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Abstract—Dedicated short-range communication (DSRC) is
an enabling technology for Intelligent Transportation Systems
(ITS). Due to lack of stable topology, the periodic and event-
driven safety applications take broadcast as an effective approach
to disseminate messages, which leads to significant performance
degradation in high density and highly dynamic scenarios. This
paper presents an information theory based model to determine
the theoretical amount of information required by DSRC safety
applications, and the results are helpful in reducing redundant
information in performance enhancement as well as gaining more
insight for system design. Based on the model presented, an adap-
tive algorithm is proposed to derive the optimal safety message
rate in different scenarios to reduce the channel load. Numerical
simulations based on NS-3 show the proposed algorithm can
improve the performance dramatically, and the effectiveness of
the safety applications is guaranteed.
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I. INTRODUCTION

Dedicated Short-Range Communications (DSRC) is a wire-
less technology for intelligent transportation systems (ITS) to
provide safety applications and to improve traffic efficiency for
vehicular transportation. Growing attention from researchers
and transportation industry has been driven by DSRC technol-
ogy which employs IEEE 802.11p and IEEE 1609 standards
for its capability to improve the traffic safety via various safety
applications, through vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) communications.

The core of the DSRC-based applications are safety ap-
plications, including periodic broadcast and emergency mes-
sage dissemination which are used for cooperative collision
avoidance (CCA), and it’s the primary motivation for de-
ploying DSRC. Periodic broadcast messages containing safety
information such as position, velocity etc. are disseminated
among vehicles with DSRC-based equipment, and the message
received form DSRC-equipped neighbors can be used to locate
the vehicle in a collision threat or in blind spot. An emergency
message will be send when accidents like collision or a sudden
brake are detected. The U.S. Department of Transportation
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(DOT) has estimated that vehicle-to-vehicle (V2V) commu-
nication based on DSRC can address up to 82% of all crashes
in the United States involving unimpaired drivers, potentially
saving thousands of lives and billions of dollars [1].

The U.S. Federal Communications Commission allocated
75MHz of licensed spectrum in the 5.9 GHz band for DSRC
[2], and the spectrum is divided in to seven 10-MHz channels,
including a control channel (CCH) for control message and
safety related applications, and six service channels (SCH)
which will be used for non-safety applications. In order to
ensure that all the control messages and safety messages won’t
be missed, DSRC devices will follow a synchronization pro-
cedure. A synchronization interval comprises a CCH interval,
followed by a SCH interval. During the CCH interval, devices
will tune to the CCH for safety applications and service an-
nouncement, and the SCH offered will be indicated. To handle
time-critical safety applications, the broadcast mode is consid-
ered to be a highly appropriate technique for safety messages
dissemination [3]. In this paper, safety-related information will
be broadcast at a certain frequency, and a broadcast-based
retransmission mechanism [4] is introduced to improve reliable
of event-driven emergency message dissemination.

The main challenges of DSRC are packets collision and
medium access congestion in medium access control (MAC)
layer of IEEE 802.11p in dense and high mobility situation. At
high density scenario, there are a large amount of devices in the
transmission range of each vehicle, which will leads to signif-
icant performance degradation of IEEE 802.11p Carrier Sense
Multiple Access (CSMA) and serious channel congestion [5].
The latency and low reliability resulting from the channel
congestion and packets collision will impact the broadcast-
based safety applications. Due to lack of request-to-send/clear-
to-send (RTS/CTS) process in IEEE 802.11p broadcast mode,
the reliability of the transmission of event-driven emergency
messages will decrease.

The MAC layer congestion issues have been investigated
extensively. Numerous theoretical and simulation-based analy-
ses show the impact of high density on latency and packet suc-
cessful reception rate [6]. The study in [7] illustrates that high
traffic of periodic broadcast messages may reduce the resource
availability for the emergency messages. A Markov model is
used in the article to analyze the dissemination delay of event-
driven emergency messages in the presence of low-priority
periodic messages, but no specific algorithm is proposed to
determine a good tradeoff to improve the performance and
the mobility of vehicles is overlooked. [8] describes a DSRC
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congestion control scheme, based on maximizing channel
throughput via distributed control of the safety message rate.
Hafeez et al. in [6] propose a mobility model considering
the threshold distance to avoid collision in different vehicle
density indicated by a Poisson arrival queue. In [9], an adaptive
rate control algorithm is proposed, which takes into account
the prediction deviation of the motion of nearby vehicles.
The broadcast will be deferred when the predicted positions
satisfy the feasibility condition in consecutive slots. Few works
have been done to consider the threshold distance in mobility
models. Hafeez in [6] introduces the threshold distance in the
initial distribution of vehicles, but the state of each vehicle is
considered to be constant and independent. The majority of
studies of congestion control in safety-related message focus
on the performance improvement of delay and throughput.
There have been no studies to explore the theoretical optimum
of messages rate control on the premise of the reliability of
security.

This paper proposes a mobility analytical model under
highway scenarios, taking into consideration the probability
of the change of motion in different density and velocity,
which can reflect the mobility of vehicles more realistically.
Then a novel information theory based rate control algorithm
is introduced to obtain the theoretical optimum of messages
rate to reduce redundant broadcast messages on the premise
of the reliability of security under different scenarios. Entropy
will be used in the rate control algorithm to measure the
measure the uncertainty based on the probabilistic model we
derived. Simulation results show that the proposed rate control
algorithm can enhance the performance of DSRC system and
make a good trade-off between the safety requirements and
system performance in terms of delay and packet loss rate,
aggravated by redundant broadcast messages which have little
effects on safety applications. The rest of the paper is organized
as follows. Section II describes the mobility analytical model.
In Section III, the information theory based rate control
algorithm is described along with the theoretical derivation
based on the mobility model we proposed. Simulation results
are given in Section IV to verify the performance and accuracy
of the algorithm, and Section V presents the conclusion.

II. MOBILITY MODEL

Modeling the mobility of vehicles realistically is an es-
sential and challenge task since the movement of the vehicle
is determined by many factors such as the traffic density, the
vehicles velocity and driving habits. Most related researches
on vehicles mobility model neglect or simplify the changing
status of vehicles caused by the traffic condition, driver’s
behavior. And the motion status is considered unchanged and
independent throughout the entire process, which is unrealistic.
In this paper, a new mobility model is proposed, considering
the probability of status changes under different scenarios.

The proposed mobility model is based on a one-way one-
line highway scenario, which can be extended to other more
complicated scenarios. Since the transmission range is much
larger than the wide of the road, the highway scenario is
abstracted into a 1-D model. Vehicles will follow the direction
of the road with a speed uniformly distributed between Vi;,iy,
and V4. [10]. The Poisson process is widely adopted as
a sufficiently accurate assumption for modeling the vehicle

arrival process in the highway scenario [3]. Vehicles in the
highway scenario follow Poisson point process with density
B (in terms of vehicles per meter), and the vehicles spacing
satisfies the exponential distribution. The PDF of vehicles
spacing S is given as

f(s) = Be P, s> 0. (1)

The safety distance Dj is taken into account, which is deter-
mined by the current speed V' and the reaction time 7, . And
the safety distance is given as

Dy =V x T, 2)

To avoid collision caused by a sudden stop from the vehicle
in front, the driver will decelerate when the distance from the
vehicle ahead is detected smaller than the safety distance. At an
arbitrary point in time, to find the probability that the vehicle
will decelerate to keep a safety distance, the distributions of
vehicle’s density and speed are assumed constant is a certain
period of time compared with the time of the communication
process. Because the density and the speed are independent,
the probability that the vehicle will decelerate at an arbitrary
point in time can be described as

Pd = // f(S)ﬁdeU

s<T,.xV
e*BXTT(e_Vmin 76_‘/7”“1') (3)
N 6TT(Vmaa: - len)

The probability of deceleration in a poor traffic condition with
dense traffic and high speed is derived in (3), which means that
the vehicles dynamic states are frequently changed, consistent
with the actual traffic situation. On the contrary, a vehicle
prefers to remain the current state when the traffic condition is
good. In the case that a vehicle won’t decelerate, it will remain
the current speed or accelerate with the probability of 1 — Py.
In this situation, the probability of accelerate is assumed to
be proportional to P;, which means that the probability of
acceleration will increase with P, in a good traffic condition,
and will decrease when P is high. Based on the assumption
and analysis above, the probability of acceleration can be
written as

Pa:Pd(l_Pd)' )

And the probability that a vehicle remains the current state is
P, =1—P;— P,. ®)

From (3), (4) and (5), it’s clear that vehicles are more likely
to accelerate or decelerate in the high-density and high-speed
scenario.

III. ANALYTICAL MODEL AND INFORMATION THEORY
BASED CONTROL ALGORITHM

The Basic Safety Message (BSM) format [11] is utilized in
the periodic broadcast messages of DSRC safety applications.
The safety related messages are transmitted over 300-500
meters, with a 6 Mbps data rate, and a 10 Hz message rate
by default [12],[13]. The redundancy introduced by the fixed
message rate scheme when the broadcast messages are excess
to support safety applications will aggravate network traffic
and increase the probability of packets loss and the packets



delay, especially in dense and high-mobility conditions. The
performance degradation can severely impact the time-critical
safety applications.

In this section, an information theory based rate control
algorithm is proposed based on the mobility model in Section
II to analyze the optimum rate control scheme in substance.
The entropy will be utilized to measure the uncertainty of
vehicles position caused by the distribution of spacing and
the mobility of vehicles based on the probabilistic model we
derived.

The motion of a vehicle is divided in time slots of At ,
during which the state of the vehicle is assumed to remain.
The state can be changed at the beginning of a new time slot
with the probability derived in the mobility model. To simplify
the analysis, the acceleration is assumed to be a fixed value.
Then the probability distribution of acceleration of the vehicle
in the n; slot based on (3), (4) and (5) is

a P,
a; = 0 P (6)
—a Pd

The speed of the vehicle at the end of the n; slot is
Vi = Vi1 + a;At. @)

The distance the vehicle travels during the n; slot can be
written as

1
S; = Vi1 At + §aiAt2. 8)

The time a state packet is received from the target vehicle
serves as a reference point ¢, and the speed Vj and the position
X can be obtained from the received packet. Substituting the
speed in the reference point, the speed of the vehicle at the
end of the n; slot is given as

Vi=Vio1+aAt

1
9
“15+Y wAr ®
k=1
From the reference time ¢ , the total distance in N At is
Snat = Z Si
k=1 (10)

1
= iflAt + gaiAtz.

Substituting (8) in (9), we have

N 1—1
1
Snar=_ (o+ ) arA)AL+ saiAe?

i=1 k=1
al 1
= NVoAt + ; (N — i)a; At + iaiAtQ an
a 1
= NVoAt + 2_; (N —i+ i)aiAﬁ.
Assume that no state broadcast packet is received from the

target vehicle since %y, so the position prediction at NAt
is based on the safety information obtained from the most

recently received packet at ¢y. The predicted position of the
vehicle at NAt is

Snar = NVAt. (12)
Combining (10) and (11), the deviation of the prediction about
the position of the vehicle at NAt is

N
~ ) 1
Snat — Syat = ; (N =i+ Dade®. (13)
Based on the assumption that the motion of every slot is

independent, the deviation of prediction is composed of N
independent variables as

N
Snar—Svar =Y X; (14)
=1
o1 5

According to the Liapunov central limit theorem, the deviation
of prediction is approximate normal distribution.

N
Snat — Snar = Z X; ~ N(u,0?). (16)
i=1

where . and o2 are summations of the mean and variance of
each independent variable X; . According to the probability
distribution of the acceleration in (6), p and o2 can be
expressed as
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From (16), (17) and (18), it is clear that the accuracy of pre-
diction decreases with the number of time slots. To guarantee
the performance of safety applications in vehicles positioning
and collision warning, the threshold E,; of the deviation of
position prediction is set as 0.5m based on the analysis in [14].
Therefore, the probability that the positioning deviation of the
target vehicle is less than the threshold is given by

P{|Sna: — Snail < Ewm}
_ _ _ 19
:(D(M)_q)(M). (19)
g g



In this paper, we consider that ensuring the positioning devia-
tion less than the threshold with 95% probability is acceptable.
Based on the analysis above, we get

B —
¢(MT“) ~ 3(2). (20)
B —
o~ Lth — Hih 1)

2

To measure the uncertainty of the positioning deviation, the
entropy the uncertainty Y at NAt is

H(Y) = In(onV2me)

where o is the standard deviation of the distribution at N At

(22)

From (20) and (21), the threshold of the entropy at N At is
In(owp,v/2me) . Assume that a state packet is received at N’ At
during ty to NAt , the conditional entropy is

H(Y|X) = In(oy|x V2me) (23)

where oy |x is the standard deviation of the distribution at
N At when a state packet is received at N'At .

To satisfy the threshold of the entropy, we get the inequality

oy|x < Oth. (24)
N—-N’
Vix = 2 DX
i=1 (25)

(P, + Py)a?At*[4(N — N')® — (N — N')]
12 '
Substituting (25) in (24), the maximum transmission interval

(N — N’)At under the given density and velocity distribution
can be derived.

IV. MODEL VALIDATION AND SIMULATION

In this section, the optimal periods under various conditions
and the accuracy of scheme are shown according to the
information theory based model we proposed. The well-known
simulator NS3 [15] (version 3.22) is used to analyze the
performance of the rate control algorithm in Section III. Fig. 1
shows the optimal period of the broadcast messages which can
be calculated from (24) and (25) under different vehicle density
and velocity distributions. From the numerical results in Fig.
1, it can be observed that the value of the broadcast period is
significantly different under various conditions. The fixed rate
control scheme can’t meet the changing security requirements
and redundancy will be introduced in some circumstances.

Fig. 2 shows the accuracy of the position prediction through
the periodic broadcast messages with the rate control scheme
we proposed. The motion of the vehicle is based on the
mobility model in Section II. The vehicles spacing satisfy
the exponential distribution with 8 = 0.05, and the speed
ranges from 80-120km/h, typical for the highway scenario. The
Nakagami propagation model is used in simulations, which is
considered best for vehicular environment in many research
[16], [17]. All the vehicles will broadcast state messages based
on the rate control algorithm we proposed, the emergency
messages will be sent from a chosen vehicle, and forwarded
by the vehicles behind. To analyze the performance of the
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information theory based rate control algorithm, two metrics
are defined as follow: 1) the packet loss rate, the percentage
of the total number of vehicles in the transmission range
that fail to receive the broadcast messages. 2) the average
delay to broadcast state messages.The simulation parameters

are summarized in Table 1.

TABLE I
VALUE OF PARAMETERS USED IN SIMULATION
Parameter Value
Length of highway segment 2000m
Vehicle’s speed 80-120km/h
Vehicle’s density 0.01-0.1vehicle/m
Frequency 5.9GHz
Packet size 100Bytes
Transmission power 50mW
Received power threshold 3.162e-13W
Noise floor 1.26e-14W
DIFS 6418
Antennas gain 1
Reaction time Is
At 100ms
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Fig. 3 and Fig .4 show, respectively, the packet loss rate
the packet delay versus vehicle density ranged from 0.01 to
0.1 vehicles/m in (1) with and without the entropy-based rate
control algorithm. As is shown in Fig. 3, the packets loss
caused by collisions from neighboring vehicles and hidden
terminals will become serious with the increase of vehicle den-
sity, which will leads to undesirable performance, particularly
in dense vehicular environment. At the same time, vehicles
will take longer time to access the channel to broadcast
the state messages, and the packet delay increases with the
increasing of vehicles density. The high packet loss rate and
packet delay will be a disaster to safety applications. Adapting
the entropy-based rate control algorithm, the packet loss rate
and packet delay are improved greatly, as is shown in the
figure. It is obvious that the entropy-based rate control scheme
outperforms fixed-rate and other rate control schemes not only
for the improvements of network performance, but also the
consideration to the security requirements.

V. CONCLUSIONS

In this paper, a new mobility model has been presented in
which the change of motion under various vehicle densities and

speeds is considered. Entropy is used to describe the uncertain-
ty of the vehicle position caused by the change of motions, and
an information theory based rate control algorithm is proposed
to derive the optimum broadcast period. Adapting the rate
control algorithm, vehicles are able to adjust the broadcast
period of states messages to improve the performance of safety
applications. Simulation results in NS3 show that the proposed
rate control algorithm can significantly reduce redundancy,
thus reducing the packet delay and packet loss rate, and the
accuracy of vehicle positioning is guaranteed at the same time.
Compared with existing researches, the system performance
and safety requirements are both taken in to considered, and
a good trade-off is achieved.
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