strong belief that these charactenrstics
should be captured in a way to design reliable and
high performance protocols and application. There
are some works in this area [ 31] [50 ] but mtch
effort is needed.

7. Since the mobility ofVANETs can not be captured
by general mobility models of MANETs, special
mobility models by mAing use of traffic flow
theory shoulld be proposed. So the simulation
results could be trustable.

8. Since expernmental evaluation of VANETs is
expensive, simulation technique should be
improved. There are some works attempting to
conduct co-simulation. In this case two or three
simulators, simulate network anid traffic
charactenrstics and driver behavior.

VI. CONCLUSIONS AND FUTURE PERSPECTIVES
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