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Abstract—A crucial aspect of vehicular networks is the
wireless communication between a vehicle and the road in-
frastructure, which is strongly influenced by various three-
dimensional factors, including the height of buildings, the
presence of natural and artificial obstacles, the altitude, and the
positioning of the antennas. 2D simulators fail to capture these
influences fully, as they simplify and flatten the terrain. This
paper presents the extension of the Veins vehicular network
simulators to take into account the third dimension. We describe
the key algorithms we implemented, the limited increased
simulation time, and most of all the improved accuracy in
evaluating the coverage of a mobile vehicular network.

Index Terms—Vanet, vehicles coverage, mobile networks,
simulation, omnetpp

I. INTRODUCTION

Vehicular networks are a largely studied topic in the
networking research area, but their features are still far from
being fully understood. One factor that limits the progress of
research is the lack of precise and efficient software tools to
simulate every detail of a realistic vehicular network. Much
has been done in recent years, for instance, open source tools
like SUMO and Veins [1], [2] allow to study a network using
realistic vehicles movement patterns and detailed wireless
communication models, however, the more the technology
improves, the higher is the complexity it introduces and the
requirements for the simulator.

As an example, consider the increase in the commu-
nication frequency that started with 5G and continues in
the current discussion on 6G. 5G opened the way to the
use of mmWave frequencies around 27GHz, and 6G is
expected to support the sub-THz spectrum. While on the
one hand this allows to access a large unused portion of the
spectrum, on the other it poses significant challenges due to
the harsh propagation conditions. Non Line-Of-Sight (NLOS)
communication is greatly penalized compared to Line-Of-
Sight (LOS) communication, calling for a denser deployment
of the Base Stations (BSs)'. This in turn opens new research
challenges related to estimating network coverage [3] or to
the introduction of repeaters and intelligent surfaces [4].

To correctly model modern vehicular networks, simulators
need to catch up with this complexity, even at the cost

'As we don’t want to target a specific technology we use the generic BS
term to indicate the infrastructure nodes, instead of specific terms introduced
by any communication standard.
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of requiring larger computational resources. One feature
that has lagged is the availability of models that correctly
represent the third dimension in vehicular networks. This is
due to the added algorithmic complexity that is introduced
when the scenario includes three-dimensional objects, but
also to the scarce availability of easily usable open data
to model the 3D shapes of urban areas, and finally, to the
computational overhead that a 3D simulation introduces.
However, the necessity to include the third dimension in
network simulators has been recently verified [S] and the
availability of open data is increasing, together with the
familiarity of researchers with its use to correctly represent
modern networks [6], [7].

This paper contributes to this research direction by ex-
tending the well-known Veins simulator to support the
simulation of 3D obstacles. Veins already includes a path
loss model that takes into consideration 2D maps, and it
is able to compute an additional loss due to the wireless
communication passing through an obstacle. This approach
can be used to model vehicle-to-vehicle communication,
that happens between devices whose antenna is generally
placed between 1 and 2 meters from the ground but fails
to represent a 3D scenario in which the BS is placed in a
higher position, and thus, the ray that ideally represents the
communication can simply pass on top of an obstacle. With
the enhancement proposed in this paper Veins can exploit
the availability of open maps and open altitude data-sets
to model a realistic urban environment. We show that there
is a striking difference between the use of the original 2D
simulator and our 3D simulator with a limited penalty in
the computational overhead. We quantify this difference in
terms of frames correctly delivered to the vehicles, and in
the possibility of BSs to communicate directly from one to
the other, an approach that has attracted interest to reduce
the costs of wired backhauling [8].

The rest of the paper is organized as follows: in section II
we introduce the state of the art, and we position our
contribution in the recent trend of developments of 3D
simulators for vehicular networks; in section III we describe
the current state of Veins, and motivate the improvements we
propose; in section IV we give an overview of the algorithms
used; in section V we explain the simulation scenario; in
section VI we illustrate the numerical results. Section VII
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concludes the paper.

II. BACKGROUND

Simulating mobile networks using a three-dimensional
approach is a studied subject, as it is intuitive that the
performance of a mobile network is strongly influenced
by the presence of obstacles. However the available open
source tools are scarce and thus, the literature that provides
reproducible results is limited. We start mentioning some
works based on the Network Simulator open source software.
Black et al. presented a visualizer for the NS-3 simulator that
can represent 3D scenarios in order to more easily debug the
simulation [9] while Regis et al. introduced a 3D mobility
model for UAV, but did not focus on the signal propagation
[10].

More relevant to our context are the works based on
the Omnet++ simulator that includes the Veins package, a
detailed, open source vehicular networks simulator [2]. Veins
introduces LOS/NLOS estimation using a 2D representation
of the scenario and an object library, that can assess if a
ray (the ideal line between the sender and the receiver radio)
intercepts an obstacle. Obstacle shapes can be extracted from
an OpenStreetMap map.

A set of works sharing the same core group of authors
advanced Veins in recent years. The necessity of the third
dimension was first introduced by Brummer et al. [5], later
on, Deinlein et al. proposed 5G-Sim-V2I/N that introduced
very detailed models for estimating 5G coverage in urban
areas. The simulator extends Veins introducing several 3D-
related improvements, but still uses the Veins 2D obstacle
intersection detection library [11]. An improved version of
the simulator was introduced by the same authors later
on, in which the Veins 2D model was coupled with a
simplified 3D topology representation, used to determine
if LOS was present or not in order to apply the corre-
sponding LOS/NLOS ITU channel model [12]. Finally, the
challenges of 3D vehicular network simulators not only lie in
LOS/NLOS estimation due to buildings, but also in the use of
accurate path loss models, the impact of mobile obstacles,
and the use of realistic antenna patterns. These challenges
were recently summarized and exposed [7].

Our approach is complementary to the previous ones
and can enrich Veins furthermore. In order to realistically
estimate the impact of 3D obstacles, a triangulation algorithm
that supports generic shapes is needed, that is what we
propose in this paper. We improve the 2D obstacle detection
of Veins to consider prisms: three-dimensional polyhedrons
with parallel and congruent bases. The bases are extracted by
OpenStreetMap maps and are attributed a certain elevation,
thus creating the prism. We then tessellate the prism dividing
all its faces into triangles that are used to perform ray-
tracing. The result of the algorithm application is not only
a LOS/NLOS estimation, but, for each ray, the number of
intersections with any building face, and the fraction of the
length of the ray that passed inside an object. These data
feed the Veins path loss model that uses a different decay
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exponent for the portion of ray that passed through free space
or outside it. In essence, we are extending the approach of
Veins to a truly 3D approach.

Our contribution is compatible with other simulation mod-
ules based on Veins, like the mentioned works by Deinlein
et al. [7], [12], that provide complementary features. Once
merged all together, these results can be used to improve the
works that try to estimate the cost, effectiveness, or robust-
ness of the deployment of a mobile network for vehicles or
pedestrians [3] improving the realism of their results.

It is important to note that we limit our analysis to
prisms not because our approach can not be used on generic
polyhedrons, in fact, it can be used on any 3D object
tessellated with triangles. However, reconstructing a generic
3D shape from available open data is not an easy task, and
would require an effort beyond the scope of this paper.

III. GoALs: FROM 2D VEINS TO 3D VEINS

Veins incorporates a model of IEEE 802.11p, and the
upper-layer communication stack of the DSRC/WAVE [13].
Veins allows for the periodic transmission of beacons, such
as Wave Service Announcements (WSA), Basic Safety Mes-
sages (BSM), or Cooperative Awareness Messages (CAM).
The obstacle model in Veins has been developed to ac-
curately represent the impact of buildings on radio signal
propagation in vehicular networks, particularly crucial in
suburban and urban environments. The model was intro-
duced starting from Veins 1.99.2 and can be activated by
adding an obstacle control module (ObstacleControl) in the
configuration file?>. Veins adopts a representation of obsta-
cles, including buildings, through two-dimensional polygons
defined by a set of vertices in space, accurately outlining
their perimeter. This simplification of obstacle geometry,
while maintaining an adequate level of realism, enables
easier and faster calculations during simulations. Obstacles
are provided in a specifically formatted XML compatible
with the OpenStreetMap standards.

The path loss model is a classical two-ray ground in which
the height of the two antennas can be specified, with an
additional loss for rays that pass through obstacles. What
is needed to know is the number of walls the ray passes
through and the fraction of its length that is included inside
any number of buildings. Veins introduces two parameters to
evaluate the path loss through an obstacle:

o dbm-per-cut: This parameter represents the power loss
in dBm of the radio signal for each time the ray enters
or exits a building section. Regardless of the section’s
length, the simulator consistently reduces the received
power by this quantity.

o dbm-per-meter: This parameter is proportional to the
distance traveled by the signal inside the building and
changes the exponent of the path loss function.

The general idea that motivates the need for a 3D simulator
is that a 2D scenario is perceived to be less accurate than a

2See https://veins.car2x.org/documentation/modules/
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Fig. 1: Example scenario: the path loss in the 2D represen-
tation (a) is higher than the one in the 3D representation

(b).
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Fig. 2: The red segment is longer than the blue one, so the
3D simulator will compute a higher path loss than the 2D
simulator.

3D one, as shown in fig. 1. This is particularly relevant for
the infrastructure-to-vehicle communications as we expect
the antenna on the BS to be higher than the one on the
vehicle.

In some cases, however, the simplified models based on a
2D scenario could produce a better result than a 3D scenario,
as depicted in fig. 2. This is due to the fact that the 3D
scenario can precisely estimate the fraction of the 3D ray
that passes through the building, while the 2D scenario can
not. Even using the two-ray ground model that considers the
height of the antennas, there is no correct approximation that
can be used to estimate the fraction of the ray that passes
inside the building without using a fully 3D model. The goal
of the paper is to extend the logic used by Veins in the
2D context to 3D simulations and evaluate the difference
between the two models. We will populate a realistic urban
scenario with base stations and vehicles, generate periodic
packets from the base stations, and report several measures
that outline the difference between the two models.

Extending the 2D model to a 3D one requires two main
additional features: the generation of a 3D mesh, and a ray-
tracing algorithm.

A. Generating a 3D mesh

A 3D mesh is a three-dimensional representation of objects
or structures that defines their surface through a grid of
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finite elements, essentially triangles. This triangle grid is
used to subdivide the three-dimensional surface of the object
into a series of triangular faces, each of which represents
a portion of the overall surface. Meshes provide a discrete
representation of the obstacle and are created by extruding
the polygon that represents the building floor plan.

To implement this functionality, ObstacleControl will be
tasked not only with calculating Path Loss but also with
generating three-dimensional meshes through specific algo-
rithms.

B. Intersection and Path Loss Calculation

With the introduction of three-dimensional meshes, it
becomes necessary to compute intersections between line
segments representing radio signals and the triangles con-
stituting these meshes. Calculating intersections between
segments and volumes requires a higher level of detail and
complexity compared to simple 2D segment intersections.
The result is a more realistic representation of path losses.

IV. THE 3D MESH CREATION ALGORITHMS

The generation of 3D meshes involves creating a three-
dimensional representation of the buildings themselves. This
process mainly consists of two phases: the extrusion of the
base polygon and the tessellation of the generated surfaces.
Extrusion is the process by which a two-dimensional surface,
such as a building floor plan, is vertically extended to create
a three-dimensional representation. During extrusion, the
heights and overall shape of the buildings are taken into
account. This process generates the vertical facades of the
buildings, creating a basic structure for the three-dimensional
mesh. Our modified version of Veins uses the polygons
obtained by OpenStreetMap as the base of the 3D building.

The next phase is surface tessellation, during which the
extruded surfaces are subdivided into smaller triangles. This
subdivision is necessary to discretely represent the three-
dimensional surfaces and enable precise calculations within
the simulation. The choice of the tessellation algorithm
may depend on the specific simulation requirements and
the complexity of the involved buildings. In this work, we
implemented the Sweep Line algorithm for the triangulation
of monotone polygons used in the domain of computational
geometry [14].

A monotone polygon in geometry is defined in relation to
a line L. A polygon P is said to be monotone with respect to
a line L if every line orthogonal to L intersects the boundary
of P at most twice. Figure 3 shows a monotone and non-
monotone polygon with respect to the line L. A monotone
polygon can be easily tessellated with triangles, scanning it
from left to right, and connecting each vertex that is matched,
with the the previous ones that were not connected yet. The
figure shows how tessellation is realized by connecting in
sequence point 3 to point 2, point 4 to point 3, point 5
to point 3, and so on. A non monotone polygon instead
can not be easily tessellated with the same algorithm, for
instance, point 3 in the non monotone polygon of fig. 3 can
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Fig. 3: Two polygons, the left one is monotone with respect
to line L, while the right one is not.
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Fig. 4: The intersection between a ray and a triangle.

not be connected with the points that lie on its left because
the connecting segment would lie outside of the polygon
itself. The solution to this problem is to use an algorithm
that identifies the vertices that create split and merges in the
polygon and use them to partition a non monotone polygon
into smaller monotone ones. The details of the algorithm are
out of the scope of this paper and can be found in the related
literature [14], its complexity is O(nlog(n)) where n is the
number of vertices.

We note that the bases of the prism could be non mono-
tone, while the sides are always rectangles orthogonal to
the base, and thus are monotone by construction. Once the
whole scenario has been tessellated, we can use this spatial
representation to detect the intersections with a ray repre-
senting a communication link. Given the 3D coordinates of
one triangle, as shown in fig. 4, verifying if the point P exists
and obtaining its coordinates can be done in constant time.
Repeating the same process on all the triangles that tessellate
a building we can obtain the list of all the intersections with
the triangles representing a prism and thus, the fraction of
the ray that passes across the building. Note that if the base
is non monotone, a ray can intersect a prism more than two
times, and we will consider all the intersections. Once we
have the data, during the simulations we use the dbm-per-cut
and dbm-per-meter parameters to compute the path loss.
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V. EVALUATION SET-UP

We consider a 4 square km portion of the city of Erlangen
depicted in fig. 5, that is one of the base scenarios already
included in Veins. The city map is extracted from Open-
StreetMap, that does not provide the building heights. While
in previous works we were able to estimate the height of
buildings using open data [3], in this work we decided to
use a simpler approach, as our goal is to verify the impact
of the 3D model and not to optimize the coverage for a
specific city. We then used the open data for the city of Milan
(Italy) to estimate a distribution of the building height and we
applied the same distribution to our scenario. Considering the
center of Milan, we mapped the building height to a normal
distribution with p = 18.404621 and o = 10.221049°. This
makes the results easy to replicate.

In the chosen map we positioned 50 BSs, using two
approaches. In the first one, we positioned the BSs in the
middle of the crossroads, increasing the height from 5 to
20 meters with 5-meter steps (as said, in the 2D model the
antenna height is considered in the two-ray ground model).
We refer to this configuration as the crossroads scenario.
These heights are compatible with the the International
Telecommunication Union (ITU) recommendations that sug-
gest a BS height between 10 and 25 meters above the ground
for urban micro and macro cells respectively [15]. This is a
case in which we expect the 2D simulation to behave close
to the 3D simulation, as street crossings are the locations
that have the best LOS visibility to the points on the street
ground where vehicles are moving. We manually placed the
BSs in order to achieve an even coverage of the whole area.

In the second approach, we positioned the BSs on the
facade of the 50 tallest building, at a roughly one meter
distance from the building, and the height of the BS is
determined by the building height. In this second approach,
we expected the 3D simulation to perform better than the 2D
simulation. We refer to this configuration as the buildings
scenario.

We simulated 2000 seconds, every second a new vehicle is
added to the simulation in a random position, with a random
destination. The vehicles then follow the realistic dynamics
implemented by the SUMO simulator. Every second every
BS generates a beacon frame, and after the computation of
the path loss, the Veins 802.11p radio model evaluates if
the packet is correctly received or not. In the crossroads
scenario we generate roughly between 1.7 and 2.8 million
received frames, while in the scenario using building facades
we generate between 1.2 and 3.6 million received frames.
The BSs use a transmission power of 1W, the frequency is
the standard 5.9GHz used in 802.11p.

3Note that given a digital surface model it is not easy to distinguish the
building altitude from the ground altitude. In our approach we divided the
area in squares of 500m of side and estimated the building height as the
average elevation of the roof points with the lowest point in the square.
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A. The Evaluation Metrics

We evaluate the simulations using metrics that capture
different aspects of wireless communications. The first metric
is the number of received frames by the vehicles in the whole
simulation, varying the height of the antennas.

The second metric is the cumulative distribution of the
number of frames received by each car in intervals of 1
second. More formally, we divide the simulation time into
discrete intervals of one second length indexed with ¢;, we
consider vehicle ¢ and we call 7; ;(¢;,%;41) the number of
frames correctly received by ¢ in the interval starting at time
t;. For each vehicle, for each interval we compute 7; ; and
then report the cumulative distribution of the set of values
{r:; ¥i,7}. We also evaluate the Received Signal Strenght
Indicator (RSSI) of the received frames (even if for brevity
we report it only for the buildings scenario).

As a further evaluation metric, we report the feasibility of
links between the BSs themselves. We add this metric in light
of the recent renewed interest in wireless backhauls based
on a mesh network model generated by the introduction of
Integrated Access and Backhaul (IAB) in 5G. A 5G BS
(gNodeB, in the 5G terminology) can be fiber-connected
to the core network or it can use beamforming to create
a wireless link to some other BS, creating a mesh topology
that reaches some fiber-connected BS. This is made easier
by the use of mmWave communications that allow to have
very narrow beams. Using wireless backhaul links can reduce
the number of fiber-connected BSs and thus the overall cost
of the network. This is an active field of research [16] that
requires precise 3D modelling, as the availability of LOS
strongly impacts high-frequency links.

This concept can not be easily ported to lower frequencies
(like the standard 5.9GHz used for 802.11p) but it is indeed
interesting to evaluate the impact of a real 3D simulator in
the estimation of the feasible links. Thus, for each BSs we
verify if communication is possible or not (that is, frames are
received by the radio) and we report the number of potential
links that could be used to create a mesh backhaul among
the BSs.

Finally, we report the time needed for the simulations on a
16 core Intel Xeon Gold 6348 CPU @ 2.60GHz, to account
for the increased complexity of the 3D model. A correctly
received frame must be managed by the upper layers in each
node, and thus it triggers a higher number of events compared
to one that is discarded by the radio. Thus, alongside the
plain simulation time, we also report the simulation time
divided by the number of correctly received frames.

B. Limitations

It is worth to also mention the limitations of this work, in
the first place, due to time restrictions we were able to run
the simulation using only one 3D scenario. Our simulations
involve thousands of cars with different trajectories and
millions of received frames, however, in future works we will
extend the results with more maps and a better estimation
of the results confidence. Initial results with multiple runs
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Fig. 5: The map used in the simulation, with the positions
of the BSs.

confirm the observation of the paper. We are also aware
that the LOS/NLOS factor is only one among the many
that influence communication: reflections, and Fresnel zone
occupation are others. In light of this we will try to integrate*
our code with other existing modules that take into account
other factors, and that can benefit from our development [7].

VI. RESULTS
A. Received Frames in the Crossroads Scenario

Figure 6 reports the number of received frames in the
crossroads scenario, for the 2D and 3D simulations and an
increasing BS height. It can be clearly noticed that with the
3D scenario, the number of received frames is significantly
higher at all BS heights. For BSs that are placed as low as 5
meters above the ground, we measured a 5.5% increase, and
the gap increases when we position the BS at a higher level,
up to +51.4% when BS are placed at 20 meters above the
ground. As said, the ITU suggests useing a reference height
between 10 and 25 meters, so the chosen range is a realistic
one. A second, less visible trend is the slight decrease in
the number of received frames in the 2D model, probably
due to the longer distance from source to destination when
the BS height is increased and the two-ray ground model is
used. This first set of results shows that the 3D simulation, as
expected, delivers more frames than the 2D simulation. This
is however true on average, not for all the BSs, there are
cases in which the 2D simulation delivers more frames than
the 3D simulation, so both (the ameliorative and pejorative
effect of 3D simulations) are present with a higher impact
of the first one.

The second result we present is the cumulative distribution
of the number of frames received per vehicle per time interval
of 1 second. This is particularly relevant if we assume a

4The code is currently available at https:/github.com/Zanotto-Enrico/
veins-3d.
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Fig. 6: The number of received frames, for the 2D and 3D
simulations with increasing BG height
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road safety application, in which the vehicles should receive
periodic updates on the status of the road, and modify
their behavior accordingly. The overall average number of
received frames in fact does not capture the variability due
to different locations while the time-sampled values are more
meaningful to show the fairness of the number of received
frames. Figure 7 reports the whole CDF for all vehicles,
all BS heights and both simulators. We can clearly observe
that the CDF for the 3D simulator shifts right starting from
the very beginning of the curve. This is important because it
shows that the increased number of delivered frames happens
not only in a small fraction of vehicles and time intervals
but in the whole distribution, with the 3D simulation having
also a higher maximum value. In practical terms, this means
that the average we have shown in fig. 6 is not due to
a small number of vehicles that receive a disproportionate
number of frames, but is distributed along all time intervals
and vehicles. We should recall that our simulations do not
consider the interference due to obstacles that are not the
buildings themselves, so it is surely optimistic in this sense.
In a real-world scenario, the probability of failed delivery
is higher and, for instance, the vehicles that receive two or
less frames per second are at risk of being shadowed by
other obstacles. If we consider, for instance, a simulation
whose goal is to evaluate the positioning of BSs for reliable
delivery of safety information then the effect of using 3D
simulations appears evident from the very beginning of the
curve, providing a more optimistic evaluation compared to
the results of the 2D simulations in the critical, initial part
of the distribution.

B. BS placed on Building Facades

Here we present the same metrics that we presented for
the crossroads scenario once the BSs are placed on building
facades. This is a configuration in which we expect the
3D simulations to deliver even more frames than the 2D
equivalent, as explained in section V.
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Fig. 7: The ECDF of the number of received frames per
second, increasing the BS height.

Figure 8a reports the comparison of the number of re-
ceived frames for both simulations and shows a remarkable
difference between the two, with the 3D simulator delivering
more than three times the number of frames than the 2D one.
As a further comparison, fig. 8b reports the box plots of the
received signal strength for each frame. We notice that the
3D simulator brings a small decrease in the median value
(about 4 dBs) and a more compact distribution. These effects
could be due to several factors that need further investigation.
Among some possible reasons, we mention that an increased
LOS probability makes it possible to connect nodes that are
further away from the BS and thus, could lower the median
RSSI, also the effect represented in fig. 2 can lower the RSSI
on links that are present in both the 2D and 3D simulation.

Figure 9 reports the distribution of the number of frames
received per car per second, that obviously confirms the
results we already commented for the crossroads scenario,
but in a largely more evident way.
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Fig. 9: The ECDF of the number of frames received by each
car in each 1-second interval, BSs placed on building facades.

C. Potential Backhaul Links

As already mentioned, the presence of potential links
among the BSs is an interesting element to keep in con-
sideration, in light of the current trends that push the fre-
quencies of mobile networks up to mmWave and beyond.
Figure 10 reports the number of potential backhaul links in
the crossroads scenario, showing an impressive increase in
their number (from 8.7% up to 221.7% depending on the
BS height). The availability of such a potentially dense mesh
network would make a huge difference in planning a mixed
wireless-wired backhaul, thus lowering the total cost of the
infrastructure. Again we see how 3D simulations are a game
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changer in the fidelity of the produced results. This effect
is exacerbated in the building facade scenario, in which the
backhaul link passes from 84 for the 2D simulations to 1332
for the 3D simulations.

D. Simulation Time

Finally, we report the time necessary to run the simula-
tions. Table I shows the absolute time necessary to run the
simulations, which is pretty stable when increasing the BS
height, and tells that a 2D simulation roughly takes 2/3 of
the time needed for a 3D simulation. The time per received
frame instead shows a decreasing trend for the 3D simulator,
reaching values that are even lower than the 2D one. While
this may seem a positive outcome, it actually shows that
the increased elaboration time depends on the number of
frames that are evaluated, and not the ones that are correctly
delivered. In other words, the time overhead due to the events
in the upper layers is marginal, and all the overhead is due
to the 3D simulator.

If we compare the time penalty with the increase in the
accuracy of the metrics listed so far, we can conclude that
this is a relatively low price to pay to achieve more realistic
results.

VII. CONCLUSIONS

The communications between a mobile network infras-
tructure and the vehicles is still an open research topic, and
the more mobile networks become complex, the higher the
need for reliable software tools to model their performance.
The existing obstacle shadowing model in Veins supports
only 2D surfaces and is thus intrinsically limited when the
goal of the simulation is to study the communications with
a fixed mobile infrastructure, that is generally made of BSs
placed tens of meters above the ground, and the vehicles
themselves. This paper presents the extension of Veins to
take into account the third dimension. Our results show that
with a limited penalty in the execution time, we are able
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simulation Sm  10m I5m 20m
Absolute simulation time

2d 626 631 633 621

3d 914 916 921 932
2d on buildings 588
3d on buildings 931
us per received frame

2d 347 351 352 346

3d 482 440 393 343
2d on buildings 512
3d on buildings 254

TABLE I: The execution time of each simulation run (sec-
onds) and the time per received frame (micro-seconds).

to produce results that are largely different from the ones
obtainable with the 2D simulator. In particular, we have
shown that the number of received frames by the vehicles
increases substantially, and the number of potential links
between couples of nodes in the backhaul network also
largely grows.

Based on these results we plan to integrate our code with
the mainline Veins code base and with the derived projects
to further investigate the performance of current and future
mobile networks as a carrier of critical services for vehicles
and mobile users in general. As a further enhancement, we
consider quantizing the points in the ground with a certain
precision and to pre-calculate the path loss from the position
of the BSs to all the points in the ground. This could be done
before the start of the simulation using Cuda libraries on a
GPU to obtain massive parallelization, and thus, it would
completely remove the delay introduced by the path loss
computation during the simulation.
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