University of California Transportation Center
UCTC-FR-2010-33

An Empirical Study of Inter-Vehicle Communication Performance
Using NS-2

Jaeyoung Jung, Rex Chen, Wenlong Jin,
R. Jayakrishnan, and

Amelia C. Regan

University of California, Irvine

August 2010



oo ~NoUah~wWwN -

10

AN EMPIRICAL STUDY OF INTER-VEHICLE
COMMUNICATION PERFORMANCE USING NS-2

Jaeyoung Jung
Ph.D. Candidate
Institute of Transportation Studies
Department of Civil and Environmental Engineering
University of California, Irvine
Irvine, CA 92697-3600 U.S.A
Phone: +1-949-824-5989 / FAX: +1-949-824-8385 / Email: jaeyounj@uci.edu

Rex Chen
Ph.D. Candidate
Institute of Transportation Studies
Department of Computer Science
University of California, Irvine
Irvine, CA 92697-3600 U.S.A
Phone: +1-949-824-5989 / FAX: +1-949-824-8385 / Email: rex@uci.edu

Wenlong Jin
Assistant Professor
Institute of Transportation Studies
Department of Civil and Environmental Engineering
University of California, Irvine
Irvine, CA 92697-3600 U.S.A
Phone: +1-949-824-1672 / FAX: +1-949-824-8385 / Email: wjin@uci.edu

R. Jayakrishnan
Associate Professor
Institute of Transportation Studies
Department of Civil and Environmental Engineering
University of California, Irvine
Irvine, CA 92697-3600 U.S.A
Phone: +1-949-824-2172 | FAX: +1-949-824-8385 / Email: rjayakri @uci.edu

Amelia C. Regan
Professor
Institute of Transportation Studies
Department of Computer Science
University of California, Irvine
Irvine, CA 92697-3600 U.S.A
Phone: +1-949-824-5156 / FAX: +1-949-824-4163 / Email: aregan@uci.edu

Submitted for 17th ITS World Congress


mailto:rjayakri@uci.edu�

©Coo~NOOUThwW N =

PR RERPRRERRERRRR
©CO~NOOUDWNEREO

Jung, Rex, Jin, Jayakrishnan, and Regan

ABSTRACT

In recent years, there has been increasing interest in inter-vehicle communications (IVC)
based on wireless networks to collect and distribute traffic information in various Intelligent
Transportation Systems applications. In this paper, we study the performance of 1VC under
various traffic and communication conditions by means of simulation analysis. We consider
impacts of shock waves, transportation network, traffic densities, transmission ranges, and
multiple information sources. We used a state-of-the-art communication network simulator
ns-2 to measure the probability of success (success rate) and message delivery ratio (MDR)
for flooding-based 1VC communication. For reasonable realism in the deployment scenario,
we assume that only a partial set of vehicles on the road are equipped with communication
devices, according to the market penetration rate. A Monte-Carlo simulation method is used,
with repeated random sampling of 1V C-equipped vehicles. The results indicate how these
parameters can impact the performance of 1VC communications. By comparing the flooding-
based approach (theoretical and simulation) and simulation results using AODV (Ad Hoc On-
Demand Distance Vector), we conclude the importance of traffic environment and network
protocol in determining the MDR for IVVC communication.
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AN EMPIRICAL STUDY OF INTER-VEHICLE COMMUNICATION
PERFORMANCE USING NS-2

INTRODUCTION

With increasing availability of wireless communication devices, Inter-Vehicle
Communications (IVC) is an emerging technology that can help vehicles share or propagate
useful information for drivers for traffic congestion mitigation, safety warning, and traffic
management. The Federal Communication Commission (FCC) of USA has allocated a
gpectrum of 75 MHz in 5.9 GHz range for Dedicated Short Range Communications (DSRC)
(1). To develop Intelligent Transportation Systems (ITS) strategies based on DSRC and other
wireless communication technologies, the US Department of Transportation started the
Vehicle Infrastructure Integration (V1) initiative among eight others (USDOT, 2004). In a
V11 system, vehicles equipped with communication units and road-side stations installed by
transportation authorities are able to exchange information with each other through inter-
vehicle communication, including vehicle-to-vehicle (V2V) and Vehicle-to-Infrastructure
(V2I) communications.

[]

As early as in the 1990s, IVC has been used to help drivers respond more promptly to
emergencies on a road in the California PATH automatic highway project (2). The Autonet
project at University of California, Irvine developed concepts for IVC in the late 90s, which
were further studied in a National Science Foundation Project from 2003 (3). In 2002, the
CarTak project in Europe studied Advanced Driver Assistance Systems based on 1V C (4).

In recent years, various stakeholders have come together to address these short-term and
long-term challenges and initiative efforts have been formed, such as the Europe eSafety and
US IntelliDrive programs.

Every year, millions of traffic accidents occur worldwide with forty thousand fatalitiesin US
and Europe dike. A centra theme for transportation planners is focused on increasing road
safety. The European Transport Policy set the goa to reduce road fatalities by 50% by the
year 2010 (5). Furthermore, US DOT’ s Research and Innovative Technology Administration
(RITA) has challenged the industry to reduce traffic crashes by 90% by 2030 (6). As aresult,
safety related applications with localized information exchange have been an important
driving force for the development of 1VC.

Since the concept of Carnet (7) and the project of Fleetnet (8) were introduced in 2000, an
IVC system has been studied as a special case of mobile ad hoc networks (MANET) and
termed as vehicular ad hoc networks (VANET). Thus, an IVC network could develop into a
vehicular network (car to car communication) or “Internet on the road” (8), a possible venue
for publishing advertisement and infotainment information.

[]
In an 1V C network, communication nodes, i.e., vehicles equipped with communication units,

usually move at high speeds and are constantly entering and leaving roadway segments. In
transportation networks, the density of vehicles can vary dramaticaly due to driving
behaviors and restrictions in the network geometry. The network topologies for IVC are
highly dynamic (9, 10). The performance of 1V C is affected by the underlying transportation
network structure and vehicular traffic dynamics as well as the wireless device and
communication protocols.
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There are various performance measures to anayze the effectiveness of communication
protocols which include: connectivity, capacity, throughput, delivery ratio, end-to-end delay,
and packet reception rate. In our study, we evaluate the performance of IV C by measuring the
probability of successful information propagation and packet delivery ratio in uniform and
shockwave traffic streams in unidirectional roads (one-dimension) and uniform traffic for bi-
directional roads (two-dimension). We use uniform traffic to compare our simulation results
with a theoretical model and for consistency in the speed-density relationship. We consider
the impact of density, transmission range, routing protocol, market penetration rate of
equipped vehicles, and number of information sources on success rate and message delivery
ratio (MDR). We define success rate as a probability of success for information to travel
beyond a certain location and message delivery ratio as the percentage of data packets
received by the receiver from those transmitted by the information source.

In many studies, communication nodes are assumed to follow a spatial Poisson distribution
on a plane or to move randomly and independently in a given area. However, in rea traffic
the movement of, and positions of vehicles are not independent of each other. Therefore, the
aim of this study is to understand the fundamental properties of IVC under different traffic
and communication scenarios. Since we assume a certain level of market penetration rate of
equipped vehicles, the Monte Carlo method that randomly selects equipped vehicles via
Bernoulli trials is used. For network simulation, we use ns-2 (11) with redlistic
communication protocol stack based on IEEE 802.11 Medium Access Control with the
information propagated based on a flooding scheme.

RELATED WORK

The fundamental performance measures in mobile ad hoc networks include multi-hop
connectivity, information throughput and communication delay (12, 13, 14). Theoretica
analyses of capacity and throughput of mobile ad hoc networks have revealed that per-node
capacity drops dramatically with the increase in the number of nodes (15). This has profound
implications on the scalability of MANETS. Through theoretical (16, 17, 18, 19), simulation-
based (20, 21), and field studies (22), it has been observed that multi-hop connectivity of an
IVC system is highly related to the distribution of vehicles on a road, transmission range of
wireless units, and market penetration rate of equipped vehicles.

[]
As routing protocols in wireless multi-hop ad hoc networks can significantly influence
communication reliability and reachability (23), various types of routing protocols such as
unicast, multicast, and broadcast have been studied to evaluate the feasibility and
performances of ad hoc network on rectangular areas with random waypoint mobility (24, 25).
Wang et al. (26) studied information throughput of inter-vehicle communication in a
unidirectional uniform traffic stream using AODV (27). Similarly, it is necessary to
investigate how information propagation in an IVC network is affected by vehicular traffic
dynamics.

The rest of the paper is organized as follows. First we introduce success rate and message
delivery ratio as the performance measure of our study. Then, we describe our simulation
environment and evauate different mobility patterns and communication scenarios. We
conclude with insights on the impact of traffic dynamics and network parameters in the
performance of an IV C system.
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SIMULATION ENVIRONMENT

THEORETICAL MODEL

We first assume that whether a vehicle is equipped with communication capability or not is a
random occurrence based on a simple market penetration ratio, £ and if nodei and i are
within transmission range R, the probability of propagating information is set to 1. Therefore,
the information propagation from sender to receiver in a traffic stream is a random process,
and the throughput and message delivery ratio at the receiver depends on the connectivity
between the sender and the receiver. We denote the end node probability for vehicle k to be
the end of a communication chain starting from sender m by P(m, k) and the probability for
information to propagate from node m to node k by c(m, k). c(m, k) is independent of
vehicles outside [x(m), x(k)], where x(m) and x(k) indicate vehicle location. u(k) and
d (k) are defined as upstream reach and downstream reach as the farthest vehicle within its
transmission range R, from vehicle k. Finally, given vehicle positions distributed according
to uniform or general traffic, the recursive model of multi-hop connectivity can be written as

P(m, k) = c(m, K)u(k) s, (1 — (D),

where, c(m,k) =1 —ZX5 7 p(m, )
u(k) = max {ilx(k) — x(i) < r,x(:) € [x(m), x(n)]}
d(k) = max {i|x(£) — x(k) < r,x(£) € [x(m), x(n)]}.
Further details of the model can be seenin (28).

PERFORMANCE MEASURES
The approach to measure success rate and message delivery ratio from an information source
to an equipped vehicle at location x is based on the Monte-Carlo method with randomly
repeated simulation by Bernoulli trials, which is similar to (26). For the Monte-Carlo
simulation, we generate the mobility patterns of K vehicles as x,(t) and carry out M
randomly repeated simulations. In each experiment, we have K independent variables
(X,, k= 0,...,K) which correspond to vehicles on a given traffic stream. For the Bernoulli
trials, we generate arandom number in [0,1] and if X, = i, vehicle k is |V C equipped.

[]
For measurement of success rate, we set the most upstream vehicle as an information source
in uniform traffic, while in shockwave traffic scenario an information sourceis set at the mid-
point of two traffic streams with varying densities. The following notations describe the
success rate after M experiments:

e D;: Information propagation distance inthei,, simulation (i = 0, ..., M)
e I (x): Indicator function for message reception at location x in the i,; simulation

1 ifx =D,
ff(x]‘{ﬂ ifx > D,

e S(x): Successrate at location x
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( )

The message delivery ratio is defined as the number of received data packets by the receiver
divided by the number of transmitted packet by the sender. In flooding, an information source
transmits a message to al neighbors within its transmission range. Subsequently, the nearby
nodes then transmit the message to their neighbors and finally the message is propagated to
all nodes in network. Although the flooding based approach incurs some unnecessary
overhead and inefficiencies, it can quickly disseminate information which is especially useful
for emergency information propagation and does not require any routing table maintenance or
update in the communication design. The following notations describe the message delivery
ratio in our experiments:

e T*: Total number of data packets transmitted by a source k
e R[: Tota number of data packets received at areceiver i from asource k
e MDR¥(i): Message Delivery Ratio at avehicle i from a source k

ey B
MDR¥(:) = 75

MOBILITY MODELS
We consider two mobility models, uniform traffic and shockwave traffic. For the speed-
density relationship, we use the well-known triangular fundamental diagram (29, 30).

Ve, 0=p=p,
Vip) = Pe P;'—Pv ,

Pe =P =p;
Pi—Pc P !

where v,=104 km/h, p;=150 veh/km/lane, and p. = 0.2p; = 30 veh/km/lane

In uniform traffic, vehicles are equally spaced on the road and travel at the same speed. The
shockwave scenario is created by two traffic streams with varying densities (hence, different
speeds according to the triangular relationship) that meet on aunidirectional road.

SIMULATION FRAMEWORK

We use the network simulator ns-2, an open-source object-oriented discrete event simulator.
The ns-2 tool is the most common tool used by computer networking researchers. According
to a survey conducted in 2005, ns-2 is the simulator of choice used by 43% of all published
ACM research papers related to mobile ad hoc networks (31).

When a simulation is completed, ns-2 generates atrace (*.tr) text file which is then analyzed
using a scripting language such as perl and awk. In our study, since every scenario must be
simulated repeatedly, we build a Monte-Carlo simulation framework, nsHelper, written in
C++. Figure 1 illustrates the sequence of steps in the simulation framework and how the
custom-build 2Helper tool facilitates the Monte-Carlo method and the mobility generation,
data collection, and gathering of statistics related to the performance measures. A sample
screenshot of the visualization output produced by ns-2 is shown in Figure 2 for a two-
dimensiona arterial network with 16 intersections.
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Mobility Configuration || Vehicle Trajectory || Communication Configuration e b ko a1 e
l l l “ - L > " -
ns2Helper = : . °
s N - = L]
n-th iteration l l g - oo mala s angy o4 - -z‘ -
‘ Random mobility generator . - i *
} Communication Tel | | Mobility Tel = & . 2
‘ Monte-Carlo simulation manager | P E - et O @ o W
: L 4 L 2 . s : :
‘ Trace file parser | . 8 - 5
— — Network simulator, s-2 - ..r- e e ) f-.-u-.-— -
- L]
- 3 .
Simulation Result Datat - -.‘. PP @. *.o ‘@-1\- R g
_ # Output (Trace File) ‘ .
----- | B e | | B N A e | W 331 1 7] L |
Simulation Summary Output (*.txt) T13 rceivad rdundant message 52 from 741
[ICY NODL 852 MSG_ID 53 ST 450 FIOM 250
|SND NODE S82 MSG_ID 53 SI7E 250

Figure 1. Simulation Framework Figure 2. ns-2 simulation

SUCCESS RATE

In this section, we investigate the success rate for both uniform traffic and shockwave traffic
by setting one vehicle as an information source, which transmits a single message of 230
bytes and measuring how far the message travels along the traffic stream.

UNIFORM TRAFFIC

For uniform traffic, we simulate unidirectional uniform traffic stream moving in the same
direction with four lanes along a 20 km highway stretch. We set the information source at the
most upstream point. For four lanes, the traffic densities are gy = 20 veh/km and g, = 56
veh/km, which has 800 and 1200 vehicles traveling at free flow speed (v, = 104 km/h). We
use the Monte-Carlo method (M = 500 times) with different transmission ranges & = 0.1, 0.2,
0.5, and 1km with 10% market penetration rate (x = 0.1) of randomly 1V C-equipped vehicles
in the simulation.

—<— R=100m

R=200m || 0.9+
—+— R=500m
R=1km 08f
------- theoretical || 07l —&— R=100m
’ R=200m
@ 2 06l —+— R=500m
& € R=1km
I o 0sE kL e theoretical | -
3 3 }
= 2 |
E 5 bt
w w !

Distance(km) Distance(km)

3(a) py =20 veh/km 3(b) pz = 56 veh/km
Figure 3. Success Rate with Uniform Traffic Steam

Figure 3 shows the success rate of areceiver at different locations x (x € [0,10] km) from the
sender located at distance 0. The dashed lines indicate theoretical values from an analytical
model (15). First, we see that the simulation results are consistent with the analytical model
and as the distance from the information source increases, the success rate decreases.
Communication performance is strongly affected by vehicle density and transmission range.
In Figure 3(a), when R =500m, the success rate at 3 km is almost zero, while the success rate

7
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at 3 km is more than 0.3 and the message travels more than 10 km according to Figure 3(b).
When the transmission range is low (i.e. 100 or 200 meters), information cannot propagate
more than 1 km.

. Traffic density (p) and MPR 10 % (i = 0.1)
ERET g2 () p, = 20 veh/km 1, = 56 veh/km
R =0.1km 105.6 m 133 m

R =0.2km 232.22m 422.30m

R =05km 873.14m 2799.66 m
R=10km 3572.72m >20km

Tabble 1. Average Information Propagation Distance

Table 1 illustrates the maximal value of average information propagation distances from the
information source with the specified transmission ranges and traffic densities. Note that the
average maximum information propagation distances are generally greater than the
transmission range. As the message propagation in IV C is multi-hop over multiple vehicles,
shorter transmission range and low traffic density negatively affects the travel distance in the
traffic stream.

SHOCKWAVE TRAFFIC

In this section, we examine success rate in shockwave traffic scenarios. Initialy, we assume
that we have capacity flow with g, = 30 veh/km/lane for upstream to x = 0 and congested
flow p; = 40 veh/km/lane for downstream. Using the speed-density relationship described
earlier, the corresponding speeds v, = 104 km/h and v; = 71.5 km/h are derived respectively.
At timet = 0, a shockwave is created and moves backward at speed v, = -26 km/h. In the
simulation, we assume the traffic stream length to be more than 80 km with market
penetration rate 10 % (u = 0.1) and transmission range B = 1 km. To simulate shockwave
traffic, we set information source at x = -10 km in the capacity flow, density p, = 30
veh/km/lane and speed v, = 104 km/h.

1

0.95
0.9 |-l

085>

=]
=

=
p}
I

Success rate

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o
-~

=
@
o

o
o

t=2.3 min
""""" t=4.6 min
— - — t=9.9 min = - = t=9.9 min

0.55

0s ; i ; L — 0s I I e s
-20 -10 0 10 20 30 40 50 60 -20 -10 0 10 20 30 40 50 60

4(a) Flooding 4(b) Theoretical
Figure 4. Success Rate with Shockwave Traffic Stream

Figure 4 shows the success rates in both forward and backward directions at four instants of
time: t; = 0, t; = 2.3, t; = 4.6, and £ = 9.9 minutes. In the simulation, the corresponding
locations of information source are -10 km, -6 km, -2 km, and 4.3 km, and the locations of
shockwaves are 0 km, -1 km, -2 km, and -4.3 km. We observe that success rate is symmetric
with respect to information source within the same traffic density. However, it is clear that
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success rate depends on traffic density and changes dramatically when meeting a different
traffic density. Comparing Figure 4(a) with 4(b), we see that the analytical and simulation
results are similar initially, but are significantly different as the distance from the information
source increases. For example, at location 60 km, the difference in success rates for the case
of t; = 0 is more than 10%. This is attributed to the wireless communication signal
interference in the simulation while the theoretical model assumes guaranteed message
delivery within transmission range. Further, the theoretical model assumes that messages are
directly delivered to the farthest 1VC-equipped vehicle (most forward within range) to
minimize the hop count.

MESSAGE DELIVERY RATIO

In this section, we evauate the performance of inter-vehicle communication by measuring
the message delivery ratio for vehicular network in different traffic densities, number of
information sources, and two-dimensional road layouts. We set the communication
bandwidth to 1 Mbps and information source that transmits packets at periodic intervals (0.02
sec) with a fixed packet size (230 bytes/packet) in the simulation time period (32) over M =
500 simulation runs.

IMPACT ON ROUTING PROTOCOL

In this experiment, a single information source is set and follows the same communication
scenario as (26) to compare our flooding-based method with AODV. AODV is apopular on-
demand routing protocol to deliver messagesin MANETS.

1

1

—<— flooding
aodv

Y —=— flooding :
0.9 5% aodv 09f |}

08t &% o8l |

07

=
o
T

06

=
o

05F

=
=
T T

04}

03f

Message Delivery Ratio
= o
P i

Message Delivery Ratio

02f

=
]
T

01f

i 0.1
0 1 2 3 4 5 6 7 8 9 10
Distance(km) Distance(km)

5(a) g4 = 56 veh/km 5(b) 5 = 20 veh/km
Figure 5. Message Delivery Ratio with R =500 m, u = 0.1

0

Figure 5 presents message delivery ratio for two different traffic densities with B = 500 m.
Similar to success rate, the message delivery ratio also decreases as the distance from the
information source increases. For low traffic density, there is no significant difference
between flooding, AODV, and theoretical model as shown in Figure 5(b). However, in high
traffic density, Figure 5(a), degradation of the flooding method is evident in comparison with
the other methods. The lower message delivery ratio in flooding for higher traffic density is
caused by the broadcast storm problem where redundant broadcasts cause wireless radio
contention and collision problems. Further, AODV performed better than the flooding
method as AODV establishes a shortest-path-based routing scheme (routing table construct)
and then disseminate messages in the MANET. Consequently, we can see that the choice of
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routing protocols can exhibit different performance measures for the same mobility scenario

and transmission range.

1
2
3

IMPACT ON MULTIPLE INFORMATION SOURCES
This experiment evaluates the overall communication performance when multiple vehicles

are sending messages simultaneously. We place multiple information sources (up to a

and

single and four

maximum of four) equally distributed over the same traffic scenario with Figure 5(a)

measure the message delivery ratio. Figure 6 compares two different cases,

4
5
6
5

8
9
10
11

information sources. From Figures 6(a) and 6(b), we see the impact of communication traffic

on delivery distance when multiple information sources are present in the network.

source 2 []

—+— source 3

—&— source 1

source 4 [|

H H I H I
w0 ] -t 2] o~
= =] =] =] o

oney A1anilaq abessay

H H I H I
w0 ] -t 2] o~
= =] =] =] o

oney A1anilaq abessay

Distance{km)

6(b) Four Information Sources

Distance{km)

6(a) Single Information Source

12
13
14

Figure 6. Message Delivery Ratio with Multiple Sources

IMPACT ON TWO DIMENSIONAL NETWORKS

15
16
17
18
19
20
21

In this section, we construct a two-dimensional network (5 km x 5 km) with traffic flow in
both forward and opposite directions for uniform traffic to better understand communication

performance in the intersection junction of arterial road. A fixed value of R

250 mis used.

We designate the four longitudinal traffic flows to 30 veh/km and vary the four latitudinal

traffic flows with 15 veh/km and 60 veh/km in separate experiments. In Figure 7

we observe

that with a 10% MPR, a density of 15 veh/km can only propagate 1 km (covering 3

intersections) and 60 veh/km 5 km (covering 12 intersections). This is due, in part that as

22
23
24
25

traffic flow meets at an intersection information can be propagated further. Hence, Figure

7(b) shows significant gains in message distance traveled by doubling the traffic density.
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CONCLUSION

In this paper, we investigate and illustrate the impact of traffic stream and wireless
communication on the performance of inter-vehicle communications. We develop a
simulation framework with ns-2 that generates different combinations of communication and
mobility scenarios and use the Monte-Carlo method to eval uate system wide performances.

To measure the performance of 1VC, we consider success rate and message delivery ratio.
First, we measure success rate for both uniform traffic and shockwave traffic. The result
shows that both traffic density and transmission range are major contributing factors on the
communication performance. In shockwave traffic scenarios, the success rate changes
dramatically when it meets a different traffic density. By comparing it with analytical model,
simulation results are lower than theoretical values due to signal interference and inefficiency
of the flooding method. Then, we study message delivery ratio for different traffic densities,
transmission ranges, multiple information sources, and two dimensional road layouts. We
conclude that higher traffic densities and longer transmission range causes greater
interferences that lead to more packet drops. Both traffic and network can significantly
impact the performance in inter-vehicle communication.
[]

Systematic consideration of the requirements and constraints imposed by applications,
communication, and vehicular traffic flow are necessary for communication routing protocol
design. For example, a mobility model can describe information on vehicle headways, which
is useful since vehicles need to be within transmission range to communicate. For future
research, we plan to extend our simulation framework to complex traffic scenarios using
microscopic traffic simulator such as Paramics. However, a joint approach involving both
network and traffic simulator can create greater simulation challenges such as time-
synchronization between the two simulators and ensuring compatibility and portability. Our
future plans include measuring the performance of 1V C for bidirectional directions and delay-
tolerant network schemes where vehicles “store-carry-forward” messages (33). These issues,
along with other improvements at the lower levels of the communication protocol stack, will
be important future research questions related to the design of reliable, scalable, and efficient
routing protocols for vehicular networks.
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Broadcasting Safety Information in
Vehicular Networks: Issues and Approaches

Rex Chen, Wen-Long Jin, and Amelia Regan, University of California, Irvine

Abstract

A primary goal of intelligent transportation systems is to improve road safety. The
ability of vehicles to communicate is a promising way to alleviate traffic accidents
by reducing the response time associated with human reaction to nearby drivers.
Vehicle mobility patterns caused by varying traffic dynamics and travel behavior
lead to considerable complexity in the efficiency ong/reliobility of vehicular com-
munication networks. This causes two major routing issues: the broadcast storm
problem and the network disconnection problem. In this article we review broad-
cast communication in vehicular communication networks and mechanisms to allevi-
ate the broadcast storm problem. Moreover, we introduce vehicular safety
applications, discuss network design considerations, and characterize broadcast

protocols in vehicular networks.

very year, millions of traffic accidents occur world-

wide, resulting in tens of thousands of casualties

and billions of dollars in direct economic costs. For

many years now, transportation planners have been
pursuing an aggressive agenda to increase road safety through
intelligent transportation system (ITS) initiatives. Further-
more, in 2001 the European Transport Policy set out a goal
to reduce road fatalities by 50 percent by the year 2010. Simi-
larly, in 2008 the U.S. Department of Transportation’s
(DOT’s) Research and Innovative Technology Administra-
tion challenged the industry to reduce 90 percent of traffic
crashes by 2030. In recent years various stakeholders have
come together to address these short-term and long-term
challenges, and initiative efforts have been formed such as
the U.S. IntelliDrive and European eSafety programs. A
novel communication system known as dedicated short-range
communication (DSRC) has been proposed within the 5.8-5.9
GHz frequency spectrum allocated for its use. Standard activ-
ities for the overall system architecture and communication
framework are coordinated by a variety of entities that
include the IEEE (IEEE 802.11p, IEEE 1609 working group)
in the United States, and the Car 2 Car Communications
Consortium (C2C-CC), European Telecommunications Stan-
dards Institute (ETSI, TC ITS), and International Organiza-
tion for Standardization (ISO, TC204/WG16) in Europe and
other parts of the world.

To achieve the future road safety vision, time-sensitive,
safety-critical applications in vehicular communication net-
works are necessary. Broadcasting will play an important role
in disseminating safety messages to all nearby vehicles such as
look-ahead emergency warnings and information about unsafe
driving conditions. However, the lack of packet acknowledg-
ment, packet retransmission, and a medium reservation
scheme makes it difficult to achieve high broadcast reliability
and efficiency in dense vehicular networks due to wireless
contention and interferences.

The Routing Problem

The fundamental design consideration for routing protocols is
the network environment and whether it is a static or dynamic
network. Design in the underlying communication system is
complicated by requirements that satisfy multiple constraints
which include high reliability, efficiency, and scalability perfor-
mance measures.

A vehicular ad hoc network (VANET) is a specific type of
mobile ad hoc network (MANET) where dynamic routing pro-
tocols are necessary. A VANET operates in a self-organized
manner without permanent infrastructure and, similar to a
MANET, encounters two major routing issues, the broadcast
storm problem and the network disconnection problem. The
broadcast storm problem occurs when mobile nodes send mes-
sages by flooding, causing frequent link layer contention with
other nearby broadcasting nodes that result in high packet loss
due to collisions. Specifically, this phenomenon happens during
multihop relay and message broadcast. Multihop relay occurs in
MANETS in wireless mesh configurations and in VANETS
when there are no roadside stations nearby. For MANETS, mes-
sage broadcast occurs during route discovery or route mainte-
nance, such as route request hello messages. For VANETs, this
happens in periodic broadcast beacons of vehicle or traffic infor-
mation. Achieving high communication reliability and efficiency
is an essential requirement for safety-based ITS applications.
Furthermore, the network disconnection problem for VANETSs
is more severe than for MANETS due to high mobility caused
by fast moving vehicles and the sparse traffic densities during
off-peak hours. This disconnection time (on the order of a few
seconds to several minutes) makes MANET protocols such as
Ad Hoc On Demand Distance Vector unsuitable for VANETS.

Hence, new network designs to improve broadcast reliability
in dense networks and routing decisions in sparse networks are
necessary. In this article we review existing methods and design
considerations for vehicular communication networks. In partic-
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ular, our discussion includes application requirements, commu-
nication systems, traffic characteristics, and routing protocols.
We conclude by summarizing the lessons learned, field experi-
ments, and future challenges of broadcasting in vehicular com-
munication networks. In the literature previous surveys and
tutorials on routing protocols for VANETS have been explored
by [1-7]. This article is an extension from these related works as
it focuses on broadcast methods with an emphasis on the design
requirement of high reliability and efficiency for vehicular safety
applications by alleviating the broadcast storm problem.

Design Considerations
Safety Applications

Specific ITS applications govern the performance require-
ments in vehicular communication networks. During phase
one DSRC experiments, several road safety scenarios based
on cooperative intersection collision avoidance systems were
tested. These scenarios included traffic signal violation warn-
ings, stop sign alerts, and left turn signal assistance. According
to the U.S. Vehicle Safety Communications Consortium, a
comprehensive list of more than 75 application scenarios for
intelligent vehicle safety applications enabled by DSRC have
been identified [8]. Table 1 describes a list of safety applica-
tions, and their corresponding communication and traffic
parameters. In particular, safety applications at intersection
roads (infrastructure-to-vehicle) and message exchange among
vehicles (vehicle-to-vehicle) have the most promising safety
benefits in the near and mid-term future.

Message transmit mode can be triggered periodically or
event-driven. In the periodic case, preventive safety messages
are disseminated to keep drivers informed with details such as
forward and opposing vehicle speed, acceleration, and decel-
eration values. On the other hand, event-driven messages are
delivered occasionally as in the case of a sudden hard braking
vehicle from other nearby vehicles or emergency vehicles such
as ambulances. Moreover, many applications that send event-
driven messages are relevant for farther vehicles, allowing
upstream vehicles to undertake early countermeasures to pre-
vent severe catastrophes such as chain-reaction accidents.

In Table 1 the latency for safety requirements are approxi-
mate values proposed previously by several sources that
include previous research papers, automotive practitioner rec-
ommendations, and consortium reports. In addition, prelimi-
nary evaluation in field tests indicate the typical delay
requirement for many safety applications is between 100 and
500 ms, a lower bound value compared with human reaction
time. The delay factor for safety applications is important, and
the IEEE 802.11p specification has set a minimum allowable
latency of 100 ms for periodic message broadcast. In general,
near real-time information is essential as even non-safety traf-
fic-based applications require delay latencies in the range of
several seconds to a few minutes for many ITS applications to
be useful. The maximum communication range depends on
usefulness of the safety information to nearby vehicles for
both upstream and downstream traffic in the same direction
for highways, as well as opposing directions on arterial roads
and local streets. In situations where the maximum communi-
cation range does not reach the intended distance, multihop
communication is a useful mechanism.

Communication

In communication networks packet delivery can be unicast,
multicast, or broadcast. The behavior of multicast and broad-
cast systems are different, as the former sends a message to
multiple destinations based on specific group attributes, while
the latter sends a message to all recipients within its coverage

area. In vehicular communication networks, for example, a
group of taxi or courier vehicles in a metropolitan city may
only relay messages among their fleets. However, an ambu-
lance siren alert must notify all nearby vehicles to pull over
rapidly and safely. In recent years other forms of network
delivery have been proposed that include geocast and anycast.
In particular, for vehicular networks geocast, which is based
on geographic routing, has been studied extensively by taking
a form of greedy forwarding in relaying information to the
destination such as most forward within range (MFR) or
nearest with forward progress.

Different from other wireless networks, packets in vehicular
networks are mostly autonomous and have specific temporal
and spatial relevance. Furthermore, the assumptions may
include knowledge of digital road layouts, location coordinates
(GPS), and in some cases the location of the destination node.
Performance metrics that are important include message deliv-
ery ratio, packet reception rates, packet error rates, and end-
to-end transmission delay. A comprehensive classification of
different automotive applications in DSRC and detailed per-
formance measures for VANETS is reviewed in [9].

Traffic

The mobility patterns of communication nodes in VANETS
are significantly different from those in conventional wireless
networks. Vehicles’ space-time trajectories are restricted by
paved roadways and drivers’ choices of origins, destinations,
departure times, and routes. The positions of vehicles are not
independent on a road due to car following or lane changing
rules. Densities of vehicles can vary dramatically along a com-
munication path due to driving behaviors and restrictions
caused by network geometry.

Previous studies have shown that the topological properties
and mobility models can have dramatic impact on network pro-
tocol performance. Two popular mobility models for vehicular
communication that generate movements at the microscopic
level include SUMO and VanetMobiSim, incorporating aspects
of the car following model developed by Stefan Krauss and the
TSIS-CORSIM traffic simulator. An in-depth survey and taxon-
omy of mobility models for VANETs: is described in [10].

Furthermore, vehicle movements can be complicated by
other factors such as traffic signals and stop signs in arterial
roads and ramp meters on highways. Traffic simulators such
as TransModeler and Paramics that incorporate traffic flow
theory and traffic control systems can provide greater realism
in vehicle trajectories. Another approach to formulating the
topological properties and mobility model involves using real-
istic vehicular traces to account for other variables. Some
research work has adopted this method, using mobility trace
data from SUVnet (taxi traces via GPS) and BTL/NG-SIM
(vehicle traces via loop detectors).

Overview of Broadcasting Protocols in
Vehicular Networks

In this section we present a classification of broadcast proto-
cols based on methods to reduce the broadcast storm problem
for vehicular communication networks. Table 2 illustrates the
historical taxonomy of broadcast communication with a quali-
tative comparison of the communication methods, traffic char-
acteristics, network simulation environment, and mobility
model used in the protocol design and evaluation. In certain
cases the literature on broadcast protocol did not specify the
simulation environment, road topology, and mobility models
used in their evaluation. For these situations, we omit their
discussion and leave the table field entries blank.
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Safety application Communication type Traffic information :i:‘:_mlt :.;tse)ncy rCaonn;;nz.lnr:;catlon
Trafﬂ_c signal violation Infrastructure-to-vehicle 'I'_raff|c_5|gna| SIS and_ Periodic ~100 <250
warning timing; pedestrian crossing
(I}
2 . . Traffic signal status and timing;
c e ;
S Left turn assistant Vehicle-to |nfrastruct_ure vehicle position, speed, heading; Periodic ~100 <300
s Infrastructure-to-vehicle . .
o intersection road shape
©
=
s . Ao e
2 Sto.p sign movement Wil |nfrastruct.ure Vehicle position, heading, speed Periodic ~100 <300
S assistance Infrastructure-to-vehicle
v
c . . . . ars . . _
-8 Inters'ectlon collision Vehicle-to-vehicle Vehlcl_e position, heading, speed; Evgnt ~100 <300
S warning turn signal status driven
wv
% Blind merge warning Infrastructure-to-vehicle  Vehicle position, speed, heading  Periodic ~100 <200
Pedestrian cross informa-
tion at designated Infrastructure-to-vehicle  Pedestrian detection and crossing  Periodic ~100 <200
intersections
Coopgratlve collision Vehicle-to-vehicle Vehicle p95|t|on, speed, heading, Periodic ~100 <150
warning acceleration
Emerggncy electronic Vehicle-to-vehicle Vehicle p95|t|on, heading, speed, Ev_ent— ~100 <300
brake lights deceleration driven
w
9 . . " .
= ng_hway merge Vehicle-to-vehicle Veh_lcle posmon, heading;'speed; Periodic ~100 <250
g assistant vehicles in merge path
g Blind spot warning Vehicle-to-vehicle Vehicle position, heading, speed Periodic ~100 <150
9]
= inati .
©  Pre-crash sensing Vehicle-to-vehicle sy SEnsor coordlnatlon_on Ev_ent ~20 <50
i seatbelts, airbags, pre-arming driven
=
o . . .
© Tr;_ms_|t vehicle signal Vehicle-to-vehicle Vehicle position, heading, speed Ev_ent ~1000 <1000
-l driven
o
E Cooperative vehicle-high- . . Vehicle headway distance,
" Vehicle-to-vehicle L ) . -
way automation systems . . position, speed; coordinated Periodic ~20 <100
Vehicle-to-infrastructure
(platoon) platoon maneuvers
Coc_)peratlve adaptive Vehicle-to-vehicle Veh_lcle hea_dway distance, Periodic ~100 <150
cruise control vehicle cut-in
> . H 1 - . -
2 Approachlng_ emergency i lato-vehicle E_mergency vehicle right-of-way Ev_ent ~1000 <1000
%5 vehicle warning yield driven
wv
v
= . Vehicle-to-infrastructure  Disabled vehicle due to crash or Event-
2 . ~ <
= Flesdliasly Vehicle-to-vehicle mechanical breakdown driven S0 =ity
Signage typically conveyed by
In-vehicle signage Infrastructure-to-vehicle  traffic signs (e.g., school zone, Periodic ~1000 <200
= speed limit)
.9
wv
§ Curve location, curve speed
$ Curve speed warning Infrastructure-to-vehicle  limits, curvature, road surface Periodic ~1000 <200
S condition
2
(%]
. . Distance to work zone, road ..
Work zone wWarning Infrastructure-to-vehicle Periodic ~1000 <300

closure, reduced speed limit

Table 1. Vehicular safety applications: communication requirements and traffic information.

Communication Characteristics

In the MANET literature several suppression schemes have
been proposed to improve the overall reliability of the shared
communication channel. These schemes include probabilistic-
based, counter-based, distance-based, and location-based
methods. These schemes have been adopted in broadcasting

for vehicular communication networks along with new meth-
ods such as cluster-based and traffic-based methods. In loca-
tion- and position-based methods, messages are broadcast
based on the geographic area of the transmitting and receiving
vehicle locations. In distance and hop-based methods, mes-
sages are broadcasted by considering the neighboring distances
and hop count from the transmitting node. Cluster-based
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U DS o, L Network Traffic- High- PR P -
position-  hop- based bilistic- simulator  based wavs local aggrega-  Mobility model
based based based y streets tion
T Communication characteristics Traffic characteristics
protocols
Negative exponential
UMB, 2004 \ \ WS \ v (headways) and Gaussian
(speed)
TrafficView, 2004 ns-2 N \ N \ Random waypoint model
MDDV, 2004 N QualNet N N CORSIM and Atlanta road
traces
ODAM, 2004 % \/ ns-2
OAPB/DB, 2005 x/ \ \ ns-2 y
AMB, 2006 N WS N Negative exponeptlal (head-
ways) and Gaussian (speed)
$B, 2006 N N Negative exponential (head-
ways)
MHVB, 2006 \ ns-2 \ Microscopic traffic simulator
D-FPAV, 2006 \ ns-2 \ DaimlerChrysler road traces
TRRS, 2007 \/ v
REACT, 2007 N ns-2 N N Nagel and Schreckenberg
cellular automata
DV-CAST, 2007 N
FB, 2007 v
DBAMAC, 2007 \ ns-2 v IMPORTANT mobility tool
PAB, 2008 \ v ns-2 v \ Road Design Manual
REAR, 2008 \ ns-2 \ Manhattan model
CTR, 2009 \/ | ns-2 \/

Table 2. Classification of broadcast protocols in vehicular networks.

methods broadcast messages to vehicle groups, for example, to
a platoon of vehicles with common paths. In probabilistic-
based methods, messages are broadcast with a given probabili-
ty p, and in many cases this probability is based on the
protocol’s backoff timer. For traffic-based methods, informa-
tion on traffic dynamics such as vehicle speed are incorporated
into the message broadcast decision. The predominant net-
work simulation used is the state-of-the-art open source ns-2
simulator. A variety of mobility models are used for simulating
vehicle movements in highway and arterial roads.

Urban Multihop Broadcast (UMB) and Ad Hoc and Multihop
Broadcast (AMB) — In these techniques, preference on a broad-
cast relay and suppression scheme is utilized based on road
location or vehicle position. To reduce the multihop messaging,
UMB and AMB elect vehicles farthest away (MFR) from the
information source as relay nodes. This location metric is com-
puted based on the black-burst method, which lets receivers
send black-burst signals proportional to their location from the
source. Furthermore, the AMB protocol is an enhancement to
UMB that does not require repeaters (infrastructureless) when
vehicles may not be in the intersection to retransmit a message

by nominating the node closest to the intersection position as
the relay node for broadcasting instead.

Smart Broadcast (SB), Position-Based Adaptive Broadcast (PAB),
and Distributed Vehicular Broadcast (DV-CAST) —SB and PAB
use a dynamic backoff timer for medium access control (MAC)
contention window adjustment to improve the efficiency of
packet transmissions. SB’s backoff timer scheme is based on
the sender and receiver node distance, while PAB determines
the backoff timer based on vehicle position and vehicle speed.
DV-CAST uses local one-hop neighbor topology to make rout-
ing decisions. The protocol adjusts the backoff timer based on
the local traffic density, and computes forward and opposing
direction connectivity with periodic heartbeat messages. More-
over, DV-CAST is adaptive to the totally disconnected net-
work and can temporarily wait-and-hold a packet until the
vehicle hears heartbeat messages from other vehicles.

Multihop Vehicular Broadcast (MHVB] — MHVB adjusts the
packet transmission interval with a position-based method.
The two proposed schemes for packet retransmissions in
MHYVRB include the location between sender and receiver, and
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the traffic congestion level, which is determined by a multi-
tude of threshold values that include number of nearby vehi-
cles, number of vehicles in forward and opposing directions,
and vehicle speed. A subsequent improvement for MHVB was
later published that includes more efficient angular coverage
from sender to receiver and introduces a dynamic scheduling
algorithm that prioritizes received packets.

Mobility-Centric Data Dissemination Algorithm for Vehicular Net
works (MDDV] — MDDV is a geo-cast protocol that defines
the destination region and trajectory-based routing based on
travel directions to deliver packets to the region. The MDDV
protocol runs a localized broadcast routing algorithm to con-
tinuously forward messages to the head node in the cluster
pack and moves closer to the intended destination. Results
from MDDV indicate that the routing protocol performance
depends on the market penetration rate of vehicle-to-vehicle
communication and road traffic density, which is affected by
the time of day with its realistic movement traces.

Fast Broadcast (FB) and CutThrough Rebroadcasting (CTR) —
FB is a distance-based protocol that minimizes forwarding
hops when transmitting messages and contains two compo-
nents, the estimation and broadcast phases. In the estimation
phase the protocol adjusts the transmission range using heart-
beat messages to detect backward nodes. In the broadcast
phase it gives higher priority to vehicles that are farther away
from the source node to forward the broadcast message. CTR
also gives higher priority to rebroadcast alarm messages to
farther vehicles within transmission range but operating in a
multichannel environment.

Distributed Fair Transmit Power Assignment for Vehicular Ad
Hoc Network (D-FPAV) — D-FPAV describes a scheme that
provides fairness in broadcasting heartbeat messages by
dynamically adjusting every node’s transmission power based
on distance to other neighboring nodes. The method enables
all nodes to share the channel capacity fairly. Although power
control and adjustment is well explored in wireless networks,
D-FPAV is unique as it investigates the problem in the con-
text of broadcasting in vehicular networks by using realistic
movement traces obtained from DaimlerChrysler on a Ger-
man highway.

Dynamic Backbone-Assisted MAC (DBAMAC] — DBA-MAC is
a cluster-based broadcast for message propagation based on
cross-layer intersection in the MAC. For a group of intercon-
nected vehicles, higher-priority nodes within the cluster are
considered backbone members and are able to broadcast mes-
sages. The process of choosing backbone nodes within the
cluster occurs periodically by selecting nodes that are farther
apart to minimize hop count.

Receipt Estimation Alarm Routing (REAR] — In the REAR pro-
tocol, nodes that relay broadcast messages are selected
based on estimated message delivery ratio. This is computed
based on the received signal strength and packet reception
rates for packets that nodes receive, and this information is
exchanged with neighboring nodes using heartbeat broadcast
messages. Hence, nodes with higher message delivery ratios
are likely candidates to flood messages in the network while
the other nodes are kept silent to alleviate wireless con-
tention conflict.

TrafficView — The TrafficView protocol is a part of the
broader e-Road project with the goal of building a scalable
and reliable infrastructure for intervehicle communication

systems. In TrafficView, the message data contain informa-
tion on a list of vehicle IDs and the vehicle’s own position
and speed, as well as broadcast duration time. TrafficView
conserves bandwidth and deals with flow control of broadcast
messages by aggregating multiple data packets based on rela-
tive vehicle distance and message timestamp. For example,
two vehicles on the same highway lane traveling at similar
speeds are likely to have similar vehicle positions and vehicle
trajectories. Hence, when updated information on vehicle
positions is available, vehicle speeds may not be necessary,
which reduces packet size and results in lower packet trans-
mission delay (less air time).

Time Reservation-Based Relay Node Selection (TRRS) and Rout
ing Protocol for Emergency Applications in Carto-Car Networks
Using Trajectories (REACT) — TRRS proposes a method where
nodes in the communication range choose their waiting time
based on a specified time window. The time window is deter-
mined by a distance that is inversely proportional to the previ-
ous relay node and reservation ratio of the time window. A
node with higher reservation ratio will have received duplicate
broadcast messages and incurred longer time window waiting
duration in the next transmission round. REACT gives more
influence on the forwarding trajectory and angle, and inte-
grates the position-based information with the time-division
multiple access 802.11 MAC.

Optimized Dissemination of Alarm Message (ODAM) and Opti-
mized Adaptive Probabilistic Broadcast and Deterministic Broad-
cast (OAPB/DB) — ODAM has a “defertime” to broadcast
messages, computed based on the inverse proportional dis-
tance between receiver and source node. For ODAM, broad-
cast messages can only occur within the risk zone region,
determined with a dynamic multicast group based on vehicles’
proximity to the incident site. OAPB/DB uses an adaptive
approach to rebroadcast emergency warning messages near
the incident zone. Nodes rebroadcast messages probabilistical-
ly within the region based on the delivery ratio, which is com-
puted based on local traffic density information.

lessons learned, Field Experiments, and
Future Challenges

lessons learned

An overview of broadcast protocols in vehicular communica-
tion networks has been introduced. Specifically, these proto-
cols address the broadcast storm problem by reducing packet
redundancy, wireless contention, and collisions in the network.
Although numerous design methods have been proposed,
each protocol has its limitations and assumptions that may
cause certain issues. For instance, the concept of node selec-
tion for multihop relay based on node distance (MFR),
although reducing the total number of traveling hops, incurs a
reliability trade-off with lower packet reception rates due to
the loss in radio power from longer propagation distances.
Also, several broadcast protocols to modify the MAC with dif-
ferent priority schemes have been proposed. However, such
schemes may result in “unfairness” in the overall system
where certain nodes have more packet transmission rounds
than others. Yet another shortcoming for some methods is the
assumption that GPS is readily available to provide location
position to neighboring vehicles. Hence, the feasibility of
these vehicular communication network applications will
depend largely on the technology adoption and market pene-
tration rates of vehicles equipped with capabilities, GPS
devices, or both.
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Field Experiments

In the past few years field trials have been conducted to fine-
tune the DSRC specification. Initial results indicate packet
error rates (PERs) can be highly affected by urban canyons,
caused by radio signal degradation due to multipath fading
[11]. The vehicle height profile can also significantly impact
the transmission range for DSRC. Initial road test experi-
ments indicate 20 percent PER with about 150 messages/s,
and the results are better for shorter (300 bytes) rather than
longer (1200 bytes) messages since longer packet length con-
sumes more air time. The phase one stage provides a strong
proof of concept for DSRC. However, VANETS still have
many issues to address, including external factors such as road
terrain conditions, vehicle types, and environmental factors.

Future Challenges

There remain many open issues and future challenges to
solve. The field of vehicular networks has not only fostered
academic research interest, but has motivated experts to
publish books to share knowledge, most recently in 2009
[12-15] and 2010 [16, 17]. In the lower layers of the commu-
nication stack, novel channel access methods, priority access
with IEEE 802.11e, dynamic contention window and power
adjustment, and multiradio interfaces are just some of the
techniques that can improve vehicular communication by
optimizing the wireless channel load. This can be thought of
as a scalability problem and characterized by the “communi-
cation density” metric for vehicular communications [18].
An empirical analysis using 802.11 wireless interfaces in the
ORBIT emulation testbed provides some insights on the
complexity of broadcasting in dense vehicular networks [19].
However, the communication parameters and how these
contribute to the overall system reliability and efficiency are
not yet well understood and need further analysis. More-
over, the design of vehicular communication networks needs
to be integrated with the safety and traffic-based application
requirements. For example, the communication system can
dynamically consider the latency requirement in Table 1 and
fine-tune its MAC contention window size to the desirable
performance measures (e.g., highest delivery ratio, mini-
mum delay).

Initially, the requirements will be for vehicular safety
applications. Multihop broadcasting is useful to provide an
early countermeasure to prevent catastrophes such as chain-
reaction accidents for nearby and following vehicles in the
upstream. Subsequent enhancements will include real-time
traffic information and environmental applications that
reduce emissions in vehicle platoons by stabilizing traffic on
the road through adaptive cruise control. In other cases ITS
traffic applications may tolerate small delay and allow mes-
sages to be queued at intermediate relay points prior to
sending information to the intended destination when the
network is sparse. In such cases a delay-tolerant geocast pro-
tocol that sends messages on demand based on time factors
when near other vehicles or a traffic collection roadside sta-
tion is more appropriate. Finally, security in VANETs
remains a rich research area with many problems that need
to be addressed including vehicle anonymity, message
integrity, and authentication, traceability, and revocation of
malicious attackers.

Conclusion

In this article we classify and survey broadcast protocols
for vehicular communication networks. Vehicular net-
works have many safety-based applications where reliabili-
ty is of utmost importance. Reducing message flooding

serves as a fundamental method to alleviate the broadcast
storm problem and increase the reliability and efficiency
of disseminating safety messages to other vehicles. Future
research for network engineers and researchers should
incorporate traffic characteristics and application require-
ments into the communication system design. Traffic flow
dynamics, along with improvements in the communication
stack, will be important in designing reliable, efficient,
and scalable broadcast methods for vehicular communica-
tion networks.
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Abstract- A primary goal of intelligent transportation systems  exchange would cause even more packet flooding and
(ITS) is to improve road safety. The ability for vehicles to  gyacerpate the broadcast storm problem. The miativaor

communicate is a promising way to alleviate traffic accidents by our work derives from brevious studies that su
reducing the response time associated with human reaction to P goreEl

nearby drivers. In addition the limitations of standard driving Importance of examining the impacts of mobility teats and
can be overcome by providing drivers with instantaneous transportation network  configurations on  vehicular
information about complications up ahead. Shockwaves, induced communications. The work by [1] suggests theseofactan
by vehicle speed differentials, are a typical mobility pattern that  gjgpificantly impact multi-hop connectivity with kieular
occurs with the formation and propagation of vehicle queues and icati in both i d —unif ficaf
increase the probability of trafficincidents. Theseinduce sudden communications in-both uniform - an _non unitorm
braking and increase the occurrence of traffic incidents. In this Streams. As such, we explore the impacts of network
paper, we investigate safety applications in highways with environment on highways with different lane confafions
shockwave mobility and different lane configurationsin vehicular  and mobility patterns on the performance of muiltph

ad hoc networks (VANET). We evaluate the performance of broadcasting.

multi-hop broadcast communication using the ns-2 simulator with S . . .
vehicles following a shockwave mobility pattern in fully-connected In VANET,’ ir.]aln.taln.ln.g high anne(?t|V|ty and high
traffic streams. We propose mechanism to improve broadcast Proadcast reliability is difficult, especially inedse networks

reliability using dynamic transmission range that leverages our and with non-homogeneous vehicle mobility. In théper, we

under standing of fundamental traffic flow relationships. propose a mechanism to dynamically control the
communication range for vehicles by adjusting the
I INTRODUCTION transmission power to mitigate the effects of boaat storm.

Every year, millions of traffic accidents occur wewide, Specifically, our safety-application scenario retat to
resulting in tens of thousands of casualties arlibms of Shockwave on highways, a common phenomenon thatrecc
dollars in direct economic costs. For many yearsv,no€very day along with the formation and propagatérraffic
transportation pianners have been pursuing an aggm gueues. A shockwave Separates two traffic streanth w
agenda to increase road safety through the IT&tini¢ such different traffic densities and speed, derived adicg to the
as the U.S. IntelliDrive and Europe eSafety prajettith the fundamental traffic flow relationships. When thesfivehicle
Widespread adoption of wireless communication CB{IC in the fO”OWing traffic stream meets the last \a@diof the
vehicular communication is becoming an essentiatl atfading traffic stream, it senses the danger anuediately
emerging technoiogy to allow vehicles to share mppgate sends a broadcast message to inform all neal'bycleehi
useful information for drivers such as traffic cestjon alerts, (within a few kilometers away) of an upcoming sheake and
safety warnings, and traffic management suggestibnghe caution the vehicles to reduce speeds. The infoomat
United States, in particular, the Federal Commativn Propagation is relayed from one vehicle to the niespired by
Commission (FCC) has allocated a spectruni7®MHz in the need for multi-hop broadcast [2]. Previous wiarwireless
5.9 GHz for Dedicated Short Range Communicatiofulti-hop networks [3] shows the benefits of dynami
(DSRC), a technology for the ITS to improve roatesaand transmission power control (which results in a dyita
complementary traffic information with standardipatefforts transmission range) as a way to increase netwquRaity at
described in IEEE 802.11p. the same time as reducing power consumption.

.Due to the time-sensitive, safety-critical appicas in ~ The contribution of this paper is a simulation-fthse
VANET, broadcasting will play an important role wehicular approach for a better understanding on the perfiocmaof
communication to disseminate messages such asaluwekd Multi-hop broadcasting under shockwave mobilityhaghway
emergency Warning and information about unsafeirmg'iv with different lane Conﬁgurations. EffiCiency in acket
conditions. However, the lack of packet acknowledget and reception is achieved by reducing packet collisicassed by
packet re-transmission makes it difficult to ackietigh oOverhearing broadcast packets through transmissamge
broadcast reliability due to wireless contention d arAdjustment based on vehicle speed variation. Rurthve
interferences in the medium. Unlike unicast, thetiomal Ccompare the performance of static and dynamic mimm
RTS/CTS handshake to prevent the hidden termirddiem in  transmission range for different lane configurasioon the
802.11 cannot be used for broadcast since the REs/chighway with free flow and congested traffic deiesit



Il RELATED WORKS

The work by [10] uses simulation traces to presant

The work by [4] uses a dynamic transmission-ran&goadcas'[ protocol for intermittent connectivityhighway and

assignment (DTRA) algorithm that employs transnoissi

power control based on the relationship betweemectivity

and traffic density characteristics. Their approages an

analytical traffic flow model to derive and estimatocal
density coupled with the RoadSim vehicle traffimslator to

measure the performance of the communication sysiam

several road configurations. Further, the paperviges
simulation results identifying the minimum transsiis range
for different traffic densities in non-homogenedteffic that

does not require any message exchange with neigigbo

vehicles. The focus of their work and the DTRA aityjon is to
maintain a high level of connectivity in vehiculagtworks by
estimating the local vehicle density and localficafonditions
(free flow versus congested traffic). In the comioation
model, they assume that two vehicles can communit#teir

urban traffic scenarios that improves reliabilitydaefficiency
by reducing redundant retransmissions. It use®gierbeacon
messages to acquire neighboring vehicle locationsl a
piggyback acknowledgments for reception.

In the MANET and VANET literature, previous propdse
methods that avoid broadcast storm problem inchatebased,
location-based, cluster-based, probabilistic-based, traffic-
based suppression schemes such as [11] andjdemethod
to improve broadcast reliability integrates the icalar
communication system with traffic flow by dynamikgal
fadjusting transmission range based on traffic dgnahd
vehicle speed characteristics. Further, our studynaollti-hop
broadcast extends the potential application usesc&Single-
hop broadcast are useful for high locality and véime
sensitive applications such as crash imminent siofii
However, it does not provide safety applicationat tetretch

Euclidean distance is less than or equal to thertesho several miles for look-ahead warning to alert tloevdstream

transmission range between the two vehicles. Howeveaffic for
communication issues associated with radio interfsiech as broadcast communication may also have environmental
in the shared transmission window, hidd@pplications that reduce emission in vehicle plasodoy

contention
terminals, and other errors were not consideregtdair study.

advance speed reduction. Finally, nabip

stabilizing traffic on the road through cooperaticeuise

The work by [5] uses simulation traces to derive agpntrol systems.

empirical model that provides the broadcast reoaptiate
probability. Parameter optimizations and their eiopl model
formulation include inspiration frordiang et al. [6] that define
channel load in vehicular communication by the piatdof
traffic density, packet generation rate, and trdassion range.
The simulation scenario is a circular road but rtheisults
consider single-hop broadcast only with vehiclésaling the
same transmission range.

The work by [7] evaluates the performance metri¢s
delivery ratio and delay for broadcasting safetyadwa
messages with varying packet transmission inteaval data
packet sizes. The simulation methodology is simitarour
environment, but their study is based on a fixethgmission
range and does not consider multi-hop broadcasting.

. DESIGN

A. Traffic Scenarios

Our traffic scenario includes two traffic streamihweach
traffic stream stretching five kilometers and oniéorketer
apart with uninterrupted traffic flow. Market peraton rate
(MPR) of equipped vehicle with communication devise
100% and vehicles are uniformly distributed acaugdio their
yaffic density. Since shockwaves are caused biatian in
speed differentials, the two traffic streams haifieknt traffic
density with the leading traffic stream’s densiteafer than
the following traffic stream. It is generally acteg that, for
uninterrupted traffic flow, there is a density-speelationship

The work by [8] proposes the distributed fair powdtndamental diagram [14] [15] with densityand spee¥.

adjustment for vehicular networks (D-FPAV) algoniththat
dynamically adjusts each vehicle’s transmission groand
hence transmission range) to prevent packet amiési The

optimization focuses on fairness of each commuimgat

vehicle to receive and send safety information emtthan
network capacity and connectivity. Fairness in rtteglaptive
transmit power scheme is validated through simuatesults
on highway scenarios with different radio propagatinodels.

The work by [9] proposes a multi-hop broadcast quok

called Fast Broadcast that reduces the time to propagate 8Pacing 11.1 meters and 33.3 meters.

[13]. In our simulation, we assume the so-calledngular
Vf , 0sp=<p,
V(p) = 0,-p
Vi (pj%pc)(JT) 1 Pe PP

1)

We assume the conditions in which the free flonespé =
104 km/h (64.6 mph), a reasonable value for highapged
limit. The jam density ip; = 150 veh/km [16], and critical
densityp . = 0.2p;. Further, we assume density= 90 veh/km
and p, = 30 veh/km for the two traffic streams with vdhic

message and reduces the total number of hops ter cmv assumptions for triangular fundamental diagram ahd
portion of the road. The scheme estimates forwand aformulation in(l), a lane consists of 600 vehicles with leading

backward transmission ranges, computed using twod® of
transmission ranges (current-turn and last-turowéver, their

traffic stream vehicles traveling at 17.4 km/h @Lanph),
following traffic stream vehicles at free flow speeThe

scheme requires message exchange between vehickee | Packward shockwave speed is -26 km/h (16 mph). ifbgaty,

specific area-of-interest to determine vehicle sgpand make
transmission range adjustments accordingly.

our traffic scenario is relevant to a typical sheake
encounter on a highway where vehicles in the dowast are

Based ore thes



congested while the upstream vehicles are un-ctedjeThe
distance between vehicles on neighboring lanegtitos3.65

meters according to the highway capacity manuale Th

shockwave pattern in the simulation is based onsiheed-
density relationship and parameters described abawe is
created using MatLab and ported onte-2 mobility file.
Figure 1 shows the trajectory of shockwave trafficour
scenario with each line representing vehicle’'s muoset for a
specific location and time instant. Moreover, thigufe
illustrates backward shockwave point propagatiornvetsicle
reduces their speed with the congestion traffi@difeom 64.6
mph to 10.8 mph.

Shockwave point

\ [

Time (seconds)

kilometer
Figure 1. Trajectory of Shockwave Traffic

B. Smulation Environment

We use ns2.33 network simulator
communication performance with
according to section 3-A. In the simulation, alldes are
configured to flood all un-heard messages to foltbes multi-
hop broadcasting behavior. To evaluate the impheanying
communication range and transmission power adjustnee
use the deterministic two-ray ground propagation rfadio
model. For higher fidelity with realistic vehicte-vehicle
communications, we set configuration values accgyrdo the
IEEE 802.11p draft standard. For security protegtiove
assign packet size to 382 bytes with 200 bytesatd dayload,
128 bytes for a certificate, and 54 bytes for aaigre similar
to [5]. The main parameters used in the2 simulation are
presented in Table 1. The simulation ran on a 2% GQuad-
core with 8 GB RAM and the multi-core processorsvje
speed up in the Monte Carlo simulation.

Information source is the first vehicle of the &lling traffic
stream that after 41 seconds detects the upcorhiock®ave
ahead and broadcast a shockwave alert messaganohoéh

to

TABLE | COMMUNICATION CONFIGURATION

Parameters Values
Antenna height 1.5m
Antenna gain 1dB
RXTh -95 dBm
CSTh -99 dBm
CPTh 4 dB

Data rate 3 Mbps
Frequency 5.9 GHz
Packet size 382 bytes
Minimum contention window 15 slots
Number of messages send 1

Tx range (meters) 37,185
Corresponding power (dBm) -15.8, -21.8

C. Transmission Range Adjustment

In our simulation, we use minimum transmission Eang
(MinTR) which is computed based on the spacing distance
between a leading and following vehicle. Since MR is
100%, the communication equipped vehicles are fully
connected. We compare the results with fikéidTR, derived
using the value from following traffic densipy and dynamic
minimum transmission range values for each traféasityp;
andp,. Note however the actuMinTR shown in Table 1 and
used in our simulation is a few meters more to camspte for
multiple lanes and flexibility that messages sepdidhicle on
lane one can be heard by vehicles one vehiclertistaway
for all lanes.

V. SIMULATION RESULTS

A Discusson
For statistical reliability and to avoid correlatian the

3 evaluateresults, a Monte Carlo approach of 500 runs (wittying seed
the mobility modeh ns-2) for each scenario with different highway lariss

computed. Additional scripts were used to compuese the
raw output and compute performance measures afdffected
data. In particular, we evaluate two performanarics for
multi-hop broadcasting, message delivery ratio (ND#Rd
packet reception rate (PRR). MDR is measured at the
application level and defined by the probabilitytoé message
send by the information source to travel a ceridistance
along the traffic stream. PRR is measured in theQViAvel
and defined as the probability of packet recepfamma given
distance, measured in 100 meter segments. In theel,
performance measure starts at the information sowhere the
first shockwave transition occurs (kilometer distazero).
Figure 2 and Figure 3 shows the MDR and PRR foedix
transmission range for all vehicldginTR=37. Figure 4 and
Figure 5 shows the MDR and PRR for dynamic transimis
ranges where vehicles in traffic density are assigned
MinTR=18.5 and vehicles imp, with MinTR=37. Difference in

upstream and downstream directions. For multiphe-lathe two traffic streams are attributed to the cete and free-

situations, we assume that the first vehicle (imfation source)
originates from lane one. Sending the shockwavesaggsalert
to downstream vehicles on the same direction cavebeficial
as those vehicles can later relay messages in phesimg
direction of the highway for non-instantaneous faring.

flow traffic patterns. In the MDR measure, as thenber of
lanes increases for free flow traffic, the MDR ailsyproves as
shown in Figure 2 and Figure 4. Further, the refudttwo
lanes is particularly low since it endures commatian
interferences from vehicles in the adjacent lang i traffic



density is least among all the multi-lane scenatioghe case MDR and PRR results. As we describe earlier, the lame
of congested traffic with fixed transmission rangfee MDR scenario withMinTR is a special case that has the best results
achieves 100% with three or more lanes as it cp feach for all figures and lane configurations except fie forward
the 5 km distances. However, in congested traffith w direction in Figure 2. For the multi-level scenatithe more
dynamic transmission range, only the one-lane sitereas lanes the higher the application level delivery hadaility.
guaranteed reliability as indicated in Figure 4isTis because However, it comes at a tradeoff where greateritrafénsities
for one lane case wittMinTR, there is no contention incause more collisions in the MAC level and resuiith lower
wireless medium and no interferences from otherickeh packet reception. For the two lane scenario, thédti+mop
farther away in the forward and backward directiassvell as broadcast message propagates only about half tire &nkm
adjacent lanes. in the direction of the free-flow traffic and itaqket reception
Contrary to MDR, the PRR shows opposite effect wherates has higher volatility due to less overallereed packets
more lanes result in lower packet reception ratertber, in comparison with three, four, or five lanes. Hinathe
Figure 3 illustrates that in all cases of fixechsmission range, dynamicMinTR adjustment for two lanes in the direction of the
there is a downward spike in PRR from the inforomatsource congested traffic causes it to reach only abounlirkdistance.
to its nearby downstream traffic. This is triggerby the C. Impact of Transisson Range

transition from free flow and the increase in ollevahicle . . .
density in th ted traffic st Although the transmission range adjustment for dyina
ensity In the congested traffic stream. MinTR results in lower MDR, it can improve PRR. The

B. Impact of Lane Configuration

1

analytical model proposed by [17] describes thatiahship
In our highway traffic scenario, the number of laradfects between application and communication level delivetios
the communication densities. This can be observethoth and its formulation shown ().
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PapN) = P (at least 1 successful tx Mtries)
= R (all fail in N tries) = 1-(1Pom)"
)
The DSRC standard requires that the packet geoeredie
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Hence, the MDR delivery ratio can quickly be comgmed in
the case when multiplédN messages are sent. Hence, the
tradeoff of lower MDR to compensate for higher PRRh
dynamic transmission range is desirable. Real fieH
experiments by the USDOT RITA VII project on the
communication performance also suggest the desirdofv 2l
packet error rate as a design consideration for©8R]. It is
valid that it may be difficult to compute the ahgelMinTR for
different free-flow traffic densities since the vdh speed
would be the same. In fact, the DTRA algorithm ssig using
maximum transmission rang®MéxTR) since the less traffic
density with free flow will have less impact on eli@gss [5]
medium contention and interferences. Our resulfrea-flow
traffic is the critical densityp(c = 0.2p)). Intuitively, for free- [

[3]

6
flow traffic, if the transmission range was ratlset toMaxTR, ]
the results should indicate the farthest distamaget with
highest MDR and lowest PRR possible. 7]
V. CONCLUSION AND FUTURE WORK 8]

In this paper, we study the performance of mul@-ho
broadcasting on the highway traveling in one dicectWwe [
suggest a mechanism to improve multi-hop broadcast
reliability and efficiency with dynamic transmiseiacanges
based on our understanding of fundamental traffawf [10]
relationships. In particular, we show the beneditemploying
dynamic transmission ranges on the highway withcklave
mobility that inter-mixes free flow and congestéalf traffic.
Usingns-2 simulator, we evaluate the performance measiure o
message delivery ratio and packet reception réteaddition, (2]
we show that lane configurations can have a majgact on
the performance measures.

Future work can incorporate complex traffic andwark
characteristics for greater realism in shockwavéititp with
non-homogeneous stop-and-go traffic pattern tordesteavy
congestion. Moreover, message generation rate dodisg
messages multiple times or from multiple informateopurces
are possible and can further clog the communicatiedium.
Studies on dynamic contention window for broadcastiave
been proposed by [19] and the metric of contentidmdow
adjustment and its formulation can incorporatefizaflow
dynamics. Analytical methods to model the wirelesstention
and communication reliability and efficiency forfety-based
DSRC systems have been studied recently by [2Q] Rither,
theoretical analysis on the results and relatignéti delivery
ratio in the application and communication leveluhb be
helpful for understanding the factors that impadte t
performance metrics in VANET. These methodologias be
beneficial in the routing protocol design for VANET

[11]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]
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Abstract— Inter-vehicle communication is a promising way
to share and disseminate real-time and nearby safety
information on the road. However, several pressing open
questions require solutions in order to achieve high reliability
and efficiency with these systems. Further, previous studies
have shown that the mobility model can significantly influence
the communication performance in vehicular networks. In this
paper, we analyze communication in stop-and-go waves and
propose a method to optimize an important network
parameter, the transmission range, based on traffic stability
measures. Our findings suggest a transmission range
adjustment scheme that achieves high reliability by considering
network coverage and packet reception rates.

I. INTRODUCTION

In recent years, computing systems and communication
capabilities have become more affordable, powerful, and
accessible. For example, the proliferation of smart phone
computing devices has enabled more people to stay
connected to the Internet over longer time spans. Similarly,
this trend is now expanding to vehicles. The global
positioning system (GPS) that integrates computing and
satellite communication has resulted in millions of vehicle
drivers with real-time road navigation information in the
United States. Advanced telematic systems will only
continue to grow and facilitate drivers with better and more
accurate real-time traffic and safety information.

Dedicated Short Range Communication (DSRC) is a
technology based on 802.11p that operates using 75 MHz of
spectrum band in the 5.9 GHz range, and is specifically
designed for automotive wuse in road safety and
complementary traffic information. Due to the time-
sensitive,  safety-critical  applications in  VANET,
broadcasting will play an important role in vehicular
communication to disseminate messages about unsafe
driving conditions to immediate nearby vehicles (one-hop)
and other vehicles in the vicinity (multi-hop). However,
there are several challenges to broadcast packets reliably.
First, broadcast lacks acknowledgement (ACK) packets from
the receiver. As a result, there is no retransmission of
dropped packets. Due to this lack of MAC-layer recovery,
the contention window size for broadcast is often held
constant (fixed). This differs from unicast which adjusts the
contention window size based on a binary exponential back-

off scheme, depending on the packet failure probability. In
addition, reservation schemes used in unicast such as
RTS/CTS exchange cannot be efficiently used for broadcast
since the nature of disseminating packets would exacerbate
the broadcast storm problem with the additional RTS/CTS
control packet exchanges. Inherently, communicating
devices should adapt based on the dynamic vehicular
network.

One of the most important factors that impacts network
reliability is the interference level which is highly dependent
on the transmission range for each communicating node. In
this paper, we carefully study stop-and-go movement and
incorporate an understanding of traffic waves onto the
network design for one-hop periodic broadcast. Stop-and-go
movement, a phenomenon that arises from a combination of
shockwave and rarefaction waves, can occur in highways,
especially during peak hours or when road incidents occur.
Through analytical and simulation-based studies, we
illustrate the coverage and packet reception rates
performance measures for different traffic dynamics. Taking
into consideration both reliability and interference
minimization, we compare the performance for various
transmission range adjustment schemes relative to the traffic
stability.

II. RELATED WORKS

Our work is motivated by [1] which provides a first study
to obtain the analytical lower-bound for the minimum
transmission range in non-homogeneous distribution of
vehicles in congested densities. Following this initial work,
[2] uses a dynamic transmission-range assignment (DTRA)
algorithm that employs transmission power control based on
the relationship between connectivity and traffic density
characteristics. Their approach is based on an analytical
traffic flow model to estimate local density and derive
vehicle trajectories using RoadSim to measure the
performance of the communication system on several road
configurations. The focus of their work and the DTRA
algorithm is to adjust the transmission range by estimating
local vehicle density and local traffic conditions (free flow
versus congested traffic) without any prior message
exchange with neighboring vehicles. In their work, the
minimum transmission range is defined as an average
maximum value of vehicle spacing for multi-lane case and



the widest gap among vehicles for single-lane scenario.
Further, to compensate for the non-homogeneous
distribution of vehicles on a single-lane, the transmission
range is increased by an additional constant that is
proportional to length of the road of interest. Although their
work achieves the goal of maintaining high connectivity, the
communication issues such as collision due to the hidden
and exposed terminal problems were not evaluated. An
optimal adjustment in transmission range would improve
communication by reducing wireless transmission collisions.
Our work extends the dynamic transmission range by
analyzing traffic dynamics on the road and incorporating
traffic stability information as a relative measure to increase
transmission range.

The work by [3] proposes the distributed fair power
adjustment for vehicular networks (D-FPAV) algorithm that
dynamically adjusts each vehicle’s transmission power to
prevent packet collisions. The optimization focuses on
fairness of each communicating vehicle to receive and send
safety information rather than network capacity, connectivity
or coverage. Fairness in their adaptive transmission power
scheme is validated through simulation results on a highway
with different radio propagation models.

The work by [4] proposes an analytical model to evaluate
the performance and reliability of safety-related services in
DSRC systems on highways. The model considers several
design metrics which include different safety-message
priorities, the hidden terminal problem, transmission range,
and contention window back-off mechanisms. From their
analytical model, channel throughput, transmission delay,
and packet reception rates were computed. The findings
suggest that delay requirements can be met but high
reliability cannot. The work by [5] provides extensive
simulations to study the performance of one-hop broadcast
beacon safety messages. Communication parameters used in
the performance measures include transmission range,
packet transmission interval, and message payload size.

The work by [6], [7] proposes an analytical model for
connectivity in non-uniform traffic stream based on the
Lighthill-Whitham-Richards (LWR) traffic flow model. The
instantaneous connectivity factor is based the multi-hop
broadcast communication and with different market
penetration rates of DSRC-equipped vehicles. Further,
connectivity can be computed as the traffic pattern evolves
in a time-dependent manner. Theoretical results on the
propagation distance for different transmission range values
are shown for non-uniform traffic. The work by [8] proposes
an analytical method to approximate connectivity for
vehicular communication in highway under different traffic
conditions as factors such as traffic density and vehicle
velocity —parameters can significant influence the
performance of connectivity. Finally, [9] proposes to
improve communication reliability = with  dynamic
transmission range by incorporating fundamental traffic flow
relationship. The work is focused on shockwave mobility
pattern for multi-hop broadcast communication which is
different from this paper.

III. TRAFFIC BEHAVIOR AND MODELING

This section describes the traffic scenario, vehicle
movements and trajectories, and methodology to precisely
compute vehicle locations and traffic stability in detail.

A. Traffic Scenarios

Our traffic scenario is a non-uniform congested traffic
stream that covers a three kilometer unidirectional, one-lane
highway network. We assume a critical density p . = 0.2 p;
and a jam density of 150 veh/km. Further, we assume that
every vehicle is DSRC-enabled (100% market penetration
rate). Initially, the vehicles are randomly distributed within
the three kilometer road segment with a condition that the
distance between any two DSRC-enabled communications
device is minimally 6.66 meters based on jam density value.
Due to the non-uniform distribution of vehicles, there are
instances of the road segment where the spacing between the
forward and rear vehicle can be greater than the average
vehicle spacing of the entire traffic stream for a given traffic
density.

B. Car-Following Model

In traffic flow theory, various microscopic traffic models
have been proposed such as Gibbs, General Motors, Pipes or
the K-S car following models. In our traffic network,
vehicles movement is based on Newell’s car-following
model for its simplicity. Furthermore, the accuracy of
Newell’s car-following model [10] has been compared with
other microscopic car-following models [11], and have
subsequently been verified with real highway results [12],
[13].

The following formulation (1) describes Newell’s car-
following model in a congested road:

Xn(t +1) = Xn—l(t) —d (D

where X, and X, are the following and leading vehicles’
locations, respectively, d is the jam spacing of vehicle X,
and 7 is the time displacement of vehicle X,. From the NG-
SIM data [14], d and 7 are set to 6.66 meters and 1 second,
respectively. Hence, the nth vehicle trajectory will follow
the trajectory of the (n-1)st vehicle as described in (1) for all
vehicles on a congested road.

C. Vehicle Trajectories

Vehicle trajectories of stop-and-go waves for different
congested traffic densities (from p=0.2p; to p=0.9p;) of two
minutes of driving time are computed in Figure 1. Increasing
traffic density not only increases the number of vehicles on
the road, but decreases vehicle speed which reduces spacing
between vehicles. From the vehicle trajectories, we observe
that all stop-and-go waves propagate backward as shown in
Figures 1(a) to 1(h). As shown in those figures, as traffic
density increases, more stop-and-go waves are created.
However, when the traffic pattern is denser (p > 0.5p;), these
narrower stop-and-go waves start to merge into wider ones
as shown in Figures 1(e) to 1(h).
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Figure 1. Vehicle Trajectories under Varying Densities

D. Traffic Dynamics

Using Newell’s car-following model in III-B, the location
of each individual vehicle on the road can be derived. By
knowing the precise vehicle locations, the coefficient of
variance (CV) of spacing for all vehicles in the traffic stream
can be computed. Initially the CV is high due to the random
vehicle distribution. In later time steps, as vehicles move
according to Newell’s car-following model, the CV of
spacing decreases until it convergences to a fixed value.
Figure 2 illustrates an example of CV adjustment (spacing)
for different traffic densities. In comparison, the CV
convergences much faster for higher density than with lower
densities. For example, when p > 60 veh/km (0.5p;) , the CV
value converges within 10 seconds or less but with p = 30
veh/km, it took up to 40 seconds to converge and for the
traffic stream to reach “stationary.” At the stability point,
most of the traffic stream is smooth except for a few specific
points where the stop-and-go wave occurs. In general, higher
traffic densities have a lower CV value to start (time =0)
since these higher traffic streams have less space to allow
the formation of large gaps between vehicles.
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IV. NETWORK DESIGN

This section describes the mechanism in broadcasting and
transmission range adjustment for improving the
communication reliability.

A. Broadcasting

In vehicular networks, two scenarios that lead to the
broadcast storm problem are multi-hop event-driven and
single-hop periodic messages. In the former case, the issue
occurs due to message flooding while in the latter case,
periodic messaging (consecutive transmissions from the
same sender) is problematic when the packet time elapse
interval is short. In this work, we evaluate communication
for safety applications on highways with single-hop periodic
broadcast which include pre-crash sensing and cooperative
adaptive cruise control applications.

B. Transmission Range Adjustment

Our proposed scheme adjusts the transmission range
dynamically by taking traffic stability into consideration.
The increase in transmission range is relative to CV to
ensure a desirable coverage value for all nodes in the road
network for a specific traffic pattern. The adjusted
transmission range (TRqq;) can be computed using the
following rule:

TRqqj(n) = (1 +n* CV) * TRyyg (2)

where n is the order of magnitude for increasing the
coefficient of variance (CV) and TRg,q ¢ is the average
vehicle spacing over the entire traffic stream. When the
traffic becomes uniform, CV is zero and TRy is the same
as TRyyg sp-

C. Coverage Model

In this section, we describe the model for measuring
communication coverage in the vehicular network. Suppose



n vehicles travel in a road defined as vy, vy, -, v,, and the
positions for all n vehicles are defined as xq,x,, - xp,.
Further, assume that v, is the leading vehicle of the traffic
stream and v;,; is the following vehicle for v;, Vi =
1,2,---,n—1. Let the transmission range of vehicle i be
denoted as R;. Then the upstream and downstream coverage
is defined by the following definition:

1/2 3|x;—xj| <R, Vj=12,,i—1

Ci,upstream ={

0 ,otherwise
3)
_ 1/2 Ellxi—xklﬁRi,Vk=i+1,"',n
Ci,downstream - { 0 otherwise
4)

The coverage of each vehicle i is defined in terms of the
Euclidean distance to the nearest upstream and downstream
vehicles in the traffic stream:

Ci = Ci,upstream + Ci,downstream (5)
The total coverage C of this vehicular network is denoted by:

C =X Ci/n (6)

D. Results and Discussion

Here, we illustrate the effects of traffic dynamics that
range and density (from critical to jam density) on
transmission range adjustment and coverage value defined
earlier in sections IV-B and IV-C. Tables 1 and 2 provide
details of the simulation runs of the analytical model for
coverage with different transmission range adjustments. For
higher fidelity in the results, the simulation was run 100
times with randomized traffic locations (with minimum 6.66
meters apart) for all vehicles and the average results are
presented.

Table 1 shows the actual transmission range value
increases according to equation (2). This adjustment value
can be observed to be highly related by traffic stability.
Comparing the two traffic patterns, we observe that the
actual transmission range adjustment is greater in the initial
randomized traffic. This is due to the fact that the coefficient
of variance value is lower for stationary traffic using
Newell’s car-following model. Also, the transmission range
differences between initial randomized and stationary traffic
is less apparent in higher traffic densities.

As observed in Table 2, the increase in coverage is most
apparent from TR,,4;(0) to TR44;(1) except when the traffic
density is high such as p = 0.9 p; and the traffic is near
stationary to begin with. In order to achieve a 95% percentile
in coverage in most cases, a transmission range adjustment
of TRuqj(2) and TRg4j(3) is necessary for initial
randomized traffic and stationary traffic.

We can see the impact of stop-and-go waves on traffic

stability in the converged traffic scenario. In the TR;4;(0)
and TRg,q;(1) values, the coverage increase is consistent
with higher traffic density. In addition, the coverage for a
few traffic densities stay the same, in p = 0.2 p; with
TR44;(1) and thereafter, and in p= 0.3 p; and p = 0.4 p; with
TR,4j(2) and thereafter. When traffic density increases, the
ratio between TRy,4 5 and “go” pattern spacing of the stop-
and-go wave is greater and a larger transmission range
adjustment of TR,4;(3) is necessary to achieve a coverage
value that approach 1.

V. SIMULATION ANALYSIS

A. Simulation Environment

We use the ns-2.33 network simulator to evaluate
communication performance with the mobility model
described in section III-C. For higher fidelity, we set
configuration values according to the IEEE 802.11p standard
draft and the main parameters used in the ns-2 simulation are
presented in Table 3. To measure reliability of single-hop
periodic broadcast, all nodes in the highway broadcast safety
messages at 100 ms intervals for a duration of two seconds
(an upper bound on human reaction time). The packet size is
set to 382 bytes with 200 bytes of data payload, 128 bytes
for a certificate, and 54 bytes for a signature, similar to [15].
The preferred data rate of 6 Mbps for vehicular safety
applications is used which has the greatest benefit in overall
reliability (in terms of packet reception rates) as confirmed
by [16]. The simulation ran on a 2.3 GHz quad-core machine
with 8 GB RAM and the multi-core processors provide
speed up in the Monte Carlo simulations.

TABLE 3 COMMUNICATION CONFIGURATIONS

Parameters Values
Antenna height 1.5m
Antenna gain 1 dB
RxTh -95 dBm
CSTh -99 dBm
CPTh 4dB
Data rate 6 Mbps
Frequency 5.9 GHz
Packet size 382 bytes

Single-hop periodic for

Transmission criteria .
all nodes in network

Message transmission interval 100 ms
Contention window size 15 slots (fixed)
Slot time 16 ps

Tx range (meters) See table 1

B. Results and Discussion

For statistical reliability and to avoid correlation in
the results, 100 independent runs (with varying seeds in #s-
2) for each scenario are computed. Additional scripts were
used to parse the raw output and compute performance
measures. In particular, we evaluate the performance metric
of packet reception rates (PRR) for all nodes. PRR is
measured in the MAC level and is defined as the probability
of receiving a packet sent within transmission distance.



TABLE 1. TRANSMISSION RANGE ADJUSTMENT (IN METERS)

Initial Traffic (randomized) Stationary Traffic (after convergence)
density (veb/km) | TRqqj(0) | TRaqj(1) | TRaaj(2) | TRaaj(3) | TRaaj(0) | TRaqj(1) | TRaqj(2) | TRaq;(3)
p=0.2p; (30) 33.333 60.556 87.779 115.001 33.333 40.282 47.231 54.180
p=0.3p;(45) 22.222 39.569 56.916 74.263 22.222 34.377 46.531 58.686
p = 0.4p; (60) 16.667 29.286 41.905 54.525 16.667 27.710 38.753 49.795
p=0.5p; (75) 13.333 23.300 33.266 43.232 13.333 22.756 32.180 41.603
p =0.6p; (90) 11.111 19.067 27.022 34.977 11.111 18.874 26.637 34.400
p =0.7p;(105) 9.524 15.794 22.064 28.334 9.524 15.733 21.941 28.150
p =0.8p;(120) 8.333 13.027 17.721 22.415 8.333 13.006 17.679 22.351
p=0.9p; (135) 7.407 10.463 13.519 16.575 7.407 10.461 13.514 16.567

TABLE 2. NETWORK COVERAGE

Initial Traffic (randomized) Stationary Traffic (after convergence)
density (veh/km) | TR4qj(0) | TRaaj(1) | TRuaj(2) | TRaaj(3) | TRaa;j(0) | TRaqj(1) | TRaqj(2) | TRaq;(3)
p=0.2p; (30) 0.644 0.900 0.944 0.978 0.122 0.989 0.989 0.989
p=10.3p;(45) 0.607 0.852 0.941 0.970 0.474 0.644 0.993 0.993
p = 0.4p; (60) 0.633 0.861 0.956 0.967 0.594 0.783 0.994 0.994
p =0.5p; (75) 0.689 0.862 0.951 0.978 0.667 0.813 0.889 0.996
p =0.6p; (90) 0.733 0.863 0.948 0.974 0.719 0.841 0.922 0.967
p=0.7p;(105) 0.737 0.863 0.937 0.962 0.737 0.863 0.937 0.959
p =0.8p;(120) 0.819 0.903 0.944 0.972 0.819 0.897 0.939 0.967
p=0.9p; (135) 0.904 0.943 0.960 0.983 0.904 0.941 0.958 0.978

To calculate the probability of packet reception with the
corresponding transmission range adjustment, our analysis
on reliability is based on a weighted packet reception rate
that multiplies the PRR and coverage. Figures 3 and 4
illustrate the performance measures for initial traffic and
stationary traffic which exhibit the stop-and-go waves. For
both Figures 3 and 4, a 70% packet reception rate with
coverage is achieved in the optimal case.

In Figure 3, the packet reception rate with coverage is
consistence with a higher transmission range adjustment.
Further, TR;4;(2) and TR,4;(3) have similar results for all
traffic densities. Actual selection of TR,4;(2) and TR,4;(3)
is dependent on the network design criteria and whether
higher reliability or higher coverage is more important.
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Figure 4 indicates a large difference in packet reception
rate with coverage. For small and large traffic densities,
TRyqj(2) performed better, while moderate congested
traffic, TR,4;(3) showed better results. This is because there
are more stop-and-go patterns in the moderate congested

traffic, as previously shown in Figures 1(d) and 1(e).
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VI. CONCLUSION

Deploying successful large scale VANETSs hinges on the
ability of these systems to guarantee message delivery. In
this work, we examine the performance of broadcast
communication and seek to improve its reliability with
dynamic transmission range adjustment. In particular, we
analyze traffic dynamics as a result of stop-and-go waves for
varying traffic densities.

Longer transmission range allows for more receiving
nodes but at the expense of higher interference. Our
evaluation of dynamic transmission range adjustment
includes an analytical study of coverage and simulation
study of packet reception rates using ns-2. Based on our
observation, we see that the near optimal transmission range
adjustment with traffic stability consideration is near two to

three times the coefficient of variance. Moreover, a stop-
and-go traffic pattern can impact the transmission range
adjustment decision, depending on traffic density.

For future work, mixed traffic can be considered with
different vehicle types, time displacement values, and multi-
lane highway scenarios. To study how traffic should inform
network design in large scale vehicular networks,
macroscopic traffic model can be used. In addition, a multi-
layer networking model that involves both the upper
(application) and lower (network) layers for wireless
broadcast should be investigated and designed for future
inter-vehicle communication systems.
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