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Abstract:

The objective of this work is to assess the possibility of driving unmanned vehicles in a convoy, depending on the
vehicle type (wheeled or tracked, level 0, according to SAE J3016), and the mutual coincidence with a human-con-
trolled vehicle in accordance with the driving scenario adopted. The assessment is based on tests carried out while
driving the vehicles along a designated route and measuring the physical quantities that describe the vehicles’ motion,
such as the components of the velocity vectors and distances between the vehicles. The tests were carried out on a safe
training ground, using inertial-satellite devices mounted on the vehicles; they provide a good basis for planning the
minimum passage corridor for a column of vehicles. During the tests, the expected distances between the vehicles were
recorded and analyzed depending on the above-mentioned types of the vehicles; based on that, the possibility of using
the technology in the carrying out of various missions for the needs of the tactical level units of the Polish Armed
Forces was preliminarily assessed. The required lane width for the safe passage of Target 1, Hunter and Target 2
vehicles along the designated routes was calculated, taking into account the external dimensions of the vehicles, the
additional widths associated with the vehicles' yaw angles and the maximum lateral distances between the vehicles.
During tests of a convoy of remote-controlled vehicles, maintaining a speed of 1.5 m/s and a distance of 10 m, the
requirements for the lane width for safe passage were analyzed. The largest lateral gaps were observed between Target
2 and Hunter vehicles, which may affect the planning of the convoy route. The differences in lane width between the
two tests were due to the yaw angles of the vehicles and their different dimensions and drive types. In the first test, the
lane width for Target 1 and Hunter was 5.50 m and for Target 2 3.70 m; in the second test it was reduced to 3.73 m
and increased to 3.75 m, respectively.
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1. Introduction

It is assumed that the rapid development of un-
manned ground vehicles (UGV) began over 20 years
ago (Lopatka 2020). However, the first works on
remote operation of a moving vehicle were carried
out much earlier, in the 19th century. In 1898, Ni-
kola Tesla built two remotely operated boats (Czapla
et al. 2013). These boats were made of metal and
provided with power batteries, radio receiver, mech-
anism connected to the propeller and the directional
rudder, and lighting system that could also be turned
on and off remotely. The boats were controlled via
encrypted communication. Tesla patented his inven-
tion under the number US613809A (Tesla 1898). In
result of the World War |1, effective combat use of
unmanned-vehicle technologies was developed;
such technologies were implemented e.g. in German
vehicles such as Sd.Kfz.302, 303, "Goliath"(Lew-
inski 2022). Reconnaissance UAVs together with
satellite means have taken over the domain of mod-
ern military reconnaissance in armed conflicts, build
situational awareness, shape the course of opera-
tions, indicate targets, and determine scenarios for
the use of combat resources (Czarnowski et al.
2018). Hitting the enemy is often done using UAVSs.
From a technical point of view, the use and the effi-
cient and effective operation of an unmanned land
platform (UGV) in the field is much more difficult
than the operation of an air platform (UAV) or a ma-
rine platform in their "natural” environments. This is
directly due to the occurrence of a whole range of
terrain obstacles that must be recognized and as-
sessed and of the resulting necessity to set correctly
the vehicle motion parameters in real time for the
obstacles to be effectively overcome. The wide-
spread adoption of UGVs is also limited by safety
including fire protection (Guzek et al. 2024), which
remains an obstacle to bringing truly autonomous
vehicles (AVs) into service (Autonomous Vehicles
in the US military 2022).

2. Literature review

The assisted column driving system (also known as
Platooning or C-ACC - Cooperative Adaptive
Cruise Control) allows vehicles to be automatically
kept at the correct distances and to move safely in a
convoy. The main components of this system in-
clude (Prochowski et al. 2022):

— ACC - Adaptive Cruise Control;

— V2V - Vehicle-to-Vehicle Communication;

— sensors: such as: LiDAR, radar, GPS/IMU,
cameras;
—  Lane Keeping Assist;
— Distance Keeping System;
—  AEB - Autonomous Emergency Braking;
—  HMI - Human-Machine Interface;
— V21 - Vehicle-to-Infrastructure.
Adaptive cruise control is the core component of the
system, which automatically adjusts the vehicle's
speed to maintain a safe distance from the vehicle
ahead. Automated vehicles perceive their environ-
ment through sensors (LIDAR, GPS/IMU), and the
cameras. The LiDAR object detection is handled in
multiple stages: point cloud frame transformation,
filtering and down-sampling, ground segmentation,
and clustering. The tracking algorithm uses the clus-
tering information to provide position and velocity
of the Lead vehicle which allows for vehicle pla-
tooning. Test results illustrate that The LiDAR ob-
ject detection and tracking algorithms as well as the
autonomous platooning control algorithms works
correctly (Alzu'bi 2020). Suitable image analysis en-
ables automated vehicles to perceive their surround-
ings, especially identifying areas where they can and
cannot move. Cameras are used to recognize the sur-
roundings and ensure that the vehicle remains in the
correct lane and to recognize obstacles. Semantic
segmentation, which divides an image into homoge-
neous areas regarding specific properties, involves
assigning each pixel in the image a particular label
associated with the corresponding class allows for a
much more complete understanding of the scene
presented in the image, which is crucial for correctly
determining a passable route for an Autonomous
Vehicles (Matek et al. 2024). The improvement of
the transport efficiency of vehicles moving in a con-
voy can also be improved by forecasting traffic flow
and traffic congestion. Machine learning (ML), and
particularly recurrent neural networks (RNNS),
emerge as powerful tools for effectively addressing
these urban complexities (Durlik et al. 2024). V2V
systems allow the exchange of real-time information
such as speed, braking, acceleration and lane change
information. This allows the vehicles in the column
to react faster than if only sensor data is used. V2V
systems also provide remote information on planned
maneuvers, which increases traffic synchronization
and minimizes the risk of collisions. Lane Keeping
Assist ensures that vehicles move into the correct
lane by adjusting their path according to the road
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markings. This is particularly important when driv-
ing in a column to ensure that all vehicles move in a
coordinated manner and maintain the correct posi-
tion on the road. The Distance Keeping System al-
lows the distance between vehicles in a column to be
kept constant. It works on the basis of radar, camera
and V2V data, adjusting the speed of each vehicle to
maintain an appropriate space (usually around a few
meters, depending on the setting and road condi-
tions). A certain extension of the system could be the
use of 4WS steering, which at low speeds can sig-
nificantly reduce the width of the traffic corridor,
while at higher speeds it increases vehicle stability
and thus safety (Dgbowski et al. 2024, Farynski et
al. 2023). Autonomous Emergency Braking reacts to
sudden changes in speed in the column, for example
when the vehicle in front brakes suddenly, which is
typical on motorways (Jurecki et al. 2021). Thanks
to V2V communication and radar data, vehicles can
synchronize braking more effectively than a tradi-
tional braking system. The vehicles in the column
automatically adjust their acceleration and braking
based on information from other vehicles and sensor
data. This allows each vehicle in the convoy to pre-
cisely adapt its movements to the traffic situation.
HMI - Human-Machine Interface enables the driver
to control and monitor the operation of the platoon-
ing system. The driver can activate or deactivate the
system, receive information on the status of the col-
umn and alerts on emergency situations. V21 - Vehi-
cle-to-Infrastructure is a system that allows vehicles
to communicate with road infrastructure such as
traffic lights, road signs or guardrails. This allows
speed optimization and synchronization of vehicles
in a column, which can improve efficiency and
safety.

The platooning system is based on the integration of
advanced sensors, vehicle-to-vehicle communica-
tion and traffic planning algorithms. It aims to im-
prove safety, fuel efficiency and traffic flow by au-
tomating driving in a group of vehicles. By synchro-
nizing traffic and reacting quickly to changing con-
ditions, the system represents a significant step to-
wards full driving autonomy.

It should be noted that the follow-me missions (pla-
tooning) will be a common scenario for the use of
UGVs; therefore, research to assess the feasibility of
using platforms of this type is highly justified. Au-
tomated vehicle connectivity (AV) can improve the
safety, performance, and energy efficiency of

surface transportation systems by reducing or elimi-
nating human involvement in driving tasks (Salek et
al. 2024). The platooning brings also many benefits,
namely: lower fuel consumption on the highway
(Borhan et al. 2021), which is beneficial in terms of
aerodynamics; better smoothness of traffic; less
space taken up on the road; increased efficiency due
to the fact that the vehicles can cover longer dis-
tances at a time, causing fewer road accidents; more-
over, drivers gain time to rest during the trip. How-
ever, there are several problems associated with ve-
hicle platoons including complicated vehicle driving
conditions in or between platoon columns, a high de-
gree of mutual influence, dynamic optimization of
the platoon, and difficulty in the cooperative control
of lane change (Yan et al. 2023). Important aspects
of the development of the above-mentioned systems
are: mutual cooperation of moving vehicles, espe-
cially vehicles with different degrees of autonomy;
maintaining the assumed spacing and speed; and as-
sessing the possibility of driving the vehicles in a
convoy, depending on the vehicle type (wheeled or
tracked) and the degree of individual vehicles’ au-
tonomy, in accordance with the scenario adopted.
The work in this direction has been carried out for
many years, esp. within projects and programs of the
European Defense Agency. An example of such
work is the MUSICODE project, i.e. Unmanned
Ground Platform for multi-sensor remote detection
of components of improvised explosive devices. The
project included the development of a remotely op-
erated vehicle (UGV) that moves in front of the con-
trol vehicle (Szynkarczyk et al. 2022). While the ve-
hicles themselves have reached technology readi-
ness level VII to IX, the simulated drive in a column
is currently the testing of system operation at tech-
nology readiness level V. A schematic concept of
vehicle cooperation in the project and an example
column of vehicles are shown in Fig. 1.

The efficiency or safety of driving an automated or
autonomous vehicle is assessed taking into account
many normative documents (standards: 1SO, Euro
NCAP, NHTSA, SAE, UN/ECE Regulations),
where many test scenarios are adopted. Typical ex-
perimental research scenarios chiefly include lane
keeping (Kang et al. 2015), vehicle behavior in ur-
ban areas (Wu et al. 2012), and research on avoiding
suddenly appearing obstacles (Li et al. 2010). The
normative scenarios are most often implemented on
test tracks/proving grounds provided with
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the necessary infrastructure. The scenarios selected
make it possible to carry out the tests on public
roads. The prescriptive test scenarios focus on test-
ing off-the-shelf automated vehicles systems, such
as e.g. driver warning, emergency braking, and lane
keeping systems. The effectiveness of these systems
is assessed in terms of vehicle's reaction to the threat
detected (only the effect of the system's reaction is
assessed). The non-normative scenarios should fo-
cus on the cognitive aspects of the operation of au-
tomated vehicles. The non-normative scenarios in-
clude, among others: mapping a path using recorded
inertial data (Pusty 2022, Guzek et al. 2002), follow-
ing the preceding vehicle, and avoiding a suddenly
appearing  obstacle in  acritical  situation

(Prochowski et al. 2018).

In the practice of testing the systems provided in ve-

hicles moving in a convoy, the test scenario should:

— make it possible to test the data transmission
technologies, communications, detectors, arti-
ficial intelligence, and heightened situational
awareness;

— be multi-variant and take into account the
course of the mission divided into sections, e.g.
in the territory controlled by own forces and in
the territory where direct contact with the en-
emy is possible.

The mission test scenarios should take into account

the cooperation within the marching group

MUSICODE SYSTEM

river !,

Sensors HMI
Control Station
Cvd

UGV operator

Control vehicle

of manned vehicles (e.g. two armored personnel car-
riers) and unmanned vehicles (wheeled and tracked)
of various categories, e.g. UGVs for logistic pur-
poses (carrying cargo), serving as medical support,
or armed to engage in combat in contact with the en-
emy in order to protect the remaining vehicles of the
group and to gain passage. Moreover, in order to
raise situational awareness, the vehicles moving in
the group should have continuous communication
with the remote command post that cooperates with
the group and from which the intelligence infor-
mation obtained from other sources is transmitted to
the convoy. It is assumed that the vehicles will be
able to operate at such a distance from own troops
that they will still be within the support range of own
artillery assets and will be able to provide the appro-
priate coordinates for fire assets necessary to destroy
the indicated targets. The COMMANDS (Convoy
Operations with Manned-Unmanned Systems) pro-
ject, launched in 2021 as part of the European De-
fense Fund, with the participation of 21 entities from
10 EU countries, attempts to use the latest, currently
developed technologies related to individual capa-
bilities in order to provide a tactical advantage to the
user in the field during the mission (Edfcommands
2024): formation of a supply convoy as well as con-
figuration and reconfiguration of the convoy sup-
ported by artificial intelligence (avoiding objects
and threats, determining the adaptive routes).

- linear junction detector

Ground Penetrating Radar, Metal Detector
and Wire Detector arrays

Fig.1. The concept of vehicle cooperation in the MUSICODE System project (Szynkarczyk et al. 2022)



Pusty, T., Mieten, M., Pilich, J., Siminski, P., Kupicz, W., Lewinski, R., Mystowski, J. 11

Archives of Transport, 72(4), 7-21, 2024

A matter of crucial importance here is also the relia-
bility of unmanned systems, also understood as the
probability of failure-free execution of the task by
the UGV, which in the authors' opinion remains a
critical factor. The reliability of the technical device
results from its design and operational features
(Pszczotkowski et el. 2023) and adaptation to a
given mission, which was assessed during the re-
search and is very important on the modern battle-
field, in particular in relation to unmanned systems.
The topic of processing data from sensors and mod-
eling traffic flows is well known in the literature,
however, there is a gap in work related to research
on convoy vehicles with various degrees of auton-
omy, including remotely controlled vehicles and
their relationship with vehicles controlled directly
by a human.

3. Purpose of the work

The work is aimed at assessing the possibility of
driving vehicles in a convoy depending on the vehi-
cle type (wheeled or tracked) and the degree of ve-
hicle’s autonomy (human-driven, remotely con-
trolled, level 0, according to SAE J3016). The re-
sults of the work can be used to plan the minimum
passage corridor for a column of vehicles and the ex-
pected distances between the vehicles depending on
the above types and degrees of autonomy of the ve-
hicles, as well as a preliminary assessment of the
possibility of using the technology in carrying out
various missions for the tactical level units of the
Polish Armed Forces.

4. Scope of the work

The scope of the work includes checking the ability

of vehicles formed in a convoy to maintain the pre-

planned track while negotiating a track with perma-
nent obstacles. The test consists of the following sta-
ges:

—  forming a convoy of vehicles at 10 m intervals
(the convoy does not move);

— starting a drive of all the vehicles along the pre-
defined track (the convoy is moving), keeping
the vehicle spacing as assumed;

—  stopping the convoy at a marked place, keeping
the vehicle spacing as assumed.

Obviously, the aforementioned applications that

make it possible to determine the distance between

vehicles in a column or traffic corridor are highly
dependent on the dynamics of the vehicles, whose

weight may vary depending on the load they are car-
rying. This is very important especially to find an
energy minimizing route for the given environment
(Jaroszek et al. 2014). To minimize this impact, a
low traffic speed was chosen, i.e. 1.5 m/s.

5. Measuring equipment and vehicles used

Three OXTS RT measurement sets, power batteries,

and computers recording the results were used for

the tests. During the field tests on a closed track, the
signal recording frequency was set to 100 Hz. These
sets recorded, inter alia, the following quantities:

— geographical coordinates;

—  three mutually perpendicular components of
the linear acceleration vector;

— three mutually perpendicular components of
the angular velocity vector;

— angles of rotation of the vehicle body solid
around three mutually perpendicular axes.

Three vehicles are the objects under test:

—  remotely controlled off-road — Target 1;

—  remotely controlled wheeled vehicle — Hunter;

—  Manned Tracked Platform — human-controlled
Command and Staff Vehicle — Target 2.

During the analysis of the results of the experimental
research, the vehicle kinematics model was used, in
which right-handed coordinate systems were used:
two global and two local coordinate systems. Local
coordinate systems, rigidly associated with the car
body. Coordinate systems were used:

— local coordinate system, rigidly associated with
the car body. The Oxyz coordinate system has
an O origin at the center of the measuring
equipment, the Ox axis is parallel to the longi-
tudinal axis of the vehicle. In the local coordi-
nate system Oxyz, the components of the accel-
eration vector (ax, ay, az) and the components
of the angular velocity vector of the car body
(P, Q, R) were recorded,;

— local horizontal coordinate system, rigidly as-
sociated with the car body. The OxPyPzP coor-
dinate system has an O origin at the measuring
equipment, the OxP axis is parallel to the lon-
gitudinal axis of the vehicle;

—  OceXcYasZec global coordinate system related to
road. The OcXcYasZa plane of this system ison
a horizontal roadway, and the OcZc axis is di-
rected vertically upwards. The speed vector of
the car is parallel to the OcXg axis before start-
ing the measurements;
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— global reference system rigidly connected to
the Earth (the northern axis (N), with its direc-
tion towards the north pole, is perpendicular to
the direction of the gravity vector and tangent
to the Earth's surface; the eastern axis (E),
pointing east, is perpendicular to the direction
of the gravity vector and perpendicular to the
northern axis; and the downward axis (D) runs
along the gravity vector);

Vehicle movement is identified, among others. in re-
lation to the road infrastructure, the location of
which is described in the global coordinate system.
Therefore, it is necessary to transform the measure-
ment results from the local components of the accel-
eration vector (ax, ay, az) into the global system (ax,
av, az). The angular velocities of the car body in the
global coordinate system are described by the ex-
pression:

1 sindtg® cosdtgd

[ 0 (o) in® P

o — cos —sin

E:) - 0 sin® cosd Q (1)
=g cos® cos® R

[Axp cos® sin@sin® sinB®cosd ] [Ax
ayp| = 0 cos® —sin® ay|(2)
[Azp —sin® cosB@sin® cosOcosd) 1Az
[AGx cosW —sin¥ 0][axp

Agy| = [sin¥ cos¥ Of|ayp )
|AGz 0 0 11 1lazp
where:

Y, 0, ® — quasi-Euler angles, defining the orienta-
tion of the local system {Cs} relative to the global
system {0};

P, Q, R — components of the angular velocity vector
of the body in local coordinate systems.

To achieve the planned aim of this work, a different
rout was set up, during which the acceleration and
angular velocity waveforms were recorded in the lo-
cal reference system. The waveforms of accelera-
tions and angular velocities have been centered by
removing the so-called offset and exported with a
cutoff frequency of 20 Hz. The OXTS RT measuring
set was placed inside the test objects: Target 1 and
Target 2 and outside the test object Hunter. The de-
termined acceleration of the center of measuring

equipment in the global system acx, acy, acz was
used to determine the coordinates of the center of
measuring equipment by double numerical integra-
tion. The results of the calculations are presented in
Figures 4 and 6 in the form of the trajectories of the
vehicles.

The view of the vehicles is shown in Fig.2.

6. Test results

6.1. Calculation method adopted

The readings of the systems installed on the vehicles

were determined in relation to the vehicle taken as

a reference. The reference vehicle is Hunter (moving

second in the column), while the other vehicles,

named Target 1 and Target 2, moved first and last in
the column, respectively. The measuring systems
used made it possible to determine:

— vehicle trajectories in the global reference sys-
tem (NED);

— time histories of the relative yaw angles of the
Target 1 and Target 2 vehicles, distances be-
tween these vehicles and the reference one, and
vehicles’ velocities in the local Hunter coordi-
nate system.

Then, time histories of the distances of the Target 1

and Target 2 vehicles from the reference one were

determined in the local Hunter coordinate system (in
the longitudinal and lateral directions). For the anal-
ysis, straight sections of the route were selected,
which were covered by the convoy under test in the
different time intervals depending on the type of test

(driving in a straight line avoiding one obstacle,

driving in a curvy line avoiding a lot of obstacle).

The following quantities characterizing the relative

motion of these vehicles were analyzed:

— angles of deviation of the longitudinal axes of
the Target 1 and Target 2 vehicles from the lon-
gitudinal axis of the Hunter vehicle (relative
yaw angles — see Figure 3);

— longitudinal and lateral distances of the Tar-
get 1 and Target 2 vehicles from the Hunter ve-
hicle in the local coordinate system;

longitudinal and lateral components of the velocities

of the Target 1 and Target 2 vehicles relative to the

Hunter vehicle in the local coordinate system.
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a)

Fig. 2. Photos of the object under test: a) Target 2, b) Target 1, ¢) Hunter, d) vehicles while forming a convoy,
e) OXTS in the Target 1, f) OXTS on the Hunter , g) OXTS in the Target 2, h) all vehicles after the
test (source: materials provided by WITPIS, i.e. the Military Institute of Armor and Automotive Tech-
nology).
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The distances between the Hunter vehicle and the
Target 1 and Target 2 vehicles were calculated based
on vehicles’ instantaneous positions in time. The
distance values determined and the relative velocity
components in the local Hunter coordinate system
refer to the mounting points of the measuring equip-
ment. The Range system calculates the distance
(range) to the Targets and resolves this into forward
and lateral measurements in the Hunter vehicle's

@ Sensor point
@ Bullseye point

\IH

coordinate frame. Range calculations are carried out
in the Hunter vehicle’s frame of reference, i.e. for-
ward and lateral with reference to the Hunter, re-
gardless of the orientation of the Targets. The result-
ant distance between the Hunter vehicle and Targets
vehicles can be calculated from their instantaneous
positions. This can then be decomposed into a lateral
and forward component relative to the Hunter. De-
scription of the adopted markings is shown in Fig. 3.

QT

Slae

m S,I"wg!

Fig. 3. Description of the adopted markings (Support OXTS, 2024), where: T — Target; H — Hunter; ® — yaw
angle of the Target 1 and 2 relative to the Hunter vehicle [deg]; swd — range forward of the Target 1
and 2 relative to the Hunter vehicle [m]; siat — range lateral of the Target 1 and 2 relative to the Hunter
vehicle [m].
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Fig. 4. Vehicle trajectories in the global reference system (NED) during driving in a straight line avoiding one
obstacle
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Fig. 5. Results of calculations of the quantities that characterized the relative vehicles’ motion driving in a

straight line avoiding one obstacle

When calculating the relative velocities of the
Hunter and Targets the next step included lateral and
forward velocity differences between the Targets
and the Hunter, arranged such that when the Hunter
is gaining on the Targets these values ought to be
negative. The forward velocity of the Target 1 and 2
relative to the Hunter velocity can be given by taking
the difference in distance divided by the difference
in time for a given time step.

Awad

Vfwa = At )
where:
t — time [s].

From the presented time histories of the quantities
that characterized the relative vehicles’ motion, the
arithmetic mean values were determined and the ex-
treme values were indicated.
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6.2. Driving in a straight line avoiding one obsta-
cle

Vehicle trajectories in the global reference system
(NED) during driving in a straight line avoiding one
obstacle is shown in Fig. 4. Results of calculations
of the quantities that characterized the relative vehi-
cles” motion driving in a straight line avoiding one
obstacle is shown in Figure 5. Values of the arithme-
tic mean of the quantities under analysis in the time
intervals as specified during driving in a straight line
avoiding one obstacle is shown in Table 1.

6.3. Driving in a curvy line avoiding a lot of ob-
stacle

Vehicle trajectories in the global reference system
(NED) during driving in a curvy line avoiding a lot
of obstacle is shown in Fig. 6. The results of calcu-
lations of the quantities that characterized the rela-
tive vehicles’ motion are shown in Fig. 7a-7f. Values
of the arithmetic mean of the quantities under anal-
ysis in the time intervals as specified during driving
in a curvy line avoiding a lot of obstacle is shown in
Table 2.

Table 1. Values of the arithmetic mean of the quantities under analysis in the time intervals as specified during

driving in a straight line avoiding one obstacle

Time interval 0-250 s

Arithmetic mean

Minimum value Maximum value

® Target 1 [deg] -8,4 -12,8 -3,9
® Target 2 [deg] 4,0 2,6 54
Swa Target 1 [m] 6,3 6,0 6,6
Swa Target 2 [m] -12,2 -13,4 -11,0
Siar Target 1 mj -1,0 -15 -0,4
Siat Target 2 [m] 0,88 0,50 1,26
vfwd Target 1 [m/s] -0,01 -0,01 0,00
viwd Target 2 [m/s] 0,1 0,0 0,3
120

100

N [m]
~

Target 1
—Hunter

Target 2

250

E [m]

Fig.6. Vehicle trajectories in the global reference system (NED) during driving in a curvy line avoiding a lot
of obstacle
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Fig. 7. Results of calculations of the quantities that characterized the relative vehicles’ motion (source: au-

thors’ own study)

All the vehicles maintained continuous communica-
tion with the remote control station that cooperated
with the group, this being an important element in
assessing the reliability of the control system. It is
possible to carry out a convoy mission along a des-
ignated route using a manned vehicle and unmanned
vehicles with various autonomy levels, in conditions
similar to real ones with an assumed distance be-
tween the vehicles of 10 m and a speed of 1.5 m/s.
The biggest lateral distances, which may have a

considerable impact on planning the path for the ve-
hicle column, were observed between the Target 2
and Hunter vehicles. In subsequent studies, it should
be assessed whether driver's decisions or different
dimensions and designs of the running gear of the
Target 2 and Hunter vehicles (a tracked and a small-
size wheeled one, respectively) may affect the tem-
porarily increased value of the lateral distance be-
tween the vehicles. The obtained average mission
speed of 1.5 m/s should be considered low; it should
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be increased in subsequent tests, monitoring its im-

pact on other parameters describing the vehicles’

motion, e.g. the distance or relative yaw angles be-
tween the vehicles. Detailed conclusions:

—  the maximum value of the modulus of the Tar-
get 1 and Target 2 vehicles’ yaw angles relative
to the Hunter — Hunter was, 12.8° and 5.4° (first
test Target 1 and Target 2), 2.1° and 5.8° (sec-
ond test Target 1 and Target 2), respectively.

— the longitudinal distances of the Target 1 and
Target 2 vehicles relative to the Hunter vehicle
were 6.0-6.6 m and 11-11.4 m (first test Target
1 and Target 2) 10.4-12.2 m and 13.4-18.5m
(second test Target 1 and Target 2), respec-
tively.

— the lateral distances of the Target 1 and Target
2 vehicles relative to the Hunter vehicle were
0.4-1.5 m (first test Target 1 and Target 2), 0.1
0.4 m and 0.0-1.4 m (second test Target 1 and
Target 2), respectively.

— the longitudinal velocities of the Target 1 and
Target 2 vehicles relative to the Hunter vehicle
were 0.0-0.3 m/s (first test Target 1 and Target
2), 0.1-0.4 m/s and 0.0-0.1 m/s (second test
Target 1 and Target 2), respectively.

To calculate the required lane width for Target 1,

Target 2 and Hunter vehicles, taking into account

yaw angles, longitudinal and lateral distances and

speeds, several factors need to be considered:

- the yaw angle of the vehicles relative to the Hunter

(yaw angle) - the angle at which the Target 1 and

Target 2 vehicles are positioned relative to the

Hunter affects the lane width, as the vehicles are not

moving in a straight line but may occupy more lat-

eral space.

— lateral distances between vehicles - indicate
how far apart the vehicles are on the road,
which directly affects the lane width needed.

— longitudinal distances - indicate differences in
vehicle positions relative to the Hunter vehicle
in the direction of travel, but do not directly af-
fect lane width.

—  relative speeds - as speeds are very low, lane
widths are not expected to be significantly af-
fected. Vehicles are moving at almost the same
rate.

To calculate the lane width needed for the safe pas-

sage of Target 1, Hunter and Target 2 vehicles along

the designated routes, the external dimensions of the
vehicles were taken into account (Target 1: length

3.5 m, width 2.0 m; Hunter: length 1.5 m, width 1.2

m; Target 2: length 7.4 m, width 3.0 m), the addi-

tional widths associated with the yaw angles of the

vehicles and the maximum lateral distances between
the vehicles. The additional width associated with
the yaw angle was determined from the relationship:

lane width = ©)

vehicle length X tan (yaw angle)

For the first test:

— Target 1: Deflection angle 12.8°, additional
width = 3.5mxtan(12.8°)=0.80 m;

—  Target 2: Deviation angle 5.4°, additional
width = 7.4mxtan(5.4°)=0.70 m.

For the second test:

—  Target 1: Deviation angle 2.1°, additional
width = 3.5mxtan(2.1°)=0.13 m;

—  Target 2: Deviation angle 5.8°, additional
width = 7.4mxtan(5.8°)=0.75 m.

Table 2. Values of the arithmetic mean of the quantities under analysis in the time intervals as specified during
driving in a curvy line avoiding a lot of obstacle

Time interval 50-150 s

Time interval 260-360 s

Arithmetic Minimum Maximum Arithmetic Minimum Maximum

mean value value mean value value
® Target 1 [deg] -1,8 -2,1 -15 0,7 -0,3 1,7
® Target 2 [deg] -0,1 -0,1 0,0 -1,8 -5,8 2,2
Siwa Target 1 [m] 10,9 10,4 115 11,4 10,7 12,2
Swwa Target 2 [m] -174 -18,5 —16,4 -13,9 -14,5 -13,4
Siat Target 1 mj -0,3 -0,4 -0,3 0,2 -0,1 0,4
Siar Target 2 [m] —0,02 —0,03 0,00 -0,4 -14 0,6
vfwd Target 1 [m/s] -0,1 -0,2 0,1 0,1 —0,2 04
viwd Target 2 [m/s] -0,1 -0,1 0,0 0,0 -0,1 0,1
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For the first test:

Target 1: vehicle width: 2.0 m, additional width as-

sociated with yaw: 0.80 m, maximum lateral dis-

tance relative to Hunter: 1,5 m. Total width occupied

by Target 1: 4.30 m.

Hunter: vehicle width: 1.2 m, total lane width for

Target 1 and Hunter: 5.50 m

Target 2: vehicle width: 3.0 m, additional width as-

sociated with deviation: 0.70 m, total width occu-

pied by Target 2: 3.70 m

For the second test:

Target 1: vehicle width: 2.0 m, additional width as-

sociated with yaw: 0.13 m, maximum lateral dis-

tance relative to Hunter: 0.4 m. Total width occupied

by Target 1: 2.53 m,

Hunter: Vehicle width: 1.2 m, total lane width for

Target 1 and Hunter: 3.73 m

Target 2: Vehicle width: 3.0 m, additional width as-

sociated with deviation: 0.75 m, total width occu-

pied by Target 2: 3.75m

Thus, the lane widths in:

—  first test for Target 1 and Hunter is: 5,50 m.

— the second test for Target 1 and Hunter is:
3,73 m.

—  the first test for Target 2 is: 3,70 m.

—  the second test for Target 2 is: 3,75 m.

7. Summary and conclusions

Greater longitudinal distances between vehicles
were recorded in the second test, which may have
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