
  

  

Abstract— To increase traffic safety, automotive companies 
and governments have developed various kinds of technologies to 
support the needs of reducing traffic accidents during the past 
decades. To achieve this goal, vehicular ad hoc network 
(VANET) technologies have been getting the spotlight recently 
and extensive researches using VANET technologies have been 
carried out. Among them, decentralized congestion control 
(DCC) of periodic beacon broadcast to support cooperative 
collision warning (CCW) applications is one of the most critical 
and challenging issues in VANETs. In order to realize DCC, 
however, the accurate vehicle density estimation should be 
preceded because vehicles adjust their congestion control 
parameters according to the estimated vehicle density. In this 
paper, we present the existing vehicle density estimation 
techniques in vehicular communications and point out their 
limitations and technical challenges for DCC in 
vehicle-to-vehicle (V2V) safety communications. The question 
about how to solve these problems is also discussed in this paper. 

I. INTRODUCTION 

According to a World Health Organization (WHO) report, 
the second most common cause of death for 5-29 year olds in 
2002 was road traffic injuries [1]. The report verifies that 
preventing and reducing traffic accidents should be the first 
priority in our life. To increase traffic safety, automotive 
companies and governments have developed various kinds of 
technologies to support the needs of reducing traffic accidents 
during the past decades. To achieve this goal, vehicular ad hoc 
networks (VANETs) by using wireless communications 
technologies have been getting the spotlight recently and 
extensive researches using VANET technologies have been 
carried out because the cost of global positioning system 
(GPS) receivers and wireless local area network (WLAN) 
transceivers has been reduced. The governments’ decision on 
allocating wireless spectrum for vehicular communications, 
especially in Europe, the U.S. and Japan, has also accelerated 
the researches for VANETs. 

Unlike traditional wireless networks, such as mobile ad 
hoc network (MANET), wireless mesh network (WMN), or 
wireless sensor network, VANETs have different 
characteristics. Relatively predictable mobility patterns and 
ease of supplying power are very attractive features of 
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VANETs, but high mobility and dynamic network condition, 
large-scale network size, and extreme multipath environments 
are very challenging characteristics [2]. Therefore, before 
starting research on VANETs, the different features between 
the traditional wireless networks and VANETs should be duly 
considered. 

We can classify communications in VANETs as 
vehicle-to-infrastructure (V2I) and vehicle-to-vehicle (V2V) 
communications according to communication types. The V2I 
communication provides Internet or traffic information 
services using communications infrastructure. The V2V 
communication is used for traffic safety when there exist no 
central infrastructures in the vicinity of vehicles. Because it is 
hard to deploy infrastructures over a whole country within a 
few years considering the financial aspects of construction 
expenses, the V2V communication-based VANET research is 
more adequate for reducing traffic accidents. 

Several research efforts based on V2V communications 
have been conducted for various applications (e.g. traffic 
safety, traffic efficiency and infotainment). Above all, safety 
applications have attracted worldwide attention because these 
are the most important and critical ones in our daily life. 
Examples of safety applications include emergency electronic 
brake lights, forward collision warning, intersection 
movement assist and blind spot warning [3]. Among them, 
cooperative collision warning (CCW) technologies, where 
vehicles broadcast short messages periodically for driver’s 
situational awareness and warning using V2V 
communications [4], should be developed first to increase 
traffic safety in vehicular environments. 

To support CCW, the dedicated short-range 
communication (DSRC) has been developed in the 1990’s. In 
October 1999, the U.S. Federal Communications Commission 
(FCC) 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 initiated the development of an amendment to 
the IEEE 802.11 standard for vehicular environments called 
IEEE 802.11p [6]. 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]. We call the collection of 
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the IEEE 802.11p and the IEEE 1609.x standards the wireless 
access in vehicular environments (WAVE). 

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

In order to realize DCC to guarantee reliability and 
scalability of the periodic beacon broadcasts, the accurate 
vehicle density estimation should precede because vehicles 
adjust their congestion control parameters according to the 
estimated vehicle density in dynamic vehicular environments. 
However, previous works show that the vehicle density 
estimation remains an unsolved problem so far [8]. 

In this paper, we discuss the existing vehicle density 
estimation techniques in vehicular communications and point 
out their limitations and technical challenges for DCC in 
vehicle-to-vehicle (V2V) safety communications. The 
question about how to solve these problems is also addressed 
in this paper. There have been many survey papers about 
vehicle density estimation but, to the best of our knowledge, 
there is no paper on the survey and discussion about the 
vehicle density estimation for DCC in V2V safety 
communications yet. 

The paper is organized as follows. We first introduce the 
concept of vehicle density estimation, the background of its 
appearance, and the related previous works in Section II. 
Section III explains the limitations of the previous works and 
the reason why the vehicle density estimation is crucial for 
DCC in V2V safety communications. Challenging issues of 
vehicle density estimation for DCC in V2V safety 
communications are also presented in Section III. Finally, we 
conclude this paper with future works in Section IV. 

II. VEHICLE DENSITY ESTIMATION 

Current VANET technologies can be applied to various 
kinds of applications in vehicular environments: safety-related 
applications for collision avoidance and warning, traffic 
efficiency applications for traffic management and road 
monitoring, and comfort applications for entertainment and 
local information [9]. When applying to these applications, 
the accurate estimation of the vehicles’ density is very 
important because a vehicle should be able to adapt its 
behavior according to vehicle density anytime, anywhere, due 
to the high mobility and dynamic nature of VANETs [10]. 
Therefore, several research efforts have been conducted to 

validate and evaluate the performance of the vehicle density 
estimation methods up to now. 

The research about vehicle density estimation has started 
with an approach based on infrastructures, such as pressure 
pads, inductive loop detectors, roadside radars, wireless 
sensors, cameras [11]-[13], or acoustic signals [14]. However, 
the infrastructure-based approaches require high deployment 
and maintenance costs and cannot cover whole coverage of a 
city or a country [15]. A failure of an infrastructure system 
should be also considered. 

As the infrastructure-based vehicle density estimation 
methods show their limitations, a new vehicle density 
estimation method, which relies only on vehicle’s own traffic 
information without any help of infrastructures, has been 
emerging as one of the solutions for vehicle density estimation 
[16]-[19]. A novel approach to density estimation that 
depends only on vehicles’ mobility pattern is represented in 
[16]. Velocity aware density estimation (VADE) shown in 
[17] only uses a vehicle’s own velocity and acceleration 
pattern. Reference [18] calculates the density of moving 
vehicles on the fluid dynamic model having the effect of road 
conditions. In [19], a novel density model for urban traffic 
systems is proposed for the spatial-temporal analysis of radio 
overlapping. However, these traffic flow model-based 
approaches that use their own vehicle information, such as 
speed, direction or acceleration, are not sufficient for accurate 
vehicle density estimation in dynamic vehicular environments. 
Some of the research make an unrealistic assumption that 
real-time traffic flow rate is known. 

As the cost of GPS receivers and WLAN transceivers has 
been reduced, vehicle density estimation by exchanging each 
vehicle’s information (speed, direction, location, acceleration, 
etc.) using V2V wireless communications has been developed 
[20]-[26]. For example, a vehicle density estimation method 
based on the number of vehicles in the vicinity of the probe 
vehicle is proposed in [20] and [21]. Reference [22] also uses 
the distributed exchange of specific cells’ density data packet 
(CDP), which provides the cell density of a given road. In [23], 
the vehicle density is sampled at random intervals and 
computed by the number of returned REPLY messages after 
broadcasting POLL messages. Five ideas for vehicle density 
estimation, the beacon-based neighbor estimation [24], the 
collided packets estimation [25], the idle time counting, the 
stop time neighbor estimation [16], and the speed-based 
neighbor estimation [17], were compared in [26]. However, 
message reception failure is not considered to support the 
reliable exchange of vehicle information by V2V wireless 
communications. 

To overcome corresponding limits in the traffic flow 
model-based approach and the V2V information exchange 
method, both the traffic flow modeling and the exchange of 
vehicle information are used to estimate vehicle density in 
[27] and [10]. Periodically emitted beacons are used to 
analyze traffic flow and to warn other drivers of a possible 
traffic breakdown in [27]. Reference [10] also use the number 
of beacons received per vehicle and the topological 
characteristics of the environment where the vehicles are 
located. However, they also do not consider a DCC problem 
occurred by congestion of periodic beacon broadcasts. 
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TABLE I.  CLASSIFICATION OF VEHICLE DENSITY ESTIMATION METHODS IN VANETS 

Vehicle Density Estimation Method Target 
App. Technology Variation 

Factor 
V2I/
V2V 

Performance 
Metric 

Traffic 
Scenario 

Field Test 
/Simulatio
n/Analysis 

Background substraction of traffic 
monitoring road-side camera images 

using Kalman filter [11] 

Traffic 
surveillance Camera Daytime and 

nighttime V2I Density estimation 
error Urban Field test 

Automatic traffic density estimation 
and vehicle classification method using 

neural networks [12] 

Traffic 
surveillance Camera Vehicle types V2I Success probability 

of classification Urban Field test 

Estimate the parameters of 
heterogeneous traffic from both 

location data and spatial data using data 
fusion [13] 

Traffic 
efficiency Camera Travel time V2I Density estimation 

error Urban Field test 

Utilize the information in cumulative 
acoustic signal acquired from a 

roadside-installed single microphone 
[14] 

Traffic 
efficiency 

Acoustic 
signal 

Primary window 
size and 

segment shift 
V2I Classification 

accuracy Highway Field test 

Traffic-flow model using vehicle’s 
speed and flow [16] 

Network 
connectivit

y 

Traffic flow 
modeling Vehicle density V2V 

Number of stopped 
vehicles/number of 

vehicles 
Highway 

NaSch 
model / 

RoadSim 

Track vehicle’s own speed and 
acceleration pattern [17] 

Network 
connectivit

y 

Traffic flow 
modeling Vehicle density V2V 

VADE criterion 
Dropped and 

received packets 
Urban SUMO / 

ns-2 

Fluid dynamics and car follow model 
[18] 

Traffic 
safety 

Traffic flow 
modeling 

Vehicle types 
Safety distance 

Arrival ratio 
V2V Jamming density Highway Numerical 

analysis 

Take into account the different phases 
of vehicle movement between 
signalized intersections [19] 

Traffic 
safety 

Traffic flow 
modeling 

Number of lanes 
Traffic flow rate V2V 

Cross correlation of 
calculated density 
with measured one 

Urban Paramics 

Estimate global density from local 
density based on the number of vehicles 
in the vicinity of the probe vehicle [20] 

Traffic 
efficiency 
and safety 

Wireless 
commun. 

Vehicle density 
Transmission 

range 
V2V Density estimation 

error Highway Not 
mentioned 

Extension of [20] by using clusters [21] 
Traffic 

efficiency 
and safety 

Wireless 
commun. 

Vehicle density 
Number of 

samples 
Intervehicle 

spacing 
distribution 

V2V Density estimation 
error Highway Not 

mentioned 

Dsitributed exchange and maintenance 
of information between traversing the 

routes by group formation [22] 

Traffic 
efficiency 
and safety 

Wireless 
commun. 

Number of 
vehicles within 

cell 
V2V 

Density estimation 
error 

End-to-end delay 
Urban 

VanetMobi
Sim / 

Qualnet 
Collect density measurements through a 
uniform random sampling of vehicles in 

the road sections of interest [23] 

Traffic 
efficiency 

Wireless 
commun. 

Vehicular 
inflow V2V Density estimation 

error 

Highway 
and 

urban 

VanetMobi
Sim / ns-2 

Simulation of three fully distributed 
algorithms proposed for system size 
estimation in peer-to-peer networks 

[15] 

Traffic 
efficiency 
and safety 

Wireless 
commun. 

Vehicle density 
Length of roads V2V Density estimation 

error 

Highway 
and 

urban 

SUMO / 
Not 

mentioned 

Compare five different methods [26] Traffic 
safety 

Wireless 
commun. Vehicle density V2V Beacon reception 

probability 
Four real 

maps 

STRAW / 
JiST/SWA

NS 

Use periodically emitted beacons and 
acount for human reaction time [27] 

Traffic 
efficiency 

Wireless 
commun. & 
traffic flow 
modeling 

Penetration rate V2V Travel time Highway 

CDM 
model / 

JiST/SWA
NS 

Use the number of beacons received per 
vehicle and the topological 

chracteristics of the environment [10] 

Traffic 
safety 

Wireless 
commun. & 
traffic flow 
modeling 

Road maps 
Number of 

vehicles 
V2V Density estimation 

error Urban C4R / 
ns-2 

 

In Table I, we summarize the previous works on vehicle 
density estimation methods in VANETs. Most of the 
performance results of the previous works are evaluated in 
terms of a density estimation error. They are simulated by 
varying vehicle density, traffic flow rate, or vehicle’s 
penetration rate. They are classified into six attributes: target 

application (traffic surveillance, traffic efficiency, traffic 
safety or network connectivity), mainly used technology for 
estimating vehicle density (camera, acoustic signal, traffic 
flow theory, or wireless communications), communication 
type (V2V or V2I), performance metric, traffic scenario 
(highway or urban), and simulation tool. 
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III. CHALLENGING ISSUES OF VEHICLE DENSITY ESTIMATION 
FOR DCC IN V2V SAFETY COMMUNICATIONS 

As shown in Table I, various vehicle density estimation 
methods have been proposed in recent years. However, they 
are not sufficient to satisfy the requirements of automotive 
industries and governments for CCW. The weaknesses found 
in the survey should be overcome and enhanced. We point out 
weaknesses and challenging issues from the survey of the 
previous works on vehicle density estimation. 

A.  Consideration of Both Highway and Urban Traffic 
Scenarios 
Highway and urban scenarios have different features in 

VANETs. While traffic density is homogeneous in 
one-dimensional (1-D) free and stable traffic flow highways, a 
mixture of different traffic density conditions can be 
simultaneously occurred in two-dimensional urban scenarios 
with intersections [19]. This makes the shape and dynamics of 
traffic density more complicated in urban scenarios. However, 
most of the studies considered only 1-D highway or 1-D urban 
scenario without intersections. Reference [28] 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 consideration for both highway and urban 
vehicular environments. Therefore, vehicle density estimation 
methods should be evaluated both in highway and urban 
scenarios to verify the robustness of their performance and to 
address the impacts of non-uniform and heterogeneous traffic 
densities. 

B. Consideration of DCC Problems in V2V Safety 
Communications 
Including the V2V information exchange methods in 

Section II, most of the V2V information exchange methods 
use periodic beacon broadcast in decentralized vehicular 
environments. In high vehicle density scenarios, the channel 
can be heavily congested by periodic beacon broadcasts and 
important time-critical emergency messages cannot be 
propagated in time due to channel saturation. Therefore, the 
reliable and scalable DCC is required for more accurate 
vehicle density estimation. 

Vehicle density estimation should also be supported for 
DCC. The basic approach of the DCC mechanisms is to adjust 
the transmission power, transmission frequency, carrier 
sensing threshold, and CW size of each vehicle according to 
the measured and estimated channel load [8]. In order to 
choose the 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 [26]. However, due to the 
collision of beacons and the dynamic nature of decentralized 
communication networks, the exact vehicle density estimation 
remains an unsolved problem. Their limitations shown in [26] 
are demanding more robust and accurate estimation 
mechanism to academies and industries. 

Therefore, the vehicle density estimation and DCC are 
mutually related factors and cannot be separated from each 
other. 

C. A Multidisciplinary Approach to VANETs 
Based on Table I, we can classify vehicle density 

estimation methods into three categories: the 
infrastructure-based one which uses infrastructures (e.g. 
pressure pads, loop detectors, roadside radars, wireless 
sensors, cameras, etc.), the traffic flow model-based one 
which relies only on vehicle’s own traffic information and 
traffic modeling, and the V2V information exchange method. 
However, each method only cannot solve the vehicle density 
estimation problem. In order to solve the problem in dynamic 
vehicular environments, we should consider all properties of 
VANETs: traffic flow theory [30], [31], vehicle’s speed, 
direction, location and acceleration, the distance of a vehicle 
from the front intersection, wireless channel and multi-path 
fading, packet collision probability, transmission range, 
transmission frequency, etc. 

Just one engineering domain knowledge cannot solve the 
VANET problems. We should change our approach. A 
multidisciplinary approach, which considers both traffic 
engineering and mobile communication engineering domains 
should be developed with VANET applications for vehicular 
safety communications. 

D. How to Design a Vehicle-Density-Adaptive MAC Protocol 
for DCC in V2V Safety Communications? 
If we can estimate the local vehicle density accurately in 

decentralized vehicular environments, what is the next step 
toward DCC in V2V safety communications? The local 
vehicle density estimation itself cannot be the final goal of the 
VANET research for DCC. It must be applied to a new V2V 
MAC protocol design for DCC in V2V safety 
communications. 

The dynamic nature of vehicular environments has made 
reliability and scalability the most important factors for 
designing MAC protocols in V2V safety communications. 
Therefore, most of the studies about DCC have been 
performed using the 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) 
[8]. 

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 [29]. If we address the DCC problems 
without considering VANET MAC issues deliberately, the 
results of the study would not be so useful as to apply it to the 
real situations. Therefore, just one medium access approach 
cannot solve the DCC problem. We need to develop a V2V 
safety communication MAC protocol that can adaptively 
control congestion based on vehicle density obtained from 
traffic condition and that considers strong aspects of both 
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contention-based and contention-free MAC schemes [8]. 

E. Consideration of Local Vehicle Density when Evaluating 
the Performance of VANETs 
Many researchers have paid attention to throughput and 

end-to-end delay as performance metrics for evaluating the 
performance of mobile and wireless communication networks 
such as MANETs or WMNs. However, as already shown in 
Section I, VANETs have different characteristics from 
traditional wireless networks. Most of all, one of the main 
characteristics in VANETs, periodic broadcast of beacons for 
vehicular safety communications, has VANET researchers 
focus on a beacon reception probability and beacon 
inter-arrival time as more appropriate performance metrics 
compared with throughput and end-to-end delay. Moreover, 
because the beacon sent by a vehicle is more relevant to its 
close neighbors than to farther ones, it is more meaningful to 
evaluate the beacon reception probability and the beacon 
inter-arrival time as a function of the distance from the sender 
[32]. 

However, just measuring the beacon reception probability 
and the beacon inter-arrival time without considering local 
vehicle density is not sufficient to evaluate the performance of 
VANETs because a degree of driver awareness required for 
safety applications varies with vehicles’ own condition and 
local vehicle density in decentralized vehicular environments. 
For example, beacon reception probability and beacon 
inter-arrival time in high speed and high vehicle density 
environments have more stringent threshold values than those 
in low speed and low vehicle density environments. Therefore, 
a new performance metric with full consideration of local 
vehicle density should be developed for DCC in vehicular 
safety communications. 

IV. CONCLUSION 
This paper presents the importance of vehicle density 

estimation in vehicular communications for safety 
applications and shows several previous efforts to estimate 
vehicle density more accurately and their limitations. We also 
emphasize the reason why local vehicle density estimation is a 
crucial part for DCC in V2V safety communications. Because 
the existing local vehicle density estimation methods have still 
technically challenging issues, all these issues must be solved 
to satisfy the safety requirements of VANETs. 

Future works will aim to solve the aforementioned 
technical challenges of vehicle density estimation for DCC in 
V2V safety communications. 

• A multidisciplinary approach-based development of a 
new V2V safety communication MAC protocol that 
can adaptively control congestion based on local 
vehicle density obtained from traffic condition and 
that considers strong aspects of both contention-based 
and contention-free MAC schemes. 

• Performance evaluation of the protocol both in 
highway and urban scenarios, with a new performance 
metric in which local vehicle density is considered. 

The modeling and numerical analysis of the existing 
vehicle density estimation methods, the development of an 
integrated traffic and network simulator with considering 
VANET mobility and channel characteristics, and the 
enhancement of the existing VANET protocols and their 
performance evaluation by numerical analysis and simulation 
can also be good candidates for future VANET studies. 

Our ultimate goal is to develop an enhanced V2V safety 
communication MAC protocol that can control channel 
congestion adaptively to local vehicle density and traffic 
condition both in highway and urban environments [8]. 
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