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Abstract—With the increase of vehicular software, the
need for efficient and cost-effective communication arises.
As cellular communication alone can introduce large
monetary costs, alternative communication schemes, like
cooperative downloading, have been proposed. Thereby,
vehicles can use direct communication technologies to
collect a full set of messages. Existing network simulators
can be used to evaluate the performance of such systems,
however, their accurate transmission model impedes the
performance. To circumvent the performance gap, we
introduce Cooperative Downloading in Python (CoDiPy) to
increase the simulation performance and enable large-scale
and long simulation runs. We evaluate the accuracy of our
results against a state-of-the-art network simulator with
the same transmission parameters. CoDiPy’s improves the
execution time in our experiments by a factor of up to 36
when compared to a network simulator, without inducing
inaccuracies.

Index Terms—cooperative downloading, veins, omnet++,
vehicular communication

I. INTRODUCTION

Modern vehicles are equipped with more software-
based features than ever. Besides many control units, the
infotainment systems in the vehicles, as well as driving
functions are implemented in software. Together with
the increased reliance on digital information, the need
for frequent data connections arises. As an alternative
to regular visits to a workshop, the possibility of Over-
the-Air (OTA) updates via cellular communication is
very promising. Here, the vehicles can be used by their
owners, while the car downloads the newest software
or information from the servers. However, with the vast
increase in software features and digital services, the
required amount of data per vehicle is increasing. At
the same time, the costs for data transfer are becoming
an important factor for car manufacturers. The use of
heterogeneous communication technologies and cooper-
ative downloading strategies is a way, to decrease the
amount of data transferred via cellular communications
and is an active area of research, e.g., [1], [2]. Vehicles
can exchange information between each other via direct
communication technologies, and collect a full update
in cooperation with other vehicles. In order to analyze
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the performance of such systems, simulation can be
used to evaluate appropriate strategies and systems.
Howeyver, traditional network simulators are ill-suited
for large simulations with large simulated time spans.
Their purpose is set on replicating the exact behavior
of a communication technology, while a cooperative
downloading system has to be evaluated in the overall
performance. Their level of detail is not only unnecessary
for evaluations in cooperative downloading, but also
leads to excessive run-times. The goal of this work is,
therefore, to evaluate the Cooperative Downloading in
Python (CoDiPy) framework, used and introduced in [3],
[4], for its capability of simulating Vehicle-to-Vehicle
(V2V) communication realistically, while offering faster
execution times. Our main contributions are:

1) Adaption of an analytical model for V2V commu-
nication.

2) Validation of achieved results of CoDiPy.

3) Reduction of execution times in comparison to a
network simulation framework.

In the following Section II, we will briefly introduce the
concepts of cooperative downloading, while Section III
introduces the analytical model for V2V transmissions
used in our simulation framework. Section V explains
the basic setup of our own simulator, as well as the
used simulation parameters. In Section VI, we show
the results of our validation, before Section VII will
conclude this work.

II. RELATED WORK

In the context of cooperative downloading, Nandan
et al. [5] introduced a gossiping mechanism, called
SPAWN, for content downloading. Following them,
many similar strategies and systems have been intro-
duced, like Higuchi et al. [6] and their vehicular clouds
concept. In these systems, the strategic procedure greatly
influences the behavior. For example, Yao et al. [7]
use linear programming for the selection of vehicles
as initial starting points for the dissemination. While
most authors use simulation for evaluation [6]-[9], some
implement real-world testbeds like Recharte et al. [10].
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Since the applicability of existing network simulators
for the evaluation of cooperative downloading schemes
is limited, many works use their own frameworks for
simulation [11]. The analytical modeling of real-world
direct communication technologies is a constant area of
research. Killat and Hartenstein [12] model the packet
reception probability in a vehicular communication net-
work, and use a Nakagami fading model, like [13].
We base our transmission calculations on these previous
works and validate our modeling approach against a
network simulator.

III. ANALYTICAL MODEL OF TRANSMISSION

First, we introduce our analytical model for transmis-
sion, to establish the reception probability of a packet. To
determine the path loss between a sender and receiver,
we deploy the free space path loss model. It determines
the receivable signal power at the receiver, dependent
on the distance without interference from other signals
or obstacles. The received signal power P,,(d) can be
determined with

A 2
P, =P — 1
rT (d) tx * GrzGt;E (47Td) ) ( )

where G is the gain of the antenna, A is the wavelength,
and d is the distance between sender and receiver. We can
calculate the free space path loss at a reference distance
of dy = 1m in dB with

L(d) = 20 % logo(f) + 20 * log,(d)

A 2
+ 20 * 10g10(7)a

where f is the center frequency of the transmission, and
c is the speed of light. Further, the Log-Distance Model
without shadowing can be used to describe the received
signal power with
d
P..(d) = L(dp) — 10 x o % logw(d—), 3)
0
where « is the path loss exponent. If we use a = 2,
we obtain the free space path loss model from Eq. 1.
The maximum achievable range for the IEEE 802.11p
technology can be calculated according to [14] with

Ptac : Gtac : Grm e
T = —
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where 7,,;, denotes the minimum received signal
power, depending on the chosen Modulation and Coding
Scheme (MCS). We further use the Nakagami Model for
a single transmitter, which can be used to determine the
Packet Reception Threshold R, . In the following, we use
the analytical model described in [12], which defines the
probability of receiving a message signal stronger than

“4)

R, as
Pr(x > R;) =1— Fg(Ry;m, Q)
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with 2 = P,., We can use Eq. 4 in combination with
Eq. 3 to determine the Packet Reception Threshold.

IV. COOPERATIVE DOWNLOADING IN PYTHON
(CoDr1PY)

We have previously used and introduced our Coop-
erative Downloading in Python (CoDiPy) framework in
[3], [4]. This python-based simulation can evaluate the
impact of different data distribution strategies, as well as
communication technologies, while working on a higher
abstraction level than existing network simulators. For
validation of our setup, we implemented the analytical
models seen in Section III and introduce an additional
interference parameter x. As more communication par-
ticipants lead to increased interference on the radio
channel, and sometimes delayed access to the medium,
we extend Eq. 3 to

d
= L(dp) — 10 x a * log;o(—

Pra(d) o)

g (©)
— 10 % K x logyo(=).

do

By setting «, we can compensate for the vehicular
density and transmission surroundings. This will enable
us to simulate the macroscopic communication behavior,
with vastly improved simulation times.

V. SIMULATION SETUP

In order to validate the results of CoDiPy, we will use
the OMNeT++ simulator [15] in combination with Veins
[16] as a reference. Veins is a V2X simulation frame-
work, that implements the IEEE 802.11p transmission
standard and allows for accurate performance analysis of
vehicular communication. We use the same transmission
parameters (see Tab. I) like antenna gain, attenuation,
and path loss for both simulators. This enables a direct
comparison, while both deploy SUMO [17] for vehicular
mobility and a Manhattan mobility scenario with 24 km
of roads. We repeat all simulations ten times to achieve
accurate results and use a 100 MB update as a medium
sized file size.

VI. SIMULATION RESULTS

In the following section, we compare the performance
of CoDiPy and the network simulator OMNeT++. For
this, we simulate the distribution of a software update
using direct communication between vehicles. First,
we will show the optimal choice of the interference
parameter x, depending on the vehicular density, and
then indicate the achievable performance increase in
execution time.
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Fig. 1: Comparison of average downloading progress of CoDiPy versus OMNeT++ for different vehicular densities

A. Interference Compensation

As interference influences the achievable communica-
tion performance, we account for the vehicular density
by choosing a suitable interference parameter in our
framework. In Fig. 1, we show the results of our com-
parison for different vehicular densities. The diagonal
of the parity plot indicates equal progress in both sim-
ulators, averaged over 10 repetitions. The dashed lines
indicate a 5% tolerance level. We can clearly see that
all simulations with CoDiPy stay inside our bounds.
Fig. 2 indicates the difference between the simulators
over time. The inaccuracies decrease with the increase

in vehicular density, while all deviations are very low.
The best fitting value of x was chosen by minimizing
the root-mean-square error (RMSE) and mean absolute
percentage error (MAPE). The achieved values can be
seen in Tab. II, where the RMSE is normalized between
0 and 1. For all chosen parameters, the RMSE is well
below 0.1, while the MAPE is lower than 0.8 %. To
indicate the dependency on the vehicular density, Fig. 3
shows a least-square fitting of . A linear increase can be
easily seen, while the small deviations can be explained
by the accuracy level of fitting x only up to two decimal
places.
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TABLE I: Simulation Parameters

Parameter Value
Simulated Area 4km?
Maximum Velocity 50km/h
Communication Technology IEEE 802.11p
MCS 2
Attenuation « 2.0
Antenna Gain G 0dBm
Transmission Power P, 20 dBm
Noise Power —98 dBm
Data Rate 60kB/s
Update Size 100 MB
Simulation Duration 3600s
Simulation Repetitions 10

0.03

0.02

-0.01

—-0.02

-0.03

v ,
-l \ ST
0.01 K«: LT
. 2
i

0.00 - berfficit o
JaT™ e T
TN

—— 2 veh/km/lane
== 4 veh/km/lane
6 veh/km/lane
+ 8 veh/km/lane

10 veh/km/lane

12 veh/km/lane

0 600 1200 1800 2400 3000 3600
Time [s]

Fig. 2: Difference between CoDiPy and OMNeT++

T 7]
12 Pl
I L
1.0 S
r .// |
R S [t B
I pe
O
T — ‘ ‘ ‘
d a a a a L
2 4 6 8 10 12

Vehicular Density [veh/km/lane]

Fig. 3: Optimal selection of interference parameter x

B. Simulation Progress

In Fig. 4, we show the exemplary progress of a
CoDiPy and OMNeT++ simulation for a vehicular den-
sity of 6veh/km/lane, where ¥ denotes the full up-
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Fig. 4: Mean progress over time

date. The average in both simulations progresses very
similarly, while the error bars — indicating one standard
deviation — shows slightly higher values for CoDiPy.

C. Execution Time

The major motivation for the implementation of
CoDiPy, is the reduction in execution time. In Fig. 5,
we compare the average execution time for CoDiPy and
OMNeT++ for simulating one hour of cooperative down-
loading. Factors indicate the ratio between execution
time and simulated time. Even small-scaled scenarios
require long execution times in OMNeT++, while a large
number of vehicles decreases the usability immensely.
In contrast, CoDiPy delivers small execution times even
for large scenarios, while maintaining a sufficient level
of accuracy. Our results show performance increases by
a factor between 4 and 36, depending on the scenario.
This enables fast execution and evaluation of cooperative
downloading with CoDiPy.

VII. CONCLUSION

With the increase of vehicular software, the need for
evaluating alternative communication approaches arises.
We have, therefore, introduced Cooperative Download-
ing in Python (CoDiPy), to efficiently analyze transmis-
sion strategies and systems. We extended an analytical
transmission model and validated our results with a state-
of-the-art network simulator. While CoDiPy offers a
macroscopic simulation of communication, the achieved
results are very similar. However, our system reduces
execution times from days to hours, enabling efficient
evaluations. Our future work will benefit from these
results, as we will use CoDiPy in combination with
reinforcement learning, which requires shorter execution
times than previously achievable with traditional network
simulators.
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Density 2 4 6 8 10 12
K 0.36 0.56 0.74 0.91 1.06 1.25
RMSE 0.0205 | 0.0098 | 0.0057 | 0.0038 | 0.0052 | 0.0099
MAPE [%] | 0.6468 | 0.1221 | 0.2200 | 0.5582 | 0.3772 | 0.7398

TABLE II: RMSE and MAPE for our optimal choice of interference

T T T T T T
B CoDiPy 3 § §
B OMNeT++ | |
S 105 i : ‘ 3
L) : : ]
) :
£ i
[ :
C
°
5 104 -4
(9] ]
()
x
i
X
m
e 2 = - -

2 4 6 8 10 12
Vehicular Density [veh/km/lane]

Fig. 5: Execution times for a 1 hour scenario
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