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Abstract- Safety of road travel can be increased if 
vehicles can he made to form groups for communicating 
data among themselves. The Bluetooth protocol can be 
used for inter-vehicle communication among vehicles 
equipped with Bluetooth devices. This paper presents a 
novel approach to increase the safety of road travel using 
the concepts of wireless sensor networks and the Bluetooth 
protocol. We discuss how vehicles can form mobile ad-hoc 
networks and exchange data sensed by the on-board 
sensors. The fusion of these data could give a better 
understanding of the surrounding traffic conditions. The 
feasibility of using Bluetooth for data exchange among 
vehicles is evaluated. Coverage area and probability of 
detection plots for isotropic and non-isotropic sensors are 
analyzed to study their use to avoid potential dangerous 
situations in traffic. As the simulation results show, 
Bluetooth and sensor networks can be used collaboratively 
to increase the safety of road travel. 

1. INTRODUCTION 
Vehicle crashes in the U.S.A. account for more than a 

staggering 40,000 deaths, 3,000,000 injuries, and $150 
billion in financial losses annually [I]. The automobile 
industries are working hard to enhance the vehicles’ safety 
features by taking advantage of on-board sensor 
technologies. Drivers will be able to purchase vehicles 
with certain advanced safety features to assist them to 
drive safely; such as, collision avoidance, obstacle 
detection, range detection [2], reversing sensors, automatic 
braking [3], intelligent headlights [4], etc. The concept 
of these driver-aid systems is that, by using the 
information collected by the sensors on the vehicle, 
potential unsafe situations could be captured on time; and 
these captured data could alert the driver or help the driver 
with appropriate actions. 

Insufficient data ahout the surrounding vehicles often 
leads to misjudgment on the part of the driver leading to an 
accident. Hence, sensors, such as the millimeter-wave 
radar, have been used on vehicles to assist the driver. The 
millimeter-wave radar is a type of sensor which can be 
mounted on vehicles and has been efficiently used for 
providing safety services like collision avoidance and 
obstacle detection [5]. It is based on the FM-CW 
(Frequency Modulated-Continuous Wave) radar system, 
and can detect targets even during stormy conditions. It 
can simultaneously measure both the target’s distance and 
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its relative velocity. It can, hence, be used in driving 
conditions with poor visibility such as driving in a fog [6]. 
In addition, a visual sensor or a camera can also he 
mounted on board the vehicle for classification of sensed 
objects. A sensor based control system (SBCS) can be put 
on the vehicle for periodic monitoring of the vehicle. Such 
an SBCS should be able to interpret the readings taken by 
the various vehicle sensors and warn the driver of any 
possible malfunction or a potentially dangerous situation. 
Also, the SBCS should be capable of communicating with 
other similarly equipped vehicles over a radio interface. 
Vehicles need to be informed about the dynamic 
characteristics, for example, speed, acceleration, turn 
indication, etc., of their surrounding vehicles. This will 
ensure that a vehicle is aware of the movements of the 
vehicles around it. For this to be accomplished, vehicles 
traveling on the road need to form mobile ad-hoc networks 
among themselves if they have the capability of wireless 
communication. In this paper, we have utilized the 
concepts of coverage area and probability of detection of 
isotropic and non-isotropic sensors to avoid potential 
dangerous situations in traffic. We have discussed the use 
of Bluetooth for inter-vehicle communication. Bluetooth is 
a wireless protocol for wireless communication in the 2.4 
GHz industrial, scientific and medical (ISM) band [7]. 
Vehicles equipped with Bluetooth radios can communicate 
wirelessly with each other. 

As the early demonstration of intelligent vehicle 
technologies, the California PATH program [8] focuses on 
creating a complete Autonomous Highway System (AHS) 
in which vehicles travel together in platoons. However, it 
requires major changes to the existing highway 
infrastructure to implement such a system. Also, in the real 
world, the idea of forming platoons is practically infeasible 
in everyday traffic which follows random patlems which 
vary depending on the type of vehicle and its driver. 
Compared with the scheme presented in [SI, our scheme 
requires no changes to the existing infrastructure of 
highways. Using our approach, one vehicle can benefit 
from the data sensed by other vehicles. Hence, only one 
sensor per car, like the millimeter wave radar, is essential. 
This can cut down the overall cost and can reduce the 
complexity of the overall sensor system. 

The DEMO 2000 [9] driving program discusses the 
implementation of an autonomous distributed 
communication system among vehicles. Our paper follows 
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this approach and assumes that vehicles can form ad-hoc 
networks among themselves for the exchange of data. 

The rest of the paper is organized as follows. In 
section I1 we investigate the characteristics of the 
Bluetooth protocol for the formation of ad-hoc networks 
among vehicles. In Section 111 we discuss the concepts of 
coverage area and probability of detection of wireless 

results and we conclude the paper in section V. 
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sensor networks. In section IV we present our simulation 

Figure. 1 The communication range and the sensing range of 
vehicle A 11. BLUETOOTH FOR INTER-VEHICLE 

COMMUNICATION (IVC) 

A number of wireless network protocols, such as 
IEEE 802.11, Bluetooth, can he used for communication 
among vehicles. In this paper, we discuss the use of 
Bluetooth technology to form ad-hoc networks among 
vehicles in the traffic. Bluetooth is an open specification 
for short-range communications of data and voice between 
both mobile and stationary devices. Bluetooth has a raw 
bandwidth of 1 Mbps. It also provides three levels of 
security. A Bluetooth device can discover other Bluetooth 
devices in its communication range by the process of 
inquiry. During inquily, the listening and the sending 
nodes hop using the same sequence. A sender can inquire 
more than one listener and collect data about them, such as, 
their clock offsets. In the paging procedure, messages are 
unicast by the sender to a specific listener. On receiving an 
acknowledgment message, the sender hecomes the musier 
while the listener becomes the slave. In this way, 
Bluetooth devices can form piconeis and communicate 
among themselves. A piconei can contain up to seven 
uciive slaves and one master. Figure 1 shows vehicles in a 
piconet. If a master device has more than seven slaves then 
some of the slaves have to be parked. Hence, to 
communicate with a parked slave a master bas to iinpurk it 
first, consequently, parking some other active slave. Two 
or more piconets can he joined together to form a 
scattemet. The Bluetooth standard allows a device to have 
multiple roles. It can be master in one piconet while it can 
he a slave in one or more other piconets. But, a device can 
be active only in one piconet. To become a member of 
another piconet, a device has to switch to the hopping 
frequency sequence of the other piconet. Communication 
among slave devices has to he performed through the 
master. Using such piconets and scattemets, vehicles 
can communicate their sensed data with other vehicles in 
the network and can travel safely along the road aware of 
the surrounding traffic movements. 

In the following sub-section, we discuss a typical 
traflic scenario at a traffic intersection which may lead to 
potential accident and then show how the potential 
accident can be avoided , if the vehicles involved in such a 
situation are equipped with sensors and have 
communicating capabilities to exchange data with others 
in the network. 

Even though the common ITS infrastructure based 
safety system may exist at certain intersections, still, a 
networked approach for communication among vehicles 
can increase the level of safety as we discuss below. 
Accidents at highway intersections can account for almost 
thirty percent of all the road accidents in the USA [lo]. In 
figure 2, we have shown a traffic scenario at a road 
intersection. Assume that the signal for the horizontal 
lanes has been tumed green and consequently the signal 
for the vertical lanes is red. Vehicle B wants to make a 
right turn while vehicle A wants to proceed straight from 
left to right. Neither of the vehicles can see each other due 
to vehicle C .  .-:--------- _-- _ _ - - - - _ _  

, I  
, I  
, I  

I ,  

,I 

,I 
I ,  
, I  
$ 3  

Figure 2 Vehicles at an intersection 

If the vehicles are able to communicate with each 
other, then vehicles A, B, I), E and F could form a sensor 
network and could communicate with each other. We 
show in Section 1V how vehicles A and B can use their 
sensed data and data from other vehicles to avoid a 
collision even though vehicle C is blocking the direct 
line-of-sight view between them. Based on the scheme 
discussed in Section IV, each vehicle would know the 
position and the velocity of the other vehicle using area 
coverage techniques and would take appropriate measures 
to avoid the accident and cross the intersection safely. 

We can see in figure 2 that the communication 
range of vehicle B can cover all the vehicles at the 
intersection. The major challenges in such cases are that, 
there being many vehicles in its communication range, 
vehicle B should be able to obtain only those data which 
are u s e M  while neglecting data from other vehicles. In 
figure 2, vehicle G has already tumed right, so its 
information is not useful for vehicle B and hence should 
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be neglected. Another challenge maybe that, at 
intersections in urban areas, the Bluetooth signals may 
experience some interference due to any buildings 
surrounding the intersection 

Overall, OUI scheme proposed a method to 
exchange data among vehicles in real-time situations while 
traveling on the road. This data is obtained by various 
sensors mounted on the vehicles. Every vehicle contains 
the data gathered by different sensors on it. We also 
proposed that the Bluetooth technology should be the 
major data exchanging media protocol among vehicles. 
These data can be fused with data sensed by other vehicles 
and the driver can have a better knowledge of the 
surroundings. 

IILAREA COVERAGE IN SENSOR NETWORKS 

The sensing range and the communication for a vehicle 
are different. Generally, the sensing range is smaller than 
the communication range, and it is generally non-isotropic. 
By exchanging sensed data, via the wireless network, the 
area of coverage of each vehicle will be enlarged. The area 
of coverage is a measurement of the quality of service of a 
sensor network [ I l l .  Coverage can be used to find 
weakistrong points in the sensor field, which could be used 
in future deployment schemes to improve quality of 
service. The sensor network coverage is also one of the 
metrics for energy preserving, node scheduling and 
self-organization of sensor networks. In this paper, the 
coverage of a vehicle in the traffic is discussed. In the area 
covered by the sensors, we use the probability of detection 
over the area to describe the performance of the 
inter-vehicle sensing. 

A .  Sensor Detection Model 
A vehicle may be equipped with different sensors. The 

detection models are different for different sensors. For 
example, the pedestrian detection sensor uses the energy 
emitted by the object. The signal from the target decays as 
a polynomial of the distance. The sensor detection model 
can be described as: p ( d )  = K l d ' ,  where K is the energy 
emitted, k is the decay coefficient, and d is the distance 
between the sensor and the object. The sensor intensity of 
a network of sensors can be defmed based on the detection 
model 1121. 

Vehicles can also be equipped with ranging sensors 
such as millimeter-wave radar. The sensing area of the 
millimeter-wave radar resembles a sector of a circle. Each 
vehicle equipped with such a sensor can detect objects or 
other vehicles in this area. However, radar has a certain 
field of view, from 150" to 270' and is generally 
non-isotropic. 

The sensing range of a sensor is the area in which it 
can sense the data. The communication range of a sensor 
defines the area in which it can interact with other devices 
which are often sensors. The Sensing Model for the 

sensors such as the millimeter-wave radar is given by 
Equation (1): 

where d is the distance between the sensor and the 
sensed object. Equation (1) shows that the sensing model 
follows a Gaussian distribution with variance and 
mean . 

Figure 3(a) shows the sensing model plot for an 
isotropic sensor while Figure. 3(b) shows the same for a 
non-isotropic sensor. An isotropic sensnr can sense data 
all around itself i.e. it bas a complete 360" of sensing 
ability. Whereas, a non-isotropic sensor, like the 
millimeter wave radar, can sense data around itself in a 
direction ranging from 150' to 270". Figure 3(c) and 3(d) 
show the sensing model plots for three isotropic and three 
non-isotropic sensors, respectively. We can see 
considerable overlap among the sensing models of the 
three sensors. The sensing strength in the overall area 
around the vehicles also increases. This in tum increases 
the probability of detection of any other sensors or 
obstacles or other vehicles without sensors which may 
enter that area. Hence, this leads to the overall increase of 
sensing ability of the sensors in that area. This can be 
effectively used for the collaborative exchange of data 
among the vehicles. The probability of detection at the 
overlap area is defined by Equation (2) as: 

where p is the total probability of detection and p1p2 
and p3  are the probabilities of detection of individual 
sensors. 

(C) ( 4  
Figure 3 Sensing model for (a) A single isotropic sensor (b) 
A single non-isotropic sensor (c) Three isotropic sensors 
(d) Three non-isotropic sensors 

769 



It means that the vehicles can effectively use data 
from other vehicles to gain a wider perspective of their 
surroundings. In the above detection fusion scheme, the 
distance between two sensorsivehicles is important. For 
this purpose, sensor localization can be used. Sensor 
localization is a mechanism for discovering spatial 
relationships among sensor nodes. To localize itself, a 
sensor node first calculates its distance from its immediate 
neighbors which is called ranging and then it estimates its 
location using the ranging data and beacon node data. 
Ranging, finding the distance between two sensor nodes, 
can be done using the millimeter-wave radar which 
measures the distance between the nodes using the signal 
strength of the received signal. 

B. Analysis of the topology of the network and coverage 
of a network of sensors 

The sensors need to be aware of their neighboring 
sensor nodes to decide about which data are relevant to 
them and which is to be discarded. For this purpose, they 
need to make use of a global positioning model based on 
the other sensors in the network. Voronoi diagram and 
Delaunay triangulation [I31 are used to establish 
relationship among neighboring sensor nodes. Figure 4 
shows a Voronoi diagram and the Delaunay triangulation 
for a group of vehicles traveling in the network. Each point 
in the Voronoi cell around a vehicle is closer to that 
vehicle than any other vehicles in the group. The Voronoi 
diagram thus gives us an idea of the coverage of each 
sensor in the network. There is a link between any two 
immediate neighboring vehicles in the network having 
sensors. This link represents the flow of data between two 
vehicles. 

the intersection are relevant to vehicle B (as discussed in 
Section 11). Hence, for this plot, we have considered the 
sensed data only from vehicles A, D, E and F along with 
the data of vehicle B. 

Figure 5(a) Coverage area map for vehicle B at an 
intersection 

0 -- Vehicle A m -- Vehicle B --Vehicle D 
a -- Vehicle E m-- Vehicle F 

Figure 5@) shows the plot for the probability of 
detection for vehicle B. For this plot too, we have 
considered the data from vehicles A, D, E and F along 
with the data of vehicle B. As is seen in Figure 5@), the 
probability of detection becomes more uniform than when 
a single sensor is used as in Figure 3(b). This means that 
the probability of detection of data (i.e. in this case another 
vehicle) increases due to the overlap in the sensor signals 
of the four vehicles. 

Voronoi 
Diagram 

Figure 5(b) Plot of probability of detection for vehicle B 
Figure 4 Neighboring vehicles in traffic 

1V.SIMZILATION RESULTS 

Sensor coverage area andprobability of detection A .  
plots 

In this section, we apply our coverage based sensor 
network principles to the intersection scenario which was 
shown in Figure 2. The sensor area coverage plot for 
vehicle B at the intersection is as shown in Figure 5(a). As 
compared to the area coverage plot for a single sensor, we 
can see that more area is covered when more sensors are 
used. This is because of the significant overlap in the 
coverage areas. But, not all the data that can be obtained at 

To detect the changes in these plots we consider that 
vehicle B tums right while the other vehicles remain at 
their original positions. Figure 6(a) depicts the area 
coverage map for this case after vehicle B bas tumed right. 
It can he observed from figure 6(a) that the coverage area 
contours are different from those in figure 6(a). The sensor 
based control system (SBCS) should be able to interpret 
these changes in real-time and generate the appropriate 
alert messages. 

Figure 6(b) shows the probability of detection plot 
after vehicle B has tumed right. We can see that the peak 
probability areas shift towards the right. This is because 
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the sensed data of vehicle B now gets added with the data 
of vehicle D. 

Figure 6(a) The changed coverage area map after vehicle 
B turns right 

. .  

Figure 6(h) The changed plot of probability of detection 
after vehicle B tums right 

Based on our scheme each of these vehicles can 
exchange its area coverage map with the other vehicles at 
the intersection that are part of the network. Using these 
maps vehicles A and B can predict that their paths will 
cross each other and can take appropriate action to avoid 
any collision. Thus, vehicle sensor systems can be 
programmed to recognize changes in coverage area and 
probability of detection plots and can use these sensed data 
to decide whether the path of the vehicle is safe. 

B. Bhretooth simulator 

To evaluate the performance of the Bluetooth protocol 
we used the Blueware simulator [14]. The Bluetooth 
devices that can be simulated using the Blueware 
simulator are equipped with different modules which 
implement many aspects of the Bluetooth protocol. In 
inter-vehicle networks, vehicles equipped with Bluetooth 
radios need to discover other such vehicles in their 
communication range to establish communication with 
them. The simulated environment was 25m by 25m. The 
Blueware simulator places the specified number of 
Bluetooth nodes in the simulated environment randomly. 
Each node has a communication range o f  10 meters. 

Figure 7(a) shows the plot of connection setup delay 
against the number of Bluetooth devices. The connection 
setup delay is the time taken for a Bluetooth device to 
establish its first communication link with another 
Bluetooth device. It indicates the time taken for a 
Bluetooth node to discover other Bluetooth devices in its 
communication range. As can be observed from figure 7(a), 
the connection setup delay is fairly constant when the 
number of nodes is increased from 10 to SO. This indicates 
that Bluetooth devices can be used for communication in 
inter-vehicle networks to provide fairly consistent 
performance even when the number of vehicles is not 
constant or is changing; as is inherent in vehicle traffic 
networks. 

I Connection Setup Delay Vs. No. of Nodes 

Figure 7(a) Average connection seiup delay for different 
number of Bluetooth nodes 

Figure 7@) shows the plot for the time taken for the 
formation of a connected scattemet consisting of all the 
simulated Bluetooth devices against the number of 
Bluetooth devices. It can be seen that a slight decrease is 
observed in the scattemet formation time with the increase 
in the number of nodes. As the number of nodes increase, 
there is more overlap in their communication ranges since 
the simulated area is kept constant. 

I Scattemet Formation Time Vs. No. of Nodes 

10 M 30 40 50 

Number of Nodes 

Figure 7 @ )  Scattemet formation time for different number 
of Bluetooth nodes 
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The results obtained clearly indicate that Bluetooth can H.; Schnejder, E.; 
Wenger, .I.; “Po anmetnc millimeter wave imaging 
radar and traffic scene interpretation,” Automotive be efficiently used for inter-vehicle communication. But, 

these results will vary when such a Bluetooth based Radar and Navigation Techniques (Ref. No. 
inter-vehicle network is actually implemented in the real 1998/230),” LEE Colloquiumon, 9 Feb. 1998, Pages: 
world. Vehicle mobility will play an important part in 411 - 417. 
inter-vehicle communication. The type of scatternet [7] Bluetooth SIG, “Specification of Bluetooth system, 
formation algorithm used will also affect the network ver 1.1” Application and Intemet, p.176-184,2001 
formation time. [8] Horowitz, R.; Varaiya, P.; “Control design of an 

automated highwa system,” Proceedin s of the 
IEEE, Volume: 8 8 ,  Issue: 7 , July 2000, #ages: 913 
- 925 

[GI Wanielik, G.; A p p o d t ,  N.; 

V. CONCLUSION 

This paper addressed the approach of sensor networks 
to increase the safety of road travel. Our scheme does not 
require any changes to the existing highway infrastructure. 
We showed, using various examples, that the exchange of 
sensed data among vehicles can he beneficially used to 
avoid accidents. Isotropic and non-isotropic sensors were 
studied with respect to the coverage area and the 
probability of detection. In our simulation, we considered 
a typical highway intersection and plotted the sensor 
coverage area and the probability of detection for various 
vehicles equipped with non-isotropic sensors. As the fEst 
step study of this concept, this paper does not consider 
several issues, which should be considered as the further 
research directions, such as, the potential communications 
overhead and its effect on the communication efficiency, 
the integration of the vehicle-based ad hoc wireless sensor 
networks with road side infrastructures, which will involve 

[9] Tsugawa, S.; Kato, S.; Tokuda? K.; Matsui, T.; and 
Fuji, H.; “Cooperative Dnving with Automated 
Vehicles and Inter-vehicle Communications: 
Technologies and Demo 2000 Scenario,” The First 
Workrhop in ITS Telecommhnications ITST 2000, Oct. 
2000. 

[IO] Tijerina,L.; Chovan, J. D.; Pierowicz, J.; Hendricks, 
D.L.; “Examination of Signalized Intersection, 
Straight Crossing Path Crashes and Potential, IVHS 
Countermeasures,” Final Report, National Highway 
Traffic Safety Administration, U S .  Department of 
Transportation, DOT HS 808 143, August 1994. 

[ I  I] Yi Zou; Chakrabarty, K.; “Sensor deplo ment and 
tar et localization based on virtuay forces,” 
INBOCOM 2003. Twen Second Annual Joint 
Conference of the %EE Com uter and 
Communications Societies., Volume: 2, 40 March - 3 
April 2003, Pages: 1293 - 1303 

[12]T. Clou ueur, V. Phipatanasuphom, P. Ramanatban, 
Kewal E. Saluja, “Sensor deployment strateg for 
detection of tar ets traversing a region,” August ZOOS, 
Mobile Networts and Applications, Volume 8, Issue 
it the vehicle-to-roadside sensor commukcations. The future 

challenges lie in designing effective sensor based systems 
which can interpret such changes and can take appropriate 
actions to avoid accidents. We plan to implement our 

[I31 Tan, J.; xi ,  N.; Sheng, W.; Xiao, J.; “Modelin 
Multiplr Robot Systems for Area Coverage and 
Coo eration,” Proceedings of the IEEE Intemational 
ConFerences on Robotics and Automation, New 

approach using robotic vehicles eiuipped with Bluetooth Orleans, LA, USA, 2004 
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devices. Such an implementation will give us the [14]Blueware: Bluetooth simulator for ns. 
opportunity to study inter-vehicle communication under 
realistic scenarios. 
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