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Abstract— For decades, vehicular industries have made an
investment in developing cooperative vehicular systems to satisfy
the current and future needs for reducing car accidents and
increasing traffic safety and efficiency on the road. To satisfy
these requirements, vehicular ad hoc networks (VANETS) based
on wireless communications have been emerging as one of the
promising solutions in recent years. Several research efforts have
been conducted for various applications in VANETs and
especially cooperative collision warning (CCW) using vehicular
safety communication has been getting the spotlight because this

is one of the most important and critical applications in VANETS.

To realize CCW, however, the existing technical challenges, such
as congestion control of periodic beacon broadcast and reliable
dissemination of emergency messages in congested situation,
should be solved. In this paper, we present the existing
congestion control techniques for CCW in decentralized
vehicular environments and point out their limitations and
technical challenges. The question about how to solve these
problems is also discussed in this paper.

Keywords— Vehicular ad hoc network (VANET), vehicular
safety communication (VSC), cooperative collision warning
(CCW), decentralized congestion control (DCC)

I. INTRODUCTION

A World Health Organization (WHO) report said that the
second most common cause of death for 5-29 year olds in
2002 was road traffic injuries [1]. As shown in this report, the
traffic accident is one of the most important problems that
should be solved in our society. Therefore, for last decades,
vehicular industries have made an investment in developing
cooperative vehicular systems to satisfy the current and future
needs for reducing car accidents and increasing traffic safety
and efficiency on the road. To satisfy these requirements,
vehicular ad hoc networks (VANETSs) based on wireless
communications have been emerging as one of the promising
solutions in recent years. As the low-cost global positioning
system (GPS) receivers and wireless local area network
(WLAN) transceivers have been available and each country
has allocated wireless spectrum for vehicular communication,
the research for VANETS has been more accelerated.

VANETSs have different characteristics from other kinds of
wireless networks, such as mobile ad hoc networks
(MANETSs) and wireless sensor networks (WSNs). While
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abundant power supply and relatively predictable mobility can
be attractive features, large-scale network size, high mobility
condition, dynamic network topology and connectivity, and
extreme  multipath  environments are  challenging
characteristics that must be considered in VANETs [2].
Therefore, the previous studies on MANETs or WSNs cannot
be applied directly to VANETS and the unique characteristics
of VANETS should be considered carefully.

VANETs comprise vehicle-to-infrastructure (V2I) and
vehicle-to-vehicle  (V2V) communications. The V2I
communication provides Internet or traffic information
services using communications infrastructure. The V2V
communication is used for vehicle’s safety when there are no
central infrastructures existed in the vicinity of vehicles.
Because it is hard to support infrastructures over a whole
country within a few years, if we consider the financial
aspects of construction expenses, the V2V communication-
based VANET research is essential for reducing traffic
accidents.

Several research efforts have been conducted for various
applications in V2V communications. Among them,
especially safety applications have been getting the spotlight
because these are the most important and critical ones. There
exist many safety applications such as forward collision
warning, emergency electronic brake lights, blind spot
warning and intersection movement assist [3]. However,
above all, cooperative collision warning (CCW), where
vehicles broadcast periodic short messages for driver’s
situational ~ awareness and  warning using V2V
communications [4], is the first priority application to increase
traffic safety in vehicular environments.

To support and enable safety applications including CCW,
the dedicated short-range communication (DSRC) has been
developed in the 1990°s. In October 1999, the U.S. Federal
Communications Commission (FCC) has allocated licensed
75 MHz spectrum in the 5.9 GHz band for DSRC. The
spectrum is divided into seven 10 MHz channels, one control
channel (CCH) for safety communications and six service
channels (SCHs) for non-safety communications [5].

The DSRC technology is based on wireless communication
standards and protocols designed for vehicular safety
communications. In 2004, the IEEE 802.11 working group
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initiated the development of an amendment to the IEEE
802.11 standard for vehicular environments called IEEE
802.11p [6] and the IEEE 1609 working group also specified
the operation and the services of four different layers (1609.1
for resource manager, 1609.2 for security service, 1609.3 for
networking service and 1609.4 for multi-channel operation) in
the protocol suite [7]. The collection of the IEEE 802.11p and
the IEEE 1609.x is called a wireless access in vehicular
environments (WAVE) standard.

The V2V safety communication for CCW application under
IEEE 802.11p-based DSRC technology is generally operated
by periodically broadcasting vehicles’ status information (e.g.
the vehicles’ speed, position, direction, acceleration) on CCH.
The messages containing the vehicles’ information are called
cooperative awareness messages (CAMs) or just beacons.
Within the vehicle’s communication range, the neighbor
vehicles’ status can be easily obtained by beacons. However,
if we consider a high vehicle density scenario, the channel can
be heavily congested by periodic beacon broadcast and more
important time-critical emergency messages (e.g. traffic
accident notification messages) cannot be informed in time by
channel saturation. Therefore, the reliable and scalable
congestion control of periodic beacon broadcast for
decentralized V2V safety communications are required.

In this paper, we present the existing congestion control
techniques for CCW in decentralized vehicular environments
and point out their limitations and technical challenges. The
question about how to solve these problems is also discussed
in this paper. There are many survey papers about MAC
protocols for V2V communications but, to the best of our
knowledge, there is no paper on the survey and discussion
about the decentralized V2V congestion control yet.

The paper is organized as follows. We first introduce
characteristics of periodic beacon broadcast on IEEE 802.11p
CCH in Section II. Section III explains the previous works
related to our topic and their limitations. In Section IV,
challenging issues of decentralized congestion control (DCC)
in V2V safety communications are presented. Finally, we
conclude this paper with future works in Section V.

II. PERIODIC BEACON BROADCAST ON IEEE 802.11p CCH

While the IEEE 802.11p-based DSRC technology has been
developed considerably in recent years, the wide-scale
deployment of a vehicular safety communication system has
not been implemented yet [8]. The main reason is because
constructing the efficient, reliable and scalable decentralized
DSRC system is very challenging due to the broadcast nature
of the IEEE 802.11p CCH and the time-limited feature of
safety beacon broadcast [9].

Vehicles increase their awareness of the surrounding traffic
condition by periodically broadcasting beacons. In the
contention-based IEEE 802.11p MAC protocol, broadcast
shows three different features from unicast [10].

First of all, each vehicle cannot send an acknowledgment
(ACK) to a sending vehicle due to the ACK explosion
problem. Therefore, there is no solution to detect collision.
Secondly, a request to send/clear to send (RTS/CTS)
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handshake mechanism cannot be used because collisions
occur more frequently in broadcast than in unicast. This leads
to a hidden node problem. Lastly, regardless of the success or
the failure of message delivery, the initial contention window
(CW) size remains the same because the delivery failure in
broadcast could not be detected. For these reasons, the
performance of periodic beacon broadcast in terms of
reliability and latency is a big concern in VANETS [10].

The second challenging property of the periodic beacon
broadcast is its limited lifetime. Beacons are not just simple
broadcast messages. The vehicle’s status information
contained in its beacon is only useful until the next beacon is
produced because the information should be regularly updated
for traffic safety [9]. In [11], periodic beacon shows different
performance results from regular broadcast messages. The
optimal CW size decreases with the increase in vehicle density
in the case of periodic beacons, but the result is opposite in the
case of pure broadcast messages.

Therefore, in order to control beacon congestion in the high
vehicle density scenario, these two challenging properties
should be taken into account when considering a DCC
algorithm.

II1. PREVIOUS WORKS ON DCC IN V2V SAFETY
COMMUNICATIONS

As mentioned in Section II, the design and development of
an [EEE 802.11p-based DSRC system which supports reliable
and scalable DCC is crucial for traffic safety in VANETSs. Up
to now, several research efforts have been conducted to
validate and evaluate the performance of the congestion
control algorithms.

Various approaches for the performance evaluation of a
wireless communication system have existed. The two most
common methods are a simulation and a field test. Especially
in the case of VANET research, the field test is not an
effective way for performance evaluation because it is very
difficult to cope with high research costs when the number of
experimented vehicles is increased. Therefore, many existing
researches on DCC have been evaluated by simulation [12].

The common assumptions that the previous works surveyed
in this paper have made are as follows.

o Each vehicle follows the IEEE 802.11p standard.

« Each vehicle installs a GPS receiver.

o All nodes share IEEE 802.11p CCH.

o Emergency messages have higher priority than periodic
beacons.

The first step towards DCC is to evaluate the performance
of the existing IEEE 802.11p MAC protocol with various
aspects. Table I shows a summary of the previous works on
the performance of the IEEE 802.11p MAC protocol in terms
of beacon reception rate (BRR), emergency message reception
rate (ERR), channel access delay, channel busy time ratio, etc.
They simulate by varying transmission power, transmission
frequency, packet size, vehicle density and channel model.
They are classified into seven attributes: variation factors,
performance metric, traffic scenario (highway or urban),
application type (periodic beacon or time-critical emergency
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TABLE 1.

CLASSIFICATION OF STUDIES ON PERFORMANCE EVALUATION OF AN IEEE 802.11p MAC PROTOCOL

Variation Performance Traffic Application | Network Mobility Propagation
Paper . . .
factors metric scenario type simulator model model
Effects of priority access Tx POWEL, . Periodic TwoRayGround
packet size, BRR Highway ns-2 Not used .
and channel model [20] beacon Nakagami
channel
L . Tx power. .
Communication density: a ’ BRR, channel . Periodic . .
channel load metric [21] Tx frgq., access delay Highway beacon ns-2 Notused | Rayleigh fading
density
. Data rate o
Optimal data rate L . Periodic . .
selection [22] packet size, BRR Highway beacon ns-2 Notused | Rayleigh fading
density
. . Hop count, Channel load, ..
Single-hop apd multi-hop density, BRR, beacon Highway Periodic 2 Not used TwoRayGrognd,
comparison [23] beacon Nakagami
channel age
Tx power,
Sensitivity analysis of Tx freq., BRR, average . Periodic TwoRayGround,
acket reception ratio [24] packet.s1ze, change rate of Highway beacon ns-2 Not used Nakagami
P density, BRR
channel
Tx power, Deterministic,
Suitability of IEEE Tx freq., miiiliﬁﬁﬁiﬁil Periodic Determinitic +
802.11p MAC protocol packet size, . .. | Highway ns-3 Not used Log-Normal
. incoordination beacon .
[25] density, delay profile Shadowing,
channel yP Rayleigh fading
. . CW size, BRR, delay, . .
Contentlop window Tx freq., inter-arrival Highway Periodic OMNeT++ | Not used No propagation
analysis [26] - . beacon loss
density time
Tx power, ..
- . Invisible . L
Invisible neighbor Tx freq., . . Highway Periodic Not TwoRayGround,
. neighbors in . Not used -
problem [27] density, ROI and urban beacon mentioned Nakagami
channel
Three beacon congestion Tx power, BRR, ERR, Periodic
ne Tx freq., channel busy Urban beacon and ns-2 Not used Nakagami
control comparison [28] - . .
density time ratio emergency

message), network simulator (ns-2 [13], ns-3 [14], OMNeT++
[15], JiIST/SWANS [16] or OPNET [17]), mobility model
(SUMO [18] or STRAW [19]) and propagation model (Two
ray ground, Rayleigh fading or Nakagami).
We summarize the simulation results of the evaluation on
the IEEE 802.11p MAC protocol as follows.
« BRR is one of the most important performance metrics
in V2V safety communications.
o Ns-2 is used as a popular network simulator in VANET
research community.
e The Nakagami’s distribution is more suitable to
VANETS than log-normal or Rayleigh shadowing [20].
« In the same communications density, we can get almost
the same performance results in different scenarios [21].
e The commonly assumed 6 Mbps data rate turns out to
be the best in VANETS [22].
e Multi-hop beacon broadcast generally does not show
better performance than single-hop case [23].
e« The IEEE 802.11p MAC protocol can -effectively
coordinate multiple access as long as the channel load
does not approach the maximum channel capacity [25].
e The CW values show little impact on BRR. However, a
long delay is caused by a large CW size [26].
The results show that the existing V2V MAC protocol is
not effective in high channel load and the simulation
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environments are not sufficient to construct more realistic
VANET simulation.

The next research step is naturally to propose a new DCC
scheme and demonstrate its excellence in comparison with the
existing ones. Table 2 shows the summary of the DCC
schemes in V2V safety communications. They can be
classified according to their control methods: transmission
power control, transmission frequency control, carrier sensing
threshold control, and the joint control of more than two
parameters.

The analysis of the DCC schemes for V2V safety
communications are summarized as follows.

o Rayleigh fading and Nakagami’s distribution are used

in most cases as a propagation model.

o Several researches on adjusting vehicle’s transmission
power [29]-[32] or transmission frequency [33]-[37]
have been extensively conducted. However, these
transmitter-based schemes are difficult to estimate the
receiver’s status and need to control the vehicle’s radio
hardware.

o To overcome these problems, the receiver-based carrier
sensing threshold control method has been studied
recently [38], [39]. The advantage of this method is that
it can be realized by software.
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TABLE 2. CLASSIFICATION OF DECENTRALIZED CONGSETION CONTROL SCHEMES IN V2V SAFETY COMMUNICATIONS

Control Performance Traffic Application | Network Mobility | Propagati-
Paper . . .
method metric scenario type simulator model on model
Distributed fair power Tx power BRR, ERR, Periodic Not
adjustment & emergency P delay, channel | Highway | beacon and ns-2 . Nakagami
. L control . mentioned
message dissemination [29] access time emergency
D1.str1b_uted vehicle density Tx power Channel load, . Periodic Not Two Ray
estimation & segment-based Highway ns-2 . Ground,
. control Tx power beacon mentioned .
power adjustment [30] Nakagami
Opportunistic adaptive radio Tx power BRR, Tx Urban Periodic ns2 Npt WINNER
resource management [31] control power beacon mentioned
Network topology p-persistence Tx power Avera'ge. ioh Periodic ) MOVE fon Not
scheme [32] control retransmission | Highway beacon 18 top 0 mentioned
per hop, delay SUMO
Pe.r{odlcally ppdated load Tx freq. Channel busy . Periodic Not Rayl'elgh
sensitive adaptive rate control control ratio Highway beacon ns-2 mentioned fading,
(PULSAR) [33] Nakagami
CO, emission,
Adaptive traffic beacon (ATB) Tx freq. speed, delay, Highway Periodic OMNeT+ SUMO Not
[34], [35] control number of and urban beacon + mentioned
collisions
Additive increase and Reception g Author’s
multiplicative decrease (AIMD) Fl(?cit'lftrl‘eoci. number, BRR, Urban I;E:;gg:lc own metll\t]iootne d metll\t]iootne d
method [36], [37] delay simulator
CCA threshold adaptation Carricr
depending on how long a . Awareness . Periodic JiST/ Rayleigh
packet has been waiting for SensIng quality, delay Highway beacon SWANS SUMO fading
. threshold
medium access [38]
. . . Carrier .l .
Adaptive physical carrier sense . . Periodic JiST/ Not
control [39] Sensing BRR Highway beacon SWANS STRAW mentioned
threshold
Adaptive rate & power control .
based on the dynamics of a Joint control Trackin Periodic Rayleigh
. Y of Tx power £ Highway OPNET SHIFT yies
vehicular network and safety- accuracy beacon fading
. . and Tx freq.
driven tracking process [40]
Joint adaptation of Tx power Joint control Throughput, . Emergency Not .
. of Tx power end-to-end Highway ns-2 . Nakagami
and CW size [41] . message mentioned
and CW size delay
Joint control
Safety Range CSMA C(a)lfr?:r I:g:;?: BRR Hichwa Periodic JiST/ Not Not
(SR-CSMA) [42] & ghway beacon SWANS | mentioned | mentioned
threshold, and
CW size

e A joint control of multiple DCC-related parameters is
proposed in [40]-[42], but the complexity of the
proposed scheme is not considered.

« None of the existing approaches can be the solution of
the DCC problem. The solution should be well adapted
to dynamic vehicle density changes and be evaluated in
both simulation conditions (e.g. highway and urban
scenarios, periodic beacons and emergency messages).

As shown in Tables 1 and 2, the performance of the DCC
algorithms has been evaluated by simulation. However, the
performance results are not sufficient to satisfy the
requirements of safety applications. The weaknesses found in
the survey should be overcome and enhanced. We point out
three weaknesses from survey of the previous works on DCC.

A. Lack of Realistic VANET Simulation
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The existing simulation research has been conducted using
network simulators. Most network simulators abstract physical
characteristics (radio channels, traffic mobility, etc.). However,
mobility and channel characteristics of VANETs cannot be
easily applied to the simulation. To overcome this problem, an
integrated and bi-directionally coupled simulator is a must for
supporting mobility and channel characteristics of vehicular
environments [43].

The simulators that tightly couples network simulation and
traffic mobility simulation, such as Veins [44] and iTETRIS
[45], have been developed recently. The research of DCC
using these integrated simulators should be accelerated for
more realistic VANET simulation.

B. Lack of Support for Both Safety Messages

For DCC schemes to support and enable CCW, they must
be validated from two important points of view, whether the
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congestion caused by the periodic beacon broadcast is
effectively controlled in dynamic vehicle density and whether
emergency messages such as traffic accident notification
messages are disseminated up to the required notification
distance within the time limit of the applications. Therefore,
periodic beacon broadcast and event-driven emergency
message dissemination should be implemented and evaluated
altogether. However, there have been little efforts to consider
both because it is difficult to satisfy both the delay
requirements of the time-critical emergency messages and the
non-saturation condition of the periodic beacon messages.

C. Lack of Simulation in Urban Traffic Scenario

Highway and urban scenarios have different features in
VANETs. While traffic density is homogeneous in one-
dimensional highways, different traffic density conditions can
be simultaneously occurred in two-dimensional urban
scenarios [46]. Therefore, DCC schemes should be evaluated
both in a highway and an urban scenario to verify the
robustness of their performance.

However, as shown in Section III, most of the studies
considered only highway scenario. Reference [47] reveals that
a substantial portion of traffic accidents (39.5, 52.5, and 54 %
in the States of California, Missouri, and Pennsylvania,
respectively) has occurred in urban areas. This shows the
importance of a congestion control study in urban vehicular
environments for traffic safety.

IV.CHALLENGING ISSUES OF DCC IN V2V SAFETY
COMMUNICATIONS

A. Is the IEEE 802.11p MAC Protocol the Best Solution?

The exclusive characteristics of VANETs such as high
mobility condition, dynamic network topology, and extreme
multipath environments have made reliability and scalability
the most important aspects in V2V safety communications.
Therefore, most of the researches about DCC assumed a
contention-based IEEE 802.11p standard as a basic V2V
MAC protocol because the contention-based MAC schemes
are more robust to network changes and require less
configuration time than the contention-free schemes such as
the time-division multiple access (TDMA).

However, the performance of the IEEE 802.11p MAC
protocol significantly gets worse under high traffic load
because of increased collisions and the broadcast nature of the
IEEE 802.11p CCH shown in Section II [48]. Therefore, just
only one medium access approach cannot solve the congestion
control problem. We need to develop a V2V safety
communication MAC protocol that can adaptively control
beacon congestion based on vehicle density according to
traffic condition.

B. How to estimate Vehicle Density?

In section III, the basic approach of the DCC mechanisms
is to adjust vehicles’ transmission power, transmission
frequency, carrier sensing threshold, and CW size according
to the measured and estimated channel load.
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In order to choose optimal congestion control parameters,
the accurate vehicle density estimation is an essential
prerequisite for beacon congestion control in decentralized
communication environments. Most of the studies on DCC
assume that vehicle density is locally estimated by calculating
the number of received neighbor vehicles’ beacons or by
measuring channel busy time ratio [49]. However, due to the
collision of beacons and the dynamic nature of decentralized
communication networks, the exact vehicle density estimation
remains an unsolved problem.

The estimation problem is even worse when considering
two dimensional urban vehicular environments. In urban
traffic scenarios, it is difficult to address the impacts of non-
uniform and heterogeneous traffic densities.

There exist several local wvehicle density estimation
mechanisms, e.g. the beacon-based neighbor estimation, the
collided packets estimation, the idle time counting, the stop
time neighbor estimation, and the speed-based neighbor
estimation [49]. Their limitations shown in [49] are
demanding more robust and accurate estimation mechanism to
academies and industries.

V. CONCLUSIONS AND FUTURE WORKS

This paper presents the importance of DCC in V2V
communications for safety applications and shows several
previous efforts to reduce the congestion and their limitations.
The existing DCC techniques are still in the early and the
laboratory stage. Therefore, technically challenging issues,
such as the suitability of IEEE 802.11p as a VANET MAC
protocol, the development of the best strategy for DCC, and
how to estimate vehicle density correctly, should be solved to
meet the automotive industry’s safety requirements.

Future works will aim to solve the aforementioned
technical challenges for V2V safety communications. The
modeling and numerical analysis of the existing V2V safety
communication protocol, the development of an integrated
simulator with consideration for mobility and channel
characteristics of vehicular environments, and the
enhancement of the existing VANET protocol and its
validation by analysis and simulation can be also important
future VANET studies.

Our ultimate goal is to develop a new V2V safety
communication MAC protocol that can control channel
congestion adaptively to vehicle density and traffic condition
in highway and urban environments.
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