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Abstract—Vehicular Ad-Hoc networks (VANETS) play a crit-
ical role in enabling important active safety applications such
as collision warning and vehicle tracking. The most pressing
challenge in enabling such applications is to maximize the amount
of disseminated vehicle state information while avoiding network
congestion. In this paper, we explore the structure of VANET
tracking problem and propose an adaptive rate control algo-
rithm based on network condition and tracking error. Proposed
algorithm uses a closed-loop control concept and accounts for
the lossy channel. This algorithm is shown to achieve better
tracking performance than existing solutions. We first analyze
the algorithm behavior in small scale Matlab simulations with
bounded dynamical systems and then evaluate its performance
using OPNET simulations with realistic vehicle trajectories from
a microscopic traffic simulator (SHIFT).

I. INTRODUCTION

Vehicular Ad-Hoc Networks (VANET), empowered by the
recent advancements in wireless communication technologies,
are expected to enable a host of new safety, navigation, and
automation applications in vehicular environments. The most
challenging application planned for deployment over VANETS
is Cooperative Active Safety (CAS) [1], [2]. In the CAS
concept, vehicles will send self-information, e.g. GPS position,
speed, and heading, to neighboring vehicles over a wireless
channel. The receiving vehicle can use the incoming messages
to track the sending vehicle and detect if there is a threat. If
0, it may warn its driver or perform emergent reactions.

Such safety messages are expected to be about 300 bytes
long and may have to be transmitted as far as 150 meters
[20]. Studies, such as those undertaken by the Vehicle Safety
Communications Consortium (VSCC) [20], have suggested
these messages might have to be broadcast by each vehicle
as frequently as every 100 msec. While these studies consider
safety applications and related requirements, the channel and
networking side of the problem has not been fully understood
yet.

The communications and networking requirements and pos-
sibilities are driven by the choice of technologies for VANETS.
The most promising technology for enabling VANETS is the
802.11 based DSRC (Dedicated Short Range Communication
[17]) technology [16]. In 1999, FCC allocated 75 MHz of
bandwidth, divided into seven sub-channels, in the 5.850-5.925
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GHz band for DSRC, to enable vehicle-to-vehicle (V2V) and
Vehicle-to-Infrastructure (V2I) information exchange possible.
In addition to IEEE 802.11 based standard, the IEEE 1609
family of standards [18] for Wireless Access in Vehicular En-
vironment (WAVE) are being developed to enable networking
and resource management services. These standards describe
the interfaces between vehicular communications devices at
different protocol levels, enabling a spectrum of applications
including CAS. The specifications of the applications, such
as CAS, is outside the scope of the standards. In particular,
the frequency of broadcasting the tracking messages, and the
distance to which these messages should be sent have to be
determined by the application implementing CAS.

These issues and the study of DSRC networks have been
the subject of several research efforts in recent years. For
V2V message delivery, the work in [3] gives a detailed
evaluation of DRSC channel and its latency performance. For
safety applications in VANETS, [4] proposes to fairly allocate
transmission power across all nodes in a max-min fashion,
while fixing the frequency of messages. Message scheduler in
[5] reduces rate by removing duplicated elements similar to
compression ideas in source coding. Our approach, presented
in this paper, correlates transmission behaviors with tracking
error and channel congestion, which is distinctly different from
previous work.

In this paper, we start by describing a mathematical frame-
work for the problem of tracking via a multi-access channel.
Based on the analysis in [12], [13], we propose a decentralized
information dissemination rate control, in application layer, to
decide how state information of a vehicle should be broadcast
to neighboring vehicles for tracking purpose.

More specifically, the proposed algorithm uses a closed-
loop feedback control concept and accounts for the lossy
DSRC channel. This algorithm utilizes an on-demand structure
to adapt its information rate to safety application demands,
and allows all vehicles to efficiently share available channel
resource.

The behavior of the proposed algorithm is first analyzed
in a simpler environment through Matlab simulations. We do
so to illustrate why it achieves better tracking performance
than other methods, in a multi-access channel. To see the
algorithm’s performance in a realistic highway environment,
the proposed algorithm has been evaluated through large
scale simulations, involving vehicle trajectories generated by
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Fig. 1. Subject vehicle broadcasts its own state information to neighboring
vehicles. Based on received information, other vehicles track the position,
speed, heading of that subject vehicle.

a microscopic traffic simulator (SHIFT) [19] and wireless
network simulations in OPNET, with the best known DSRC
channel model reported in [8].

The rest of the paper is organized as follows: Section
IT describes VANET tracking problem. Section III provides
insights into how to design a proper rate control scheme for a
shared channel. Section IV describes our proposed rate control
algorithm. Section V discusses the results of the large scale
traffic/network simulation evaluations. Section VI concludes
this paper.

II. ESTIMATION PROCESS DESCRIPTION

In this section, we state the problem of vehicle tracking
using VANETS in an abstraction level. Fig. 1 illustrates this
real-time tracking idea, in which each vehicle broadcasts its
state information (e.g., position, speed, and heading) to the
neighboring vehicles. Communication policies, which describe
how information dissemination is controlled in such broadcast
networks, will be described and analyzed in Sections III-V.

To facilitate active safety applications, a subject vehicle
(denoted as S in Fig. 1) broadcasts its own state information
to neighboring vehicles. Since this is a broadcast message, no
ACK (acknowledgment) is sent by the recipients. Based on
received information, other vehicles track vehicle S’s state.
Likewise, every vehicle needs to disseminate its own state
information while estimating other vehicles’ state.

The tracking functional blocks inside each car are shown
in Fig. 2. For n > 2 nodes (vehicles), which share the
same wireless channel, each node contains a plant x;(t),
j =1,2,...,n, a communication logic, and a bank of model-
based estimators for tracking neighboring nodes (vehicles). On
each node, there are a balanced control input u;(¢) to model
driver’s accelerating/decelerating maneuver and a zero-mean
noise input £;(¢) to model the mechanical disturbance within
a car.

The communication logic in Fig. 2 operates according
to a specified rate control policy which decides whether to
broadcast self-state information vector x;(¢) at each moment.
The design of this rate control policy and communication logic
is the main subject of this paper. Each node will try to estimate
the states of other nodes using the information received over
the shared channel.

To formulate the estimation process, let Z;;(t) be the
estimated state of sender j at receiver ¢. This estimated state
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Fig. 2. VANET tracking functional blocks: each node (vehicle) contains
a plant, a communication logic, and a bank of synchronized estimators for
tracking other plants. The estimated states of neighboring vehicles will be fed
into active safety applications.

is the expectation conditioned on all the previous received
information from the lossy channel,

ij(t) = Elz; |V Y2, Y (1)

where Yit, t=1,2,..., is the received information at moment
t at the receiver 7. When channel is idle or has a collision at
t, Y = (. Otherwise, Y} = z4(t) from a certain successful
sender s € {1,2,...,n}. Besides, all information contained in
collided packets is treated as lost and there is no retransmission
for lost packets (since message is broadcast).

For presentation convenience, let’s assume the dynamics of
a vehicle can be sampled at discrete time step and approxi-
mated as a LTI (linear time-invariant) system of appropriate
dimensions:

J:j(t):ajxxj(t—l)+bj xuj(t—l)—i-aj(t—l) 2)

where a;, b; represent the mechanical characteristics and phys-
ical laws that govern vehicle j. The model-based estimator at
receiver i # j switches between following two modes:
¢ If no information regarding node j is received at ¢t — 1,
ie. Y/™' # x;(t — 1), use previous estimate #;;(t — 1)
and the known model (1) to carry on,

Ti(t) = aj x Tij(t — 1); 3)

o Else if state information of j is received at ¢t — 1, i.e.
Yfﬁl = x;(t — 1), use it to reset estimation error,

Tij(t) = aj x x;(t —1). )

Note that Z;;(¢) in (3), (4) is MMSE (minimum mean squared
error) optimal estimate if we assume u;(¢) and €;(t) have zero
mean. The tracking error e;;(t), the i-th node’s estimation
error for node 7, is defined as

eij(t) = x;(t) — Ti5(t). ®)

Note that, due to hidden node problem or channel fading, this
tracking error e;;(t) might vary for different vehicles. Our ob-
jective in this paper is to devise a decentralized communication
policy that controls the transmission of state information in a



way that the above error is reduced as much as possible. The
next section describes several possible methods and provides
an initial analysis. This error measure is used as a control
parameter in some of the methods discussed. Our proposed
communication policy is conceptually discussed in the next
section, while a formal description is presented in section I'V.

For general analysis of tracking over a multi-access channel,
readers are referred to our preliminary analysis [12], [13] on
asymptotic stability and MSE (mean squared error) tracking
performance for different communication policies. If central-
ized scheduling is allowed, round-robin policy is shown to be
optimal for homogeneous nodes [12]. For decentralized policy,
tracking error and channel condition need to be taken into
account to achieve a sub-optimal performance [13]. Our work
is mainly inspired by [9], [10], [11], where remote tracking,
via a lossy channel, of a sender-receiver pair is analyzed.

III. RATE CONTROL FOR INFORMATION DISSEMINATION
IN MULTIPLE ACCESS CHANNELS

In this section, we analyze the problem of rate control
for information dissemination in a shared channel. To get
insights into how such rate control should be done, we present
some Matlab simulations with bounded dynamical systems.
For this purpose, we assume the following setting for the
Matlab simulatins in this section. We assume that there are
n = 10 nodes for a 100-second simulation duration. Discrete
time step length is set to 50 msec. All identical nodes share one
common wireless medium. There is no hidden terminal effect
and thus e;;(t) = e;(t), Vi in (5). Channel errors are only due
to collisions. Each node can detect collisions instantaneously,
but there is no retransmission for lost packets. Similar to that
in Fig. 2, all nodes contain an identical plant, with different
RNs (random numbers) as simulation seeds, and a bank of
model-based estimators. For the plant (2), x; is a scalar with
a; = 0.5, uj(t — 1) = 0,V¢, and ¢;(t) follows a Gaussian
distribution N (0,1072) for all j.

Each node keeps tracking other nodes and broadcasts its
own state information according to specified communication
policy. Since we are aiming at designs for VANETS, only the
following three decentralized policies are considered.

Probabilistic: At each time step, every node generate a
packet and broadcasts its own state information with a speci-
fied probability p.

Error-Dependent: This policy is due to [9]. At each time
step, the communication intensity \;(¢) for node j at ¢ is a
function of the current tracking error e;(t),

Aj(t) =a x e?(t) (6)

where 0 < o < o0 is a positive real number, representing the
sensitivity to estimation error e;(t). The calculation of e;(t) is
possible because each node also keeps track of all successfully
broadcast information and runs an estimator for its local plant
to understand the estimation error on other nodes. A;(¢) in (6)
is then converted to the Tx (transmission) probability p;(t) by
a continuous mapping from a non-negative real to [0, 1],

pj(t) =1 —exp(=A;(t)). (7

Err-Coll-Dependent: This policy is modified from error-
dependent method, and its communication intensity A;(t) for
node 5 at ¢ is decided by a similar form of (6),

«
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where 0 < @ < oo is a fixed positive real as defined in (6),

0 < 8 < oo is the sensitivity to collisions, and ¢(t) € [0,1] is

a time-averaged channel collision intensity for immediate past
v time steps, v € N,

t—1

> 1) ©)

s=t—y

c(t) = 1
Y
with I(s) representing channel status of the s-th time step:
when there is a collision, I(s) = 1; otherwise, I(s) = 0.
Similarly, \;(t) is then converted to p;(t) by (7).
Err-Coll-Dep policy tries to capture two important factors,
ie. e;(t) and c(t), for tracking over a multi-access channel.
Our proposed rate control algorithm in Section IV is a general-
ization of this policy. Throughout this section, values of (3, )
in (8) and (9) are fixed at (30,10) for simplicity. By tuning the
error sensitivity « in (6) and (8), one can get different average
packet rates for Error-Dependent and Err-Coll-Dep policies.

A. Tracking Performance

The time-averaged tracking performance is plotted in Fig. 3
with each point representing the statistic from one simulation
run. Since all nodes are identical, we refer MSE (mean square
error) as = >0y S°7_, e;(t)? in our discussion where T is
the total time steps.

First of all, three policies exhibit U-shape curves in Fig.
3(a): 1) when average rate is too low, tracking MSE is
large because less state information is transmitted to remote
estimators on other nodes; 2) when average rate is too high,
MSE becomes large again because many transmitted packets
collide in the shared channel and thus the amount of available
state information to remote estimators decreases.

The observation that more state information transmitted
results in higher tracking accuracy in [9], [10] is not valid in
a multi-access channel because of collisions. In this section,
we refer collision ratio as 7 SO, I(t) where I(t) is defined
as the same indicator function as in (9) and 7 is the total
time steps. Corresponding collision ratios of three policies are
plotted in Fig. 3(b) for comparison.

Secondly, for Probabilistic policy, the minimum tracking
MSE is achieved with average rate 2 pkt/node/sec. This
corresponds to Tx probability p; = 1—10, for all j, which
matches with previous analysis p; = % in [12].

Thirdly, the Probabilistic policy, i.e. no rate control, cannot
achieve the same minimum MSE as that of Error-Dependent
and Err-Coll-Dep policies. Error-Dependent and Err-Coll-Dep
policies achieve lower minimum MSE with a lower average
rate (0.4 pkt/node/sec). Similar to the analysis in [9], [12],
controlled communication policies result in better tracking
because timely delivered state information eliminates large
tracking errors.



——e—— probabilistic

MSE vs.Rate  ---®--error-dep
— -a—-err-coll-dep
0.03
A
\
00251 ¢ o
| ~
11} ' ’\ —
0D 0027 & P-4l
= TN PP
e o me O
0.015 __\’\r_t;:/.,/’ M I
POV AR S RN
0.01
0 1 2 3 4 5
Ave. Rate (pkt/node/sec)
— —+——- probabilistic
Collision vs. Rate ---® - - -error-dep
— -a—- err-coll-dep
1
2
E 0.8 .
c 08 r///*’
.g 04 -
= ¥ e -
o 02 ../-ﬁ""'“-:‘,,,, ek
o o Y S ity St S
0 1 2 3 4 5

Ave. Rate (pkt/node/sec)

Fig. 3. (a) Average packet rate vs. tracking MSE (mean squared error),
(b) Average packet rate vs. average collision ratio for three policies. Among
three, Err-Coll-Dep policy achieves lower estimation MSE by adapting its
packet rate based on estimation error and channel collision intensity.

With the same average packet rate, Err-Coll-Dep policy can
achieve lower tracking MSE compared with that of Error-
Dependent, especially when packet rate is high. Err-Coll-Dep
can also achieve MSE close to the minimum for a wider range
of rates (0.4 to 3 pkt/node/sec), i.e. the curve acts as if tracking
MSE is not affected by the increasing packet rate and the
gradually congested channel.

B. Collision Response

Fig. 4 depicts collision response while different communi-
cation policies are used; this measure is a key performance
metric for a multi-access channel. High collision ratio means
that the probability of a successful transmission is low and
lots of bandwidth is thus wasted. For this figure, the average
packet rates of nodes are all around 0.2 pkt/node/sec, which
means that the channel is only lightly loaded. Apparently,
Error-Dependent policy has higher collision ratio and more
consecutive collisions compared with others, which can also
be observed in Fig. 3(b) when the rate is small.

For Error-Dependent policy, when a collision happens, it
can be infered that at least two nodes want to send out state
information at the same step because their tracking errors are
relatively large. In the next time step, those nodes would still
have high broadcast probabilities since their tracking errors
remain large (because no state information is successfully
transmitted due to previous collisions). The same situation may
go on, i.e. consecutive collisions, until all involved nodes can
get a chance to transmit state information.

A design based on Error-Dependent policy does not consider
possible channel collisions and aggressively keeps sending
more messages until one successful transmission, which is the
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Fig. 4. Collision response of (a) Probabilistic, (b) Error-Dependent, and (c)
Err-Coll-Dep policies with average rate around 0.2 pkt/node/sec, i.e. channel
is lightly loaded. Corresponding collision ratios are 0.95%, 2.55%, and 1.30%.

main cause of frequent consecutive collisions even when the
channel is in lightly loaded condition.

On the contrary, Err-Coll-Dep policy alleviates this problem
by considering channel collisions: when there is a collision,
all nodes throttle their rates and thus reduce consecutive
collisions. Therefore, the collision ratio of Err-Coll-Dep design
is always lower than that of Error-Dependent in Fig. 3(b).

Note that, although Fig. 4 shows that Error-Dependent and
Err-Coll-Dep policies have higher collision ratio in a lightly
loaded channel, they still achieve lower tracking MSE than
that of Probabilistic policy (compare their performance in Fig.
3(a) when average packet rate is below 0.5 pkt/node/sec).
Again this shows that, the effectiveness of using a controlled
communication policy comes from timely delivery of state
information even though some channel bandwidth is sacrificed.

C. Multiplexing Gain

To get an insight into how efficient each communication
policy can be in sharing the limited bandwidth resource,
we study the performance of each policy in two different
environments: a shared channel environment with possibility
of collision (like in VANETS), a perfectly scheduled channel
with no colision (denoted here as dedicated channels, possible
in infrastructure networks). The multiplexing gain of the
three policies is compared in Fig. 5. Here, multiplexing gain
is defined as the tracking performance improvement when
sharing the entire channel bandwidth instead of assigning a
dedicated smaller portion of it to every node. For each policy,
we compare the following two scenarios: 1) 10 dedicated
channels, each with 10% bandwidth, assigned individually to
10 nodes; 2) a multi-access channel, with 100% bandwidth,
simultaneously shared by all 10 nodes.

Fig. 5(a) shows that there is no multiplexing gain for
Probabilistic policy. On the contrary, in Fig. 5(b) & (c), the
multiplexing gain exists when Error-Dependent’s packet rate
is less than 0.6 pkt/node/sec, and when Err-Coll-Dep’s packet
rate is less than 1.5 pkt/node/sec. Once average rate is higher
than those thresholds, channel collisions become dominant and
the tracking performance degrades.

The multiplexing gain for Error-Dependent and Err-Coll-
Dep exists because plants on different nodes are decoupled,
and therefore not all nodes need to broadcast state information
at the same time.
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Fig. 5. Tracking MSE of a system using dedicated channels or a shared
channel for (a) Probabilistic, (b) Error-Dependent, and (c) Err-Coll-Dep
policies, of which (b), (c) show multiplexing gain.

In addition, Err-Coll-Dep policy has wider rate range of
multiplexing gain than that of Error-Dependent policy because
of lower collision ratio in the shared channel. By properly
selecting parameters (03, ) for Err-Coll-Dep, its tracking per-
formance could be very close to the case that each node is
assigned a dedicated channel (see Fig. 5(c)).

IV. PROPOSED RATE CONTROL ALGORITHM

Our proposed policy follows the same spirit of Err-Coll-Dep
policy discussed in Section III; some minor modifications are
introduced to address the fact that there is no explicit ACK
for broadcast messages in DSRC.

On-demand Rate Control: First, the proposed algorithm
runs every 50 msec due to 20 Hz sampling of vehicle’s on-
board sensors. At each time step ¢ € N, i.e. multiples of
50 msec, the j-th vehicle calculates transmission probability
p;(t) based on suspected tracking error é;(t) on neighboring
vehicles toward its own position in Euclidean sense. That is,
we use a scalar error €;(t) to simplify the calculation of p;(¢):

— x & /(1))

g t—1
1+72

s=t—y

pj(t) =1 — exp( (10)

A;(s)

where v and 3 are sensitivity parameters as in (8), and v = 20
is the one-second time window to evaluate recent channel
utilization. (In Section V, we use 8 = 0 for Error-Dependent

and # = 30 for Err-Coll-Dep policy in simulation.) Here A;(s)
represents CCA (Clear Channel Assessment) [16], at time step
s < t, reported by j-th 802.11 PHY module: when channel
is sensed busy, A;(s) = 1; otherwise, A;(s) = 0. Since
a wireless transceiver cannot detect collisions for broadcast,
we use channel utilization in (10) as a substitute for c¢(t)
in (8). This substitution is possible since collision ratio is a
monotonically increasing function (which is not required to
be known) of the channel utilization in CSMA/CA netowkrs.
Based on p;(¢) from (10), the j-th vehicle stochastically
generates a packet with its own state information, and places
the packet in its MAC layer queue.

Since there is no explicit ACK for broadcast in DSRC, after
each transmission, we use PER (Packet Erasure Rate) €2;(¢)
to stochastically decide the suspected error €;(t) in (10),

&(t) = (1= ¢(1) x &(t) (11

where (;(t) is a Bernoulli trial with Pr(¢;(t) = 0) = Q;(¢).
If successful, i.e. (;(t) = 1, €;(¢t") is reset to zero; otherwise,
¢;(t*) accumulates from ¢;(t) based on first-order kinematic
model. Note that ¢€;(¢) is not the actual estimation error on
neighbors of the j-th vehicle; it is only a measure used by
7-th vehicle to adjust its own communication rate.

Finally, PER Q;(t) used by Bernoulli trials in (11) is derived
on-the-fly by checking the inconsistency in sequence number
of recently received packets from all corresponding neighbors
within 1-second history log of vehicle j. That is, the j-th
vehicle uses the number of lost packets divided by the number
of total packets from a certain neighbor to infer the channel
loss rate and €;(¢) is this measure averaged over all its
neighbors at time ¢. By symmetric assumption of the channel,
Q;(t) tells the j-th vehicle the likelihood of its previous
transmission being erased in the channel.

In short, the proposed design has an on-demand nature
since: 1) it increases information rate when a vehicle sus-
pects the tracking error of neighboring vehicles toward itself
has increased; 2) it throttles rate when channel seems to
be in congestion to avoid further collisions (message loss
and performance degradation). In Section V, this policy will
be evaluated in large scale simulations and compared with
existing solutions.

V. EVALUATION USING LARGE SCALE SIMULATIONS

In this section, we describe the settings of large scale
VANET simulations, our implemented algorithms, and sim-
ulation results. In essence, we simulate microscopic highway
traffics and compare tracking performances of different decen-
tralized information dissemination policies.

A. Simulation Environment and Implemented Rate Control

As in [7], for a 1-km stretch of a 4-lane highway, we use
trajectory files of position, speed, heading sampled at 20 Hz,
produced by SHIFT traffic simulator. Total simulation time
is 30 seconds for each run. This traffic scenario corresponds
to an average flow rate of 2106 vehicles/hr/lane, an averaged
velocity of 30 mile/hr, and a mean gap of 0.8 second between
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accuracy measure; 95% of the error falls below this number.

vehicles in the longitude direction. During the simulation,
every 50 msec, each vehicle gets a measurement of its own
status from on-board sensors and decides whether to generate
a packet or not, according to specified policy. The on-board
measurement noise is modeled exactly as in [7], which was in
turn based on experimental data [1].

Upon receiving information from the channel, each vehicle
updates its estimation of neighboring vehicles. We choose the
first-order kinematic model, i.e. a constant speed predictor, for
tracking neighboring vehicles. Using this model, a vehicle is
assumed to run with the same speed and heading after its last
information broadcast was received by a certain predictor (on
another vehicle).

SHIFT generated vehicle trajectories are used in our OP-
NET based simulations of the communications policies and
DSRC. For DSRC simulation, we modified OPNET’s 802.11a
PHY module to work at 5.9 GHz with 10 MHz bandwidth and
a DSRC channel model. We follow the best known DSRC
channel model reported in [8] and simplify the channel at
far distances as Rayleigh fading, instead of pre-Rayleigh. The
reason for this simplification is that we are considering a
straight highway scenario while [8] considers urban scenarios
with intersections and corners, which lead to pre-Rayleigh
fading observations. In addition, we assume that path loss
exponent is always 2.31. The 802.11 transceiver operates with
3 Mbps raw data rate, -95 dbm Rx sensitivity, and 600 mW
Tx power. The payload size of each message is 300 bytes.

In our evaluations we focus on the following decentralized
policies:

« Beaconing at 100-msec interval as suggested by [20];

o Probabilistic policy which utilizes fixed transmission
probability to generate packets;

o Threshold policy which triggers communication when
perceived tracking error violates specified threshold [7];

e On-demand rate control: 1) Error-Dependent (3 = 0),
2) Err-Coll-Dep (5 = 30) policies.
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Fig. 7. Tracking performance while using Probabilistic policy: (a) broadcast
loss rate; (b) 95% cut-off of Euclidean error. Broadcast loss rate increases as
the Tx probability increases. The 95% cut-off error has a minimum of 0.8
meter when Tx probability is roughly 0.6. Similar to the U-shape curve in
Fig. 4 (a), the same trade-off exists while selecting Tx probability.

B. Simulation Results and Performance Comparison

We evaluate the tracking performance of different decentral-
ized policies in the proximity of each vehicle. The proximity
of a subject vehicle is defined as the circular area of 150-
meter radius to satisfy most safety applications identified in
[20]. That is, a subject vehicle will try to estimate all vehicles
within its 150-meter radius.

After each simulation run, we collect statistics from neigh-
bors within this proximity of a certain vehicle and then cal-
culate below performance metrics over all vehicles to explore
law of large number:

« Broadcast loss rate: this metric reflects channel conges-

tion status and reliability of transmitted messages;

o Euclidean tracking error: mean, standard deviation, and
95% cut-off error. Specifically, 95% cut-off error is our
main performance measure, i.e. 95% of collected error
population falls below this number, which represents the
tracking accuracy of the policy.

First, a typical result from our simulations looks like Fig.
6, which shows the tracking error in Euclidean sense while
each vehicle broadcasts its own state information at 100-msec
interval. Shown results correspond to a broadcast loss rate of
32.98% which is the highest among all policies. In Fig. 6(c),
its 95% Euclidean cut-off error, i.e. 0.97 meter, is used as
baseline for comparison.

From Fig. 7 to Fig. 10, the performance metrics of different
policies are plotted. In those figures, second order curves
with least squared fitting are used to indicate the trends.
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Fig. 8. Tracking performance while using Threshold policy: (a) broadcast
loss rate; (b) 95% cut-off of Euclidean error. Since more communication is
triggered by a smaller threshold, broadcast loss rate increases as threshold
decreases. The 95% cut-off error has a minimum of 0.6 meter when threshold
is around 0.5 meter.

Specifically, Table I & II compare mean and standard deviation
of packet rate while using two on-demand policies.

For the Probabilistic policy, its corresponding performance
is shown in Fig. 7 w.r.t. different Tx probabilities. Fig. 7(b),
similar to Fig. 3(a), has a U-shape curve for 95% Euclidean
error and the optimal transmission probability for this traffic
scenario is 0.6. Its optimal tracking performance of 95%
Euclidean error is around 0.8 meter. This policy achieves
better tracking performance than beaconing by introducing
randomness in its transmission behavior.

The performance of Threshold policy is shown in Fig. 8.
With different thresholds, they trigger different amount of
packet rate. As shown in Fig. 8(a), when threshold decreases,
it triggers more transmission and thus causes more collisions
in the channel. Its 95% Euclidean error also shows a U-shape
curve and optimal threshold for this scenario is around 0.5
meter. Its minimum 95% error is 0.6 meter which is a further
improvement from Probabilistic policy.

Results of Error-Dependent policy are shown in Fig. 9 and
Tables I lists the error sensitivity a and corresponding tracking
accuracy. In Table I, as we increase «, we increase mean and
standard deviation of the packet rate; optimal rate is around
4 pkt/node/sec when roughly o = 5. Its 95% Euclidean error
in Fig. 9(b) shows a U-shape curve and its broadcast loss rate
increases as the average rate increases. Error-Dependent can
achieve similar min. 95% error (0.6 m) with the same average
rate as the Threshold policy.

Finally, Fig. 10 and Table II show the tracking performance
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Fig. 9. Tracking performance while using Error-Dependent policy (3 = 0):
(a) broadcast loss rate; (b) 95% cut-off of Euclidean error. Its 95% cut-off
error has a minimum of 0.6 meter when mean rate is around 4 pkt/node/sec,
which corresponds to the optimal « value around 5.

TABLE I

ERROR SENSITIVITY USED IN ERROR-DEPENDENT POLICY (,3 =0)

« Ave. Rate (pkt/sec) | Std. Rate (pkt/sec) | 95% Error (m)
0.1 0.761 0.115 0.975

0.5 1.522 0.191 0.764

1 1.853 0.223 0.591

5 3.746 0.277 0.612

10 4.614 0.294 0.623

20 5.778 0.323 0.946

25 6.213 0.442 0.964

30 7.651 0.498 1.109

of Err-Coll-Dep policy. Compared with that of beaconing,
Threshold, Error-Dependent, and Err-Coll-Dep policies all
have fair amount of reduction in 95% cut-off error.

C. Why Proposed Algorithm Works

Although 802.11 CSMA/CA helps reduce collisions in
DSRC channel, considered rate controls have similar behaviors
as those policies analyzed in Section III. That is, a good rate
control algorithm should consider tracking error and channel
congestion at the same time.

For both Error-Dependent and Threshold policy, they only
consider tracking error and ignore channel congestion. They
can outperform beaconing and Probabilistic policy if we
properly choose their parameters. However, optimal « and
error threshold may vary greatly w.r.t. different vehicle flow
densities or available channel resource; thus these parameters
cannot be easily chosen beforehand.

Err-Coll-Dep policy can alleviate the above problem and
make parameter design easier. By comparing Table I and II,
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Fig. 10. Tracking performance while using Err-Coll-Dep policy (8 = 30):

(a) broadcast loss rate; (b) 95% cut-off of Euclidean error. This policy has
similar curves as in Fig. 9, but its optimal « has a wide range of values
(compare « values and corresponding performance in Table I and II).

TABLE II
ERROR SENSITIVITY USED IN ERR-COLL-DEP POLICY (3 = 30)

« Ave. Rate (pkt/sec) | Std. Rate (pkt/sec) | 95% Error (m)
1 1.239 0.221 1.079

5 1.994 0.138 0.975

10 2.194 0.230 0.781

20 2.309 0.278 0.660

40 2.974 0.196 0.632

80 4.686 0.291 0.657

160 5.343 0.337 0.724
480 6.912 0.455 0.796

one can notice that, when 8 = 30, as long as we pick « large
enough, i.e. o > 20, the performance of Err-Coll-Dep policy
can operate around the optimal point, i.e. 0.6 to 0.7 meter of
95% cut-off Euclidean error, for a wide range of « values.

Besides, in Err-Coll-Dep case (Table II), the fluctuation or
standard deviation of rate does not increase as fast as that
in Error-Dependent case (Table I). Our simulations of various
highway traffic conditions, reported in [15], also confirm this
robustness property of Err-Coll-Dep policy.

VI. CONCLUDING REMARKS

In this paper, we presented a decentralized information
dissemination control algorithm for CAS applications in
VANETs. This algorithm has an on-demand structure and
adapts its communication rate to environment factors such
as network congestion or sudden vehicle movement (which
causes increased estimation error).

Our simulation results, both in Matlab and through large
scale traffic/network simulations, confirm that the proposed

algorithm requires less packet rate and yet attains much better
tracking accuracy and robustness against channel congestion
than the 100-msec beaconing policy suggested by [20]. This
work is distinctly different from designs in [4], [5] and
provides a new perspective of dealing with information dis-
semination in VANETs.

Throughout this paper, we assume a uniform Tx power for
all vehicles while adjusting individual packet rate to enable
statistical multiplexing. As enlightened by [14], there might
be further performance improvement if a variable transmission
power is used by each vehicle to explore spatial reuse. Our
future work includes joint designs to adapt rate and power
simultaneously in VANETSs.
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