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ABSTRACT

This paper presents a novel approach to increase the safepadftravel using the concept
of wireless sensor networks for intelligent transportatsystems (ITS). Safety of road travel
can be increased if vehicles can be made to form groups fouahitteraction with each
other. With the number of sensors available on vehiclesasing, a need has arisen to make
collaborative use of the information collected by indivadiwehicles to form an enhanced
data set to improve the inter-vehicle safety features. Weudis how a group of vehicles can
form a mobile ad hoc sensor network and exchange data sepdbd bn-board sensors. The
fusion of these data could give a better understanding oktimunding traffic conditions.
An inter-vehicle communication (IVC) protocol which deeglthe manner of data exchange
among vehicles based on the data contained in the messagtbziesd for communication
among vehicles. These messages are divided into two mais,typenely, periodic and alert
messages. Periodic messages can be generated by a sendardpdis® system on the vehicle
and are transmitted at regular intervals to inform otheticleh. Alert messages are generated
by the vehicle in an emergency situation, like, after arbaig-deployment. This differentiation
is needed since periodic and alert messages are used toyatiffeeent types of data under
different situations. This work also discusses exchangéeof messages between vehicles and
fixed roadside gateways. This type of vehicle to vehicle andcleimfrastructure integration
(V1) raises the safety of road travel. Results of simulasian network simulator r(s-2,
MATLAB and hardware experiments with mobile sensor nodes@ibe effectiveness of the
proposed IVC protocol for providing safety-related seegi¢o vehicles.

. INTRODUCTION

Vehicle crashes in the U.S.A. account for more than a staggetD,000 deaths, 3,000,000 injuries,
and $150 billion in financial losses annually [36]. Traveliggfety is always the most important issue in
transportation systems. In general, there are severar&titat cause road accidents, such as, human errors,
mechanical failures of the vehicle, inclement weather @@r, and roadway limitations (e.g. pavement,
lane geometry, etc.). Accident analysis results indicad misjudgment made by the driver was the leading
cause of accidents in the U.S.A [36]. Many accidents are chwden drivers lack a better understanding
of the surrounding traffic conditions. This is because traddlly while driving, the driver not only needs
to control his vehicle but also needs to pay attention to tbgements of the vehicles around him. A driver
cannot be fully focused on the road continuously due to manyofs, such as, distractions or fatigue.

According to a survey done by the United States Departmentarisportation [33], major vehicle crash
types in USA are intersection, road departure, and rear ari®96, NHTSA convened a Collision Avoidance



System (CAS) Benefits Working Group that estimated the numberashes that could be avoided in the
United States with full deployment of rear end, road departand lane change and merge collision avoidance
systems. It is concluded that more than 1 million or abgufi; of the total crashes could be avoided if
some safety measures, like an automated collision avoiddagstem or adaptive cruise control system,
are implemented on vehicles. These could be further enhahaetdr-vehicle communication is used for
transmission of alert messages among traffic. For exampledies have shown that more than half of
rear-end vehicle crashes could have been prevented if ther dvas alerted about the impeding dangerous
situation one-half second before the collision [15].

The automobile industries are working hard to enhance thiclesh safety features by taking advantage
of on-board sensor technologies. Drivers will be able tocpase vehicles with certain advanced safety
features such as, collision avoidance, obstacle detedtamye detection [12], reversing sensors, automatic
braking [13], intelligent headlights [1], etc. to assiserth to drive safely. The concept of these driver-aid
systems is that, by using the information collected by thesses on the vehicle, potential unsafe situations
could be detected rapidly and automatically; and thesauceghtdata could alert the driver or help the driver
with appropriate actions.

Safety of road travel can be increased if vehicles can be maderin groups for mutual interaction
with each other. With the number of sensors available onclehiincreasing, a need has arisen to make
collaborative use of the information collected by indivadluehicles to form an enhanced data set to improve
the inter-vehicle safety features. This work discusses hehicles can form mobile ad-hoc networks and
exchange data sensed by the on-board sensors. The fusioasef dlata could give a better understanding
of the surrounding traffic conditions. The feasibility of ugiBluetooth and IEEE 802.11 for data exchange
among vehicles is evaluated. Coverage area and probabflietection for isotropic and non-isotropic
sensors are analyzed to study the sensor network approaelotd potential dangerous situations in
traffic. Vehicle infrastructure integration (VII) is studieas a basis for data exchange among roadside
gateways and vehicles on the road. Hardware experiments pegformed to test the effectiveness of VIl for
communicating alert messages among vehicles. As the dioul@sults show, inter-vehicle communication
(IVC) and sensor networks can be used collaboratively toemse the safety of road travel.

[l. ANALYSISOF TRAFFIC SCENARIOS FOR A SENSOR NETWORK APPROACH

In the following sub-sections, several typical traffic sqgpsmare discussed which may lead to potential
accidents and then it is shown how the potential accidents bga avoided, if the vehicles involved in
these situations are equipped with sensors and have coroatingi capabilities to exchange data with other
vehicles in the inter-vehicle network.

A. Rural area with single lane traffic

The common intelligent transportation System (ITS) infragtmecmay not exist in rural areas, which may
make the inter-vehicle cooperative safety features ealheenluable. Considering the typical traffic situation
depicted in figure 1, four vehicles A, B, C and D are shown on taalr Initially, assume that the vehicles
are not equipped with any sensors and are not part of any rseaseork. Vehicle A and vehicle C cannot
see each other. If vehicle A tries to overtake vehicles B and Bhay collide with the approaching vehicle
C. These types of accidents can be avoided with the help obseasd intelligent sensor networks. Now,
consider that vehicles A, B and C are equipped with frontigioh avoidance sensors using millimeter-wave
radar or scanning laser [11]. They also have communicatipalghty using an inter-vehicle communication
protocol like Bluetooth or IEEE 802.11 protocols [18], [30] hat they can exchange sensors’ data among
themselves. Vehicle D does not have such a system on it armkhemot part of the network.

Vehicles B and C can sense each other and so can vehicles A.a8d B:hicle A knows that there is
a vehicle approaching i.e. vehicle C and it will not overtalée can see that this scheme works even if
there is a vehicle in between two networked vehicles whichoispart of the network, in this case vehicle
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Fig. 1. Traffic on a bridge or in a rural area

D. The difficulty of forming an ad hoc network for this case li@sdastablishing communication between

vehicles traveling along opposite directions. Resultsaioled in [25] show that Bluetooth devices have low

device discovery time. This is encouraging, since for vesidraveling in opposite directions the time for

interactive communication is less. Also, as stated in [#f time is independent of the type of Bluetooth

device used. This can give consistent performance indepeonfithe manufacturer of the Bluetooth device.

Besides this, exchanging data among vehicles travelingpposite directions can be used for many other
applications. Consider that there has been an accidentodwhith traffic flow has been altered which may

lead to a traffic jam. With vehicles having the ability to commuate with each other, the vehicles that pass
this site can relay data about the accident to other vehaggsoaching the site. These vehicles can then
avoid this route and prevent a possible traffic jam.

B. Freeway: Entry and Exit ramps

Ramps, being the entries and exits of freeway systems, lysaisd places where many high velocity
accidents take place because of the merging traffic and ieariaf the vehicle speed. Consider the case
shown in figure 2. It shows an entry ramp onto a freeway. Vehicknd vehicle C cannot see each other
and this may lead to a collision since vehicle A wants to etiterlane. But if the vehicles can exchange
data among them, then this can be avoided. As soon as vehinass the ramp it becomes part of the ad
hoc network and joins vehicle B and C. So now vehicle C knows tihere is a vehicle entering from the
ramp and it can adjust its speed to let vehicle A merge in betweself and vehicle B.

Fig. 2. Typical situation at an entry ramp



C. Street Corners

The traffic patterns at street corners are unpredictable andften lead to dangerous situations. In figure
3, vehicle A wants to overtake vehicle B. Vehicle A cannot sehkicle C. If vehicle A changes the lane
to overtake vehicle B it may collide with the approachingieehC. This could be avoided if the vehicles
can exchange data. If vehicle B is equipped with vision sengbcan sense vehicle C and send a signal to
vehicle A that vehicle C is approaching. So vehicle A will needake and the collision will be avoided.
The data flow from vehicle C to vehicle A has to pass through Velc This can be achieved by the rapid
formation of scatternets among the existing piconets. Tlilisrequire the application of routing algorithms
which can be used in such multi-hop ad hoc networks to routa a@aong the vehicles.

Fig. 3. Corners like these host many accidents due to driver misjudganennd the blind turn

D. Intersections

Even though the common ITS infrastructure based safety systaynexist at certain intersections, still,
a networked approach for communication among vehicles gearease the level of safety as we discuss
below. Accidents at highway intersections can account foroat thirty percent of all the road accidents
in the USA [33]. In Fig 4, a traffic scenario at a road intersect®rshown. Assume that the signal for
the horizontal lanes has been turned green and conseqieatbignal for the vertical lanes is red. Vehicle
B wants to make a right turn while vehicle A wants to proceeadight from left to right. Neither of the
vehicles can see each other due to vehicle C.

\

o,

\
\
\
1
|
1
1
1
1

1
1
1
!

* Communication /' |

range of Ny /7
1

vehicle B /o

Fig. 4. Vehicles at an intersection
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If the vehicles are able to communicate with each other, thericles A, B, D, E and F could form a
sensor network and could communicate with each other. We sh@hapter 3, section 11I-D how vehicles
A and B can use their sensed data and data from other vehictasid a collision even though vehicle C is
blocking the direct line-of-sight view between them. Basadhe scheme discussed in chapter 3, section lll-
D, each vehicle would know the position and the velocity @& ¢ither vehicle using area coverage techniques
and would take appropriate measures to avoid the accidehtrss the intersection safely. We can see in
figure 4 that the communication range of vehicle B can covethallvehicles at the intersection. The major
challenges in such cases are that, there being many vehidtescommunication range, vehicle B should be
able to obtain only those data which are useful while negigaata from other vehicles. In figure 4, vehicle
G has already turned right, so its information is not usetul\fehicle B and hence should be neglected.
Another challenge maybe that at intersections in urbansard wireless radio signals may experience
some interference due to any buildings surrounding thersatgion. This may affect the communication
among the vehicles. Overall, our scheme proposes a methexctange data among vehicles in real-time
situations while traveling on the road. These data are ofdalny various sensors mounted on the vehicles.
Every vehicle contains the data gathered by different senmoiit. It is proposed that the IEEE 802.11 [18]
or the Bluetooth technology should be the major data exdhgngedia protocol among vehicles. These
data can be fused with data sensed by other vehicles and ittex dan have a better knowledge of the
surroundings.

[Il. AREA COVERAGE FOR INTER-VEHICLE COMMUNICATION AND COORDINATION

The sensing and communication range for a vehicle are diffef@enerally, the sensing range is smaller
than the communication range, and it is generally non-agatt By exchanging sensed data, via the wireless
network, the area of coverage of each vehicle will be enthrgdée area of coverage is a measurement of
the quality of service of a sensor network [14]. Coverage lbarused to find weak/strong points in the
sensor field, which could be used in future deployment scheéméasprove quality of service. The sensor
network coverage is also one of the metrics for energy pvasgrnode scheduling and self-organization of
sensor networks. In this paper, the coverage of a vehicladanraffic is discussed. In the area covered by
the sensors, we use the probability of detection over the tareescribe the performance of the inter-vehicle
sensing.

A. Collision Avoidance Sensors and Their Area Coverage

Sensors are progressively being used on vehicles for theoperrpf obstacle detection and collision
avoidance. Currently, a variety of sensors ranging frompenaiture sensors to visual sensors are available
on board. These sensors collect important data related todhiele [12], the driver [13], the passengers
[8], as well as the vehicle’s surroundings [14].

The millimeter-wave radar [29] can be used for detecting tbadce of obstacles or other vehicles. Figure
5 shows vehicles equipped with a millimeter-wave radareiiag on the road. The millimeter-wave radar is
based on the FM-CW (Frequency Modulated-Continuous Wavedr reygstem, and can detect targets even
during stormy conditions. It can simultaneously measur lloe target’s distance and its relative velocity.
It can, hence, be used in driving conditions with poor vigygisuch as driving in a fog. In addition, a visual
sensor or a camera can also be mounted on board for claseffiadtsensed objects. It has been approved
that cameras mounted on vehicles [27] could assist therdiivdrive the vehicle more safely. If more than
one type of sensors is used in a vehicle, it is necessary asailgh® to combine or fuse the data sensed by
each sensor to facilitate processing and communicatiomgmaehicles [28].

The millimeter wave radar or the scanning laser sensors hage bsed on vehicles for the purpose of
collision avoidance, obstacle detection, adaptive cra@merol applications, etc. [11], [29]. They are non-
isotropic sensors whose sensor detection model can beilsEsasp(d) = I, where K is the energy

emitted, k is the decay coefficient, and d is the distance between thesansl the object. The sensing
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Sensing range

Fig. 5. Vehicles with MMW radar on the road

power of such sensors can be expressed as a normally disttifunction as shown in equation 1. The
sensing model follows a Gaussian distribution with megaand variances.

1 —(d—w)?

et (1)

p(d| p,0°%) =
2mo

B. Sensor Network Model for Inter-Vehicle Communication

A vehicle may be equipped with different sensors. A senseethaontrol system (SBCS) can be put on
vehicles to monitor the vehicle at regular periods and imféine driver about any possible malfunction. The
detection models are different for different sensors. B@ngple, the pedestrian detection sensor uses the
energy emitted by the object. The signal from the target deeaya polynomial of the distance. The sensor
intensity of a network of sensors can be defined based on teetaet model [19]. Vehicles can also be
equipped with ranging sensors such as millimeter-waverrddiee sensing area of the millimeter wave radar
resembles a sector of a circle. Each vehicle equipped with awgensor can detect objects or other vehicles
in this area. However, radar has a certain field of view, frgin® to 270° and is generally non-isotropic.
The sensing range of a sensor is the area in which it can seasgath. The communication range of a
sensor defines the area in which it can interact with othercdewivhich are often sensors.

The SBCS should be able to generate messages based on thendliffnicular sensor readings. It should
also be able to recognize potential dangerous situatiitesah air bag deployment, and generate and transmit
the appropriate alert messages. The SBCS should be able sxttyplinterpret received messages in real
time. It should generate different messages dependingedhditions of the vehicle and the surrounding
traffic. Hence, the IVC protocol, like the one discussed inptba5, should be designed to differentiate
between the various types of messages generated or redsiviie vehicle. The manner of exchange of
these messages should also be different for each type ofagess

Figure 6(a) shows the sensing model plot for an isotropic mewhile figure 6(b) shows the same for
a non-isotropic sensor. An isotropic sensor can sense tlag@oand itself i.e. it has a comple60? of
sensing ability. Whereas, non-isotropic sensors, likentlilémeter wave radar or scanning laser, can sense
data around it in a direction ranging fron30° to 270°. Figures 6(c) and 6(d) show the sensing model plots
for three isotropic and three non-isotropic sensors rds@ie We can see considerable overlap among the
sensing models of the three sensors.

When the sensing ranges of vehicles overlap, as is seen ib¢€jgand 6(d), the sensing strength in the
overall area around the vehicles also increases. This inihomeases the probability of detection of any
other sensors or obstacles or other vehicles without sengbich may enter that area. Hence, this leads
to the overall increase of sensing ability of the sensorshat area. This can be effectively used for the
collaborative exchange of data among the vehicles.

p=1—(1-p1)(1 —p2)(1—ps) 2)

The probability of detection at the overlap area is defined laggn 2; where p is the total probability
of detection andp;, po and p3 are the probabilities of detection of individual sensotsmkans that the
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Fig. 6. Sensing models for isometric and non-isometric sensors

vehicles can effectively use data from other vehicles ta gaiwider perspective of their surroundings.
In the above detection fusion scheme, the distance betweersénsors/vehicles is very important. For
this purpose, sensor localization can be used. SensorZatiah is a mechanism for discovering spatial
relationships among sensor nodes. To localize itself, @@enode first calculates its distance from its
immediate neighbors which is called ranging and then inesis its location using the ranging data and
beacon node data. Ranging, finding the distance between tworseodes, can be done using the millimeter-
wave radar which measures the distance between the nodwgstheisignal strength of the received signal.

C. Dynamic Cluster Formation for Inter-Vehicle Networks

Theoretically, the relevance of the data exchanged in wehrele networks depends on the time the data
exchange took place and also the position of the vehiclekeatitne of data exchange. This characteristic
property can be referred to as spatiotemporal dependendgtaf[19].
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(a) Vehicle A and its immediate neighbors in a cluster (b) Vehicle A has moved ahead in its lane and so has the
cluster associated with it

Fig. 7. Scenarios depicting formation of a dynamic inter-vehicle network

Normally, vehicles will keep on changing their positionsiltiraveling along the road. A vehicle needs
to periodically exchange data with its neighbors so thay e aware of any changes to the surrounding
vehicles. Such dynamic change is a major characteristic tef-irehicle networks. The establishment of
inter-vehicle network is illustrated in two diagrams of figuf(a) and figure 7 (b). Figure 7(a) shows vehicle
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A and its immediate neighbors with one hop that are depicseshaded vehicles. It can be seen that vehicle
A and its immediate neighbors form a cluster with vehicle Atts center. Vehicles could periodically
exchange data with other vehicles in the same cluster. Ibssiple that the transmission range of vehicle A
covers more vehicles than its immediate neighbors, for @kanthe non-shaded vehicles. If those vehicles
receive packets from vehicle A then the packets are coresidas redundant because those vehicles are not
the immediate neighbor of vehicle A. In figure 7(b), vehicle &stmoved ahead in its lane to position A,
possibly, after overtaking its preceding vehicle. The immatxneighbors of vehicle A have also changed.
Consequently, the cluster associated with vehicle A hasigdd and can be said to have moved forward
along with vehicle A.

The sensors need to be aware of their neighboring sensor todiexide about which data are relevant
to them and which is to be discarded. For this purpose theyl neenake use of a global positioning
model based on the other sensors in the network. Voronoiraliagand Delaunay triangulation are used
to establish relationship among neighboring sensor no@ed9], [31], [32]. Figure 8 shows a Delaunay
triangulation for a group of vehicles traveling in the netlwoA Voronoi diagram is the dual graph of a
Delaunay Triangulation. Each point in the Voronoi cell ardunvehicle is closer to that vehicle than any
other vehicles in the group. The Voronoi diagram thus givesmusdea of the coverage of each sensor in
the network. Each point in the Voronoi cell around a vehiclel@ser to that vehicle than any other vehicles
in the group. The Voronoi diagram thus gives us an idea of therage of each sensor in the network.
There is a link between any two immediate neighboring vehiatethe network having sensors. This link
represents the flow of data between two vehicles.
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Fig. 8. Delaunay tessellation for a group of vehicles traveling on the road.

These sensor nodes can be considered as vehicles; Vi, Vs, ..., V,, equipped with scanning laser
sensors. Each vehicle can sense a certain regiohe sub region for a vehicl®; is defined asRk; =
(xeQ||z—pi| <|z—p;]) 7=1,2,.,n;j#i. The vehicle)V;, is called the generator of the diagrary.
is the region of the convex polygon which the vehicle covBistributed algorithms can be used to define
this Voronoi region for a group of vehicles traveling in thetwork [32].

D. Example Traffic Scenario — Intersection

In this section, we apply our coverage based sensor netwargifles to the intersection scenario which
was shown in figure 4 in chapter 1. The sensor area coveragegloehicle B at the intersection is as
shown in figure 9 (a). As compared to the area coverage plot Simgle sensor we can see that more area
is covered when more sensors are used. This is because ofgtiiicant overlap in the coverage areas.
But, not all the data that can be obtained at the interseetierrelevant to vehicle B. Hence, for this plot,
we have considered the sensed data only from vehicles A, CEaaldng with the data of vehicle B.

Figure 9(c) shows the plot for the probability of detectiom feehicle B. For this plot too, we have
considered the data from vehicles A, D and E along with the @dtvehicle B. As is seen in 9(c), the
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vehicle B turns right

Fig. 9. Coverage area map and probability of detection at an intersection

probability of detection becomes more uniform than whemalsisensor is used as in Fig 6(b). This means
that the probability of detection of data (i.e. in this casether vehicle) increases due to the overlap in the
sensor signals of the four vehicles.

To detect the changes in these plots we consider that veBittiens right while the other vehicles remain
at their original positions. Figure 9 (b) depicts the areaecage map for this case after vehicle B has turned
right. Figure 9(d) shows the probability of detection plateafvehicle B has turned right. We can see that
the peak probability areas shift towards the right. This isalbse the sensed data of vehicle B now gets
added with the data of vehicle D.

Based on our scheme, each of these vehicles can exchangeatsaverage map with the other vehicles
at the intersection that are part of the network. Using theaes vehicles A and B can predict that their
paths will cross each other and can take appropriate acticewoid any collision. Thus, vehicle sensor
systems can be programmed to recognize changes in coveregeurad probability of detection plots and
can use this sensed data to decide whether the path of thelevehsafe.
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V. IVC COMMUNICATION PROTOCOLS
A. Messages Analysis

Technically, the IVC communication protocol should pravalbasis for data exchange among the vehicles.
The inter-vehicle networks do have certain unique chariatites, such as, the anonymity of highly mobile
hosts, highly changing speeds, which distinguish them faiher mobile ad-hoc networks [3]. Due to
this highly dynamic nature, sometimes it is difficult to edistbrelationships among vehicles based on their
relative positions. It also makes the network routing peotdlifficult. Therefore, the common communication
protocol, which usually based on the exchange of requestepiyg packets among the hosts, is unsuitable.

1) Need for Periodic MessagesAs mentioned above, vehicles that are equipped with an SB@S ca
generate messages at regular periods about the vehicfelanation, such as, position, velocity, turn
indication, etc. These messages are called periodic oraegutssages. In figure 7, vehicle A is assumed
to broadcast such periodic messages. Other vehicles irgke diop obviously can get the messages. These
vehicles are referred to as immediate neighbors of vehicl®wly these vehicles are needed to be aware
of vehicle As regular data since they are highly relevantisTieasoning is based on the principle that as
long as there are no abrupt or emergency changes to the regulbutes of vehicle A, these changes will
not directly affect the non-shaded vehicles or the nontrtsags of vehicle A. Therefore, the relevance of
periodic messages will decrease if the messages are ttéedrbeyond a single hop. In figure 7, we also
make the assumption that the communication range of veAidan only cover its immediate neighbors. In
the real world, it may extend to vehicles that are furtheryafiam vehicle A. Since the data from vehicle A
received by these non-neighborhood vehicles are not higihdyant to them, these vehicles could just ignore
these messages. As it is later shown from our simulationiteedhis could help to reduce the exponential
rise of the communications packets, which is being used irdftmpprotocols.

Communication range
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Vehicle in an emergency -

Fig. 10. Vehicle in an emergency emitting alert messages

2) Need for Alert Messages$nstead, broadcasting is usually used as the method ohtiittimgy messages.
This kind of data exchange may take place in the form of datkqiadhat are transmitted over a shared
radio channel. For example, the 2.4 GHz industrial, sdienind medical (ISM) band has been used to
perform experimental studies involving IVC [4]. Meanwhitbe IVC protocol, like the one discussed in this
paper, should be designed to be flexible enough to incorpditiezent message types in association with
different application scenarios.

Figure 10 depicts an emergency scenario in which vehicle Ashddenly stopped in its lane, possibly due
to a malfunction, accident or congestion. Vehicle A starzsadcasting alert messages. In such a situation,
it is obvious that all the vehicles, including the non-ndigrs of vehicle A, which are approaching this
emergency site, need to be alerted. This can be achieved ty omilti-hop transmission, in which vehicles
keep forwarding the alert messages received from anothdclee[13]. In this way, even those vehicles
that are not in the transmission range of vehicle A will betalk This may raise another question that a
vehicle may receive the same alert message repeatedlyh wiiiiclead to an exponential increase in the
message count. In order to avoid this problem, we have usedeanmessage count in our communication
protocol to limit the communication redundancy. In addifidthe chances of broadcasting alert messages
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should be significantly less than the chances of broadcaptnigdic messages, but it should have higher
priority level. According to the FCC rules, safety applicat should always have priority, if there ever be
a conflict, safety applications will always be able to havedbdity to interrupt or override other low level
priority applications.

In summary, as a vehicle traveling on the road, there needaat kwo types of data exchanging among
vehicles for safety purpose. One is the regular periodicessage generated by the SBCS to reflect the
dynamic change status of each vehicle. These data are orihamyed among immediate neighbors with
one hop. The other one is the alert message, which is only @tegeduring an emergency situation. This
type of message should be forwarded to the downstream eshid much as possible.

B. IVC Communication Protocol

Figure 1 shows the pseudo-code depicting the proposed viekecle communication protocol. For
periodical messages, the broadcast uses flooding protatalhich every vehicle broadcasts periodic
messages at regular intervals. Flooding was used for conwationn among mobile hosts in [21]. Our
protocol requires that the medium access control (MAC)dayable to support the transmission of different
sizes of messages with different priorities. The IEEE 802.11x#opol [18] provides such functionality
through its enhanced distributed coordinated function (Ep@vhich is highly suitable for the exchange
of alert messages and periodic messages over the same redioet within inter-vehicle networks. The
alert message count can be set to a pre-defined value (say Hoas & the pseudo-code). A high alert
message count indicates that more alert messages will aeldasted. This ensures that more vehicles will
be alerted. This is necessary, especially, for the vehicde®ling in opposite directions with less interaction
time. Meanwhile, this protocol gives preference to thegmission of alert messages over periodic messages.
This protocol also assumes that a vehicle’s own emergenayighe given a preference over the emergency
of other vehicles.

Algorithm 1 IVC Communication Protocol: Pseudo-code of proposed comeatioin protocol
while 1 # 0 do
transmit periodic message
if alert message is generatdten
set alert message count as zero
end if
if alert message court N then
transmit alert message
increment alert message count
end if
if alert message is receivéden
transmit alert message
end if
end while

Table | shows the contents of a typical periodic data pachdtam alert message packet. The size in bits
of the various packet fields has been assumed to be similaataged in [10]. The packet header contains
the cyclic redundancy check (CRC) of the packet data. Itesems a check to ensure that the packet has
been correctly received. The table | also shows the contdrda alert message broadcast by a vehicle and
by a roadside gateway, respectively. The alert type coulchbeded to reflect different emergency situation,
such as, emergency braking, air-bag deployment, and chogestc. Alert messages have a hop count field,
which is incremented each time the packet has been traeshtiit a vehicle. It indicates how many hops
the packet has traveled from the vehicle that generated @efmay be some typical drivers who, in order
to preserve their secrecy, would not want to share theircleliinformation among other vehicles. They
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TABLE |
PACKET FIELDSAND SIZE OF MESSAGES

Periodic message

Data Field Size (bits)
Packet Header (includes CRQ) 8
Vehicle position (GPS) 48
Velocity 12
Bearing 12
Turn Indication 12
Other data 33
Total 125
Alert message generated by vehicles
Data Field Size (bits)
Packet Header (includes CRC) 8
Packet hop count 3
Vehicle position (GPS) 48
Alert data 32
Total 91

Alert message generated by road-side sensors

Data Field Size (bits)
Packet Header (includes CRQ) 8
Alert data 32
Total 40

may turn off the vehicle’s communication radio. Hence, weehproposed the use of scanning laser on all
vehicles so that at least an adaptive cruise control systemfunction and safety is not compromised to a
great extent.

V. SIMULATIONS AND EXPERIMENTS

A. Wireless Network Protocols for IVC

A number of wireless network protocols, such as IEEE 802.1Lef®bth, IEEE 802.16 and IEEE
802.15.4 can be used for communication among vehicles. Tindy shooses BlueTooth and IEEE 802.11 for
simulation since the hardware is available. Bluetooth isen specification for short-range communications
of data and voice between both mobile and stationary de\R@s Bluetooth has a raw bandwidth of 1
Mbps. It also provides three levels of security. A Bluetod#vice can discover other Bluetooth devices in
its communication range by the process of inquiry. Duringuiny, the listening and the sending nodes hop
using the same sequence. A sender can inquire more thansbeeeli and collect data about them, such
as, their clock offsets. In the paging procedure, messagesirdcast by the sender to a specific listener.
On receiving an acknowledgment message, the sender bec¢bmesaster while the listener becomes the
slave. In this way, Bluetooth devices can form piconets amghrounicate among themselves. A piconet
can contain up to seven active slaves and one master. If e&ndestice has more than seven slaves then
some of the slaves have to be parked. Hence, to communicHieawiarked slave a master has to unpark
it first, consequently, parking some other active slave. Twmore piconets can be joined together to form
a scatternet. The Bluetooth standard allows a device to havNgpia roles. It can be master in one piconet
while it can be a slave in one or more other piconets. But, acdesan be active only in one piconet. To
become a member of another piconet, a device has to switdte toapping frequency sequence of the other
piconet. Communication among slave devices has to be peefibthrough the master. Using such piconets
and scatternets, vehicles can communicate their sensaavithtother vehicles in the network and can travel
safely along the road aware of the surrounding traffic movesaen

To achieve the “cooperative” concept of VII, the key issuddsfind a way to establish the wireless
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communication links between vehicle and ITS infrastructuies well as between vehicle-to-vehicle. The
Dedicated Short Range Communication (DRSC) has been idensifiethe potential solution for vehicle
to roadside communication media. And the 5.9 GHz DSRC stdnHas been approved by the Federal
Communications Commission (FCC) for ITS applications [7]r Fstance through DSRC, in VII traffic
safety scenarios, the data from road-side gateways [24]beatransmitted to moving vehicles to alert
them about any emergency situations like road blocks, trgfits, ice-accumulation, etc. IEEE 802.16 is
a potential solution for IVC and VII. IEEE 802.16 supports geimmultipoint architecture in the 10-66
GHz range, transmitting at data rates up to 120Mbps. The 80&w@dium access control (MAC) layer
(define) supports many different physical layer specificatidBEE 802.16 task group is working on adding
portability and mobility to the standard. This group will adds many different mobility issues, including
providing connectivity to moving vehicles within a basetista's sector.

B. Bluetooth Simulations

To evaluate the performance of the Bluetooth protocol weduge Blueware simulator [2]. The
Bluetooth devices that can be simulated using the Bluewanalator are equipped with different modules
which implement many aspects of the Bluetooth protocol. riterivehicle networks, vehicles equipped
with Bluetooth radios need to discover other such vehicteghieir communication range to establish
communication with them. The simulated environment was 2§3%m. The Blueware simulator places the
specified number of Bluetooth nodes in the simulated envissrimandomly. Each node has a communication
range of 10 meters.
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Fig. 11. Evaluation of Bluetooth protocol

Figure 11(a) shows the plot of connection setup delay agamestumber of Bluetooth devices. The
connection setup delay is the time taken for a Bluetootha#et® establish its first communication link
with another Bluetooth device. It indicates the time takend Bluetooth node to discover other Bluetooth
devices in its communication range. As can be observed fromrdig1(a), the connection setup delay is
fairly constant when the number of nodes is increased frorto2®D. This indicates that Bluetooth devices
can be used for communication in inter-vehicle networksrtvige fairly consistent performance even when
the number of vehicles is not constant or is changing; asherent in vehicle traffic networks.

Figure 11(b) shows the plot for the time taken for the formatd a connected scatternet consisting of
all the simulated Bluetooth devices against the number aoe®loth devices. It can be seen that a slight
decrease is observed in the scatternet formation time wighiricrease in the number of nodes. As the
number of nodes increase, there is more overlap in their aomuation ranges since the simulated area is
kept constant.

The results obtained clearly indicate that Bluetooth canffi@ently used for inter-vehicle communication.
But, these results will vary when such a Bluetooth based-wehicle network is actually implemented in
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the real world. Vehicle mobility will play an important pairt inter-vehicle communication. The type of
scatternet formation algorithm used will also affect théwoek formation time.

C. IEEE 802.11b Simulations

The network simulator (ns-2) [38] was used to simulate therimehicle networks. The vehicles were
modeled as wireless nodes capable of communication usn8dR.11b medium access protocol provided in
the simulator. The roadside gateways were also modeled isattne way, but, kept stationary. The simulated
freeway length was 1000 m, with a width of 200 m and with 6 lamesach direction. The transmission
range of a vehicle was set as 80 meters. Each of the vehiclesgugsped with an omni-directional antenna.
It was assumed that each vehicle was equipped with a sensed lwontrol system (SBCS) like the one
discussed in chapter 3, section llI-B. There were totally BOukated vehicles, 40 in one direction. The
maximum relative speed for the vehicles was 40 mph i.e. théckewith the maximum speed was traveling
at 75 mph while the vehicle with minimum speed was at 35 mph Tér@gic messages transmitted by
vehicles were kept as 128 bits (instead of 125 bits) so theyt tould be encoded as 16 bytes. Similarly,
the alert messages were kept as 96 bits (instead of 91 bite)alEnt messages transmitted from roadside
gateways were 40 bits (5 bytes) long. To simulate the delaxsarh due to packet queuing and channel
contention in real time data transmission, a delay of twdiseitonds was added to the wireless links.
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Fig. 12. Comparison of the performance of an ordinary flooding pat@with two, three and four hops) with that of our protocol

D. Plot for Periodic Messages

A common flooding protocol suffers from the problem of expdiarincrease in the number of packets.
Using such a flooding protocol for multi-hop inter-vehicletwmerks shall make this problem worse since
vehicles will be re-broadcasting the periodic messages Wili lead to large number of redundant packets
within the inter-vehicle networks. Hence, we proposed thratadcasting of the periodic messages should
be limited to one hop. Figure 12 shows the plot of no. of redahgeckets, as a percentage of the total
number of packets broadcast, against the number of vehiebekets that were received by non-immediate
neighbor vehicles were considered as redundant packetas¥dened that every vehicle was broadcasting
a periodic message every one-second. As shown in figure 9,ropoged protocol has the least percentage
of redundant messages given different number of vehicles.
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Fig. 13. Alert message transmission success rate

E. Plot for Alert Messages

Figure 13 shows the plot for the percentage of success ohgdtte alert messages against the percentage
of equipped vehicles. For the plot in figure 13(a), the alerssage was generated by a vehicle situated
fairly in the center of the simulated environment while forufig 13(b) the alert message was generated by
the road-side gateways. The maximum number of hops that annaéssage could travel was kept as 4.
For both the plots, the fact that a particular vehicle resgian alert message was decided by reading its
trace or .tr file. From figure 13(a), the percentage of successfeaption of alert messages increases as the
percentage of equipped vehicles increases for both the.pltiis clearly states that more the number of
equipped vehicles, more is the probability of retransroissf alert messages and more is the number of
vehicles that will be alerted. In figure 13(b), the number @fd-@ide gateways was increased from 10 to 30.
The gateways were evenly spaced and distributed equallyph#them being on one side of the simulated
freeway while the other half being on the other side. It waseobed that as the number of road-side gateways
was increased the percentage of success of the protocoMifitbejust 30 road-side gateways, i.e. 15 on one
side of freeway, a success rate of 100 percent was achieved, Vahicle infrastructure integration (VII)
was successfully simulated for the communication of aleztsages.

F. Hardware Experiments

Figure 14 shows the CotsBots [5], commercial off-the-shetibite robots, which were used as the
hardware platform for performing experiments involving tboncepts of Vehicle Infrastructure Integration
(VIl). These mobile cars are equipped with the MICA2 [34] n®tehich have different types of sensors,
that sense temperature, light intensity, etc. These moexapable of wireless communication. MICA2
motes also have an accelerometer and a magnetometer tolcth&rspeed, turn direction, acceleration,
bearing, etc. of the mobile cars using a motor board comporfidre motes are programmed using NesC
[26] programming language in the TinyOS [34] operating sysfor embedded devices.

Experiment 1. Scenario of Inter-vehicle Alert M essage. Two mobile motes were used in this experiment.
Both moved at different speeds with one car following theeagtlike usually happens on a freeway. The
vehicles were in each other’s transmission range, whictb@f1000 feet. One mote was programmed to
halt abruptly (i.e. its speed was reduced to zero) after @icetime (set using the Timer interface). As soon
as this event occurred, this mote transmitted an alert gessaer the radio interface. When the other mobile
mote got this message it reduced its speed to a pre-definee. Vitiis experiment emulated an emergency
situation, where a vehicle abruptly brakes and sends ahrafsssage to warn other vehicles. These vehicles
reduce their speeds on reception of such an alert message.

Experiment 2: Scenario of Speed Limit Alert. Vehicles need to follow certain speed limits depending
on the type of road that they are traveling on. In this expenina fixed mote (road-side gateway) was
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Fig. 14. A group of static sensors and mobile robots for the hardwgreriexents

used to alert vehicles about the permissible speed limie @ote, which was fixed, was programmed to
broadcast wireless messages (alert messages) contdigingetmissible speed limit. Other mobile motes
were programmed with different speeds and were made to nmowreitransmission range of the fixed mote.
In this way, the mobile robots emulated vehicles travelimgtioe road while the fixed sensors emulated
roadside gateways. When the mobile motes received the gesssant by the fixed mote, the value in the
received packet was compared with the current speed of thebéde motes. If the current speed was more
(i.e. they were over-speeding) then an alert beep was sduwntieerwise, the packet was discarded.

V1. RELATED WORK

Research based on inter-vehicle communication (IVC) ha latively performed in some countries
such as he USA, Japan, Germany, Spain [16], [35]. It can be yndinided into platoon and non-platoon
based research. A platoon is a formation of vehicles trageiogether as a group on specially designated
highway lanes. The number of vehicles in a platoon and theiesponding identification are known. As
the early demonstration of intelligent vehicle technobsgithe California PATH program [17] focused on
creating a complete Autonomous Highway System (AHS) in whighiales travel together in platoons. The
California PATH program discussed the operation of an autedhaighway system (AHS) where platoons of
vehicles were controlled autonomously. However, it regplichanges to the existing highway infrastructure
to implement such a system, as discussed in [17]. The mainb@@iwof platoons is that each platoon
member should maintain its individual stability and alse #tability of the entire platoon. Delays, possibly
due to speed perturbations, may occur in the response ofielesét the dynamic changes of its preceding
vehicle which may affect the stability of the entire platodrne platoon solution is too realistic for the
existing freeway system, and it requires separated spbiglway lanes for effective operation. Also, in
the real world, the idea of forming platoons cannot be pecadlii realized in everyday traffic which follows
random patterns which vary depending on the type of vehiutkei@ driver. The platoon approach shall only
be applicable to a certain category of vehicles (for e.gckrileets).

A study of safety and reliability of the AHS has been perfodnie [20]. This study focuses on the
exchange of data between the AHS and the vehicles for prayitbrward obstacle collision avoidance.
Again, this type of an approach shall require sensors andr atata processing equipment to be located
along highways that can communicate data with the vehittesontrast to this approach, we discuss the
periodic exchange of vehicle data among vehicles. This \e#kthe vehicles informed about the movements
of other vehicles around them which can efficiently help toidmllisions.

A cooperative adaptive cruise control (CACC) system forielels traveling in a platoon has been discussed
in [23]. It discusses the periodic exchange of vehicle dika&, velocity and acceleration, between the
preceding and the following vehicles in a platoon. This stadgumes that at most only two vehicles can
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be involved in the CACC system. But, in real traffic scenariaghhwandom movements of vehicles, the
movements of a single vehicle can be affected by the movementnore than one vehicle. Also, this
scheme suffers from all the inherent drawbacks of platoémsour opinion, if vehicles exchange their
periodic data with other vehicles, like we have proposedun mrotocol, then such a type of a CACC is
not required. This periodic exchange of messages will keepvthicles informed about the velocity or
acceleration changes of other vehicles around them andctiewll travel in a safer manner.

Regular everyday traffic falls into the category of non-ptealriving. The vehicles change their positions
randomly. This randomness creates certain inherent prabléem, anonymity of hosts, or difficulty to
implement a routing protocol. Hence, the success of any aamiwation protocol for non-platoon traffic
depends on the periodic exchange of vehicle data with otlneownding vehicles.

The DEMO 2000 [35] driving program discusses the implememtatf an autonomous distributed
communication system among vehicles. We follow this apgiicand assumes that vehicles can form ad-hoc
networks among themselves for the exchange of data.

The Fleetnet project [16] has been designed to support IVC ahithe to roadside-gateway communica-
tion. This project makes use of the UMTS Terrestrial Radio Asogith Time Division Duplexing (UTRA-
TDD), which has a communication range of more than 1 km. Witthsalarge communication range, many
redundant data messages will be exchanged among the webipecially, during high traffic density. This
can lead to channel contention problems. Hence, in our pobtee have assumed the communication range
less than 100 meters. This has two main benefits. Firstly, theofdbe radio devices will be reasonable.
Secondly, the number of redundant messages will be lessar aimehicle will be able to communicate with
fewer number of surrounding vehicles which are its neighbbtulti-hop transmission is used for spreading
alert messages.

The R-ALOHA protocol based on data exchange among vehicles avmoadcast channel using time
slots reserved for data transmission from each vehiclesisudised in [37]. This protocol does not incorporate
communication among vehicles and road-side gateways.rgimulation results, we have shown that using
slightly different data packets such communication, anmfowgl road-side gateways and vehicles, can be used
efficiently for the transmission of emergency messages. @io@ol emphasizes the fact that it is important
for the vehicles to recognize the different messages itiveseand then decide the type of message which
it should transmit next.

An approach to multicasting messages among highly mobaéstio ad hoc networks is presented in [3]. It
suggests a new definition of a role-based multicast that thatspecial needs of inter-vehicle communication.
A multicast group is defined implicitly by location, speedjvirg direction and time. In this state, the
resulting ad hoc network tends to be disconnected.

The formation of multi-hop networks among vehicles in an ad-hetwork is discussed in [22]. A simple
multi-hop broadcast protocol is proposed. As each packébjmped through the network the amount of
data to be transferred decreases according to a predegsrogst function. The size of the retransmitted
packet is reduced at every subsequent hop. This ensureshthaearby vehicles get the most data while
the vehicles further away get less data. The protocol digcuss [22] assumes that vehicles are equipped
with directed antennas and can communicate with only thebéckes that are in the antenna’s angle of
communication. In contrast, our approach assumes thatleshire equipped with omni-directional antenna
having a circular range of radio transmission (vehicleduseour simulations were equipped with such an
antenna). An omni-directional antenna, unlike a directetérna, can be used to provide communication
between vehicles traveling in opposite directions, egdlgcon single-lane two-way roads.

VII. CONCLUSION

This paper presented the approach of sensor networks amésattiele communication (IVC) to increase
the safety of road travel. Our scheme does not require additichanges to the existing highway
infrastructure. We have shown, using various examples,thieexchange of sensed data among vehicles
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can be beneficially used to avoid accidents. Isotropic andismtrnopic sensors were studied with respect
to the coverage area and the probability of detection. Instmulations, we considered a typical highway
intersection and plotted the sensor coverage area anddhehility of detection for various vehicles equipped
with non-isotropic sensors. The simulation results of treppsed IVC protocol usings-2were encouraging.
The protocol was used to successfully broadcast both, pereodl alert messages. Hardware experiments
with COTSBOTS vehicles were used to implement the concepts Gfdld vehicle infrastructure integration
(vh.

As the first step study of this concept, this research does amdider several issues, which should be
considered as the further research directions, such appthatial communications overhead and its effect on
the communication efficiency, the integration of the vehlwdsed ad hoc wireless sensor networks with road
side infrastructures, which will involve the vehicle-toadside sensor communications. The future challenges
lie in designing effective sensor based systems which campiret such changes and can take appropriate
actions to avoid accidents.
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