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ABSTRACT
Roadside units (RSUs) are a key component of future In-
telligent Transportation Systems. Because of the limited
capacity of RSUs, and the short lifespan of the connections
initiated by passing-by vehicles, the communication resource
should be used with care. In particular, unless there are
some form of cooperation between RSUs or vehicles, a vehi-
cle should start transferring its data only if the entire trans-
fer will be complete by the time the vehicle leaves the signal
range. Otherwise, not only is it useless, but it actually be-
comes a nuisance to the other data transfers.

In this paper, we propose a simple high-level modeling
to study performance degradation affecting data transfers
within an RSU signal range in overloaded conditions. Using
a couple of scenarios, we show that the success rate of data
transfers tend to be larger when the number of simultaneous
transfers is capped at a given value, even though it comes at
the expense of an immediate blocking for some transfers.
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1. INTRODUCTION
The auto industry is currently undergoing considerable

technological changes (e.g., electric engines, driver assistance
that will eventually result in complete driverless cars). In
this regard, connected cars are a key component for the de-
velopment of Intelligent Transportation Systems, and they
are just around the corner. Roadside units (RSUs) are typ-
ically deployed at highway roadsides and ramps, as well
as road intersections. They communicate with the vehi-
cles passing by in order to deliver data transfers regarding
traffic information, emergency vehicle notifications, digital
map downloads, vehicle software upgrades, infotainment,
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and commercial advertisements. Each RSU serves as an
access point for running vehicles.

The short lifespan of the connections, hampering commu-
nication between vehicles and RSUs, occurs for two main
reasons. First, the high cost for deploying and maintain-
ing the RSUs results in an incomplete spatial coverage. It
follows that running cars undergo intermittent connectiv-
ity during parts of their journey. Second, given the speed
of cars, a vehicle may pass by an RSU within tens of sec-
onds. This offers little time for completing the data transfer.
In other words, there is a time deadline for completing the
transfer. On the positive side, cars’ trajectories are largely
predictable, so that the time a running car spends within
RSU range before it moves out of the signal range can be
forecast.

Because communication capacity is a scarce resource both
in space (due to the high cost of an RSU) and time (due to
the strong mobility of cars), it should be used with care.
Ideally, RSUs should cooperate so that a data transfer par-
tially achieved in an RSU can be resumed and completed
in a subsequent RSU down the road. However, the coop-
eration between RSUs may not be implemented so that in-
complete data transfers cannot be resumed. Note that an-
other option could consist in allowing neighboring vehicles
to act as packet carriers that attempt to achieve transfer
data on behalf of the original source. Although we discussed
this promising alternative in the next section, it comes with
its own limitations (e.g., privacy, broadcast storm issue).
Hence, unless there is a form of cooperation between RSUs
or vehicles, a vehicle should start transferring its data only
if the entire transfer will be complete by the time the vehicle
leaves the signal range. Otherwise, not only is it useless, but
it actually becomes a nuisance to the other data transfers
issued by vehicles within the same RSU.

In this paper, we point out the hazards of exploiting, with-
out control, RSU communication resources in overloaded
conditions. The RSU resource is shared among all running
data transfers, but each must be completed within a time
deadline; otherwise, the transfer fails and is no longer of
use. Using simple high-level modeling, we provide insight
into the potential gains resulting from the immediate block-
ing of data transfers that are unlikely to complete before the
corresponding vehicle leaves the RSU signal range.

The remainder of this paper is organized as follows. The
next section gives a brief review on the associated literature.
Section 3 describes the scenario under interest and the corre-



sponding analytical model. Numerical results are presented
and discussed in Section 4. Section 5 concludes this paper.

2. RELATED WORKS
In this paper, we study the hazards of exploiting, without

control, RSU communication resources in overloaded condi-
tions. Although extensive literature exists on performance
analysis of vehicular ad hoc networks (VANETs), only a
handful of papers have specifically addressed communica-
tion performance between an RSU and the vehicles passing
by. In what appears to be a pioneering study, Yu and Xu
[1] introduced a new metric expressing the amount of data
that can be transmitted to a vehicle before it leaves the RSU
signal. The authors used this metric instead of a time dead-
line to formulate an admission control algorithm for IEEE
802.11p based networks as a linear programming problem.
Later, Rawashdeh and Mahmud [2] described an admission
control and resource allocation algorithm, based on an esti-
mation of the physical expected time for completing the data
transfers. For the sake of safety, their estimates include a
margin of security. More recently, Bejaoui [3] proposed a
new scheme combining a novel scheduling policy and an ad-
mission control for VANETs with IEEE 802.11p communi-
cations. In the context of vehicle-to-vehicle (V2V) commu-
nications, Luan, Shen and Bai [4] developed an analytical
framework for IEEE 802.11p to evaluate the likelihood of
successful data transfers, based on the mobility statistics of
vehicles. Based on its predictions, the authors proposed an
admission control scheme that filters data transfers with a
low likelihood of accomplishment. Campolo et al. [5] derive
closed-form expressions for a couple of metrics related to the
transmission of a service announcement message in a multi-
channel VANETs. The proposed approach takes account of
collisions and independent channel-induced bit errors, but
does not capture additional delays resulting from queueing
effects. These works are primarily focused on the devel-
opment of methods to avoid the performance degradation
occurring in overloaded conditions. To do so, their analysis
and solutions are tightly coupled with a set of protocols (e.g.,
IEEE 802.11p) and assumptions (e.g., vehicle mobility).

More recently, efforts have been made to design vehicu-
lar networks that are more scalable and cooperative so that
vehicles experience a larger connectivity. This can be partic-
ularly useful in situations where the network signal of RSUs
is sparse. Vehicular Delay-Tolerant Networks (VDTN) are
precisely developed to allow the completion of data transfers
over longer periods of time, typically using other vehicles as
packet carriers. Indeed, when an end-to-end path is unlikely
to exist between a vehicle and the nearest road side unit
(RSU), VDTNs allow vehicle-to-vehicle communications so
that data packets are gradually forwarded towards the RSU.
VDTNs have attracted a lot of attention in recent years. A
recent overview of this subject was provided by Pereira et al.
in [6]. Because the data packets are conveyed through multi-
hop communications, their delivery delay is more uncertain.
Abdrabou and Zhuang propose a mathematical framework
to characterize the maximum packet delivery delay [7]. In
a separate work, Abdrabou et al. study mathematically the
delivery delay and reliability of packets when vehicles can
act as packet carrier for others. However, as often pointed
out, VDTNs are exposed to the broadcast storm problem
(combinatorial growth of duplicated packets). Zhang et al.
present a scheme to circumvent this issue [8].

3. SCENARIO AND ANALYTICAL MODEL

Notation
We consider the communications between an RSU and pas-
serby vehicles as illustrated in Fig. 1. We denote with L the
communication range of the RSU, with V the average speed
of vehicles, and with T the average sojourn time of a vehicle
within the RSU communication range. It follows that:

T =
2L

V
.

Note that T also stands for the time deadline applying to
the data transfers.
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Figure 1: A roadside unit serving multiple by-passing vehi-
cles.

The size of the data transfers issued by the vehicles follows
a probability density function with mean µ. We denote by C
the actual communication capacity of the RSU that remains
following the subtraction of the protocol overheads.

Let λ be the average rate at which the vehicles enter in
the RSU signal range. Then, the traffic intensity A is simply
given by:

A = λ.µ. (1)

By denoting with N the average number of vehicles within
the RSU signal range, we have:

λ =
N

T
. (2)

In this paper, we focus primarily on overloaded conditions,
which means that the utilization of the communication re-
source is high. Let U reflect the utilization factor of the
resource (U ∈ [0, 1]).

Assuming that all data transfers are completed, we have:

U =
A

C
(3)

Combining equations (1), (2) and (3), it follows:

λ =
U.C

µ
. (4)

Equation (4) allows us to adequately set the value of λ so
as to reflect a degree of congestion on the RSU resource.

Modeling the general performance
We now describe how we model the multiplexing of the exist-
ing data transfers, so as to determine wether a transfer will
be fully completed before the corresponding vehicle leaves
the signal range.

Data transfer scheduling between vehicles and the RSU is
primarily ruled by the Media Access Control (MAC) layer
used in the architecture. The RSU multiplexes packets (aka
frames, time slots, Physical Resource Blocks) from all cur-
rent data transfers, typically using a variant of FDMA (e.g.,
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Figure 2: Multiplexing several flows on a single channel.

LTE [9]) or CSMA/CA (e.g., IEEE 802.11p [10]) approaches.
Figure 2 illustrates how several data transfers originated by
different cars are multiplexed over a single radio channel.

However, from a higher perspective, we may consider that
the RSU simultaneously processes multiple data transfers.
Hence, we believe that the data transfer processing by the
RSU can be modeled as a single-server queue with the pro-
cessor sharing discipline. Under a processor sharing policy,
the requests are all served simultaneously, each receiving an
equal fraction of the service capacity available. Fig 3 de-
picts the proposed model in the event of 6 competing data
transfers, each processed by the RSU at the speed of C/6.
Note that several variants of the service policy have been
proposed to account for multiple classes with different pri-
orities, which could correspond to different data rates of
transmission. It is worth mentioning that, under Poisson
arrivals, the average performance of a single-server queue
with processor sharing depends only on the first moment,
namely the mean, of the size of the data transfers.
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Figure 3: High-level performance modeling of the data trans-
fer times.

The steady-state analysis of a single server queue with
processor sharing policy and Poisson arrivals is well docu-
mented [11]. The mean sojourn time can be obtained by:

E[R] =
1

C/µ− λ .

The expected sojourn time of a request of size x, R(x) is
given by:

R(x) =
x

C(1− ρ)
, (5)

with ρ = A/C = λ.µ/C. Equation (5) simply states that the
time for transferring data of size x is equal to its processing
time as if it had an exclusive access to the RSU resource,
x/C, scaled down by an adjustment factor, 1/(1 − ρ), re-
flecting the impact of the other competing data transfers.

However, when the total number of data transfers being
processed is limited to K, the analysis becomes complex.

Hence, we rely on discrete-event simulations to handle the
cases limiting the number of simultaneous transfers. For
the sake of clarity, we assume that the RSU provides a fair
share between the multiple data transfers, so that each data
transfer is processed at the same pace (regardless of size,
priority, location or any property).

4. NUMERICAL RESULTStraffic1.pdf
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Figure 4: Request of size x is initiated by the vehicle at
time t1. In the above figure, the data transfer is completed
by time t3 and is thus regarded as a success. In the below
figure, it is considered as a failure because by time t3 the
data transfer is not yet complete whereas the vehicle is on
the brink of leaving the signal range.

We now use our proposed model to study the overall com-
munication behavior between the RSU and the vehicles pass-
ing by. Our metric of interest is the proportion of data
transfers that meet their time deadline. In our scenarios,
a transfer may fail because it is not completed by the time
the corresponding vehicle leaves the RSU signal range, or
because it is directly blocked by the RSU. Figures 4a and
4b represent an example of success and failure, respectively.
The rate of success is computed as follows:

Rate of success = 100× # transfers completed in time

total # transfers
.

We evaluate this rate for several values of K, including K =
∞, which indicates no limit on the total number of data
transfers that are processed simultaneously by the RSU.

In our first two scenarios, arrivals occur according to a
Poisson process. This assumption allows us to make use of
equation (5) to calculate the rate of successful data trans-
fers when there is no restriction on the total number of data
transferts queued in the buffer. Modeling arrivals by a Pois-
son process is a fair choice when arrivals occur one-at-a-time,
the probability of an arrival is close to constant and there is
little dependence between arrivals. Li et al. studied the mo-
bility of vehicles in Beijing and Shanghai, and they conclude
that “the contact rate between vehicles and RSUs exhibits



strong Poisson property” [12]. However, in the last scenario,
we release the Poisson assumption and resort instead to an-
other distribution for the inter-arrivals.

Scenario 1: a perfect scalability
First, we assume that the multiplexing scheme provides a
perfect scalability. In other words, if n denotes the current
number of data transfers, each transfer is served at the rate
C/n. Table 1 reports the selected values for the parameters.
All data transfers are of equal size, µ. Figure 5 shows the
corresponding results (solid curve with triangle markers, ∆).
We observe that the maximal value for the success rate is
attained when the total number of data transfers being pro-
cessed simultaneously is limited to K = 10. The deviation
between the peak value and the asymptotic value is close to
10%.

Table 1: Parameters used for Scenarios 1, 2 and 3.

Symbol Value
L 750 meters
V 30 meters/sec
T 50 sec
µ 1 MB
C 2 Mbps
λ 0.2375 vehicles/sec
N 11.875 vehicles
U 0.95
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Figure 5: Rate of data transfers successfully completed for
different K.

Scenario 2: a workload-dependent contention
In our second scenario, the communication capacity C of the
RSU remains equally split between data transfers. However,
its efficiency decreases with an increasing number of simul-
taneous data transfers. We represent this scalability cost
by serving each of the n current data transfers at the speed
C/nα with α = 1.1. Furthermore, the size of the data trans-
fers are drawn from a Pareto distribution with a scale factor
of 3 and a mean value kept to 1 MB. The other parameters
are set as shown in the former scenario. The corresponding

results are reported in Figure 5 (dash-dotted curve with cir-
cle markers, ©). Aside from being lower, the found values
for the success rate also exhibit a maximal value at a certain
value of K. The asymptotic value of the success rate when
K =∞ is almost 15% less than the highest discovered value
for K = 7.

Scenario 3: releasing the Poisson assumption
In our third scenario, the instant of arrivals for data trans-
fers are no more drawn from a Poisson process. Instead, the
inter-arrival times follow a Normal distribution with a stan-
dard deviation equal to the mean. Note that negative values
are unlikely to be drawn, but are automatically set to zero.
As for the communication capacity of the RSU, we keep the
same setting as in the former scenario with α = 1.1. All
data transfers are of size µ. The remaining parameters are
reported in Table 1. Figure 5 (dotted curve with cross mark-
ers, ×) depicts the obtained results for the rate of success
under these circumstances. While the rate of success peaks
when the total number of active data transfers is restricted
to 8, this rate is lower if no control is performed.

Similar results were obtained for many other scenarios
(not shown in this paper) with other values of L, V, µ, C, λ
and N .

Discussion
Through these three scenarios, we observe that the outcome
of data transfers competing for the communication resource
of an RSU may exhibit a significant performance collapse
if the number of simultaneous data transfers is not limited.
Indeed, beyond a saturation point an increase of the load
(i.e., number of data transfers) leads to a decrease in perfor-
mance. This overload phenomenon, aka thrashing effect [13],
has been first observed by Denning in multiprogramming
systems. Since then it has been observed and documented
in multiple and various domains, including queueing systems
with a service time elongation (e.g., [14]), database systems
(e.g., [15]), wired packet-switched networks (e.g., [16, 17])
and CSMA/CA-based wireless networks (e.g., [18, 19, 20]).

5. CONCLUSIONS
Unlike the works cited above, we proposed a simple high-

level modeling to study performance degradation affecting
data transfers within an RSU signal range. The proposed
model does not aim to capture the specific details of a case
study, and therefore its use must be restricted to a high-
level analysis of the RSU communications. In this regard,
it is clearly not applicable to study the performance of a
specific case study. However, despite its simplicity, the pro-
posed model captures declining performance in overloaded
conditions; because of its simplicity, it clearly identifies the
key reasons undermining the rate of successful data trans-
fers.

We present a couple of scenarios that illustrate, using the
proposed model, that the success rate of data transfers is
generally larger when the number of simultaneous transfers
is capped at a given value, even though it comes at the ex-
pense of an immediate blocking and failure for some trans-
fers. Therefore, developing and deploying new management
policies in the RSUs may significantly improve efficient use
of resources. Note that the expected gains may be larger
than those of a “simple” threshold on the number of simul-
taneous transfers, as we performed in this paper.



Finally, we believe that the proposed model may also be
useful when prototyping a new solution, such as admission
control, to rapidly obtain a glimpse of its performance in-
stead of using a detailed and thorough network simulator,
which may be hard to implement, long to run, and mislead-
ing to analyze.

Our future works will focus on extending our proposed
modeling approach to handle the case where several RSUs
cooperate so that incomplete and interrupted data transfers
can be resumed and fully completed in subsequent RSUs.
New scheduling policies can be developed to decide which
data transfer requests must be prioritized in each RSU com-
posing the path of vehicles so that ultimately the overall rate
of successful transmissions is improved.
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