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Forward

The Thirteenth International Conference on Advances in Vehicular Systems, Technologies and

Applications (VEHICULAR 2024), held between March 10th and March 14th, 2024, continued a series of

international events on the state-of-the-art technologies for information dissemination in vehicle-to-

vehicle and vehicle-to-infrastructure and focusing on advances in vehicular systems, technologies and

applications.

Mobility brought new dimensions to communication and networking systems, making possible new

applications and services in vehicular systems. Wireless networking and communication between

vehicles and with infrastructure have specific characteristics from other conventional wireless

networking systems and applications (rapidly changing topology, specific road direction of vehicle

movements, etc.). These led to specific constraints and optimizations techniques; for example, power

efficiency is not as important for vehicle communications as it is for traditional ad hoc networking.

Additionally, vehicle applications demand strict communications performance requirements that are not

present in conventional wireless networks. Services can range from time-critical safety services, traffic

management, to infotainment and local advertising services. They are introducing critical and subliminal

information. Subliminally delivered information, unobtrusive techniques for driver’s state detection, and

mitigation or regulation interfaces enlarge the spectrum of challenges in vehicular systems.

We take here the opportunity to warmly thank all the members of the VEHICULAR 2024 technical

program committee, as well as all the reviewers. The creation of such a high-quality conference program

would not have been possible without their involvement. We also kindly thank all the authors who

dedicated much of their time and effort to contribute to VEHICULAR 2024. We truly believe that, thanks

to all these efforts, the final conference program consisted of top-quality contributions. We also thank

the members of the VEHICULAR 2024 organizing committee for their help in handling the logistics of this

event.

We hope that VEHICULAR 2024 was a successful international forum for the exchange of ideas and

results between academia and industry and for the promotion of progress in vehicular systems,

technologies and applications.
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Abstract— This paper presents a comparative study of 

stationarity time (Ts) of non-Wide-Sense Stationarity 

Uncorrelated Scattering (non-WSSUS) channel and path-loss 

characteristics between a Ray-tracing Veneris simulator and 

real-world data of Vehicle-to-Infrastructure (V2I) 

communication of Single-Input Single-Output (SISO) channel 

in a suburban environment at 5.89 GHz. The WSSUS 

assumption is often used to model wireless channels in order to 

simplify the analysis and design of communication systems. 

However, this assumption is not always valid for V2I channels, 

which can be highly dynamic and non-stationary. In this paper, 

a Ray-tracing simulator, namely Veneris, is used to generate 

synthetic V2I channel data. This data is then compared to real-

world V2I channel data collected by a radio channel sounder, 

namely MaMIMOSA, in a suburban environment. The results 

show that the simulator accurately predicted the channel 

stationarity time of the real-world V2I channel, with a median 

of 560 ms compared to 550 ms for real data. Additionally, a 

Jensen–Shannon divergence value of 0.05 was found, suggesting 

a relative similarity between the simulated and real data 

distributions. The path-loss exponent factor was 3.5 for the 

simulator and 3.1 for real data.  

 Keywords-WSSUS; GLSF; CCF; V2I; 5G. 

I.  INTRODUCTION 

5G is considered a major breakthrough for Vehicle-to-
Infrastructure (V2I) communication, where the precise 
understanding of radio propagation channels is fundamental 
to reliable and robust wireless communication systems. These 
requirements are crucial for vehicular communication 
applications, especially for Intelligent Transportation Systems 
(ITS), which are developed by two main groups: The Third 
Generation Partnership Project (3GPP), which focuses on the 
Cellular-Vehicle-to-Everything (C-V2X) standard, and 
European Telecommunications Standards Institute (ETSI), 
based on IEEE 802.11p standard, known as ITS-G5 or Direct 
Short Range Communication (DSRC) in United States [1][2]. 
In addition, the crucial importance of a thorough and detailed 

characterization of the propagation channel becomes evident 
in the process of modeling and designing communication 
systems. A comprehensive characterization of the properties 
of the propagation channel leads to precise modeling, 
fostering the development of reliable, robust, and 
interoperable communication systems. The characterization 
of the radio propagation channel can be described using a 
variety of channel modeling techniques, including statistical 
modeling based on time-frequency domain measurement 
campaigns or deterministic modeling-based simulations [8]. 

II. STATE OF THE ART  

Ray-tracing, a deterministic modeling technique, has been 
widely used to characterize 5G radio channels in various 
environments, including urban, suburban, rural, tunnel, 
indoor, etc. [7][21]. For vehicular communication, numerous 
studies are based on Ray-tracing models for the analysis and 
estimation of vehicle propagation channel characteristics. 
These studies specifically focus on small-scale fading 
characteristics, signal statistics, coverage, and data rate 
prediction [23][24], as well as signal strength degradation 
[22]. Additionally, a time-varying channel modeling for low 
terahertz urban V2I communication is presented in [6]. In a 
separate study, the comparison between Ray-tracing and 
stochastic models is explored, particularly for urban V2I 
Terahertz communication channels [20].  

 A key feature of channel modeling, designing, and 
analyzing wireless propagation channels is the assumption of 
Wide-Sense Stationary and Uncorrelated Scattering 
(WSSUS). Propagation channel models conventionally 
incorporate the WSSUS assumptions [3][9]. The WSSUS 
assumptions imply that the channel mean and autocorrelation 
H (t, f) remain constant over time t and frequency f, or in other 
words, the second-order channel statistics are independent of 
time and frequency. This assumption simplifies transceiver 
design by providing simple mathematical models for the 
channel, enabling the use of less complex channel estimation 
or precoding techniques [10]. 

1Copyright (c) IARIA, 2024.     ISBN:  978-1-68558-134-3
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From a functional perspective, the analysis of non-

WSSUS channel statistics could help with optimizing 

adaptive transmission schemes and beamforming techniques, 

as well as improving the overall system performance [11][12]. 

However, due to the high mobility of transmitters and 

receivers and the appearance of dynamic scatters in vehicular 

communication, V2I channel characteristics change rapidly 

over time, leading to violations of WSSUS assumptions, 

resulting in non-stationary behavior [9] due to the time-

varying nature of Multi-Path Components (MPC). This 

implies that we can describe the time-varying fading process 

of vehicular channels by assuming that they exhibit local 

stationarity within a limited time and frequency range. It is 

therefore necessary to characterize the propagation channel 

and define the stationarity regions (generally the stationarity 

time) where the WSSUS hypothesis is valid.  

A comprehensive framework for estimating time and 

frequency stationarity has been developed in [3][4]. The time- 

and frequency-dependent Generalized Local Scattering 

Function (GLSF) 𝐶(𝑡, 𝑓, 𝜈, 𝜏)  for non-WSSUS channels is 

derived by extending the scattering function 𝐶(𝜏, 𝜐)  for 

WSSUS channels. The stationarity region, defined by its time 

and frequency stationarity limits Ts and Fs, respectively, can 

be derived from the GLSF using the four-dimensional Fourier 

transform of the GLSF, namely the Channel Correlation 

Function (CCF) [3]. As reported in [13] for similar scenarios, 

the minimum frequency stationarity is significantly greater 

than 150 MHz. Since ITS technologies operating at 5.9 GHz 

typically use bandwidths of less than 20 MHz, the radio 

channel is considered to be stationary in terms of frequency. 

Consequently, this study focuses exclusively on analyzing 

stationarity time Ts.  

In [24], a simulator designed for non-WSSUS channels, 

to analyze the performance of V2X communication systems, 

based on Monte Carlo and Cisoid-sum models, is described 

in detail. Moreover, [25] presents a tapped delay line model 

specifically adapted to non-WSSUS Vehicle-to-Vehicle 

(V2V) channel scenarios. In [26], an autoregressive modeling 

approach for the simulation of non-stationary vehicle 

channels is presented, focusing on measurements to compare 

real data, but not directly with a deterministic Ray-tracing 

model. In addition, a Ray-tracing model has been developed 

and compared with real-world data in terms of small and 

large-scale channel parameters in a dense urban environment 

for Multiple-Input Multiple-Output (MIMO) V2I 

communication. The study considers the channel to be WSS 

and does not take into account the non-stationary behavior, as 

presented in [27]. 

Despite considerable progress in channel modeling and 

Ray-tracing for radio propagation channels, as well as for 

non-WSSUS channels in vehicular communication systems, 

there remains a notable gap in comprehensive comparisons 

between real measurement data and Ray-tracing models for 

non-WSSUS V2I propagation channels, particularly for the 

stationarity time (WSS), as identified in the current literature. 

This paper presents a comparative analysis of Single-Input 

Single-Output (SISO) channel stationarity time and path-loss 

in a suburban environment at 5.89 GHz, comparing simulated 

Channel Transfer Functions (CTF) from the Veneris 

framework Ray-tracing model [16], and real measurement 

campaign data collected using a MaMIMOSA channel 

sounder [5]. The same configuration setup and scenario were 

employed for both simulations and measurements. The 

remainder of this paper is organized as follows. Section III 

introduces the scenario and setup. Section IV fully 

characterizes and compares the channel path-loss statistics 

between the simulated CTFs and real measurement data 

Additionally, it includes estimations and comparisons of the 

stationarity time Ts over distance for both simulated and real 

data. Finally, Section V concludes the discussion by 

summarizing key findings implications, and future 

perspectives. 

III. SCENARIO AND SETUP 

In this section, we introduce our environment chosen for 
measurement and simulation on the campus of the University 
of Lille (ULille), France. The suburban environment consists 
of 3-4 story buildings spaced 5-10 m apart, with dense 
vegetation and trees up to 30 m high. Additionally, there is 
an industrial hall (8m in height) with a framework of metal 
portals, an overhanging sloping roof, and metal cladding. 
Traffic on the road was relatively low, with a maximum speed 
of 50 km/h, but many cars were parked along the boulevard 
during the drive-test. Two speed bumps, separated by 150 
meters, are present in the used measurement road (Figure 1). 

A. Real data Measurement  

The measurements were performed using the 
MaMIMOSA radio channel sounder with an 80 MHz 
bandwidth at 5.89 GHz, developed by a joint team from the 
ULille in France and Ghent University (UGent) in Belgium. 
The MaMIMOSA sounder is a real-time massive MIMO 
radio channel sounder that is specifically designed for V2X 
applications. It is equipped with a massive 64-antenna array 
for transmission (Tx) and up to 16 individual antennas for 
reception (Rx). The MaMIMOSA hardware and software 
capabilities allow for the sounding parameters to be freely 
adapted to the investigated scenario, demonstrating its 
versatility and flexibility [5][14]. The Tx was a massive 
square array of 64 antennas, but only one antenna was used 
in this study. The Tx was installed as a Road-Side Unit (RSU) 
on the sidewalk at a height of 2 meters above the ground. An 
omnidirectional Rx antenna was placed on the roof of a van 
at a height of 3 meters, as shown in Figure 2. For the mobility 
scenario, the van moved away from the Tx at a constant speed 
of 40 km/h over a total distance of 300 m, such that a Line-
Of-Sight (LOS) path was always present, as shown in Figure 
1. The 5.89 GHz MaMIMOSA used frequency corresponds 
to the frequency band offered by ITS derived from the 5.9 
GHz ITS-G5 and C-V2X technologies.   
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Figure 1. A top view of the measurement campaign for stationarity in a 

suburban environment.   

 
 

Figure 2. Tx-Rx antenna systems. 

During the drive-test, 13670 time-varying CTFs of ~1 ms 
were measured over a total Tx-Rx distance of 300 m. These 
CTFs are organized into 5 frames of 2752 CTFs spaced by an 
interblock time of 1 ms. Each CTF contains 818 frequency 
samples spaced by eight subcarriers, which were selected 
across the 80 MHz bandwidth. The maximum Doppler span 
is ±250 Hz (corresponding to a maximum speed of 46 km/h) 
with a Doppler resolution of 0.181 Hz. The measurement 
campaign and frame configuration are detailed in [15].  

B. Ray-tracing Data   

The Ray-tracing simulator Veneris uses the same scenario 
environment (Figure 3) and setup parameters of real data 
measured from the MaMIMOSA sounder for the simulation 
part, developed by Telecommunications Network 
Engineering Group (GIRTEL) of Polytechnic University of 
Cartagena (UPCT), Spain. Veneris is a comprehensive and 
realistic simulation environment for research on vehicular 
networks and cooperative automated driving, as well as a 
valuable tool for simulating general wireless networks 
requiring 3D environment-aware propagation simulation. It 
consists of the following components: a traffic simulator, 
implemented on top of the Unity game engine and including 
a realistic vehicle model as well as a set of driving and lane 
change behaviors that reproduce traffic dynamics; Opal, a 
Ray-launching GPU-based propagation simulator, which is 
an open source Ray-tracing propagation simulator for 
electromagnetic characterization. Opal is an integral part of 
the Veneris framework and can be used as a stand-alone 
simulator or can be integrated with the Unity game engine. It 
is implemented in C++ and utilizes NVIDIA OptiX, and a set 
of modules that facilitate bidirectional coupling with the 
widely used network simulator, namely Objective Modular 
Network Testbed in C++ (OMNET++). The functional and 
configurational aspects of Veneris are presented in [16][17].  

 

 
Figure 3. Veneris interface for the same scenario at 5.9 GHz. 
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TABLE 1. CONFIGURATION PARAMETERS 

Parameters Configuration 

Carrier frequency 5.89 GHz 

Measurement bandwidth 80 MHz 

Frequency points 818 

Delay resolution 12.5 ns 

Doppler resolution 0.181 Hz 

CTF duration ~ 1 ms 

Total CTF number 13760 

Interblock time 1 ms 

Transmit power 0 dBm 

Tx – Rx height 2 m / 3 m  

 
The same setup configuration and frame were used in the 

Veneris configuration, with the antenna power as shown in 
Table 1, which summarizes the configuration parameters for 
both real and simulated measurements. 

IV. RESULTS AND DISCUSSION    

The signal power variation of simulation data compared 
to real data over distance must be checked before analyzing 
the stationarity time and path-loss characteristics. 

 

 
Figure 4. Received power for real and simulation data.  

Figure 4 shows the received signal power in dBm for both 
real-world data and simulation over the Tx-Rx distance. A 
similar trend is observed in the received power. Within the 
first 50 meters, there is a power attenuation from -55 dBm to 
-65 dBm with rapid small-scale fluctuations attributed to the 
dense multipath component caused by nearby buildings. 
Beyond 50 meters up to 300 meters, there is a slow 
pronounced attenuation, ranging from -65 dBm to -80 dBm 
for real data and -90 dBm for simulation data. Overall, the 
real and simulation data are in good agreement. The main 
difference is that the real data is more noisy due to 
environmental factors. This suggests that the simulation 
model is accurate.  

A. Propagation loss 

The empirical model for Path-Loss (PL) as a function of 
the Tx-Rx distance is given by the following expression:  

 

 

𝑃𝐿(𝑑)𝑑𝐵 = 𝑃𝐿(𝑑0)𝑑𝐵 + 10 × 𝑛 × 𝑙𝑜𝑔10 (
𝑑

𝑑0

) (1)
 

 
with n the path-loss attenuation exponent, which is equal to 2 
in free space, and PL(d0) dB the attenuation measured at a 
reference distance of do=80 m based on [18].  

 

 
Figure 5. Path-loss fit for real-world and simulation data. 

Figure 5 compares the PL plot of real-world data to the 
simulation plot based on equation (1). The PL exponent factor 
(n) is calculated using linear regression and found to be 3.1 
and 3.5 for real-world and simulated PL, respectively. These 
results agree with previous research on similar scenarios with 
LOS [18][19].  

 

B. Stationarity time evaluation   

Based on GLSF, and its 4D Fourier transform the CCF 
𝐴(𝛥𝜈, 𝛥𝜏; 𝛥𝑡, 𝛥𝑓) [3][4].  

 

𝐴(𝛥𝜈, 𝛥𝜏; 𝛥𝑡, 𝛥𝑓) = 𝑇𝐹4𝐷{𝐶(𝑡, 𝑓; 𝜈, 𝜏)} (2) 

 
 The stationarity time Ts could be calculated as:  
 

𝑇𝑠 =
1

∆𝜈
 (3) 

where ∆𝜈 is the Doppler correlation deduced from the CCF 
Doppler first moment as follows [3][4] 

  

∆𝜈  =
1

‖𝐴‖1

∫ ∫ ∫ ∫ |𝛥𝜐|𝐴(𝛥𝜐, 𝛥𝜏; 𝛥𝑡, 𝛥𝑓)𝑑𝑣𝑑𝜏𝑑𝑡𝑑𝑓 (4) 

 
where ‖𝐴‖1 is the first norm of the CCF along the three 
dimensions.   

The sampled CTF, the discrete representation of the 
GLSF CCF, and the calculation of Ts are presented and 
detailed in [15]. In order to estimate stationarity time over 
distance, we used 10 interleaved GLSF corresponding to 
934.34 ms [15]. 
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Figure 6. Stationarity time Ts over distance for real and simulated data. 

 
Figure 7. ECDF of Stationarity time Ts for real and simulated data. 

Figures 6 and 7 show the stationarity time Ts of real and 
simulated data over distance and their Empirical Cumulative 
Distribution Function (ECDF), respectively. The results 
show that the real and simulated Ts follow similar trends and 
distributions, with medians of 550 ms and 560 ms, 
respectively. Additionally, using the Jensen–Shannon 
divergence method, which is bounded between 0 and 1 for 
quantifying the similarity between two probability 
distributions, where a value of 0 implies identical 
distributions, and 1 suggests maximal dissimilarity between 
the distributions, a value of 0.05 is found, meaning that the 
two probability distributions are relatively similar. This 
indicates that the Veneris Ray-tracing simulator can 
accurately reflect the physical properties of the real 
propagation channel. Table 2 summarizes some statistics of 
Ts. 

TABLE 2. COMPARISON OF STATIONARITY TIME BETWEEN 
REAL DATA AND SIMULATION 

 Median  Std  Min  

Ts real  550 ms 74 ms 418 ms 

Ts simulation 560 ms 86 ms 396 ms 

V. CONCLUSION & FUTURE WORK 

This paper presented a comparative study of non-WSSUS 
SISO channel stationarity time and path-loss characteristics 
between the Veneris Ray-tracing simulator and real-world 
data of V2I communication in a suburban environment at 5.89 
GHz. The simulator accurately predicted the channel 
stationarity time of the real-world V2I channel, with a median 
of 560 ms compared to 550 ms for real data. Furthermore, a 
Jensen–Shannon divergence value of 0.05 was found, 
indicating a relative similarity between the simulated and real 
data distributions. The path-loss exponent factor was 3.5 for 
the simulator and 3.1 for real data. These results suggest that 
the simulator can accurately reflect the stochastic physical 
properties of the channel, making it a reliable tool for 
evaluating the performance of V2I communication systems in 
different suburban environments. 

 In future work, we will extend this paper by comparing 
the simulator in massive MIMO array configurations to 
evaluate the statistical spatial behavior of the stationarity time 
Ts across the massive array and the angular properties of the 
MPCs, such as the Angles of Arrival (AoA) and the Angles 
of Departure (AoD) values and spreads. 
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Abstract—In collision avoidance between pedestrians, they
smoothly avoid collisions. In Personal Mobility (PM) collision
avoidance, eye movement information, which is not often used
in pedestrian collision avoidance, may be a powerful source of
information. This is because information from body movements
is limited in the case of PMs. This study shows the relationship
between gaze and the opponent’s coordination behavior in
collision avoidance between PMs. Only the Follower who passed
later through the collision point gazed at the opponent more
when they adjusted their own behavior more. This study extends
the findings on collision avoidance behavior between pedestrians
and provides insight into collision avoidance behavior between
PMs.

Keywords - collision avoidance; gaze; coordination.

I. INTRODUCTION

We avoid collisions with others as we walk through crowded
places, such as supermarkets, hospitals, and airports. Collision
avoidance between pedestrians is achieved smoothly by using
a common strategy among pedestrians to determine their roles
of going first or going second [1]. In this paper, the role of the
person who passes through the collision point first is defined
as the Leader, and the role of the person who passes through
the collision point later is defined as the Follower.

On the other hand, recently, due to the development of
Personal Mobility (PM), there has been an increase of shared
spaces where different types of mobility other than pedestrians
are present [2]. Some reports suggest that the safety in such
shared spaces is better than in conventional segregated spaces
[3]. Specifically, it has been reported that driver attention
to pedestrians improves [3], vehicle speeds decrease, traffic
congestion decreases, and accident rates decrease [4].

In a shared space, the interaction partners are not only
pedestrians but also various mobilities including PMs. There-
fore, the need for knowledge on collision avoidance behavior
via PMs is expected to increase in the future. The purpose of
this study is to investigate the factors that influence collision
avoidance behavior via PMs.

Studies of collision avoidance among pedestrians have
shown that pedestrians acquire roles and adjust their behavior
accordingly [5][6]. Coordination behavior in collision avoid-
ance uses information that varies with the crossing situation,
such as the crossing angle and its rate of change, and the
estimated time to collision [1][5]–[7]. For example, pedestrians
adjust their walking speed and walking path according to the
crossing angle and available space [1]. In addition, it has
been reported that when avoiding a collision in a face-to-
face situation, pedestrians make avoidance decisions based on
the direction of the oncoming person’s feet [7]. On the other
hand, there has also been progress in examining factors that
do not contribute to collision avoidance between pedestrians.
For example, it has been shown that gaze at the other person
does not affect coordination behavior in collision avoidance
between pedestrians [8]. In other words, in collision avoid-
ance between pedestrians, coordination behavior is based on
information, such as location, speed, and body movements,
such as body orientation and foot direction.

In the case of collision avoidance between PMs, the in-
formation available for coordination behavior is more limited
compared to the case of a pedestrian partner. Specifically,
while coordination behavior with a pedestrian partner uses in-
formation on body motions, such as body and foot orientation
[7][8], in the case of a PM partner, body motion information
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is limited because there is no up-and-down motion of the
legs in both the seated and standing positions. Therefore, the
available body motion information is limited to the direction
of the head and eye movements. In other words, in the case of
collision avoidance between PM passengers, unlike in the case
of pedestrians, gaze may be a valuable source of information
for coordination behavior.

In fact, it has been shown that gaze plays an important
role in traffic negotiation situations with a partner whose
behavior cannot be estimated from body motion. For example,
in traffic negotiations between cars and pedestrians, it is known
that a pedestrian’s direct gaze at the oncoming lane elicits
more concessive behavior from the car [9][10]. However,
the relationship between gaze and coordination behavior in
collision avoidance between PMs has not been clarified.

In this study, we examine the relationship between gaze and
coordination behavior in collision avoidance between PMs.
In examining the relationship between gaze and coordination
behavior, it is necessary to examine the influence of gaze
depending on the role. There is a difference in the required
coordination behavior between the Leader and the Follower.
The Follower adjusts speed and path more than the Leader in
collision avoidance situations [5][6]. Similarly, the relationship
between gaze and coordination behavior may differ depending
on these roles.

Therefore, this study examines the relationship between
gaze and coordination behavior in collision avoidance be-
tween PMs, considering this role. Specifically, we examine
the following three points. First, we examine the difference
in gaze between the Leader and the Follower. Then, we
confirm whether there is a difference in coordination behavior
depending on the roles of the Leader and the Follower. Finally,
by examining the correlation between gaze and coordination
behavior of the Leader and Follower, we examine whether
there is a role-dependent difference in the relationship between
gaze and coordination behavior in collision avoidance between
PMs.

II. METHOD

A. Participants

Twenty participants (Nfemale = 17, Nmale = 3, Mage =
41.95, SDage = 14.95) were recruited through a recruitment
agency. 4 participants participated in the experiment per day.

B. Apparatus

Eye movement and position data during collision avoidance
were measured. Eye movements were measured with Tobii
Glasses 2 manufactured by Tobii Technology Co. The pose
and velocity information was obtained using the 2D-LiDAR-
based localization system (presented in [11]). The vehicle used
was a WHILL Model C manufactured by WHILL Inc. (Figure
1).

C. Tasks

The task was to board a PM and cross paths with other
participants only by operating acceleration and deceleration.

Figure 1. PM (A) and 2D-LiDAR position (B).

The paths were designed to intersect at the center of the
paths, which were 10 m straight from each other (Figure 2).
A straight line, such as A→G in Figure 2 means path in one
trial. Three angles of intersection (60, 90, and 120 degrees)
were provided. The two participants switched sides so that the
direction from which the other person came was not fixed to
either the left or right. One set of 24 trials, two rounds of
3 (crossing angle) × 2 (reciprocation) × 2 (direction of the
other person), was used. For example, in the case of a pair
of participants x and y, the x participant moves a set of paths
(A→G→A) × 2→(B→H→B) × 2→(C→I→C) × 2, while the
y participant moves a set of paths (L→F→L) × 2→(K→E→K)
× 2→(J→D→J) × 2. Subsequently, x and y exchanged sets of
paths.

Figure 2. The path design in tasks.

D. Procedure

First, informed consent was conducted. After the task ex-
planation, participants practiced 12 trials to familiarize them-
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selves with the operation of the PM. They then participated
in the main task. In this task, all combinations of two out of
four participants participated in a set. That is, the total number
of sets was six, and each participant participated in three sets
of the experiment. The time he/she did not participate was
considered a rest period.

III. RESULTS

A. Difference in the gaze toward the opponent between Fol-
lower and Leader

We analyzed the video recorded by the eye tracker. Gaze
toward the opponent was defined as the overlap of the coordi-
nates of the gaze position and the position of the opponent in
the video. The amount of gaze in each trial was calculated by
dividing the number of logs in which each participant gazed
by the total number of logs recorded every 100 hz (Table
I). To examine differences in the amount of gaze by role, a
paired t-test comparing the amount of gaze was conducted, and
significantly more gaze was observed for the Follower (t(535)
= -28.55, p < .001).

TABLE I
MEAN (SD) OF AMOUNT OF GAZE AND OPERATION

Leader Follower
Gaze .014(.023) .083(.053)
Operation 3.97(1.58) 4.30(1.54)

To examine the nature of gaze for each role, we plotted
the time from the beginning of the trial on the horizontal
axis and the number of trials in which gaze was performed
at that point on the vertical axis (Figure 3). The results
showed that the Follower continued to gaze until the middle
of the trial, while the Leader rarely gazed after gazing at the
beginning of the trial. In other words, the Follower gazed
more, and continued to gaze until the middle of the trial, when
coordination behavior was required.

Figure 3. Timing of the gaze toward the opponent. The green dotted line
indicates the average end time of a trial, and the green solid line indicates
half of that time.

B. Difference in the coordination behavior between Follower
and Leader

Differences in coordination behavior by role were examined.
In this study, the coordination behavior in collision avoidance

was limited to acceleration/deceleration. In other words, the
more acceleration/deceleration during the trial, the more it
contributed to the coordination behavior. However, accelera-
tion/deceleration after passing through the intersection is not
a coordination behavior for collision avoidance.

Therefore, the amount of operation to reach the intersection
of the paths of the Follower and Leader was calculated.
Specifically, we calculated the amount by which the speed
of the Leader and Follower changed (Table I). This value
represents the amount of speed change per unit of time. That
is, the value is larger when there is a sudden acceleration
or deceleration. The point of intersection is the point of
intersection between the start and goal of the two vehicles, and
the value is used until the vehicle enters a 1m circle centered
at the point of intersection.

The operation volumes of the Follower and Leader were
then compared using a paired t-test. The analysis showed that
the Follower had more operations than the Leader (t(535) =
-3.81, p < .001).

C. Relationship between gaze toward the opponent and coor-
dination behavior.

To examine the relationship between the gaze and coordi-
nation behavior for each collision avoidance role, Pearson’s
product-moment correlations were calculated for each value
(Table II). The results showed that, regardless of the role, gaze
was significantly correlated with the amount of operation of
the opponent. On the other hand, the Leader’s gaze was not
significantly correlated with the amount of their own opera-
tions, while the Follower’s gaze was significantly correlated
with the amount of their own operations.

TABLE II
CORRELATION BETWEEN GAZE TOWARD OPPONENT AND OPERATION BY

ROLE (* : p < .05, *** : p < .001)

Leader’s Operation Follower’s Operation
Leader’s Gaze .08 .09*
Follower’s Gaze .10* .14***

IV. DISCUSSION

The purpose of this study was to examine the relationship
between gaze toward the opponent and coordination behavior
in collision avoidance between PMs. The results of the exper-
iment are summarized with a focus on the difference between
the roles of the Leader and the Follower.

The Follower had more gaze toward the opponent and
more coordination behavior (amount of manipulation) than the
Leader. This is consistent with the findings of previous studies
in pedestrians that coordination behavior is mainly performed
by the Follower [5][6]. Our findings provide empirical evi-
dence that the Follower performs more gaze toward the partner,
as well as coordination behavior.

The important point is that the relationship between gaze
and coordination behavior was different between the Leader
and Follower. First, there was no role-dependent difference
in the fact that gaze toward the opponent was positively
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correlated with the opponent’s coordination behavior. This
suggests that regardless of the role, gaze toward the opponent
has a role in promoting the opponent’s coordination behavior.
This point was not observed in the case of collision avoidance
between pedestrians. This mean that gaze toward the opponent
is a powerful source for coordination behavior in situations
where information is limited, such as in PMs.

On the other hand, the Follower’s gaze was related to
the amount of their own operations, but the Leader’s gaze
was not related to the amount of their own operations. This
result can be interpreted that only the Follower gazed more
when they coordinated behavior with their opponent. This
interpretation is supported by the fact that the Follower’s gaze
was mainly focused on the opponent before reaching the point
of intersection where coordination behavior was performed,
and that the Follower, who performed more coordination
behavior than the Leader, gazed more than the Leader. These
results suggest that the gaze toward the opponent is performed
for different purposes depending on the role of collision avoid-
ance. Specifically, the Leader’s gaze is intended to encourage
the opponent to coordinate behavior, while the Follower’s gaze
may be intended to coordinate their own behavior in addition
to encouraging the opponent to coordinate behavior.

V. CONCLUSION AND FUTURE WORK

The purpose of this study was to examine the relationship
between gaze toward the opponent and coordination behavior
in collision avoidance between PMs. This study extends the
knowledge of pedestrian-to-pedestrian collision avoidance be-
havior and provides insight into PM-to-PM collision avoidance
behavior by the following contributions. First, we extended the
knowledge that Follower coordinates behavior in pedestrian-
pedestrian collision avoidance to the case of PMs. Second, we
provided evidence that gaze is involved in coordination behav-
ior in collision avoidance between PMs, unlike in collision
avoidance between pedestrians. Finally, we showed that the
relationship between gaze and coordination behavior differs
depending on the role in collision avoidance, and that only
the Follower gazes towards the opponent to coordinate their
own behavior. Future work should extend the discussion to
the functions of gaze to smoothness and role determination in
collision avoidance.
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Abstract—The nature of cooperative behavior has been shown
to reach self-goal earlier and achieve self-benefit by reducing
interruption to others using the bird’s-eye perspective task. This
study examines whether the nature of cooperative behavior is
replicated in the first-person perspective task using a driving
simulator. The results showed that behavioral performance was
nearly identical in the bird-eye perspective experiment and the
first-person perspective tasks. This finding indicates that the
nature of cooperative behavior was confirmed in the realistic
first-person perspective and that the bird-eye perspective task
has high validity in verifying moving behavior.

Keywords-cooperative behavior; shared space.

I. INTRODUCTION

A. Cooperative Behavior in Traffic

The cooperative behavior of humans plays an important
role in traffic. Previous studies have considered acceleration
or deceleration for others as the typical cooperative behavior
[1]–[3]. Such cooperative behavior promotes efficiency and
safety [4] and generates positive emotions in the surrounding
individuals [5][6]. Conversely, uncooperative behavior can
cause serious accidents and delays [7][8] and arouse stress
and anger [9]. In recent years, cooperative behavior that takes
into account the others surrounding us has been developed
from the perspective of social robotics [10]–[12].

B. Nature of Cooperative Behavior

The main scope of previous studies is separated space,
where each traffic participant is provided with its own space,
such as a sidewalk for pedestrians or a motorway for vehicles.
However, such separated space is replaced by shared space.

Figure 1. Overview of the bird-eye perspective task [15].

In the shared space, all traffic participants can move bidimen-
sionally [13] and it is not clear who has priority to cross [14].
We have shown what kind of cooperative behavior individuals
take in the shared space [15].

Our previous study [15] examined the nature of cooperative
behavior using the Bird’s-Eye Perspective (BEP) experiment
(Figure 1). Participants were required to move to their goals
by operating a joystick in the simulated space shared with the
other autonomous agents. Participants were given one of the
following three instructions, and their behavioral performance
was compared across the three conditions: “Reach your goal
while considering others” (cooperative condition), “You have
enough time and can go to your goal slowly” (nonurgent
condition), and “You do not have enough time and should
reach your goal as fast as you can” (urgent condition).

The results showed that the urgent behavior decreased
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completion time compared to no instruction baseline, but
increased the amount of interruption to others. Meanwhile,
the cooperative and nonurgent behavior increased completion
time. Furthermore, only the cooperative behavior decreased
the amount of interruption compared to the baseline. An
additional comparison among the three conditions showed that
completion time and interruption were lower in the cooperative
condition than in the nonurgent condition. We concluded that
the nature of cooperative behavior is to reach the self-goal
earlier and to achieve self-benefit by reducing interruption to
others.

C. Difference in Perspective

In the authors’ previous task, participants had a BEP [15].
However, in actual situations, individuals move in a First-
Person Perspective (FPP). Therefore, it is necessary to examine
whether the nature of cooperative behavior can be reproduced
in FPP. This study examines cooperative behavior compared
to urgent and nonurgent behavior in the experiment in the FPP
using a driving simulator.

Although there are not many studies that directly compare
the BEP and FPP, several studies have suggested the effect
of perspective on moving behavior. For example, in a maze
task, it is more difficult to accurately understand the positional
relationship from the FPP than from BEP [16]. In addition,
providing a highly objective perspective influences moving
behavior [17]. This experiment shows that adding BEP reduces
lateral deviation when driving straight ahead and increases
speed when turning left or right. Individuals evaluate the risk
of contact with vehicles higher in FPP than in third-person
perspective [18].

In the non-traffic field, the effect of FPP has also been
shown. Virtual experience in the FPP using virtual reality elic-
its stronger physiological responses, emotional experiences,
and subjective reactions than in the third-person perspective
[19]–[21].

Based on these previous studies, the following effects can
be predicted when the perspective is changed to FPP in the
moving task as a shared space. First, cooperative behavior
may not reduce the interruption to others in the FPP although
it does in the BEP. This is because it is more difficult to
understand the positional relationship in the FPP than in the
BEP. Conversely, the nature of cooperative behavior may be
observed in the FPP as well as in the BEP. This is because
the FPP evokes a stronger emotional experience of cooperation
or consideration. Examination of the effect of perspective on
cooperative behavior is also important to use BEP and FPP
tasks for verification of cooperative behavior.

The rest of the paper is structured as follows. Section 2
describes the experimental method and Section 3 describes
the results of the experiment. In Section 4, we discuss the
difference in the effect of perspectives and the applicability of
the tasks.

Figure 2. Overview of the first-person perspective task.

II. METHOD

A. Participants

A total of 24 participants joined the experiment (Mage =
48.08, SDage = 12.18). Informed consent was obtained from
participants prior to the experiment. This experiment was
approved by the Institutional Review Board at the Institutes
of Innovation for Future Society (InFuS), Nagoya University
(approval number: 2021-13).

B. Stimulus

The task in the previous study [15] was changed from
BEP to FPP using a driving simulator (Figure 2). A total
of seven displays were used to project the images from the
FPP using Unity [22]. A vehicle was placed in the center
of the displays, and the joystick used in the BEP task was
set to control the vehicle. The up/down directions of the
joystick corresponded to forward/backward movement, and the
left/right directions corresponded to left/right turns, while the
joystick input corresponded directly to the direction of travel
in the BEP task. A trial was defined as lasting until participants
reached their own goals.

C. Procedure

The procedure was almost identical to the BEP task. After
some practice trials with the joystick, a total of five sets
were performed. In Sets 1 and 2, participants were asked
to reach their goals without any instructions. In Sets 3, 4,
and 5, participants performed the same task after receiving
one of three instructions, i.e., cooperative, urgent, or nonur-
gent instructions, or no instruction. Trials with no instruction
were regarded as baseline. The order of instructions was
counterbalanced across participants. A set consisted of 12
trials, including four trials each with 16, 24, and 32 other
autonomous agents.

The index of moving performance was also the same as in
the BEP experiment. The completion time corresponds to the
time it took participants to reach their goal, and the amount of
interruption corresponds to the total time it took participants
to interfere with other agents. If an agent was in the direction
of another agent and the distance between them was less than
3 meters, it was considered to be an interruption.
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Figure 3. Means of Completion Time. Values indicate the differences from
baseline with no instruction. Error bars indicate standard errors. The legend
indicates the number of other agents.

III. RESULTS

One participant was excluded due to incomplete data, and
the remaining 23 participants were analyzed.

A. Completion Time

The values in Figure 3 indicate the differences from base-
line. One-sample t-tests were performed with the baseline for
all conditions. The results show significant differences from
the baseline in all nine conditions. The completion time in the
cooperative and nonurgent conditions was significantly longer,
while the completion time in the urgent condition was shorter
than baseline. Comparisons of the results of t-tests between
the BEP and the FPP are shown in Table I.

As in the BEP experiment, direct comparisons were made
between the cooperative and nonurgent conditions. The results
of the 2 (instructions) × 3 (number of others) ANOVA showed
that there were no main effects of instructions (F (1, 22) =
0.411, p = .527, η2p = .018) and number of others (F (2, 44) =
2.796, p = .071, η2p = .112), nor interaction between instruc-
tions and number of others (F (2, 44) = 1.110, p = .341, η2p =
.047).

Therefore, the trend of cooperative behavior could be ob-
served for completion time in the FPP task, although there
was no salient difference from the nonurgent condition.

B. Interruption

The same t-tests were performed for interruption (Figure 4).
The results showed significant differences from baselines in
all but 24 others conditions in the cooperative and nonurgent
conditions. This means that the amount of interruption was
less in the cooperative and nonurgent conditions and greater
in the urgent condition. A direct comparison showed that there
were no main effects of instructions (F (1, 22) = 0.002, p =
.962, η2p = .000) and number of others (F (2, 44) = 2.270, p =
.115, η2p = .093), nor interaction between instructions and
number of others (F (2, 44) = 0.533, p = .590, η2p = .023).

Therefore, the trend of cooperative behavior was also ob-
served for interruption in the FPP task, although there was no
salient difference from the nonurgent condition. The results
that interruption was not reduced in some cases are consistent
with the results in the BEP experiment (Table I).

Figure 4. Means of Interruption Rate. Values indicate the differences from
baseline with no instruction. Error bars indicate standard errors. The legend
indicates the number of other agents.

TABLE I
RESULTS OF ONE-SAMPLE t-TESTS WITH BASELINE.

Bird’s-eye pers. First-person pers.
5 10 20 16 24 32

Completion Time
Cooperative + + + + + +
Nonurgent + + + + + +
Urgent − − − − − −

Interruption
Cooperative − − − −
Nonurgent − −
Urgent + + + + + +

Notes: “+” indicates a significant positive value and “−” indicates
a significant negative value compared to the baseline based on the
results of one-sample t-tests with baseline.

IV. DISCUSSION

This study examined whether the nature of cooperative
behavior observed in the BEP task was replicated in the
FPP task. The results of the baseline comparison showed
that behavioral performance was almost identical in the BEP
and FPP tasks. That is, both cooperative and nonurgent be-
havior increased completion time and decreased interruption
compared to baseline. Surprisingly, interruption was affected
by the number of other agents in both experiments. Thus,
this research shows that the nature of cooperative behavior
is independent of perspective. This also indicates the high
effectiveness and reliability of the BEP task as an experimental
paradigm for verifying various moving behaviors.

However, the direct comparison revealed some differences
between the BEP and FPP tasks. Significant differences be-
tween the cooperative and nonurgent conditions were found
for completion time and interruption in the BEP task, but these
differences were not found in the FPP task.

A. Effect of Perspective

In general, the nature of cooperative behavior was somewhat
less salient in the FPP task than in the BEP task, although
these trends were similar. One possible reason for this is that
it is difficult to understand the positional relationship between
oneself and others in the FPP [16]. From the FPP, individuals
could only get the positional information in front of them.
Thus, they may not notice the presence of others approaching
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from the left or right and may inadvertently obstruct others.
In addition, the FPP makes it difficult to identify the path to
the goals, which leads to an increase in completion time in
the cooperative condition. As a result, the differences with the
nonurgent condition may be eliminated. In other words, the
reason for the increase in completion time in the cooperative
condition may be that individuals often accelerate or decelerate
and make large turns to obtain as much positional information
as possible.

B. Fidelity and Validity of Bird’s-eye View Experiment
The results of this study show that the nature of cooperative

behavior was confirmed in the realistic FPP, and the BEP
task has high validity for verifying moving behavior. In the
BEP task, participants can obtain objective information more
easily than in actual traffic situations. In addition, the fidelity
of the BEP task is considered to be lower than the FPP task.
In general, low-fidelity environments have the advantage of
facilitating factor control, but the behavior observed in such
an environment may not be realistic or reliable.

However, the moving behavior in the BEP task is generally
consistent with that in the FPP task, and its validity is also
sufficiently high. Therefore, we conclude that the BEP task is
useful to verify cooperative behavior even in complex traffic
situations. Furthermore, these findings suggest that our tasks
may be useful for verification of other various behavior.
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Abstract - The rise of autonomous vehicles is accompanied by 

the emergence of bandwidth-intensive applications like real-

time 3D map downloads, necessitating improved bandwidth 

utilization. While clustering has proven effective in prior 

research to partially address this challenge, existing works 

often assume a perfect cluster formation without accounting 

for outliers, and the selection of the number of clusters (k) 

tends to be resource-agnostic. This paper presents the 

preliminary findings from the initial cluster analysis phase, 

laying the foundation for a resource-aware k-selection model. 

This model aims to optimize bandwidth resources and 

alleviate throughput bottlenecks between Vehicle-to-

Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) links. The 

cluster analysis part of our work examines the variation in 

sizes of various vehicular cluster components concerning 

changes in cluster range (dth) and the number of clusters (k). 

Notably, our approach considers unclustered vehicles, 

acknowledging their impact on bandwidth utilization. Our 

results reveal a consistent pattern and correlation between the 

size of different vehicular components and the variables 

considered (k and dth). Drawing insights from this 

understanding of vehicular cluster behaviour, we propose an 

approach to optimize V2I and V2V bandwidth usage while 

minimizing throughput bottlenecks between V2V and V2I 

links. This resource-aware k-selection model holds the 

potential to significantly enhance the efficiency and 

performance of Vehicle-to-Everything (V2X) communication 

in the era of autonomous vehicles, contributing to the 

realization of a seamless and high-throughput vehicular 

communication network. 

Keywords-Cluster; bandwidth; V2X; V2V; sidelink. 

I. INTRODUCTION 

Clustering approaches has gained significant interest in 

V2X research in recent years, and this is due to the potential 

it holds with regards to mitigating stability issues 

emanating from the dynamic characteristic of vehicular 

network topology as demonstrated in the works in [1]-[4]. 

However, with the increasing growth in autonomous 

driving, accompanied with rise in data-intensive driving 

applications and use cases has raised questions concerning 

the quality of vehicular links and their capacity to cope with 

these emerging applications. Cluster-based approaches has 

been suggested to improve link performances either by 

shortening of link length, resource allocation or by hot-spot 

based relaying. Though cluster-based relaying has been 

touted to minimize bandwidth resource contention in 

Cellular-V2X (C-V2X) [4][5], and cluster-based resource 

allocation have been suggested to maximize resource 

utilization [6][7], the potential of these approaches can be 

limited by a little considered factor. Outlying or 

unclustered vehicles. Also, it is unrealistic to continuously 

minimize cluster threshold to minimize link length, as this 

could either indiscriminately increase number of clusters or 

number of unclustered vehicles. 

We seek an approach that could exploit the optimal 

selection of number of clusters to consolidate on the 

resource gains potential of cluster-based relaying and 

resource allocation. 

Most approaches of selecting number of clusters (k) are 

resource agnostic and have only considered the 

compactness of clusters [8]-[12]. For example, the gap 

method described in [12] compares cluster compactness 

value with a null reference point. The popular elbow 

method described in [10] uses a visual observation to select 

an edge point at which within-cluster-sum of squared error 

difference starts to diminish. Calinski-Harabasz [8], David 

Bouldin [9] and Silhouette [11] approaches all considered 

both intra-cluster compactness and inter-cluster separation. 

All these approaches though have been used in clustering 

process of vehicular nodes in V2X networks and Vehicular 

ad hoc Networks (VANETs), they are all resource 

agnostics and have little consideration for unclustered 

vehicles. 

Our approach focusses on building on the idea of 

cluster-based relay and resource allocation to further 

optimize utilization of V2X bandwidth resources by 

selecting optimal number of clusters (k) with consideration 

for available resources, free vehicles, and cluster boundary 

threshold. The goal is to maximize the use of both V2I and 

V2V bandwidth resources.  We approach the conundrum 

by first analysing the relationship between the variables 

considered, then find a solution that minimizes the V2I 

links and maximum cluster size, which in turn maximizes 

the resources available to both V2I and V2V users. The 

analysis is done in the context of mode-3 centralised 

resource allocation, where separate dedicated resources are 

allocated for V2I and V2V communication. The results 

obtained from the analysis demonstrates a specific pattern 

of variation of number of V2I users along changes in 

number of clusters and distance threshold which suggest an 

understanding that for a dedicated allocation approach 

there exist a point where the minimum number of V2I users 

will offer the maximum V2I bandwidth. A similar 

observation is observed for V2V users with respect to 
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maximum cluster size variation. Having, completed the 

analysis, we proceeded to develop an optimization problem 

to maximize bandwidth utilization. that the optimal number 

of cluster (k) solution and cluster boundary threshold that 

yields the maximum bandwidth/user.  

The rest of this paper describes in detail the cluster 

analysis and the proposed optimization. In Section 2, a 

description of the overall system model is presented, which 

includes the cluster and resource allocation model. Section 

3 presents the cluster analysis, describing variations across 

number of clusters and distance threshold. Section 4 

presents the proposed k-selection optimization model while 

Section 5 concludes the paper. 

II. SYSTEM MODEL 

The consideration of cluster-based relay necessitates a 

description of the topology and the communication model 

underpinning the topology. The topology is developed in 

the context of a 2-hop downlink transmission path 

proposed for download of urgently needed real-time traffic 

data. Vehicles are grouped into clusters where the Cluster 

Heads (CHs) serve as a relay and a download hotspot for 

the rest of Cluster Members (CMs). The 2-hop downlink 

transmission path consist of the cluster backhaul or the 

Base Station to Cluster Head downlink (BS-to-CH) and the 

Cluster Head to Cluster Member (CH-to-CM) sidelink.  

The CH-to-CM V2V side links are modelled in an urban 

environment as described in [13]. The pathloss and 

shadowing model we employed for the backhaul is based 

on the channel model defined in [14].  

Concerning interference, we used different interference 

schemes for the V2I/N links and the V2V sidelink. For the 

V2I/N links, we adopted frequency reuse of 1 and 

hexagonal cell coverage with the BS at the centre of the 

hexagon. We assume a variation of Fractional Frequency 

Reuse (FFR) is used by the base station to allocate 

resources to the V2I/N nodes/links. We have decided to 

limit our discussion about the type or implementation of the 

FFR scheme, since the type of scheme adopted has no 

impact on the downlink interference considered in our 

scenario.   

For the V2V sidelink, the frequency allocation and 

interference are cluster-based. A typical vehicular node 

uses a different channel from those used by its co-cluster 

members and same bandwidth channel to CMs of other 

clusters that poses least interference. A simple depiction of 

the interference and resource allocation approach used is 

depicted in Figure 2. The coloured bar at the top represents 

the entire resource allocated for V2V sidelink 

communication, while each colour represents the equal 

bandwidth resource blocks allocated to each V2V CH-to-

CM sidelink. The dotted lines represent interference while 

the continuous lines represent received signal link. Note 

that the resource bar has size different colours, each colour 

represents the resource blocks attached to each user and the 

size of each block is defined by the maximum cluster size, 

Csz(max). 

 

Figure 2. A Depiction of Interference Coordination and Resource 

Allocation for V2V Sidelink Communication. 

III. CLUSTER ANALYSIS 

In effort to maximize bandwidth per user-link and 

minimize the potential bottleneck between V2I and V2V 

links along relay transmission path, we seek to investigate 

the variation of the sizes of different vehicular node 

components with changes in cluster boundary thresholds 

and number of clusters.  

The resource assignment used in this model assumes a 

dedicated resource slice for C-V2X, with a further 

dedicated and distinct bandwidth resource to V2I and V2V 

links. Our approach to optimizing the use of the V2I 

bandwidth resource per user link and reducing the cluster 

backhaul bottleneck is by minimizing the number of V2I 

user links contending for the resource. Likewise, for 

maximizing the V2V side-link resource per user link, we 

approach this by minimizing the maximum cluster size at 

each clustering instance, building on our V2V resource 

allocation scheme described in Section II. To do this, a 

study of the relationship between the number of different 

vehicle designation (CH, CM and FV) and cluster 

parameters, such as the number of clusters and cluster 

distance thresholds needs to be explored. 

Our study shows how the number of V2I, and 

maximum cluster size varies with different cluster radius 

threshold and different number of clusters. In  Figure 3, we 

present a plot of the average number of V21 users across 

Figure 1. System Model of Cluster Based C-V2X. 
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different k-values against a varying distance threshold 

between 300m to 1000m.  

 

Figure 3. Average Number of V2I User Links across Number of Clusters 

vs Distance Threshold. 

Figure 3 indicates that the number of V2I users drops 

with increasing distance threshold range being considered, 

with a total variation of 27 users across threshold range. 

The minimum number of V2I users is observed at the 

maximum threshold, implying that this point potentially 

meets the requirement of minimizing the number of users 

contending for V2I bandwidth resources. 

The plot in Figure 4 shows the variation of average 

number of V2I users across distance against number of 

clusters. The number of clusters considered ranges across 

the total number of vehicles, from 1 to 400. It is observed 

that at just one cluster, the average number of V2I vehicles 

across distance threshold is approximately 375, which is 

essentially the total number of vehicles less the number of 

CMs in the cluster. This means we have an average of 25 

CMs in the first clusters across distance threshold and the 

total number of free vehicles is around 374, which 

represents the total number of V2I vehicles less the CH of 

the single cluster. 

 

Figure 4. Plot of Average Number of V2I User links Across Distance 

Threshold Vs Number of Clusters. 

However, as the number of clusters increase, the 

number of V2I vehicles and links drops until a point is 

reached where a further increase in the number of clusters 

increases the number of V2I vehicles or links. This points 

(number of clusters, number of V2I user links) is reached 

at approximately (36, 66). From this point onwards there is 

an almost linear increase I the number of V2I user links 

with number of clusters, until a point where every 

individual vehicle is a CH of its own cluster at (400,400).  

A 3D-plot showing a comprehensive variation of V2I 

along distance threshold and number of clusters is 

presented in Figure 5.  

 

Figure 5. Surface Plot Showing Variation of V2I and FV User Links 

Across Distance Threshold and Number of Clusters. 

It also shows the variation of number of free vehicles 

links within the number V2I user links. The FV links 

continues to decrease across increasing number of clusters 

and increasing distance threshold. 

The minimum number of V2I users is obtained at 18 

clusters and 1000m of cluster distance threshold. At this 

point the number of free vehicles, 6 is the total number of 

V2I user links, 24 less the number of clusters, 18. 

For the CH-to-CM V2V side-links, it is understandable 

that the number of side-links is the total number of vehicles 

less the CHs and FVs. But one important parameter in the 

V2V side-link context is the maximum cluster size, which 

defines the number of side-links or the number of CMs in 

the most populated cluster. The importance is particularly 

related to how resource allocation is done in our V2V 

resource reuse scheme described in Section II. The 

resources allocated to each CH-to-CM side-link is directly 

determined by and inversely proportional to maximum 

cluster size. Figure 6 shows how average maximum cluster 

size across distance threshold behave in response to 

changes in the number of clusters. As number of clusters 

increases, the average maximum cluster size over all 

distance threshold considered increases, until a specific 

number of clusters is reached (in this case about 8 clusters). 

At this point, a further increase in the number of clusters 

reduces the maximum cluster size achievable until a point 

where the number of clusters equals the number of nodes 

in context, at which point cluster size is 1 and at minimum. 
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Figure 6. Plot of Average Maximum Cluster Size across Distance 

Threshold Vs Number of Clusters. 

Figure 7, on the other hand, presents the variation of 

average maximum cluster size across number of clusters 

against distance threshold.  

The plot clearly indicates that the maximum cluster size 

increases with increasing distance threshold, however 

compared to the variation across number of clusters, it is 

observed that the changes in maximum cluster size here is 

relatively small, with a total variation of less than 3 vehicles 

as compared to a maximum cluster size variation of 

approximately 57 vehicles observed in Figure 6. 

 

Figure 7. Plot of Average Maximum Cluster Size across Number of 

Clusters Vs Distance Threshold. 

The investigation extends beyond the mere 

comprehension of the dynamics exhibited by distinct 

components within vehicular nodes in response to 

variations in distance thresholds and number of clusters. 

The outcomes gleaned from this analysis offer valuable 

indications for the strategic optimization of bandwidth 

resource utilization and the amelioration of potential 

bottlenecks in cluster backhaul. 

IV.  PROPOSED OPTIMAL-K PROBLEM 

 

Our aim is to maximize the bandwidth available to both 

V2I and V2V links and potentially minimize throughput 

bottleneck along relay transmission path. Unlike traditional 

k-selection schemes, we seek to understand the relationship 

between the k-value, number of unclustered vehicles and 

how they affect the bandwidth resources at the disposal of 

V2I and V2V links. 

For each number of clusters, kx ranging across the 

entire number of vehicles as described by the set, K in 

equation (1) , the corresponding centroid positions are 

evaluated using k-means and k-means++.  

 K = {kx: 1 ≤ x ≤ n} (1) 

For each value of kx, considering a superset, Ζ 

comprising of a set of Signal-to-Noise Ratio (SNR) values, 

ζt. Each set, ζt comprises of evaluated SNR values between 

each vehicle Vt ∈ V and all centroids, i as defined in 

equations (2), (3) and (4) and each cluster has a 

corresponding cluster head, Chi as in equation (5) 

 Ζ ⊒ {ζt: 1 ≤ t ≤ n} (2) 

 V = {Vt: 1 ≤ t ≤ n} (3) 

 ζt = {ζi: 1 ≤ i ≤  kx} (4) 

 C = {ci: 1 ≤ i ≤  kx} (5) 

where n is number of vehicles, V is a set of all vehicles, 

 kx represents the number of centroids, t represents the 

index of specific vehicle and i is the index of a specific 

cluster, CH, or centroid. 

Also, we consider a set of distance thresholds defining 

the radius within which clusters are bounded to be dth, we 

define a set of SNR threshold, SNRth as a function of dth 

as described in Equation (6). Where the function is based 

on sidelink pathloss, Received Signal Strength (RSS) and 

noise. 

 f(dth) → ζth (6) 

Having estimated ζth, we associate each vehicle to 

centroids with which the vehicle has maximum SNR, ζt and 

whose ζt is below the threshold. For every value of  kx 

number of centroids, we have cluster identities ranging 

from 1 to  kt and mapped to each vehicle and saved as a set 

of vehicle cluster identity, CL as presented in equation (7) 

with the size of each cluster, Cs defined in equation (8). The 

maximum cluster size, Cmax is identified and the number of 

free vehicles, Fv is evaluated as presented in equations (9) 

and (10). 

 CL = ζt1≤t≤n
∀ {

argmax
1 ≤ i ≤  kx

(ζt ≥ ζth, ci)} 

CL = {Ct: 1 ≤ t ≤ n} 

(7) 

 Cs = {Csi, 1 ≤ i ≤  kx: n(ci ∈ CL} (8) 

We then exploit the variation in number of CHs, 

number of FVs and maximum cluster size, Cmax with the 

distance threshold and number of clusters to maximize the 

bandwidth available per V2I and V2V link. Both Cmax and 

Fv are estimated as presented in equations (9) and (10), 

respectively. 

 Cmax = max{Cs} (9) 
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Fv = n − ∑ Csi

 kx

i=1

 

(10) 

Recalling resource allocation approach, where V2V and 

V2I links are allocated distinct dedicated frequency band 

and V2I bands are dedicated and separate from bands used 

by other BS users, we have decided to approach k-selection 

in a way that maximizes usage of both V2V and V2I 

bandwidth resources per link. This approach seeks to keep 

the bandwidth allocated to V2I and V2V as close as 

possible with the bandwidth allocated to V2I links greater 

than the bandwidth allocated to V2V side links. The 

optimization problem is defined in equations (11) to (17), 

with the multi-objective functions are presented in 

equations (11) and (12), while the constraints are presented 

in equations (14) to (17). 

 𝐵𝑣2𝑖

 𝑘𝑥 + 𝐹𝑣

+
𝐵𝑣2𝑣

𝐶𝑚𝑎𝑥

  𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
(11) 

 𝐵𝑣2𝑖

 𝑘𝑥 + 𝐹𝑣

−
𝐵𝑣2𝑣

𝐶𝑚𝑎𝑥

 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 
(12) 

The first objective function presented in the 

optimization expression in (11) seeks to maximize the 

combined bandwidth per V2I and V2V link, consequently 

seeking to reach a compromise between the number of V2I 

links and cluster size. While maximizing the bandwidth per 

user link, the second objective function presented in the 

optimization expression in (12) seeks to minimize the 

difference between V2I and V2V bandwidth per user link. 

The aim is to prevent excessive skewing of bandwidth 

towards V2I, which could in turn portend redundant 

throughput at the backhaul. 

We then combine the objective functions to a single 

super objective function which when maximized, its 

optimal solution is used to find the maximum combine V2I 

and V2V bandwidth per user-link. The super objective 

function is expressed in (13). 

 𝐵𝑣2𝑖

 𝑘𝑥 + 𝐹𝑣

+
𝐵𝑣2𝑣

𝐶𝑚𝑎𝑥

− (
𝐵𝑣2𝑖

 𝑘𝑥 + 𝐹𝑣

−
𝐵𝑣2𝑣

𝐶𝑚𝑎𝑥

)   𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 

(13) 

The objective functions are constrained by the 

conditions expressed in the inequalities between (14) and 

(17). The first inequality presented in (14) limits the V2V 

and V2I optimal bandwidth pair to a pair that where V2I 

bandwidth is greater than V2V bandwidth. The reason for 

this is to guarantee some performance reliability for CH’s 

V2I links that shoulders relaying responsibility. A 

performance issue for CH V2I links has a multiplier effect 

on CMs. The constraint in (15) limits the k-selection 

solution to a range number of clusters within which the 

condition that V2V bandwidth per user link can only be as 

big as V2I link bandwidth per user can be satisfied. This is 

useful to keep the number of clusters within the range that 

sustains the proximity advantage defined by traditional k-

selection methods. Here, we used a quantitative silhouette-

based elbow method similar to the approach used in [15]. 

The inequality in (16) and (17) constrains the objective 

functions to values where  𝑘𝑥 and 𝐶𝑚𝑎𝑥  is greater than 1 

and to values where 𝐵𝑣2𝑖 , 𝐵𝑣2v, kelb and Fv is non-zero. 

This is to exclude extremities from solution options. 

 

 

Bv2i

 kx + Fv

≥
Bv2v

Cmax

 
(14) 

 kelb + 2 ≥  kx ≥ kelb (15) 

  kx, Cmax > 1 (16) 

 Bv2i, Bv2v, kelb, Fv > 0 (17) 

Here, Bv2i is the total bandwidth resource allocated for 

V2I communication, Bv2v is the total bandwidth resource 

allocated for V2V communication and kelb is the optimal 

k-value as estimated using the quantitative elbow method.  

                   V. CONCLUSION 

This research addresses the critical challenges arising in 

the V2X communication landscape, particularly within the 

context of autonomous vehicles. The preliminary findings 

presented herein underscore the significance of a resource-

aware approach to the selection of the number of clusters 

(k) in vehicular networks. Existing clustering 

methodologies, while effective, often overlook the 

presence and impact of unclustered or free vehicles, thus 

necessitating a more comprehensive analysis. 

Through a meticulous investigation of the dynamics 

within vehicular clusters, considering variations in cluster 

range (dth) and the number of clusters (k), this study 

reveals consistent patterns and correlations between the 

number of vehicular components and the variables. 

Noteworthy insights have emerged, indicating that within a 

dedicated resource allocation approach, there exist points 

across the different variables where V2I and V2V 

bandwidth can be maximized. 

The proposed resource-aware k-selection model, rooted 

in these findings, holds substantial promise for enhancing 

the efficiency and performance of V2X communication. By 

optimizing the utilization of bandwidth resources and 

mitigating potential bottlenecks, this model contributes to 

the realization of a seamless and high-throughput vehicular 

communication network. Future work will delve deeper 

into the optimization problem presented, refining the 

model, and validating its efficacy through simulations and 

real-world implementations. This research seeks to propel 

advancements in V2X communication, aligning with the 

transformative potential of autonomous vehicles in 

reshaping the landscape of transportation efficiency and 

safety. 
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Abstract—This paper focuses on futuristic connected vehicles
and presents a strategy for autonomous platooning of general
connected vehicles including low-speed utility vehicles, which
drive over various terrains, not limited to roads. In such general
environments, the goal of a following vehicle is to keep following
its preceding vehicle with minimum distance and without colli-
sion. Since the vehicles are connected, the following vehicle in the
proposed strategy receives the controls of its immediate preceding
vehicle through communications and predicts a future pose of the
preceding vehicle in a receding horizon. Further, the prediction
incorporates the inertial motion and is probabilistically executed
in the framework of Recursive Bayesian Estimation by fusing the
two distributions predicted by a particle filter through Gaussian
approximation. The performance of the proposed strategy was
investigated using simulated golf carts with a drive-by-wire
system. The proposed strategy has been found to improve the
accuracy of the conventional following by 30.4%.

Index Terms—autonomous following; connected vehicles; recur-
sive bayesian estimation; receding horizon control.

I. INTRODUCTION

The last two decades have seen the dramatic advancement
of vehicle autonomy including autonomous platooning, which
allows a sequence of vehicles to drive autonomously. While
the leader vehicle may also be automated, the first interest of
autonomous platooning results in autonomously navigating a
follower vehicle such that it keeps a targeted distance from its
preceding vehicle during the entire navigation. Autonomous
following has become the primary concern of autonomous
platooning.

Past work on autonomous vehicles can be primarily studied
in two applications. With society’s interest, recent efforts have
been most exerted on autonomous driving where vehicles are
expected to be driven with a minimum or target distance to
minimize traffic congestion while avoiding collision [1]. Since
roads are structured well having planar surfaces with various
marks and signs, such as lanes, the majority of the work was
conducted on the detection and localization of such objects and
autonomous following in the reduced free space [2]. Because
vehicles on public roads are not connected to each other,
follower vehicles determine their final control actions based
on what they can observe using their sensors.

The second application is often known in the name of multi-
robot cooperation. Formation control is a synchronous ap-
proach where all the robots including the leader are controlled
to maintain the pre-designed formation [3][4]. This is not the

approach of interest in this paper since the paper is concerned
with the autonomous control of a following vehicle only. The
other popular approach is the leader-follower approach where
each of the follower robots sequentially and independently
determines its path after the path of the leader is given [5]–
[7], which is along with the interest of this paper and has
been widely studied. Some early work planned a path to pass
through waypoints whereas trajectories specifying states in
full-led follower robots subject to dynamic behavior more
accurately [8]. Extended work includes that of [9] which
developed a collision avoidance strategy for environments
with obstacles that do not allow the maintenance of the
pre-designed formation. Communication between the leader
robot and a follower robot was proposed by [10] to transmit
the follower’s path computed by the leader after the leader
redesigned its path for obstacle avoidance. The technique
works well if the leader robot is autonomous. However, the
full autonomy of the leader robot in the real world is still
unrealistic, so autonomous following should be developed for
manually operated leader vehicles.

This paper presents a strategy for autonomous following of
general connected vehicles including low-speed utility vehi-
cles. The proposed technique does not rely on traffic marks
and signs to drive over various terrains and enhances its au-
tonomous following capability by using vehicle connectivity;
the following vehicle receives the controls of its immediate
preceding vehicle through communications and predicts a
future pose of the preceding vehicle in a receding horizon.
Further, the prediction incorporates the inertial motion and
is probabilistically executed in the framework of Recursive
Bayesian Estimation (RBE) by fusing the two distributions
predicted by a Particle Filter (PF) through Gaussian approxi-
mation.

The paper is organized as follows. The next section de-
scribes the mathematical foundation of the leader vehicle es-
timation problem and two conventional techniques to achieve
autonomous following. Section III presents the technique
which is proposed to enhance autonomous following leverag-
ing vehicle connection. Experimental studies are conducted in
Section IV, and conclusions and future work are summarized
in the final section.
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II. RECURSIVE BAYESIAN ESTIMATION

A. Leader and Follower Vehicle Models

Consider a leader vehicle l with its unknown global state
given by xl ∈ X l, the motion of which is generically modeled
by

xl
k = f l

(
xl
k−1,w

l
k

)
, (1)

where wl
k is a motion noise. This leader vehicle is observed by

an autonomous follower vehicle f , the global state of which
is evolved with the motion model

xf
k = ff

(
xf
k−1,u

f
k ,w

f
k

)
, (2)

where xf
k ∈ X f and uf

k ∈ Uf represent the state and control
input of the follower vehicle, respectively, and wf

k ∈ Wf is
the motion noise of the follower vehicle.

The follower vehicle will be equipped with various sensors
including those for self-localization and those for observa-
tion of targets of interest and environments. To focus on
autonomous following, the pose of the follower vehicle is
assumed to be known exactly, so only the model of the sensor
for leader vehicle localization is thus formulated:

fzlk = fhl
(
xl,xf

k ,
fvl

k

)
(3)

where fzlk is the observation of the leader vehicle by the sensor
on the follower vehicle, and fvl

k represents the observation
noise [13].

B. Recursive Bayesian Estimation

In the context of autonomous following, the RBE gener-
ically estimates belief on the leader vehicle in the global
coordinate frame. This is done by representing the belief in
terms of a Probability Density Function (PDF) and recur-
sively updating it through prediction and correction. Let us
consider a generic scenario where a sequence of observations
of the leader vehicle by the follower vehicle is given by
f z̃l1:k ≡

{
f z̃lκ|∀κ ∈ {1, ..., k}

}
. Note here that (̃·) represents

an instance of variable (·). Given the initial belief p
(
xl
0

)
and

the sequence of observations f z̃l1:k, the lead vehicle belief at
time step k, p

(
xl
k|f z̃l1:k, x̃

f
1:k

)
, is updated as follows:

Prediction: Computes the follower vehicle belief at k

p
(
xl
k|f z̃l1:k−1, x̃

f
1:k−1

)
from the belief updated at k − 1

p
(
xl
k−1|f z̃l1:k−1, x̃

f
1:k−1

)
. The prediction is carried out by

Chapman-Kolmogorov equation:

p
(
xl
k|f z̃l1:k−1, x̃

f
1:k−1

)
∫
X l

p
(
xl
k|xl

k−1

)
p
(
xl
k−1|f z̃l1:k−1, x̃

f
1:k−1

)
dxl

k−1, (4)

where p
(
xl
k|xl

k−1

)
is a Markov motion model defined by (1).

Correction: Computes the robot and target belief
p
(
xl
k|sz̃l1:k, x̃

f
1:k

)
given the predicted belief

p
(
xl
k|f z̃l1:k−1, x̃

f
1:k−1

)
and the new observation f z̃lk at the

new state x̃f
k . The equation is derived by applying formulas

for marginal distribution and conditional independence and
given by

p
(
xl
k|f z̃l1:k, x̃

f
1:k

)
=

l
(
xl
k|f z̃lk, x̃

f
k

)
p
(
xl
k|f z̃l1:k−1, x̃

f
1:k−1

)
∫
X l l

(
xl
k|f z̃lk, x̃

f
k

)
p
(
xl
k|f z̃l1:k−1, x̃

f
1:k−1

)
dxl

k

, (5)

where l
(
xl
k|f z̃lk, x̃

f
k

)
represents the likelihood of xl

k given
observation f z̃lk.

There are two approaches that have been commonly used
for the autonomous control of the follower vehicle. The
inexpensive approach is observation based and determines the
next control of the follower vehicle uf

k+1 using the latest
observation f z̃lk and the current state x̃f

k ; the control uf
k+1 is

found such that the belief resembles the observation likelihood:

J
(
l
(
xl
k|f z̃lk, x̃

f
k

))
=

∥∥∥g (
l
(
xl
k|f z̃lk, x̃

f
k

))
−

(
xf
k+1 + dk

)∥∥∥
2
→ min

uf
k+1

(6)

where
xf
k+1 = ff

(
x̃f
k ,u

f
k+1, w̃

f
k+1

)
, (7)

g (·) returns the centroid of the likelihood, and dk is the
desired gap of the follower vehicle to the leader vehicle. ∥ · ∥
is an L2 norm.

The more intelligent approach identifies a sequence of nc

controls, uf
k+1:k+nc

, by predicting the belief recursively up to
the (k+nc)-th time step in the framework of receding horizon
control (RHC):

J
(
p
(
xl
k+nc

|f z̃l1:k, x̃
f
1:k

))
=

∥∥∥g (
p
(
xl
k+nc

|f z̃l1:k, x̃
f
1:k

))
−

(
x̃f
k+nc

+ dk

)∥∥∥
2

→ min
uf

k+1:k+nc

(8)

where

p
(
xl
k+κ|f z̃l1:k, x̃

f
1:k

)
=

∫
X l

p
(
xl
k+κ|xl

k+κ−1

)
p
(
xl
k+κ−1|f z̃l1:k, x̃

f
1:k

)
dxl

k, (9a)

xf
k+κ = ff

(
x̃f
k+κ−1,u

f
k+κ, w̃

f
k+κ

)
(9b)

∀κ ∈ {1, ..., nc}

It is to be noted that (8) may be represented with an integral
payoff instead of the terminal payoff.

Both approaches work well if the leader vehicle has a
predictable motion and moves within the range the follower
vehicle can track. However, the motion of the leader vehicle
is, precisely, given not by (1) but by

xl
k = f l

(
xl
k−1,u

l
k,w

l
k

)
, (10)

where the control of the leader vehicle, ul
k, significantly affects

its motion in addition to the motion noise wl
k. If the intention
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of the leader vehicle, ul
k+1:k+nc

, is beyond the expectation,
the follower vehicle may not be able to track the leader
vehicle successfully. The number of steps to look ahead nc,
as a consequence, cannot be large, which results in unstable
controls.

III. AUTONOMOUS PLATOONING

A. Overview

Figure 1 illustrates the proposed technique for autonomous
platooning. The technique is built on conventional methods but
incorporates novel leader intention prediction, which was orig-
inally proposed by the authors for robotic escorting [11][12].
The following vehicle estimates the current pose of the leader
vehicle xl

k and predicts its future pose xl,α
k+np

from the current
pose using the RBE as the conventional following does. Here,
the superscript α indicates the conventional following whereas
np indicates the number of steps to look ahead by the proposed
technique. However, the future pose of the leader vehicle in the
proposed technique is additionally predicted as xl,β

k+np
using

the current leader vehicle data transmitted through connection
to the follower vehicle including the steering angle and the
vehicle speed, which cannot be observed well. Here, the
superscript β indicates the prediction using the leader vehicle’s
control. The proposed technique then fuses the two predictions
and determines future controls uf

k+1:k+np
using the RHC. Pre-

diction using the vehicle control data is an additional effective
source for follower control because the current control is often
the intention of the leader vehicle in a longer time horizon.
The number of steps to look ahead by the proposed technique,
np, is thus larger than that of the conventional technique nc,
and the prediction by the proposed technique is also expected
to be more accurate. The follower vehicle, thus, can potentially
achieve more smooth and successful platooning even in noisier
environments.

B. Prediction Using Particle Filter

The steering angle of the leader vehicle cannot be observed
from the follower vehicle whereas the speed of the leader
vehicle cannot be accurately measured from the follower ve-
hicle due to the dynamic relative motion. Since it receives the
precise steering angle and vehicle speed through connection,
ũl
k, the follower vehicle can identify what the leader vehicle

intends to do. Let the intended control that may be used up to
the time step k + np be ul

k→np
∼ N

(
ũl
k,Σ

l,u
k

)
. Using the

PF, the pose of the leader vehicle can be then predicted by
leveraging the intention as

xβ
k+κ,i = fβ

(
xβ,i
k+κ−1,u

β,i
k→np

,wβ,i
k

)
,

∀κ ∈ [1, ..., np] ,∀i ∈ [1, ..., N ] , (11)

where wβ,i
k ∼ N

(
w̄α

k ,Σ
β,w
k

)
, and N is the number of

particles.

Figure 1. Conventional platooning vs. proposed platooning.

The pose can also be predicted using the motion model
without the control as

xα,i
k+κ+1 = fα

(
xα,i
k+κ,w

α,i
k

)
,

∀κ ∈ [1, ..., np] ,∀i ∈ [1, ..., N ] , (12)

where wα,i
k ∼ N (w̄α

k ,Σ
α,w
k ). Note that the PF is used in

the proposed technique because the motion model is non-
Gaussian; the particles of both predictions will be spread in a
non-Gaussian manner in the state space due to the nonlinearity
of the motion models. Clearly, prediction with control is more
accurate if the current control lasts long in the future whereas
prediction with the current pose and without control is more
accurate if the current control is given transitionally. The
level of confidence of the predictions is determined by Σα,w

k ,
Σβ,w

k and Σl,u
k . While Σα,w

k in the model without control
modeling is much larger than Σβ,w

k , the control uncertainty
Σl,u

k , which is added to fβ , becomes the factor to determine
which prediction is more certain.

C. Receding Horizon Control Based on the Hybrid Prediction

Once they have been spread over the state space, the two sets
of particles must be fused to ultimately determine the control
action. The proposed approach uniquely approximates each
distribution as a Gaussian distribution. This approximation is
valid since random noise dominates the distribution over time.

23Copyright (c) IARIA, 2024.     ISBN:  978-1-68558-134-3

VEHICULAR 2024 : The Thirteenth International Conference on Advances in Vehicular Systems, Technologies and Applications

                            32 / 52



By definition, the mean and the covariance of each distribution
is calculated as

x̄
(·)
k+np

=
1

N

N∑
i=1

x
(·),i
k+np

(13a)

Σ
(·)
k+np

=
1

N

N∑
i=1

(
x
(·),i
k+np

− x̄
(·)
k+np

)(
x
(·),i
k+np

− x̄
(·)
k+np

)⊤

(13b)

where (·) is prediction without control α or prediction with
control β, and ⊤ represents the transpose of the matrix.
The mean of the probability distribution combining the two
distributions can be then derived through the multiplication:

x̄l
k+np

=
Σβ

k+np

Σα
k+np

+Σβ
k+np

x̄α
k+np

+
Σα

k+np

Σα
k+np

+Σβ
k+np

x̄β
k+np

.

(14)
Now that the target pose of the leader vehicle in the np

step lookaheads is identified, the RHC determines a sequence
of control actions of the follower vehicle by minimizing the
objective function:

J
(
x̄l
k+np

)
=

∥∥∥x̄l
k+np

−
(
xf
k+np

+ dk

)∥∥∥
2
→ min

uf
k+1:k+np

(15)

where

xf
k+κ = ff

(
xf
k+κ−1,u

f
k+κ, w̃

f
k+κ

)
,

∀κ ∈ {1, ..., np} . (16)

IV. EXPERIMENTAL RESULTS

A. Experimental Settings
The proposed technique was evaluated using two golf carts

in a simulated environment, which are available to the au-
thors for real-world demonstration in the future. Each cart
has a full set of components for autonomous platooning
including a communication module for vehicle connection,
a stereo camera for relative pose measurement, a GPS and
IMU for global positioning, and a drive-by-wire system for
computer-controlled actuation. The simulated carts used the
same components. Figure 2(a) shows the real cart whereas
their simulated version is shown in Figure 2(b). In order to
validate the efficacy of the proposed platooning technique
over conventional techniques, the two conventional techniques
described in Section II were also used for autonomous pla-
tooning. One was observation based with no prediction and
connection, and the other was with prediction but without
connection. Since the aim of the experimental analysis is the
proof-of-concept, the motion models of the leader cart and the
follower cart were for the two-dimensional space and given by

x
(·)
k = v

(·)
k cos θ

(·)
k (17a)

y
(·)
k = v

(·)
k sin θ

(·)
k (17b)

θ
(·)
k =

v
(·)
k

L
tan γ

(·)
k , (17c)

(a) Golf cart. (b) Simulated golf cart.

Figure 2. Physical vs. simulated systems.

where x
(·)
k =

[
x
(·)
k , y

(·)
k , θ

(·)
k

]⊤
is the set of state variables, and

u
(·)
k =

[
v
(·)
k , γ

(·)
k

]⊤
is the set of control variables. (·) is l or

f . For the leader cart model with no control information, the
motion model with the controls of the average observed speed
v̄lk and 0 steering angle was used since it is valid to assume
that the cart moves straight with the current orientation. The
relative difference dk = [dx,k, dy,k, dθ,k]

⊤ places the follower
cart behind the leader cart in the same orientation:

dx,k = d cos θlk (18a)

dy,k = d sin θlk (18b)
dθ,k = 0, (18c)

where d is the targeted distance. In the numerical simulation,
the leader cart was programmed to drive a winding path since
the proposed technique is effective when the cart is turning.
Table I lists the parameters used in the experiment.

TABLE I
PARAMETERS FOR EXPERIMENT

Parameter Value
L 1.2 [m]
v̄lk 8.5 [m/s]
d 4 [m]

Σl,u
k [0.1, 0, 0, 0.087] [,m,m,m]

w̄α
k [0.5, 0.5] [m,m]

Σα,w
k [0.05, 0, 0, 0.017] [m,m,m,m]
w̄β

k [0.5, 0.5] [m,m]
Σβ,w

k [0.5, 0, 0, 0.087] [m,m,m,m]
N 1000

B. Results

Figure 3 shows the results of the proposed platooning tech-
nique compared to those of the two conventional techniques.
Figure 3(a) first shows the paths of the follower cart by the
proposed and the conventional techniques in addition to those
of the leader cart and the ideal follower cart. The path of the
ideal follower cart xideal

k , given that of the leader cart xl
k is

given by
xideal
k = xl

k − dk. (19)
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The closer the path to that of the ideal follower cart, the better
the path. It is seen that the path of the proposed technique is
significantly better than that of the conventional techniques.
The observation based technique with neither prediction nor
connection is shown to have the worst path partly because the
control of the leader cart is not observable and partly because
this limited observation is the only source of information to
determine the control of the follower cart; if the observation is
noisy, the control fluctuates according to the noisy observation
and thus becomes inaccurate. The prediction based technique
with no connection performs better but is still inefficient when
compared to the proposed technique. This is due to the lack of
information on the control of the leader cart, which makes the
prediction of the future pose of the leader cart more accurate.
Figure 3(b) shows the error in the orientation of the follower
cart with respect to the ideal orientation. The superiority of the
proposed technique to the conventional techniques can also be
seen in this result since the configuration of the orientation
with the proposed technique captures that of the leader cart
most.

Figure 3(c) lastly shows the positional error. The positional
error is defined by

E
(·)
k =

∥∥∥xideal
k − x̄f

k

∥∥∥
2

(20)

It is seen that the proposed technique yields the minimum
positional errors constantly, which is the result of the predic-
tion using information through vehicle connectivity. The mean
positional error of the proposed technique is 3.7% whereas
that of the conventional observation and prediction techniques
are 8.0% and 5.3%, respectively. The error of the proposed
technique is particularly small around 10 seconds when the
cart is turning maximally. This is because the technique used
information on the turning. The result conclusively shows
that the proposed technique has improved the accuracy of the
conventional techniques by 30.4%.

V. CONCLUSION AND FUTURE WORK

This paper has presented a strategy for autonomous follow-
ing of general connected vehicles. In the proposed strategy, the
following vehicle receives the controls of its immediate pre-
ceding vehicle through communications and predicts a future
pose of the preceding vehicle using the PF and the Gaussian
fusion. The autonomous control of the follower vehicle is
finally determined through the RHC. The performance of
the proposed strategy was investigated using simulated golf
carts with a drive-by-wire system. The results show that the
proposed strategy improved the accuracy by 30.4%, and it was
particularly effective when the leader cart was turning sharply.

The paper shows only the preliminary results and much
future work is possible. Ongoing work includes experimental
validation using the real golf carts, modeling of uncertainties
and the effect, and the reduction of communication delay.
Communication delay weakens the effect of the proposed
technique, so minimizing it is an essential task to complete.

(a) Vehicle path.

(b) Angular root mean squared error.

(c) Planar position error.

Figure 3. Simulation results.
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Abstract—The gap between technology readiness level in Co-
operative Intelligent Transport Systems (C-ITS) and its adoption
and deployment has caused a phenomenon where at least two
types of network access technologies have to coexist. Further-
more, for the case of the European Telecommunications Stan-
dards Institute (ETSI) Intelligent Transport Systems protocols,
work is being completed in Release 2 of the specification while
Release 1 deployments are still underway. This, coupled with
industry and consumer trends in the vehicle industry, is bound
to cause a scenario where fully C-ITS-enabled vehicles have
to coexist with non-C-ITS road users and, at the very least,
with different versions of C-ITS. In this paper, we analyze the
performance in terms of efficiency and safety of two releases of
the ETSI GeoNetworking protocol and we discuss possible paths
to tackle the upcoming compatibility and coexistence problems.

Index Terms—Coexistence, Contention Based Forwarding,
ETSI, GeoNetworking.

I. INTRODUCTION

The use of C-ITS to maximize road safety and traffic
efficiency has been one of the cornerstones upon which future
mobility is built. The final stage of Cooperative, Connected
and Automated Mobility (CCAM) depends on the presence of
C-ITS on all roads and at all times, exchanging information
and coordinating their maneuvers [1].

The road to CCAM is divided in three different fronts:
connection (the ability to exchange information through net-
works), cooperation (the protocols that define how intelligent
vehicles react to information and each other’s actions), and
automation (the level of human intervention on the driving
task). These fronts have particular stages (e.g., levels of
automation [2]), but they share common stages, such as the

Days in Vision Zero [1]. These Days (1–4) are incremental
steps toward the realization of full CCAM:

• on Day 1, awareness starts, and vehicles share their status
using messages like Cooperative Awareness Message
(CAM) and Decentralized Environmental Notification
Message (DENM) (i.e., in the framework established by
the ETSI);

• on Day 2, cooperation starts, and vehicles exchange
information from their sensors using, e.g., Collective
Perception Messages (CPMs);

• on Day 3, road users communicate their intentions; and
• on Day 4, road users execute coordinated maneuvers.

These days take into account the evolution of technology.
For example, in the connection front, Day 1 considers the
use of Vehicular ad hoc Networks (VANETs) supported on
cellular communications (i.e., LTE) or in WiFi (e.g., ETSI ITS-
G5, based on IEEE 802.11p). From Day 2 onward, C-ITSs
expect the use of evolved technologies (e.g., 5G, 802.11bd, and
technologies beyond these two). The choice between cellular
or WiFi is the first hurdle towards the harmonic coexistence
of different types of intelligent vehicles, and ETSI develops
media-dependent protocols for both approaches [3], [4]. Thus,
manufacturers and transportation authorities are given the
chance to select one or many technologies.

However, industry and consumer patterns are likely to cause
a scenario where vehicles that are produced in 2023, with the
technological features present this year, will share the road
with fully CCAM-enabled vehicles in 2050 [5]. Even now,
figures from the industry show that the average age for a
vehicle in Europe ranges from 12 to 14.7 years for cars and
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Fig. 1. ETSI ITS Architecture.

trucks, respectively, and some countries have even larger mean
values [6]. This means that is highly likely to have a fleet with
1) different technological capabilities, and 2) different versions
of the same technology.

In this paper, we present the effect of the coexistence
of two versions of one safety-critical protocol: Release 1
of ETSI Contention-Based Forwarding (CBF) [7], and the
changes proposed to Release 2, which were originally pre-
sented in [8] and [9]. We evaluate efficiency metrics such
as the number of transmissions and its variation with larger
penetration rates of the newer protocol in scenarios where
a message has to be distributed within a Destination Area.
Finally, we discuss the likely scenarios for coexistence and
possible compatibility between two versions of one protocol.

The rest of the paper is organized as follows: in Section II,
we present the two releases of the ETSI CBF protocol; in
Section III, we perform an experimental assessment of the
penetration rate of the updated protocol on effectivity and
efficiency; Section IV presents a discussion on scenarios and
alternatives to paliate the problem of having a mixed fleet;
and finally, conclusions and future work are presented in
Section V.

II. BACKGROUND

A. ETSI ITS Architecture

Figure 1 shows the layers and entities of the ETSI ITS
architecture. At the very top, the Application layer hosts
systems that pursue the goals of all C-ITSs — road safety and
traffic efficiency — as well as other functions (e.g., related
to infotainment). These applications are supported by the
Facilities layer, e.g., by safety-critical Day 1 services like the
Cooperative Awareness (CA) and Decentralized Environmen-
tal Notification (DEN) basic services. These services exchange
messages with other nodes (vehicles and the infrastructure)
that allow applications fulfill their roles: for example, a DENM

warns road users about roadworks ahead of the road, and an
application can suggest or take a new route.

Messages are generated by services at the Facilities layer
and then get sent down the stack to the Networking &
Transport layer. Depending on the use case and requirements
from applications, a message can be broadcast to neighbors
one hop away (i.e., Single-Hop Broadcasting (SHB)), or
towards a specific area of interest (Destination Area). The
latter is achieved through GeoNetworking [7]. In either case,
packets are encapsulated and sent down to the Access layer
for transmission.

The Access layer executes Medium Access Control as well
as Congestion Control functions. This layer accommodates
both WiFi-based and cellular-based access technologies. For
the case of WiFi-based access (i.e., ETSI ITS-G5), channel
occupation (i.e., Channel Busy Ratio (CBR)) is measured
at this layer and, using Decentralized Congestion Control
(DCC) [10], each station calculates the share of the medium
it can use, which ranges from 0.06% to 3% of the medium,
or a message rate between 1 and 40 Hz. This means that, even
in extremely low congestion conditions, consecutive messages
must wait in the DCC queues for at least 25 ms between each
dequeuing. From these queues, frames are then sent to the
Enhanced Distributed Channel Access (EDCA) queues where
they wait for their time to contend for access to the medium.

The road a message takes from generation to transmission
and the possible bottleneck or sinkhole effects that different
phenomena, e.g., at the Access layer, can have on protocol
performance is accounted for by ETSI protocols. E.g., a CAM
can only be generated if the message rate is less or equal to
the one allowed by DCC. However, the appearance of new
services and the expected effect of having a high number of
nodes in proximity of each other has prompted the research
community to study these effects continuously [11].

B. GeoNetworking in ETSI ITS

Routing protocols in conventional computer networks rely
on Layer 3 addresses to send data between hosts in remote
locations. This is typically achieved through IP addressing. In
the context of VANETs, where use cases sometimes require
the dissemination of information to a given area, geographical
awareness is required for a routing protocol. Hence, GeoNet-
working functionalities are included, e.g., in the Network-
ing & Transport layer of the ETSI ITS protocol stack [7].
GeoNetworking allows for messages to reach a Destination
Area without the need of maintaining a record of the network
addresses of nodes in that area, which would be difficult due
to the dynamic nature of vehicular networks.

ETSI defines mechanisms to broadcast information to a
geographical Destination Area when:

• the source is outside the Destination Area and the mes-
sage has to arrive in it (e.g., using Greedy Forwarding or
CBF); or

• the message originates from or arrives into the Desti-
nation Area and is disseminated using CBF or Simple
Forwarding.

28Copyright (c) The Government of Sweden, 2024. Used by permission to IARIA.     ISBN:  978-1-68558-134-3

VEHICULAR 2024 : The Thirteenth International Conference on Advances in Vehicular Systems, Technologies and Applications

                            37 / 52



Non-Area mechanisms are out of the scope of this paper, but
we can summarize Greedy Forwarding as a mechanism where
each hop selects its farthest known neighbor and determines
it as the next hop toward the Destination Area. These type of
mechanisms have been widely studied, and the ETSI-defined
version of Greedy Forwarding is evaluated in-depth in [12]
and [13].

Regarding Area forwarding mechanisms, Simple Forward-
ing can be described as a brute-force mechanism where every
node that receives a message forwards it immediately (i.e.,
simple flooding). CBF, on the other hand, makes receivers
start a contention timer that is proportional to their distance
from the last hop before they decide to forward the message.
If they listen to a forwarding while they are waiting for their
timer to expire, they cancel the timer and drop their copy of
the packet.

1) Inefficiencies in Release 1 of ETSI CBF: Efforts from
the research community have evaluated the performance of
ETSI CBF. While the theoretical frame which supports CBF
makes it more optimal than, e.g., simple forwarding, the way it
interacts with other layers in the ETSI ITS architecture causes
phenomena that affect its efficiency.

The interaction between ETSI CBF and the DCC mech-
anism at the Access layer causes an undesired effect: even
if the CBF timer expires, and the decision to forward the
packet is made, if there is congestion in the channel or
if another packet has just been transmitted, the forwarding
is stopped at the DCC queues (for ETSI ITS-G5) or the
scheduler (for C-V2X). This means that the actual transmission
may not occur when CBF has decided, and this phenomenon
can occur in any station, so even if a copy of the message
is received during contention, it is not guaranteed that it
comes from an optimal forwarder. Furthermore, Release 1
of ETSI GeoNetworking relies Duplicate Packet Detection
(DPD) to CBF, so, if a backlogged message from a DCC-
affected forwarder is received at a neighbor which had already
forwarded or even cancelled its copy will enter the loop once
again.

2) ETSI CBF Release 2: The issues with DPD and the
effect of DCC on Release 1 for ETSI CBF had been studied
widely in the literature [12], [14], [15]. Yet, it was the work
in [8] and [9] that was presented to ETSI as a change request
that was iterated and matured before it reached the necessary
consensus to be Release 2 of ETSI CBF.

The differences in Release 2 of Area CBF are:

• The inclusion of DPD inside the CBF algorithm.
• Interfacing with the cross-layer DCC mechanism to of-

fer awareness of the time before DCC allows the next
transmission, and account for it when calculating the
contention timer (optional for cellular-based communi-
cations).

• A procedure to determine if a copy received during
contention actually comes from a better forwarder.

• An updated timer formula to account for receptions
beyond the maximum expected distance.

However, since Release 2 services might have different
requirements and characteristics, it is not clear if Release
1 nodes will be able to receive messages originating from
Release 2 nodes, even for safety-critical applications. If this is
the case, and nodes executing Release 2 of ETSI CBF coexist
with nodes executing Release 1, there might be effects on
awareness and efficiency metrics. In the following section, we
evaluate these effects in Area CBF in a highway scenario.

III. EXPERIMENTAL EVALUATION OF COEXISTENT
RELEASES

A. Simulation Scenario

We evaluate the effect of different ratios of nodes executing
Release 1 and 2 of ETSI CBF in a highway scenario where a
vehicle is stationary on the shoulder of a road. It starts sending
DENMs [16] at 1 Hz with a Destination Area covering 4 km
of a road with 4 lanes per direction. The vehicular density is
30 veh/km on each lane. We take measurements for 30 s after
a warm-up period of 120 s. We evaluate:

1) Packet-delivery Ratio (PDR): the number of successful
individual receptions of a message in the Destination
Area divided by the total number of vehicles in the area
at the time of DENM generation.

2) Number of transmissions: how many transmissions
(i.e., from the source and forwarders) have occurred.

Our toolkit consists of the OMNET++-based simulator
Artery [17], which implements the ETSI ITS protocol stack
using Vanetza and Veins [18] for the physical model of ETSI
ITS-G5. Mobility is controlled by SUMO [19]. A set of
vehicles execute ETSI CBFRelease 1 [7], and an increasing
number of vehicles (see the penetration rate parameter) execute
the improvements included in Release 2 as described in [9].
In our set-up, and due to the nature of the message (i.e., Road
Hazard Warning (RHW)), we consider Release 2 and Release
1 messages to be mutually understandable. The rest of the
parameters are specified in Table I.

TABLE I
SIMULATION PARAMETERS

Parameter Values
Access Layer protocol ITS-G5 (IEEE 802.11p)
Channel bandwidth 10 MHz at 5.9 GHz
Data rate 6 Mbit/s
DCC ETSI Adaptive DCC
Transmit power 20 mW
Path loss model Two-Ray interference model [20]
Maximum transmission range 1500 m
CAM packet size 285 bytes
CAM generation frequency 1–10 Hz (ETSI CAM [21])
CAM Traffic Class TC2
DENM packet size 301 bytes
DENM Traffic Class TC0 (Source) and TC3 (Forwarders)
DENM lifetime 10 s
DPL size 32 packet identifiers per Source
Default Hop Limit 10
Rel. 2 penetration rate 0, 25, 50, 75, 100%
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Fig. 2. Number of transmissions in different Release 2 penetration rates.
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Fig. 3. Packet Delivery Ratio for different Release 2 penetration rates.

B. Results

Figure 2 shows the effect of even a minority portion of
nodes executing a non-optimized protocol. There is beyond
an order of magnitude in executed transmissions between the
0% and the 25% penetration rate for Release 2. From there,
there is a linear increase until the almost 30:1 ratio between
Release 1 and Release 2 in line with the results in [8] and [9].

However, this issue is not reflected in awareness. Figure 3
shows the PDR over the distance in the 4 km-long Destination
Area. Lines overlap for most of the distance, up to the last
segment where they fan out in favor of higher penetration
rates. However, this phenomenon is due to an unbalance in
the turnover rate (i.e., the ratio between vehicles entering and
exiting the Destination Area after the DENM was generated).
These extra vehicles are accounted for since the message is
still within validity, and it is relevant to newcomers into the
Destination Area.

The main takeaway of this experiment is that, as long as Re-

lease 1 and Release 2 GeoNetworking messages are mutually
intelligible, there is an effect on efficiency but not in safety
(for the case of multi-hop DENMs from a single source).
However, inefficient forwarding will occupy the medium with
unnecessary repetitions of messages. Thus, in scenarios where
there is more than one source trying to disseminate safety-
critical messages, unnecessary transmissions are bound to
cause collisions or, at least, to block access to the medium
for more necessary messages waiting to be forwarded. Further
work needs to be performed on how non-mutually intelligible
messages affect performance, since Release 1 is likely to reach
higher PDR using brute force, while Release 2 will either
yield access to the medium or might find a path to transmit
immediately. What is sure is that, in that scenario, safety will
be compromised.

IV. DISCUSSION

We present a study of how the coexistence of two different
releases of a protocol, one being an incremental improvement
of the other, affects efficiency. For our case, packets were
compatible, and Release 1 nodes could understand Release 2
messages and vice versa. However, the road to full CCAM
is long, and this might not be the case even in the near
future. In this section, we present a discussion on the upcoming
scenarios when multiple types and generations of technologies
have to coexist.

A. The upcoming Tower of Babel

Vehicles equipped with ETSI ITS nodes are already on the
road communicating with large deployments. Just in the first
three quarters of 2023, more than 250,000 C-ITS-equipped
Volkswagen ID. cars were delivered [22]. These cars can
communicate with each other, with other ETSI ITS-compatible
vehicles, and with current deployments such as the one cov-
ering the entire Austrian motorway network [23].

However, these vehicles and deployments all use Release
1 services. While some Release 2 features are software-
dependant, e.g., new services such as the Vulnerable Road
User awareness (VA) basic service, and can be installed during
car services or using over-the-air updates, some others will
likely require a deeper update (e.g., compatibility with Multi-
channel Operation (MCO)).

While backwards-compatibility is a common issue in com-
puter networks, the characteristics of the vehicular market and
industry make it especially more difficult. This is one of the
first cases where a massive number of legacy nodes will likely
share spaces with nodes up to 20 years more modern [6]. This
will create a scenario where pockets of segregated nodes are
bound to destabilize the system, at the very least make it more
inefficient, while compromising efficacy and safety.

1) Past experiences with backwards compatibility: One
example of backwards compatibility is the jump between
Transport Layer Security (TLS) 1.2 and 1.3. The 1.3 version
was released in RFC 8446 in August 2018 [24]. Its benefits
over past versions have been widely studied [25], but there are
known examples of problems with its adoption [26].
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The main problem with TLS 1.3 is protocol ossification.
This phenomenon occurs when deployed equipment (e.g.,
middleboxes) does not recognize new protocols or even exten-
sions to known protocols that were released after they were
installed. This causes them to interrupt packets that are valid,
but unrecognizable for the middlebox.

The solution for TLS 1.3, and for other examples of
ossification, was to encapsulate new messages so that the
wire image of the packets is acceptable for older middleboxes.
This could be a path to follow with safety-critical messages
exchanged by nodes executing different releases of ETSI ITS.

At the Access layer, 802.11p (upon which ETSI ITS-G5 is
based) and its evolution 802.11bd are somewhat compatible.
One of the main differences between 802.11bd and 802.11p
is the channel bandwidth — 20 MHz up from 11p’s 10 MHz.
However, 11bd can also work in 10 MHz, and does so if it
detects nodes using only 10 MHz, thus, falling back into 11p
when needed. However, this approach might not be efficient in
Future Mobility scenarios, when 11p’s channel capacity might
not be able to accommodate the myriad of applications that
will try to use the medium.

The foreseeable scenario if nodes cannot process packets
from newer releases (i.e., if Release 1 nodes cannot handle
Release 2 GeoNetworking traffic) can cause a disruption in
Non-Area GeoNetworking [7] if Greedy Forwarding is used.
Since it is likely that beacons (e.g., CAMs) will always be
compatible, a Release 2 node can select a Release 1 neighbor
as the next hop for a message. The next hop will not process
the message, and thus it will not reach the Destination Area,
since there are no fallback nodes in ETSI Greedy Forwarding.
This phenomenon can be avoided, for example, using CBF,
where multiple nodes become the next hop and contend to
forward the message, increasing the chances of nodes from
both releases hearing the forwarded message. Further work
will address the impact of this phenomenon on Non-Area
forwarding.

2) Nodes with different technologies: In the network
side, even at Day 1, there is an identified risk of non-
interoperability [27]. Since ETSI ITS is media-independent,
it does not mandate that one access technology shall be used.
Thus, there are vehicles and road-side equipment that use, e.g.,
LTE or 802.11p. ETSI recognizes the scenario and proposes
co-existance methods [28] where, for example, vehicles using
different technologies share the time domain. This means that
cellular-based nodes occupy the C-ITS band for a fraction of
the time and WiFi-based nodes use it for the complement.
This, however, is not full inter-operability, since nodes using
different access technologies will not ”listen” to each other,
and this approach compromises every metric: efficiency (di-
minishing the amount of resources), efficacy (messages are not
delivered to all connected road users), and thus, safety.

Further work has to be performed within the research and
industry communities to 1) determine whether WiFi and cellu-
lar can possibly inter-operate, and 2) whether inter-operability
is possible, search for a path to evolve in a way that newer
versions of access technologies account for older nodes. One

possible approach is to adopt approaches such as Software-
Defined Radio (SDR), which would allow equipment to be
updated over the air as long as hardware supports newer
features, such as different modulation and coding schemes.

This phenomenon will be aggravated when technologies
from different Days coexist. For example, a legacy node that
cannot interpret or even receive intention-sharing or maneuver-
coordination message exchanges will likely affect the way
CCAM-enabled vehicles converge to a solution. Once again,
this will affect traffic efficiency and might hinder road safety.
Further work is being performed to assess the effect of a mixed
fleet in the optimal performance in CCAM.

B. The case for ETSI CBF Release 2

For the specific phenomenon in this work, the differences
between ETSI CBF Release 1 and 2 are purely software-based.
There is no need for extra fields in the headers, or new values
in the existing fields. The main differences come in what
the algorithm does with information it already used, namely,
the position vector from the last hop and the source. It also
uses an existing interface to the Management entity to consult
the cross-layer DCC mechanism and account for transmission
rate control information when calculating a contention timer
(although this feature is optional).

We foresee two simple solutions: 1) existing equipment that
is able to receive an update adopts Release 2, or 2) Release
2 GeoNetworking messages are encapsulated as Release 1, as
was the case for TLS 1.3. Both approaches will ensure safety
in given scenarios, but approach 1 guarantees more efficiency,
and thus, more availability of resources for other applications.

V. CONCLUSIONS AND FUTURE WORK

We have presented a study of the coexistence of two releases
of a GeoNetworking protocol in the context of ETSI ITS —
Release 1 and 2 of ETSI CBF. We have proved that, as long
as releases are compatible and nodes can understand each
other, safety metrics stay high even if resource efficiency is
compromised. Then, we presented a discussion of possible
settings that are likely to happen when Future Mobility is
completely mature (i.e., Day 4 of Vision Zero), where a Tower
of Babel scenario might occur, and road users are segregated
into pockets of nodes speaking different languages (and some
not speaking at all). Even when the first C in CCAM stands
for cooperative, this cooperation is not likely to occur when
agents are not able to hear and understand each other. Future
work includes a more in-depth analysis of the effect of multi-
modal road users (e.g., disconnected users, legacy fleet) in
the optimal performance of the CCAM-enabled fleet (i.e.,
connected and automated vehicles).
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Abstract—Vehicle to anything (V2X) communications are
nowadays performed at 5.9 GHz spectrum, either using WiFi-
based or Cellular technology. The channel capacity is limited,
and congestion control regulates the number of messages that can
enter the medium. With user rate growing, overloading becomes
a factor that might affect road safety and traffic efficiency.
The present paper evaluates the potential of using Radar-Based
Communication (RadCom) for offloading the V2X spectrum.
We consider a Heavy-Duty Vehicle (HDV) platooning scenario
as a case of maneuver coordination where local messages are
transmitted by means of RadCom at different penetration rates.
Simulations show significant improvements in channel occupancy
and network reliability. As a result, RadCom allows for shorter,
safer, and more energy efficient inter-vehicle distances.

Index Terms—Fuel Efficiency, Optimal distances, Platooning,
Radar-based Communications.

I. INTRODUCTION

Mobility with maximized road safety and traffic efficiency
is a goal reflected in the United Nation’s Social Development
Goals [1], and in global initiatives such as Vision Zero [2],
adopted by the European Commission. The road towards
future mobility in Vision Zero is divided in stages called
Days, which go from Day 1 (where we currently are) until
Day 4, when Cooperative, Connected and Automated Mobility
(CCAM) is expected to be present on all roads and at all times.

Efforts to arrive at the final stage of CCAM include two
main fronts: automated mobility and Cooperative Intelligent
Transport Systems (C-ITS). The latter uses vehicular commu-
nications, such as Vehicular ad hoc Networks (VANETs), that
use access technologies such as 802.11p. For Day 1 services,
aimed at increasing the awareness of road users, there are
technologies such as the Cooperative Awareness (CA) [3]
and Decentralized Environmental Notification (DEN) [4] basic
services, which are used in the framework defined by the Eu-
ropean Telecommunications Standards Institute (ETSI). These
services rely on the exchange of messages that inform road
users about each other’s presence (through Cooperative Aware-
ness Messages (CAMs)) or about risks on the road (using De-
centralized Environmental Notification Messages (DENMs)).
These messages are exchanged using access technologies such
as ETSI ITS-G5 [5], which is based on 802.11p.

Subsequent Days are also expected to rely on messages.
Day 2, when cooperation starts, uses Collective Perception
Messages (CPMs) to exchange information about detected
objects [6]. On Day 3, road users share their intentions (e.g.,
desired trajectories), and finally, on Day 4, vehicles coordinate
their maneuvers. These features are expected to be performed
by the Maneuver Coordination (MC) service, powered by
Maneuver Coordination Messages (MCMs).

Early forms of maneuver coordination are Cooperative
Adaptive Cruise Control (CACC) and platooning. These appli-
cations are also based on messages. For example, platooning
uses CAMs and Platooning Awareness Messages (PAMs) to
inform neighbors of the ability to form a platoon and negotiate
its start (sent in broadcast mode), and Platooning Control
Messages (PCMs) to maintain the platoon (sent in unicast
between platoon members) [7].

This means that, from Day 1, the medium will be occupied
by a myriad of messages to power services. Even for Day
1, the existence of traffic with different characteristics and
priorities can cause problems in efficiency and effectiveness
for safety applications [6], [8]. These issues stem from the
capacity of the channel to accommodate a certain number of
messages before reaching congestion [9], [10]. Thus, if more
messages enter the system, e.g., MCMs, PCMs, the ability of
the channel to accommodate them will be hindered.

This paper proposes the use of Radar-Based Communication
(RadCom) as an alternative channel to offload future mobility
use cases, such as platooning. We present a study of the
potential saving in terms of medium usage (Channel Busy
Ratio (CBR)), and whether such offloading allows reaching the
goal of platooning and C-ITSs in general: minimizing risks of
accidents (e.g., collisions between road users) and increasing
efficiency.

The contributions of this work are:

1) A simulation-based study of the effect of offload-
ing Vehicle-to-Vehicle (V2V) communications from the
C-ITS medium to bumper-to-bumper RadCom.

2) An analysis of the effect of this offloading on minimiz-
ing safe inter-vehicle distances in a platoon.
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3) An analysis of the effect of these distances on traffic and
in-vehicle efficiency.

The rest of the paper is organized as follows: in Section II,
we explore the related work on platooning and its perfor-
mance using VANETs; Section III presents our proposal for
RadCom-enabled channel offloading; Section IV presents an
experimental evaluation of the system; Section VI presents an
analysis of our results and its effects on road safety and traffic
efficiency; and, finally, Section VII presents the conclusions
and our future lines of work.

II. PLATOONING

Platooning has been widely studied in the context of safety
and efficiency. An early example of electronics-assisted pla-
tooning is the ”Electronic Tow Bar” resulting from the Euro-
pean project PROMOTE-CHAUFFEUR [11]. Further efforts
from the industry and research communities are reflected in
brand-specific projects SARTRE [12] and COMPANION [13],
as well as multi-brand projects like ENSEMBLE [14]. These
projects, however, rely mostly on sensing and adaptations
in the infrastructure (e.g., lane markings), and use cloud
services instead of vehicular communications. In this section,
we describe network-enabled platooning, as expected by ETSI
and as studied by the research community.

A. Network-enabled platooning

Platooning is an C-ITS application contemplated in the
ETSI ITS framework [7]. As it is for Day 1 applications, it
relies on the exchange of messages: CAMs inform about a
vehicle’s capability to platoon, PAMs are used to negotiate
platoon creation, and PCMs are sent between the leader and
members (in unicast) to maintain the platoon.

The platoon leader exchanges information with the rest of
the members and with other road users. This enables function-
alities for platoon safety and efficiency, such as negotiating
inter-vehicle distances to enable safe braking in emergency
situations [15], or exchanging information on attributes and
capabilities (e.g., acceleration/deceleration capability).

While the platoon is enabled, the rest of Vehicle-to-anything
(V2X) communications are still used, so there is a possibility
that PCMs use a channel different from the main V2X channel
(e.g., CCH for ETSI ITS-G5), which is used by other safety-
critical applications. However, even if a different channel is
used, they are likely to suffer from access layer phenomena,
as we explore in Section II-B.

B. Access phenomena affecting platooning

There are several Access layer phenomena that affect V2X-
enabled platooning. Some of these phenomena are inherent to
the nature of WiFi-based protocols such as ETSI ITS-G5, such
as hidden and exposed nodes; and others are related to channel
congestion and how different frameworks deal with it. Figure 1
summarizes the hidden and exposed node phenomena. A and
D are hidden nodes for C and B, respectively, and messages
they send to each other (A and C) could collide with messages
coming from the hidden nodes. Similarly, if A and B want

Fig. 1. Hidden and exposed node phenomena in V2X scenarios.

to communicate with each other, communication between C
and D can prevent them from accessing the medium. This is
the exposed node phenomenon. While there are mechanisms,
e.g., back-off procedures in WiFi networks, to counter hidden
and exposed nodes, there are access protocols in C-ITS that
only use them when unicast communication takes place (e.g.,
ETSI ITS-G5 does not use exponential back-off for single-hop
broadcast traffic, but does so for unicast) [16].

An analysis of CAM-based platooning is performed in [17].
Here, authors present an evaluation of the CA basic service as
an enabler for platooning and identify a problem with message
synchronization. While CAM synchronization is solved with
kinematic generation, PCMs are generated at high, periodic
rates [7], and are thus susceptible to collisions due to syn-
chronization.

Furthermore, even if PCMs are sent in unicast mode (as
opposed to CAMs and DENMs, which are broadcast), neigh-
bors can overhear these exchanges (i.e., sense the medium
as occupied). In moderate to high density scenarios, these
exchanges add to the existing channel occupancy and create
congestion. The work in [18] analyzes the performance of
ETSI DCC in multi-lane platooning scenarios, and proposes
the use of congestion control techniques different to adapting
message rates (e.g., controlling transmission power).

There is a need for ”intra-platoon” communications to
occur without interfering with other applications sharing the
medium. The use of millimiter wave (mmWave) communi-
cations for platooning applications is explored in [19]. The
authors use mmWave to rely sensor information using multi-
hop dissemination. The difference with our proposal is that,
while they consider a generic mmWave antenna, we analyze
the possibility of piggy-backing communications specifically
on radars with specific attributes and capabilities.

III. RADCOM-ENABLED PLATOONING

Figure 2 summarizes our proposal to offload intra-platoon
communications to RadCom. The top part of the figure (2a)
shows the foreseeable status of network-enabled platooning.
After negotiating the start of a platoon using CAMs and PAMs,
the platoon leaders (dark nodes) start communicating with the
members (light nodes) exchaning PCMs in unicast mode. The
arches express a conservative range for the wireless signals
from each node (yellow for the platoon on the left and blue
for the one on the right). These ranges are typically measured
above 300 m, but are sometimes greater [20].
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(a) Network-enabled platooning. C-ITS spectrum

(b) Network-enabled platooning. C-ITS spectrum and RadCom

Fig. 2. Representation of offloading intra-platoon communications to
RadCom. The yellow and blue shades represent the coverage area for
the members of each platoon, yellow for the westbound and blue for
the eastbound.

This means that, in scenarios like this, intra-platoon commu-
nications will not only interfere with other platoon members,
but also with other platoons and even other vehicular com-
munications. Figure 2a shows that the tails of both platoons
are within the range of most of the nodes, and are likely to
suffer from the exposed node phenomenon, as described in
Section II-B.

Figure 2b shows how intra-platoon communications can be
offloaded to V2V RadCom. On this example, the leaders can
send commands, e.g., through PCMs, and receive feedback or
other communications from platoon members through multi-
hop RadCom (represented by arrows). Then, radio resources
would be available for other applications, e.g., inter-platoon
communications. At the very least, this offloading will avoid
causing congestion in the C-ITS spectrum.

A. RadCom ability to support V2V communications

The bare minimum requirements for RadCom to support
V2V communications are the specifications for the ETSI ITS-
G5 medium [5]. These are:

1) Data rate: support 3 Mbit/s, 6 Mbit/s and 12 Mbit/s. The
default rate in ETSI ITS-G5 is 6 Mbit/s.

2) Message rate: maximum 40 Hz and minimum 1 Hz.
The body of work on mmWave systems supporting vehicular

applications shows that these requirements can be met by
generic mmWave deployments. The work in [19] tests their
proposed multi-hop system at Gbit/s rates when exchanging
sensor information. The work in [21] assesses the capacity
of generic mmWave when coding errors are present. OFDM

waveforms has been proposed for automotive radar enabling
wide bandwidth communication [22]. Communication net-
works may also be instrumental in avoiding interference
between wide band radar sensors [23]–[25]. Their results
show that, starting with bandwidths of a fraction of a GHz,
rates in tens of Mbit/s are possible in line-of-sight scenarios.
Thus, we can expect RadCom to be able to accommodate the
requirements that are set for ETSI ITS-G5 and beyond.

IV. EVALUATION OF CHANNEL OCCUPANCY

We use Artery [26] as our simulation toolkit. It combines
OMNET++ and Vanetza — a C++ implementation of the
ETSI ITS protocol stack. Our setup uses Artery’s integration
with Veins [27] for the physical layer. Finally, SUMO [28]
provides the mobility model for the road topology. Simulation
parameters are specified in Table I.

TABLE I. SIMULATION PARAMETERS

Parameter Values
Access Layer protocol ITS-G5 (IEEE 802.11p)
Channel bandwidth 10 MHz at 5.9 GHz
Data rate 6 Mbit/s
Transmit power 20 mW
Path loss model Simple Path-loss Model
Maximum transmission range 1500 m
CAM packet size 285 bytes
CAM Traffic Class TC2
CAM generation frequency Kinematic-based [3]
PCM packet size 301 bytes
PCM Traffic Class TC1
PCM generation frequency Periodic at 2 Hz
RadCom penetration rate 0, 50, 100%

A. Simulation Scenario

For our scenario, we simulate a 5 km long road with four
lanes in each direction. Vehicles occupy the road with a density
of 30 veh/km per lane and are running in a steady state, where
we can consider them to have organized platoons of different
lengths, and have different roles (platoon leader and platoon
member). We take measurements for 30 s after a warm-up
period of 120 s. Vehicles send CAMs (generated dynamically
following ETSI rules [3]), and PCMs that work for controlling
and maintaining the platoon (generated periodically every
500 ms). We send both messages on the same ETSI ITS-G5
channel, with PCMs having higher priority than CAM since
we consider them to be more critical, although there is not a
standardized priority for PCMs as of now [7].

A subset of platoons offload PCMs to bumper-to-bumper
RadCom. This means that these vehicles stop sending PCMs
on the ETSI ITS-G5 spectrum and perform platoon control and
maintenance ”bumper-to-bumper”. We increase the number of
RadCom platoons (i.e., penetration rate) until only the platoon
leaders send messages on the ETSI ITS-G5 channel (i.e., 100%
penetration rate).

We measure conditions in the ETSI ITS-G5 channel. The
performance metrics we evaluate from the simulation are:

• Packet-delivery Ratio (PDR): the number of successful
message receptions divided by the total expected recep-
tions.
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• Smoothed Channel Busy Ratio (S-CBR): the smoothed
average of CBR measurements which is used in the De-
centralized Congestion Control (DCC) mechanism [29].

The results above allow the calculation of safety and effi-
ciency metrics presented in Section V. We use the work in [15]
to relate network performance to inter-vehicle distances, and
then extrapolate them to fuel efficiency.

B. Simulation results

TABLE II. RESULTS FOR MESSAGES IN THE C-ITS SPECTRUM AT
d ≤ 200M WITH DIFFERENT PENETRATION RATES OF RADCOM

RadCom Penetration Rate PDR S-CBR Latency

0% 0.6985 0.6176 136.80 ms
50% 0.7859 0.6119 109.57 ms

100% 0.9015 0.2217 1.45 ms

Table II shows the results of our experiment. The table
shows the average PDR and latency for PCMs. For the 100%
rate, only the leaders send messages on the C-ITS spectrum
and the rest of the platoon communicates using RadCom.
Thus, the PDR for PCMs is mostly affected by propaga-
tion phenomena and the interference from CAMs. Therefore,
even sending command-and-control messages at a high rate,
offloading to RadCom allows platoon members to listen to
leaders with significantly increased reliability.

It is worth noting that, even with half of the fleet not
sending PCMs, channel occupancy stays at similar levels as
when all vehicles send PCMs. This number, slightly above
0.61 is close to the theoretical CBR limit for ETSI ITS-G5
(0.68) and to the point where medium occupancy converges
(CBR = 0.65) [10]. While occupancy stays similar, the effect
of offloading to RadCom is noticeable in PDR and in latency:
more packets arrive, and they do so faster. Nevertheless, even
at this vehicle density (30 veh/km per lane), the stress on the
medium is noticeable. However, when only platoon leaders
send PCMs (100% penetration rate), besides the increased
PDR, the value for latency significantly better. Delays are
minimal, and thus, more messages arrive, and they do so in a
timely fashion.

V. OPTIMAL DISTANCES AND FUEL CONSUMPTION

Increased offloading of V2X channel results in increased
PDR (Table II). Consequently, Inter-Vehicle Distances (IVDs)
within the platoon can be decreased without compromising
safety. Figure 3 shows how distances between vehicles of
one platoon can be shortened with the increased RadCom
penetration rate. The minimum safe IVDs were obtained as
a Pareto optimal solution that minimizes IVDs’ weighted sum
under safety constrains (see (2), (4) in [15]) for a simulated
scenario involving a four-vehicle platoon on a flat and straight
road section. Reduced distances between vehicles contribute to
a decrease in air drag force, subsequently resulting in reduced
fuel consumption. In our simulation, the platoon of four heavy-
duty trucks can save 2% of fuel with 50% RadCom penetration
rate compared to the scenario when radar communications are

not utilized. Furthermore, a 100% offload of the V2X channel
leads to even greater fuel efficiency, with a substantial 5.6%
reduction in fuel used. Lower fuel consumption leads to cost
savings for individuals and businesses, as well as diminishes
environmental impact.
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Fig. 3. Safe inter-vehicle distances in a platoon of four vehicles
versus RadCom penetration rate. Here, di−1,i denotes an inter-vehicle
distance between vehicles i− 1 and i where vehicle 0 is the leader.

VI. DISCUSSION

Below we discuss various issues related to using RadCom
for intra-platooning communications. All of them represent
possible directions for further research.

The energy savings in Section V are presented for one
particular scenario only. The full mechanical model (see
Equations (1,2) in [30]) takes into account road and vehicles’
geometry (possible bumps, inclinations, curvatures) as well
as their dynamical properties (variable friction and resistance
coefficients). One might also consider possible thermal effects.
Thus, for Internal Combustion Engine (ICE) vehicles, too
small distances imply additional heating that, in turn, increases
fuel consumption [31]. However, this is not the case for
electrical vehicles.

Another factor that ambiguously affects energy costs is
PCM rate. Low PCM rates lead to decreasing service
costs (e.g., resource usage, and data transmission costs),
whereas the high ones allow for shorter inter-vehicle dis-
tances. Thus, energy consumption is determined by the balance
between low/high maintenance costs and savings related to
shorter/longer distances.

One of the points to evaluate is the pertinence of having
PCMs sent at a fixed interval, as considered in [7]. While
these heartbeat messages keep platoon members informed
about the status of the cluster, there are situations where PCM
frequencies can be lowered (e.g., in flat, straight stretches of
a highway). Further work is required in order to determine if
variable PCM rates are energy beneficial and whether RadCom
can support such scenarios.
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The weather causes interference for radar in general and
RadCom specifically. The detection capabilities of radars are
affected by adverse weather conditions [32], [33] which are
likely to affect RadCom links as they do with certain cases
of V2X communications [34]. Further exploration is needed
to understand the impact of weather-related failures, assess
potential mitigation strategies (e.g., adding re-transmission
protocols with or without forward error correction), and eval-
uate their effects on throughput.

Another issue that can affect performance in general for
RadCom-enabled platooning is security. The ETSI ITS frame-
work specifies a security architecture [35] with different re-
quirements for each ITS service. For example, confidentiality
and privacy requirements are different for CAMs and for
DENMs, given their different nature. In DENM cases, such
as road hazard warnings, the trade-off between confidentiality
and road safety is leveraged differently. Work has to be
performed to assess the need to encrypt RadCom-exchanged
PCMs since they have a different dissemination scheme than
those exchanged using the C-ITS spectrum.

Finally, one of the contributions of this paper was the
evaluation of the effect of RadCom penetration rates. The
nature of the vehicular industry creates a phenomenon where
the average age of a vehicle is 12 years for passenger vehicles
and 14.2 years for trucks [36]. This means that, even if 100%
of vehicles produced starting today include RadCom nodes,
it is unlikely that the penetration rate will reach 100% before
several decades pass. However, one solution could be to retrofit
radar-equipped vehicles (especially heavy-duty vehicles) with
nodes adapted to their currently existing radars. Further work
on the effect of a mixed-capability fleet shall be performed.

VII. CONCLUSION AND FUTURE WORK

We presented a proposal to offload intra-platoon communi-
cations, which are expected to use PCMs sent in the 5.9 GHz
V2X spectrum, to RadCom. We measured the potential benefit
of the use of this additional access technology in a less
congested V2X spectrum when adoption rates are high. Thus,
lower congestion is reflected in increased network reliability
and reduced end-to-end delays for safety-critical messages.

This increased reliability allows reducing the minimum
inter-vehicle distance required for safe platooning. Therefore,
other efficiency metrics are also boosted as a consequence of
offloading communications to RadCom. We showed that fuel
efficiency is increased with reduced distances, and with this
efficiency, it can be argued that other beneficial societal and
economical impacts occur.

Finally, we elaborated on other issues affecting platooning
in general and RadCom-enabled platooning specifically:

• lowered distances effects on platoons of ICE and electric
vehicles,

• fixed and dynamic PCMs rates,
• effects of adverse conditions on RadCom, and
• security requirements.

Future work includes the thorough evaluation of RadCom to
comply with the requirements set for existing services and

Future Mobility services based on V2V communications, such
as intention sharing and maneuver coordination.
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Abstract— An accurate modeling of soil-tire interaction is 

necessary to determine and optimize key tire and vehicle 

performance parameters. In this study, soil is modeled using 

the Coupled Eulerian-Lagrangian (CEL) method, which is 

quite stable numerically for large deformation problems such 

as soil-tire interaction studies. The methodology for material 

model parameterization and setting up of numerical simulation 

is developed and validated against experimental data. The 

realistic stress data and good prediction of tire traction relative 

to experimental data suggest using the proposed methodology 

in future studies.  

Keywords: Soil constitutive material model; Soil-tire 

interaction; Coupled Eulerian-Lagrangian (CEL). 

I.  INTRODUCTION 

The study of a deformable soil-tire interaction is 

important due to its wide applications in mining, 

agricultural, forestry, and military industries. Several 

researchers have used analytical and semi-empirical 

approaches to understand the complex phenomenon of 

traction mechanics on deformable terrain and optimize 

tire/vehicle performance [1]. The limitations of these studies 

include the oversimplification of the soil model by 

neglecting some of its complex factors (e.g., strain rate, 

moisture content, confining pressure, and/or drainage 

conditions) [2]. To overcome these limitations, in the past 

few decades, numerical methods have been used to study 

soil-tire interaction problems. 

Various formulations of the Finite Element Method 

(FEM), such as Lagrangian, Arbitrary Lagrangian-Eulerian 

(ALE), and Coupled Eulerian-Lagrangian (CEL) have been 

used to model the soil-tire interaction [3-6]. These methods 

were able to provide a suitable alternative to analytical 

models because of their ability to capture the soil 

deformations and stresses in a more detailed manner. 

Additionally, meshless methods, such as Smooth Particle 

Hydrodynamics (SPH) and Discrete Element Method 

(DEM) were also employed [7][8]. Although meshless 

methods were able to predict the soil separation process 

occurring during the soil-tire interaction accurately, they 

have inherent stability issues. Furthermore, there is a lack of 

validation of these meshless methods for cohesive soil-tire 

interaction [9]. 

The main goal of this work is to investigate the 

numerical accuracy of tire-deformable soil interaction 

simulations performed based on literature data. Numerical 

simulations of a plain rigid tire on deformable soil (Norfolk 

Sandy Loam) were performed for the traction prediction. 

The CEL approach is used due to its numerical stability in 

modeling large deformation problems. The soil is modeled 

using an elastic-plastic constitutive material model which is 

parameterized using literature data. The variation of net 

traction with different normal loads is studied and compared 

with the experimental data. 

The methodology of performing the soil-rigid tire 

interaction numerical simulation is proposed in Section 2. In 

Sections 3 and 4 of the paper, numerical simulation results 

and discussion are provided. In the last section, a summary 

of the study is provided with the scope of future work. 

II. METHODOLOGY 

The methodology of modeling rigid tire interaction with 
soil is based on the four steps (Figure 1). The first step is to 
analyze the experimental study of the rigid tire and soil [10] 
for the collection of traction data at different compaction, 
moisture content, normal load, and slip ratios. 

 

 
 

Based on the soil type and conditions, an appropriate soil 
strength test must be conducted for the parameterization of 
the soil constitutive material model. In the last two steps, the 
numerical simulation models of soil-rigid tire interaction are 

1. Experimental 

study of soil-rigid 

tire interaction 

2. Soil strength testing 

and parameterization 

of soil constitutive 

material model 

3. Simulation of soil-

rigid tire interaction  

Figure 1: Soil-rigid tire interaction modeling methodology. 

4. Correlation of 

numerical and 

experimental data 
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used to predict net traction, and the results are compared 
with experimental data.  

A. Experimental study of soil-rigid tire interaction 

The experimental data from a rigid tire traction test 

conducted on Norfolk Sandy Loam (NSL) soil is carefully 

analyzed [10]. In testing, a rigid tire with dimensions of 

1372 mm in diameter and 305 mm in width was used. 

Before the test, the soil was first rotary-tilled and then 

leveled with the roller until the required level of compaction 

was achieved, which was verified with a cone penetrometer. 

The experiment was designed to study the effect of variation 

of normal load and slip ratio on the traction of rigid tire 

(TABLE I). After soil conditioning, the normal load was 

applied to the rigid tire with a longitudinal velocity of 0.15 

m/s. Based on the slip ratio, angular velocity was estimated 

and applied to the rigid tire. The wheel force transducers 

were used to record the net traction value for the 

corresponding normal load and slip ratio. 
 

TABLE I: SOIL-RIGID TIRE INTERACTION TEST DESIGN OF 

EXPERIMENTS (DOE) [10]. 

Factor 
Levels 

1 2 3 

Normal Load 2.9 kN 5.8 kN 8.7 kN 

Slip Ratio 18.5 % - - 

 

B. Soil testing and constitutive material model parameters 

The shear strength of the soil is dependent on moisture 

content, strain rate, confining pressure, and drainage 

conditions. The triaxial test is extensively used for 

determining the shear strength and failure envelope of soil 

[2]. In triaxial testing, the cylindrical soil specimen is first 

subjected to predetermined confining pressure and then it is 

sheared at a constant strain rate until failure. The triaxial 

testing of the NSL soil used in the soil-rigid tire interaction 

was done at the three confining pressures (300 kPa, 400 

kPa, and 500 kPa), and the failure envelope of the soil was 

calculated [11]. Based on the failure envelope of the soil, 

parameterization of the relevant soil constitutive material 

model is done. 
The soil constitutive material models based on the theory 

of plasticity are frequently used in the modeling of granular 
materials such as soils and rocks. The elastic-plastic material 
models such as Mohr-Coulomb (MC), Drucker-Prager (DP), 
Cap-plasticity, and Cam-Clay are used in commercial FE 
software such as ABAQUS and LS-Dyna. An appropriate 
material model must be selected based on the available 
testing data and the expected output of the numerical 
simulation. For modeling of soil-rigid tire interaction, the DP 
material model is used because of its ability to capture the 
plastic deformations occurring in soil under the tire and its 
easy parameterization. The yield surface of the DP material 
model is defined in p-q space using two plastic parameters, 
i.e., compressive yield stress (σc) and material friction angle 
(β) given by (1) (Figure 2). The DP material model 

parameters for NSL soil based on triaxial test results are 
provided in TABLE II. 
 

F(σ)=q-3√3αp-√3k                           (1) 

                                

 
 
TABLE II: DP MATERIAL MODEL PARAMETERS FOR NSL SOIL [4]. 

 

Parameter Value 

Material friction angle (β) [deg] 59.41 

compressive yield stress (σc) [MPa] 0.001 

Mass density [kg/m3] 1255 

Young’s Modulus [MPa] 5 

Poisson’s ratio 0.3 

 

C. Soil-rigid tire interaction numerical simulation  

For the soil-rigid tire interaction model, the soil is 
modeled using Eulerian elements (EC3D8R) and the rigid 
tire with rigid elements (S4R) in ABAQUS/Explicit (Figure 
4) [12]. A void region of a height of 150 mm is also added to 
capture the soil. Fixed boundary conditions are applied to the 
sides and bottom face of the soil domain, while the top 
surface interacting with the rigid tire is kept free. The DP 
material model is assigned to the soil domain. The soil 
domain, rigid tire dimensions, and coefficient of friction 
between rigid tire and soil are defined based on literature 
(TABLE III) [4].  

 
TABLE III: SOIL-RIGID TIRE INTERACTION NUMERICAL 

SIMULATION PARAMETERS 

Parameter Value 

Rigid tire thickness 304.8 mm 

Rigid tire radius 686 mm 

Soil domain cross-section 4000x1500 mm 

Soil domain height 500 mm 

Soil mesh size  20 mm 

Friction coefficient between soil and 

rigid tire 
0.4 

Applied Longitudinal velocity  150 mm/s 

Applied rotational velocity (18.5 % 

slip rate) 
0.26 rad/s 

 

a) b) 

Figure 2: a) 2D DP Yield Surface b) 3D DP Yield Surface. 
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The numerical simulations are set up in three stages 

(Figure 3). The net traction force which is the summation of 
normal and shear contact force is estimated from the total 
contact forces on the rigid tire. 

III. RESULTS 

The normal stress (S33) and in-plane shear stress (S13) 

components of the soil domain are plotted once the steady 

state is reached during the traction performance simulation. 

A formation of the normal stress bulb due to applied normal 

load and a soil slip plane caused by applied longitudinal and 

rotational velocities are observed (Figure 5). 

 

 
 

 

Stage-1 

Gravity loading of the 

model 

Stage-2 

Application of the 

normal load to the rigid 

tire 

Stage-3 

Ramped forward and 

rotational velocity is 

applied to the rigid tire 

based on the slip ratio 

a) 

b) 

Figure 5: a) Normal stress (S33) b) in-plane shear stress (S13) (Normal 

load of 8.7 kN and slip rate of 18.5%). 

 

a) 

b) 

Figure 6: a) Net Traction performance b) Tire Sinkage (Slip ratio- 

18.5%). 

 

a) 

b) 

Figure 4: a) CEL model discretization b) CEL model BC. 

Figure 3: Soil-rigid tire interaction numerical simulation setup. 
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The unfiltered time history data of net traction and 

sinkage of rigid tire on soil at three different DOE normal 

loads is estimated from the numerical simulation runs. 

Based on the applied normal load, the settling time of the 

net traction and sinkage varies with time. Further, the net 

traction and sinkage increased with the increase in normal 

load (Figure 6). 

 

 
The net traction predicted by the numerical simulations 

is compared with the experimental results provided in the 

literature [10]. The predicted vs measured values for three 

normal loads applied at an 18.5% slip rate along with the R2 

for the rigid tire on NSL soil are presented (Figure 7). 

IV. DISCUSSION 

The numerical simulations are performed based on the 

parameterization of the soil constitutive material model 

using soil strength testing results and rigid tire soil 

interaction experimental study DOE [10]. The soil 

undergoes volumetric and shear deformation when the tire 

passes over it during the soil-tire interaction process [13]. 

The stress plots indicate plastic deformation and volumetric 

changes occurring in the soil. The volumetric deformation in 

the soil provides information about the compaction state of 

the soil and soil-tire interface contact area, which directly 

affect the shear strength of the soil. The stress bulb 

formation and stress distribution are directly dependent on 

the soil-tire contact area (Figure 5-a). The shear stress plot 

indicates the formation of the slip planes under the tire, 

where the soil in front of the tire provides a negative 

contribution to the net traction as it is resisting the 

movement of the tire. The soil under and at the back of the 

tire provides a positive contribution to the net traction as it 

assists in the driving process (Figure 5-b). The location of 

the slip plane is dependent on the applied normal load and 

slip ratio, shear strength of soil, and tire sinkage [8]. 

The variation of net traction of the rigid tire is 

investigated for different applied normal loads. The soil 

strength is pressure dependent, the increase in applied 

normal load increases the shear strength of the soil. 

Therefore, both net traction and tire sinkage increase with 

soil shear strength (Figure 6). In numerical simulation, the 

ramped longitudinal and rotational velocity is applied, 

therefore there is variation in the initial time duration of the 

simulation is observed before the net traction and tire 

sinkage settle down to the steady state values. The measured 

vs fitted curve of net traction at three different normal loads 

provided a good correlation with an R2 value of 0.98. 

Overall, a plain rigid tire is used at a low slip rate in this 

study. Therefore, additional studies are required with a more 

complex problem definition and extensive validation plan in 

terms of net traction, tire sinkage, and soil stresses to 

determine the accuracy of the developed methodology 

presented in this study for large-scale application. 

V. CONCLUSIONS AND FUTURE WORK 

The modeling of the soil-tire interaction process with 

traditional numerical methods is infeasible due to stability 

issues. Further, soil undergoes high plastic deformation, and 

the use of non-linear elastic-plastic material models is 

required for accurate results. The CEL approach has been 

successfully implemented in the simulation of non-linear 

dynamic problems such as soil-structure interaction. 

Therefore, in this study, a methodology of numerical 

simulation of soil-rigid tire interaction is developed using 

the CEL approach in Abaqus/Explicit. The numerically 

predicted net traction for three normal loads at a given slip 

rate of 18.5 % provided a good correlation with the 

experimental data. 

The developed methodology with the CEL approach is 

suitable for predicting the net traction, tire sinkage, tire-soil 

contact area, and stress distribution in soil. These 

performance attributes are important for the design 

optimization of off-road tires based on the application and 

properties of terrain. However, the comparison of the 

relative accuracy of the CEL approach with other meshed 

and meshless numerical methods is still not undertaken for 

soil-tire interaction modeling. 

The next steps are to model the soil-tire interaction with 

other numerical formulations used in modeling large 

deformation problems, such as SPH and ALE. Also, the 

sensitivity of the net traction to different slip rates and tire 

parameters will be studied.  
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