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Abstract

Volvo is currently investigating different solutions to make their production facilities
able to produce electric, hybrid, diesel, and autonomous trucks on the same assembly
line. The issue with several products on the same assembly line is the limited
storage space available close to the assembly stations, when producing trucks with
different drivetrains more parts are needed and therefore the close vicinity storage
space is not enough. A solution to this is to keep the stored parts further away
and then transport them to the assembly line stations. With the parts further
away a solution to the transport problem is autonomous transport robots, ATRs,
moving between the storage and a assembly station. This thesis studies the collision
avoidance between ATRs in a large fleet delivering assembly kits. The task was
divided into two problems, estimating and solving the collisions. The algorithm
estimating these collisions must be fast so that new ATRs can start their journey on
time. To find the collisions, the factory floor is stored as a 3D matrix with x, y, time.
The trajectory points are then discretized and stored in this matrix, in this way, it is
easy to detect nearby trajectories and only the vicinity of the added path needs to be
analyzed. Solving a collision is done recursively with a greedy best-first search since
it is fast if there is no collision and deviates minimally from the original trajectory
otherwise. Another challenge is communication, in this thesis, ROS 2 was used
since it can handle more ATRs than ROS 1. The results show that the estimation
algorithm finds the possible collisions quickly and solves intersection collisions most
of the time between 0.5 ms and 1.5 ms. Head-on collisions take a longer time to
solve and are dependent on the distance between the ATRs moving on the same
path. Solve time is also affected by maximum/minimum velocity/acceleration of
the ATRs and the paths step length. Depending on the time before the collision
it may not be able to solve it. The communication works very well and ROS 2 is
capable of handling a large fleet of ATRs.

Keywords: Fleet control, Anti-collision, ATR, ROS 2, agile.
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1

Introduction

Volvo is starting to scale up the manufacturing of vehicles that have hybrid and elec-
trical powertrains as well as preparing for the manufacturing of driverless vehicles.
During this process, it was found that keeping existing factories and assembly lines
where advantageous for several reasons. For example, integrating the infrastruc-
ture needed for these new products would improve the flexibility to match demand
during the transition to more sustainable solutions. It also means that no new fac-
tories or assembly lines need to be built. One of the problems when integrating the
infrastructure for these new products however is space in the old factories.

1.1 Background

In the current final assembly lines, all assembly details needed for a product at an
assembly station are picked into assembly kits in close vicinity to the assembly sta-
tions. When integrating the infrastructure for different products on one assembly
line the number of different part or assembly details needed increases. The space
available close to the assembly stations is then not going to be enough to store the
larger number of parts. To solve this problem Volvo started investigating the use of
Autonomous Transport Robots (ATR). These robots will go to storage racks further
away from the assembly line and load an assembly kit for an assembly station and
deliver them to the station at a set time window. The ATRs will use a centralized
computer and cameras in the roof of the factory to navigate and achieve the deliv-
eries. This centralized computer will also do fleet control, in other words, make sure
each robot can do just in-time deliveries and not collide. This centralized system
will reduce costs since each ATR will need fewer sensors compared to decentralized
solutions that utilize ATRs with lidars and cameras on-board.

Volvo has together with Chalmers and Orebro university developed an advanced
prototype of centralized fleet control for ATRs. This prototype is currently able to
control a limited number of ATRs between different goal positions in a lab environ-
ment. The prototype uses Robot Operating System 1 (ROS1) [1] for communication
between the components, and the prototype ATRs are robotic lawnmowers with
trays welded on top. In the current prototype, there exist subsystems that do fleet
control. However, since the fleet control is closely connected to when and if parts
are delivered just in time, the whole assembly line is dependent on safe and efficient
fleet control. This is why further improvements and research within this area can
yield important results for the system as a whole.



1. Introduction

Volvo wants to develop a new prototype using the same idea as the last proto-
type, but build it around a communication framework that can handle up-scaling
better. Therefore, a collaboration with Chalmers started and the new system will
be developed by several other master thesis groups.

1.2 Problems and tasks

The current system works for a limited number of ATRs, however, to have any
practical value for Volvo the fleet size of ATRs needs to be increased. The limiting
factor of the current system is within the communication, more specifically ROS1.
In ROS1, all the communication is managed by the ros core. The core knows all of
its connected nodes and topics. When everything is managed by one node scalability
will be a problem if all of the communication happens at once. This is one of the
problems the thesis is set out to solve.

Furthermore, the just-in-time delivery of assembly kits to the assembly stations
is crucial for keeping production up, any stops or delays cause large costs every sec-
ond. The anti-collision system, therefore, needs to be efficient. Efficient in the sense
that the overall cost for the system and its productivity is heavily affected by the
efficiency of the anti-collision system. If the anti-collision system is poorly imple-
mented more ATRs would need to be in the fleet to achieve the same productivity
as a fleet with a better anti-collision system.

1.3 Aim

This master thesis aims to implement an anti-collision system with a new com-
munication architecture, using ROS2, to increase the safety and scalability of the
fleet.

1.4 Limitations

The project will be limited to a small number of ATRs in the physical demonstration.
It is a large project with many teams working together, therefore there will be
restrictions in what kind of input and output this project can utilize. There will
also be restrictions in the refresh rate of the input as well as the output, that comes
from hardware limitations.
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Approach

The first step taken was to define what kind of system that was going to be de-
veloped. This was crucial since this definition can through research yield valuable
insights into challenges and problems well documented by others for this project. A
system of systems (SoS) is a collection of independent systems that work together
to solve a task that needs multiple systems to be solved. [2]. However, the sys-
tems are still independent in the sense that they can perform a partial task without
the other systems operating. Since each master group is developing their part of
the larger system that they are supposed to handle a partial task, one could claim
that this is indeed an SoS. Mark W. Maier talks about the lack of availability of
the different systems, in other words, the challenge to develop a system that needs
input from other places that may not be available during the development. An-
other aspect that is important according to Maier is the communication between
the different systems. Maier says "In a collaborative system (a system-of-systems)
the intersystem communications is the architecture (in the sense of the organizing
structure)." to emphasize just how important the communication architecture is.
Having a predefined communication standard that satisfies all sub-systems is key
when developing an SoS. Furthermore, there are several challenges when solving the
actual anti-collision function of the system. One of the challenges is that the system
is operating in real-time. There will also be constraints in update frequency, a high
update frequency is needed to handle sudden events. The algorithm developed was
required to have around 1 Hz updating frequency according to Volvo. Furthermore
how to find collisions, and how to solve them were also areas that need to be solved
within the constraints given. To solve the challenge with the time constraint it was
important to have an algorithm that takes little time in finding the collisions and
then quickly solve the collision that was found. How to deploy the system was also
an area that has been looked into since Volvo wants the system to be modular and
able to work on different platforms. Lastly, methods on how to evaluate the project
during and after development needed to be looked into to measure results.

2.1 Communication

The foundation of the whole system is the communication architecture according
to Maier. Therefore our examiner Emanuel Dean together with all the project
groups formulated the message structure between the different projects. To solve
the communication problems in ROS1, ROS2 is used [3]. ROS2 nodes can discover
each other independently [4]. This discovery removes the bottleneck that existed in

3



2. Approach

the ROS1 when all the messages moved through the core. The information is going
both in and out of the fleet control system. The input is updated ATR paths that
the fleet control adds to its list of active ATRs. Another input that is needed is a
list of the current ATR formations. This information needs to be requested before
the ATRs are added to the current active ATRs. There is one output to each ATR
which contains a set of the future positions and timestamps for that ATR. It is
important to keep track of the actual position and timestamp and check if the ATR
is in the correct location. If The ATR is too far away from the assumed location it
should stop and any further message will not be sent to that particular ATR. If the
ATR is a little bit ahead of the assumed location messages with positions behind it
should be removed from the message. All of these types of inputs and outputs can
be messaged via ROS2 and in a well-structured way.

2.2 Simulation and modelling

One challenge when developing a system of systems is the independence of each
system, or as in this thesis case the independence of each master thesis group. Ac-
cording to Maier, it can be challenging when several independent SoS are being
developed simultaneously since inputs and outputs between them are not available
at the time of development. Through research, a solution to overcome this challenge
was found. According to [5] simulation and modelling can be a useful tool to re-
place the other systems that will generate or handle output/input. It was therefore
decided that the closest independent systems to this project would be simulated
during the development phase to verify this system. Testing and development with
input/output with all the real systems would be done further into the development
process.

2.3 Finding a collision

To fulfill the requirements of a fast update frequency, it was decided to divide the
factory floor into smaller areas where a collision might happen. In other words,
instead of looking at the entire factory and solve it as one big optimization problem,
a faster search is made to find smaller areas where more than one ATR exists at the
same time. These areas will be called "Collisions" and are what’s going to be used
by the solver.

New collisions will only appear when either a trajectory is altered or added. Com-
paring the new or altered path to all others is an inefficient way of doing it and
will scale poorly with more trajectories. If instead a grid is used where all the tra-
jectories are stored then only the vicinity of the added or altered trajectory needs
to be checked. With this solution, the size of the grid will be the limiting factor.
This method is chosen because of the calculation speed advantages when only the
vicinity around the path is necessary to check. If there is a collision this search will
give multiple collisions that have to be stitched together, the stitching decides how
big the interval will be.

4
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These collisions will be stored so that they can be used to know how long it is
until the next collision. This way is chosen because then only the collisions will
have to be looped over each update, this is something that is also done by [6]. The
collisions are stored as an interval and will be solved on this interval with some
guard in the beginning and end so that it is solvable. This means that one collision
can be solved every update and if there are multiple collisions to solve within this
guard it will be possible. Solving one collision every update means that the amount
of times multiple collisions have to be solved in one update will be minimized and
thus the computational load is distributed over several loops.

2.4 Solving a collision

To solve the problem the timestamps need to be shifted so that one of the ATRs
involved will either slow down or speed up. With the requirement to run at 1 Hz a
fast algorithm is needed. It is also faster to solve the problem in discrete-time since
there will be fewer steps to reach a solution. One disadvantage of solving in discrete
time is that there may be a solution to the problem that can not be found because
the solver is not able to compute it. Since time is a stricter requirement it is better
to have the solver in discrete time.

The solver may be of many different kinds, it can either be breadth-first or depth-
first. Because of the time requirement, the breadth-first is not of interest because it
will take too much time on average. The requirement is that the altered path should
have the same end time as the path with the collision before it was altered. This
constraint is soft, only if possible, and is there to not introduce any new collisions in
the system after altering the path. With these requirements, the recursive best-first
search algorithm looks to be the best according to our research. This algorithm
searches in a depth-first style and decides which step to take by weighing it so that
it keeps to the original path as much as possible. Because of this weighting, the so-
lution is chosen as the first solution that reaches the position (x,y). This algorithm
will take a little longer because of the weighing, if the solution chooses to slow down
then in the next step it will be weighted to take the order of speed up, normal, slow
down. Given it needs to slow down several times in a row the algorithm will have to
go through several steps of speed up and normal that are not possible. This is still
a preferred behavior to have since the solution will contain the smallest amount of
change from the original path that still avoids the collision. The algorithm will also
need a max solution time because of its time complexity.

2.5 Priority

When a potential collision is detected it is passed to the solver to modify the times-
tamps in the path and make it collision-free. To do this, the solver needs to know
which ATR is supposed to move out of the way and which one can continue on
its original path. To solve this, a priority system was implemented. The logistics
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behind the priority system was not looked into, the only important part it had for
the project was to make sure that one ATR has higher priority than the other. More
advanced priority logistics could later be implemented in the coordinator or by the
user. FEarly on in development, a problem with the priority system had become
clear. One could call it the "catching up" problem. The problem comes when a
lower priority ATR changes speed for some reason, to avoid colliding with a higher
prioritized ATR from behind for example. In figure 2.1 one can see a graphical illus-
tration of this. If a higher priority ATR then comes on the same path in front of the
lowest priority ATR it will be given the right of way. This will introduce a collision
or a unsolvable scenario as can be seen in figure 2.2. In other words the ordering
of ATRs when solving "catching up problems" needs to be that the leading ATR in
the train get collision free first and then the second ATR and so on, regardless of
priority. To solve this, a way to detect if an ATR is "catching up" to another ATR,
to then flip priorities. This method of solving the "catching up" problem was not
the first that was tested, and it was recognized that it was probably not an optimal
solution. Switching priorities is problematic but the cost for doing this is at worst
case missed deadlines for higher priority ATRs instead of causing collisions. This is
an area of further research.

Time .
A Goa Time
A Goa

Original Pat Delay riginal Path

olution

Obstacle Obstacl

Y

Y

Position(z, y) Position(z,y)

Figure 2.1: Visual interpreta-
tion of how the solve space looks
like when a low priority ATR
needs to speed up for an higher
prioritized ATR, observe that this
results in a negative delay.

Figure 2.2: Visual interpreta-
tion of how the solve space looks
like when a low priority ATR gets
cut off from a viable solution by
two higher prioritized ATRs.

2.6 Evaluation

Simulations will be used to evaluate and also develop the subsystems needed to solve
the described problems. These simulations will be used not only to evaluate the final

6
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Figure 2.3: Worst case scenario where multiple ATRs collide at the same time and
the solver has to solve multiple collisions at once.

project but also during development. Additionally, the system will be tested in a
physical demonstration, with a small fleet of ATRs, to make sure the system also
works in reality. One feature of the physical demonstration is the ability to compare
the new system with the current system in a controlled environment. A key feature
that can not be tested through the physical demonstration is how larger fleets of
ATRs perform. The reason for this is that there will be a limited number of ATRs in
the physical demonstration. The simulation then becomes an important tool when
evaluating how the new communication architecture affects fleet size.

The new implementation will also be tested with various worst case scenarios to
see how robust the system is. This could for example be to set the whole fleet to
enter a critical section at the same time to test the anti-collision system, Figure 2.3.
Another example is to make the fleet of ATRs receive their goals at the same time
to test the communication architecture, Figure 2.4.
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Figure 2.4: ATRs in a grid with no collisions to test how many ATRs can be sent
messages simultaneously.
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implementation

3.1 ROS 2

The ROS 2 connections as input and output from this project were created by
Emmanuel Dean together with all of the projects. They are implemented as seen
in the following figure 3.1, where the left side is the inputs and the right side is the
outputs.

ATR Fleet Control (Anti-collision)

GetATRFormation.sry
Ros
Client .
ATRStateListStamped.msg -mati Ros
fopic: "atr_state list" ATRFormation Client
R PathCmd(1)
o Ros . UpdateATRPath.srv
Topic Subscrib Main T . "
ATRStatel st Su §t.‘r1 er hread - service: "update_atr <ATR_ID> path
Stamp ATRStateList Threa . e.g. "update_atr_1_path"
.
Ros Ros
UpdateATRPathList.srv i ,h":"‘""" . Client
service: "update_atr_path_list" ATRPathList PathCmd(j)

PathCmd(atr_id):PathWithDTimeStamped={header,poses}
poses=PoseWithDTime[]={position.delta_time}[pose I, pose 2. ..., pose_m]
NOTE: m<n

Figure 3.1: The inputs and outputs from the fleet control system.

In ROS2 there are different ways of communicating, the two used in this project are
the client/server and the subscriber/publisher. In the client/server configuration
the client requests the service from the server and then gets a response [7]. There
can be multiple clients but but only one server. With this type of communication
the client can be sure that the server got the message and it executed without error.
Subscriber/publisher are connected to a specific topic, subscribers to this topic will
listen to anything that is published here and publishers will publish to anyone who
is listening to this topic [8]. This means that the publisher cant make sure that a
certain subscriber got the message.

The input ATRFormation is of client type and returns the formations for the ATR
id’s it is sent. The input ATRPathList is of service type and takes a message
which contains multiple ATRs and their respective path. This callback function
uses the ATRFormation client, to get the formations, and adds the new paths with
the formation information of the ATRs to the anti-collision algorithm. The input
ATRStateList is a subscriber node, this node updates all of the ATRs latest recorded
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positions so that the anti-collision algorithm then can flag if there is a discrepancy
between the actual position and the position the algorithm thinks it is at. The out-
put PathCmd(1),...,PathCmd(j) is a set of clients where each one goes out to one of
the active ATRs. It outputs the next 30 points to the ATR, this topic is updated
once every second.

3.2 Simulation and modelling

In order to validate results during and after development, the input and output
to the anti-collision system need to be simulated. To do this the communication
framework was used as a template to know what was needed to generate the input.
To understand the output a visualization tool was made.

3.2.1 Input

The input is called ATRPathList and it contains all active ATRs paths with time
stamps. To generate this input, a path generator was developed. The path generator
can create lines, circles, or custom paths in the same format as the required input.
The path generator can also produce randomized to find edge cases.

3.2.2 Output

When it comes to how to validate the output a tool to visualize the ATRs was made.
This tool takes the output and draws the ATRs movements after the anti-collision
has done its part.

3.3 Finding a collision

Finding a collision among all other ATRs and their time stamps is a computationally
heavy task if each point on the trajectory is compared. Instead, a grid is used with
the sides (x,y) step length of 2 m and a time step of 1 s (z). The grid size is chosen
with respect to the maximum velocity of 1.5 m/s so that an ATR will never move
over a step in the grid. This grid is of fixed size, a grid of 500,500,300 was used to
run the simulations and the demonstration with. Each update the first plane in x,y
needs to be removed and a new plane of zeros appended in the end.

When a path is altered or added it is updated to the grid. In order to update
the grid, the path first needs to be discretized into the grid cells. Each grid cell
contains a value of how many paths are passing through that cell, so all of the cells
that the new/altered path is in is incremented by one. To check for collisions the
adjacent cells of a discretized point on the trajectory are summed and if the value
is greater than one there is a collision. Greater than one because the previous value
from the trajectory will be in an adjacent cell. If the ATR moves in a diagonal
with respect to the grid it may find a collision with itself but the solver solves this
situation quickly, see solving a collision chapter 2.4. Once a path has been added to

10
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the grid all of the potential collisions need to be checked for involved IDs and close
collisions are stitched together. Because one actual collision may be part of several
potential collisions if they are colliding over a large area and time. The collisions
will be stored in a list where the (x,y,time) of the first collision in several stitched
collisions happen, also the IDs of the involved ATRs, and the interval of the collision
(x,y,time). These are the collision that will be looped over and solved.

3.4 Solving a collision

The collisions in the list are only potential collisions. The algorithm is a depth-first
algorithm that has weights on the different branches which is a greedy best first
search (Algorithm 1). The branches are either to speed up, slow down, or normal.

Normal means following the original path timestamps, speed up increases the speed
of the ATR and slow down decreases the speed of the ATR.

The solver is weighted so that it will follow the original path (normal action) until
it runs into an obstacle, in this way if nothing is in the way it will go to the next
point in the trajectory with the same weighting. If the normal branch is not pos-
sible then slow down is selected. This is because it is better to slow down due to
safety reasons. If that doesn’t work either the algorithm will try to speed up. If the
potential collision isn’t an actual collision, meaning it continues with normal action
through the collision area (minimum safety distance is not breached), then the algo-
rithm will only do the normal action at each trajectory point. If there is a collision
the result time will depend on the complexity of the collision, in most cases, it is
either an intersection or catch up/head on collision. If the algorithm steps one step
with slow down at a point in the trajectory then the next point in the trajectory
will be weighted differently. It will first try to increase the speed, then normal, and
then slow down again. This weight shift is what keeps the original path as much
as possible. If slow down or speed up is selected the new speed is calculated from
equation (3.1),

Vnew = ‘/:)ld — (V;;ld — S(D/TC))M, where S(D/TC) = |D/TC| > Vmemm
else D/Te

(3.1)
where D is the distance between the two points the new velocity is calculated from,
Tc is the calculated time it can take with maximum or minimum acceleration and
M is a multiplier. If D/T¢ is either larger than V,,,, or lower than V,,;, then it
is replaced with the max and min respectively. The time is calculated differently
depending on the situation, in the normal case, it is just the time between the two
points with the current velocity. In the slowed-down case, it is set to V,,;, to get a
constant delay, and in the speed up case, it is calculated from the equation (3.2),

ar® + Vygr — D =0, (3.2)
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3. implementation

where a is the acceleration, V,;; is the average velocity at the previous point in the
trajectory and D is the distance.

Algorithm 1: Recursive Best First Search
Result: A recursive function that returns the path if a path is found or None
if there is no path found.

RBFS;
if Reached goal then
‘ return x,y,time;
end
if Position occupied then
‘ return None;
end
Select weighting;
Calculate time;
RBFS(new time);

Before the algorithm starts to solve the collision, the priorities on the ATRs are
defined. The first one from this list is allowed to move along its path without any
modification to the timestamps. This path is added to a grid with zeros and has a
radius of 1 m around it. This is to make sure that the other ATRs won’t run into
it with our safety distance of 2 m. This grid is fed into the solver that then finds a
way around it. This can be seen in Figure 3.2. If there are multiple ATRs involved
the new path for the second ATR in the list is then fed into the grid with a 1 m
radius and then the next ATR is sent through the solver with this new grid with
both the previous ones.

[s] awn ey2d

Figure 3.2: One ATR keeping to its original path, red, with a safety distance
around it. The other ATR, blue, finds the safety distance and moves around the
ATR in time.
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3.5 Priority

The priority system was implemented with integers ranging from 1 to as large as the
fleet is. Lower priority gives a higher right of way. As explained in the approach, the
priority system is a heuristic approach without optimization. One should look at
the priority system as a placeholder until further research on how to optimize it has
been done. When the solver receives information of a collision, the involved ATRs
will be sorted from the lowest to the highest priority where the lowest will have right
of way. The solver will then take the first ATR in the list and add it to its "solve
space", the second ATR in the list will have the timestamps of its path changed so it
won’t collide with the first ATR in the list. After the situation is solved, the ATRs
path that has been altered will be added to the "solve space" and the next ATR in
the list will be altered. In other words, the ATR that is first in the priority list will
never be altered. To solve the "catching up" problem, a tool that can detect if an
ATR is approaching another ATR from behind or not was developed. First is the
direction of each ATR is taken out from a point where they are the closest to each
other. If their heading is to close to each other it means they are going in the same
direction during the collision. Then with the help of the relative vector between
them and their first location in the collision, the ATR that is in front is found and
is then set as the ATR with the right of way, regardless of its priority. If there are
several ATRs on the same path the whole "queue' is extracted through a recursive
function. To save computing resources when dealing with the "catching up" problem
a way of blocking catching up collisions for the solver was introduced. The reason
behind this is that when a catching up collision has been solved, the finding collision
part of the system still sees it as a collision. This is because the finding collision
part of the system triggers on a larger distance than the minimum safety distance.
Through blocking a solved catching up collision, the system doesn’t waste resources
on a scenario that’s already been solved. If a new ID is introduced into the collision
or if any of the involved paths are altered the blocking flag is removed and it will
solve the changed collision.

3.6 Evaluation

In order to evaluate the system robustness in terms of refresh rate, communication
and solving time, several test cases were created. The first test was done with only
running the main node with no active ATRs. This was done to get a baseline of the
refresh-rate of the system.

The second test was to evaluate the scalability of the solution, to test how many
ATRs can be handled at the same time to test the communication. To ensure no
collisions could happen and interfere with the communication evaluation all ATR
paths where placed outside of each others collision radius, seen in Figure 2.4. 100
ATRs were initially added and then increased until the refresh-rates were slower
than 1 Hz. This has to be done with two computers where one will simulate the

fleet of ATRs.
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3. implementation

The third test case was similar to the second test. However each ATR has at
least one collision in its path, seen in Figure 2.3. This test was done to evaluate
the collision system as a whole, and to see how the refresh-rate is affected when
collisions is introduced.
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4

Results

4.1 Hardware

All of the following tests have run on two computers with the specifications seen in
Table 4.1.

Table 4.1: The specifications of the two computers used as sender and receiver
during the simulations.

PC1 PC2
Processor AMD ryzen 5 3600x | Intel i5 3210m
Graphics card Nvidia gtx 1070 Nvidia gt 630m

RAM 16Gb 8Gb

All of the simulations were done with the PC1 running the anti-collision node and
sending the information to the PC2.

4.2 Communication

Testing the latency between sending and receiving messages with a large amount of
ATRs in the system has to be simulated computer to computer and not between one
computer and multiple raspberry pi’s. The raspberry pi’s are the main computing
system for the ATRs and part of that hardware. To accurately simulate the whole
system one would need as many raspberry pi’s as there is simulated ATRs. There
weren’t this large amount of ATRs, therefore it had to be simulated computer to
computer. The results for this test can be seen in Table 4.2, one thing to notice
is the increment in the delay at 300 ATRs for test 1. Test 2 handles many more
ATRs with low latency. The reason for this increment is unknown but it could be
the fact that the computer receiving all the data can’t handle the input with other
background processes running.
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Table 4.2: Message delay between sent and received message with different amount

of ATRs in the system.

ATRs | Test 1 message | Test 2 message Lost
latency (ms) latency (ms) | messages (%)
100 50 o1 0
200 101 95 0
300 1187 154 0
400 3762 321 0
500 3569 4813 0

4.3 Simulation and modelling

The overall result of the simulation and modelling of inputs/outputs to the system
can be divided into two parts. One part is to evaluate how well the simulation mimics
the real system it is supposed to replace. Another part is to show how the simulation
aided the development while the other group’s systems were in development. The
results showing how well the simulations mimicked the other independent systems
will be shown below, but only for the parts with enough data that were accessible.
When it comes to how the simulation and modelling aided the development, this
will be explored in the discussion since there are no quantitative results.

4.3.1 Real world demonstration

In figure 4.1 the distance between where the simulation said the ATRs should be and
where they are in a real-world demonstration is shown. The mean is 0.1405 meters
and there is a big gap at the start of the demonstration. The reason for this gap
is because the actual position doesn’t start exactly in the position of the planned
trajectory. Furthermore, in figure 4.2 the simulated path and the actual path are
shown zoomed in a corner. Here, it is clear that the real-world demonstration can
not do perfect 90 degree turns and hence the spikes shown in the figure 4.1.
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Figure 4.1: Plot showing the distance between simulated position and actual po-
sition.
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Figure 4.2: Zoomed in plot over a corner with simulated trajectory and actual
trajectory, each point is highlighted with the corresponding timestamp.

4.4 Finding & solving a collision

In figure 4.3, the time it takes to find a collision is shown for an increasing number
of ATRs. Each ATR has one collision in its path.

In figure 4.4, the sleep time is shown for 100 ATRs in the system with no collisions.
Sleep time is what is left of the 1 s update frequency after having done the calcula-
tions. We can see that the first step takes a large amount of time, this is because all
the services and subscribers need to be created in the first iteration. Furthermore,
the last 30 iterations increases its sleep time with each iteration. The reason behind
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Figure 4.3: Time to find a collision versus the total amount of ATRs. As can be
seen the amount of time needed increases with the number of ATRs.

this is that the remaining path length to send for each ATR is shorter than the mes-
sage length then, the system has less data to send in each iteration. Initialization
of the services and subscribers happens once in the beginning of an added ATR.
Also, the last 30 iterations the message gets shorter with each iteration because the
trajectory isn’t longer. To avoid bias because of this and find results that are not
affected by path lengths or if the system is starting up, it was decided to disregard
the first and last 30 steps when looking at average sleep times in the following tests.
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Figure 4.4: Sleep time each iteration with 100 ATRs and no collisions in the
system. With sleep time closer to 1 s the calculations are closer to 0 s.

The main loop sleep times were recorded with no active ATRs to quantify how
much time the main loop takes in each iteration with no active ATRs, and to have
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4. Results

a base line for further tests. The results from this test can be seen in Figure 4.5.
The average sleep time is around 0.87583 s and is steady under 5 minutes of run
time. This means that the main loop without any collisions or ATRs to solve/find
collision takes 12.417% of the available time to keep the 1 Hz update frequency on
the current hardware. One can also see that the sleep time is stable and does not
increase with time.
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Figure 4.5: Sleep time each iteration with no ATRs in the system.

In the next test, all added ATRs had no collisions in their paths. In Figure 4.6, the
sleep time in each iteration is shown with an increasing number of ATRs. The sleep
time is still stable and one can also see the standard deviation on the error plot.
Furthermore, the curve has a linear behavior.

0.85

08r

075 .

0rr

Sleep time (s)
/

0.65 o

0.6 [ ~. 1

0.55 . . . L . . .
100 150 200 250 300 350 400 450 500

MNumber of ATRs

Figure 4.6: Sleep time plotted versus active ATRs with no collisions. With the
total number of ATRs increasing the sleep time decreases.
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In figure 4.7, the sleep time is plotted versus the number of active ATRs each with
one collision in their path. This result is generated with all the ATRs colliding at
the same time in order to generate a worst case scenario, seen in Figure 2.3. Once
again one can see a linear behavior but with a much larger standard deviation. The
standard deviation is also increasing with the number of active ATRs.
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Figure 4.7: Sleep time plotted against active ATRs with collisions.

Furthermore, in Figure 4.8, the solving time when using the same collision scenario
but with different step lengths can be seen. Notice how the solving time gets shorter
when the step length gets longer. As well as when the step length is longer the delay
increases.
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Figure 4.8: Average solve time and delay plotted against the step length with 32
collisions.

In Figure 4.9, 100 intersections (collisions) are created with two ATRs in each. These
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intersections are identical but are placed at different locations in the grid. In the
figure, the solving time can be seen to increase from 0.225 ms to 0.450 ms. The
trajectory delays are mostly the same. This is expected since the intersections are
the same.
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Figure 4.9: Time it takes to solve an intersection collision and the delay it creates.

4.5 Priority

After solving various collision situations through simulations it is clear that the
solver can handle most "easy" scenarios. An "easy' scenario, is for example, a pure 90
degrees intersection. However, the current priority system has issues when sections of
paths are overlapping with opposing directions for longer distances. The maximum
length of the overlapping sections in order to solve them, is affected by how the path
looks in terms of how far apart each point is located. Acceleration constraints play
an important part in this. Furthermore, the priority system also had problems when
several ATRs are following a common path in a train configuration, or in other words
a large catching up scenario. The problem with this scenario was evident when an
ATR is in collision with a train of ATRs, the first ATR in the train would slow down
due to priority reasons to allow the ATR to cross. This in turn led to the second ATR
in the train colliding with the leading ATR since the collision scenario between them
was regarded as solved and therefore blocked as discussed in the implementation.
However, the priority system worked well when solving catching up problems with
several ATRs on the same path, it was only when other collisions were introduced
the system started to fail.
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Discussion & Conclusion

5.1 Communication

The communication interface provided by ROS2 presented good scalability under
stress testing. This indicates that it could be used in real-world applications. One
of the drawbacks seen in the results is the latency. This is not necessarily ROS2
problem but may be caused due to the fact that just one computer simulating sev-
eral hundred raspberry pi’s was used. With 100 ATRs, there are no lost messages
and a small latency of 50 ms. Even though the latency is 50 ms, the fleet control
node still manages to send all 100 messages within 1 Hz.

To handle the 50 ms latency, the clocks need to be synchronized and the mes-
sages time stamped according to the clock. With that extra information, it would
be possible to estimate the latency and then calculate the path according to this
latency. If there is a big difference in the latency between different ATRs getting
their messages, there can be a chance of a collision in the current state of the system.
This is because the system assumes there is no latency in sending messages. Since
the messages can’t be sent simultaneously, there will be an offset in time between
the first and the last message that is not accounted for at the moment. With syn-
chronized clocks this will not be a problem. By solving these issues, the solver could
have an even smaller safety margin which would lead to faster solving times since
there it need fewer solving steps.

The latency difference seen in Table 4.2 can either something that happens in the
network at the same time that slows down these ROS2 messages or the fact that it
is one computer that receives all of these messages and it can’t handle it with other
background processes running.

5.2 Simulation and modelling

Without using simulating and modelling tools to replace other systems close con-
nected to this thesis system, the development would have been much harder. The
reason for this is when evaluations and tests can be executed along with the de-
velopment, critical bugs can be found and subsystems tweaked long before the first
trials of the whole system. One could say that the time invested in simulations and
models will yield a return later on. However, it is also important to note that even
a perfect simulation never can replace the real system. All simulations and models
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have their limitations and it is wise to balance the effort of making these tools versus
the expected reward.

In Figure 4.1, the average distance between the simulated path and the actual path
was around 0.1405 meters. This error is significant when setting the minimum dis-
tance between the ATRs. The circular size of an ATR is around 70 cm which means
the minimum safety distance needs to be above 140 cm and when adding the posi-
tion error then the safety distance needs to be above 170 cm. The reason behind the
error is latency issues that have not been handled. To minimize this error, one could
measure the latency and then account for it when following the given paths time
stamps. Another plausible contributor to the error could be other latency issues
with the controller of the robot and time miss matches due to longer computational
times in the fleet control node.

5.3 Finding a collision

Finding the collisions works well and is fast, and so does the solving of the collisions
if the ATRs collide in an intersection. The solver cannot guarantee a short solve
time but is in the order of 0.225-0.450 ms most of the time for these type of intersec-
tions. The time is linearly increasing with the amount of ATRs in the system seen
in Figure 4.3. The reason for the linear behavior is that the ATRs id are not saved
in the 3d map over the factory, which means when a collision is found the involved
ATR needs to be found. This could be solved by using more memory and save the
ATRs in the grid map. Then the list of current active ATRs wouldn’t have to be
searched and it would find the collisions in constant time.

The program can find a collision of an ATR with that same ATR if it moves diago-
nally on the grid. The collisions involving only one ATR are easy to remove but to
find the affected ATRs is in linear time with respect to the amount of ATRs in the
system. With the above solution, this would also be solved since the only ATR in
the vicinity would be itself and there would be no collision.

5.4 Solving a collision

As can be seen in Figure 4.8, the solving time is greatly impacted by the step length
or "resolution" of the problem. A higher "resolution" problem has smaller steps in
the input path and/or strict limits on acceleration and maximum speed. This forces
the solver to take more recursive steps with a more accurate solution. Accurate in
the sense that the corrected path is closer to the defined minimum safety distance
with no overshoot and smother time stamps. In Figure 5.1, a visual demonstration
shows how the algorithm solves a high-resolution path. The best first search needs
to explore 47 branches before finding the solution. The same visual interpretation
but with a lower resolution path can be seen in Figure 5.2. Here the only thing that
has changed is the step distance which is doubled compared to the example in Figure
5.1. Now, the best first search only needs to explore 17 branches before the solution

24



5. Discussion & Conclusion

is found. One can also see that the solution goes further away from the obstacle
than needed, which also leads to deceleration earlier than in Figure 5.1. In other
words, overshooting obstacles leads to the need for more space to solve the collision.
Overshooting can also lead to delay as seen in Figure 4.8. The reason for this is that
the solving window is too small for the solver to get the path back on the original
time stamp since extra space is needed. Furthermore, the angle between the different
branches in the interpretations is decided by the allowed acceleration/speeds of the
solution. With higher allowed accelerations/speeds the solver can take larger steps in
time, which means that the solving time is shorter with the same overshoot trade-off
as the step length. With lower allowed accelerations/speeds the solve time increases
since the algorithm is forced to explore more branches before finding the solution
because the algorithm is restricted when moving along the time axis.

Time . Goal
A »Goal Time
A
Original Path’ / Original Pat
Obstacle /~ / Obstacle
b
/‘ - g
Position(z,y) Position(z,y)
Figure 5.1: Visual interpreta- Figure 5.2: Visual interpreta-

tion of how the solve space looks
like when a high "resolution" path
is solved.

tion of how the solve space looks
like when a low "resolution" path
is solved.

There has been no research done to explore how to optimize the acceleration, speed
and step length to have a fast solve time with as little overshoot as possible. Hard-
ware and how many ATRs the system should handle is also a factor to investigate
when optimizing the solver since better hardware and fewer ATRs could open up
for using a higher "resolution" path with few trade-offs. To summarize, the best first
search algorithm is both fast and slow at solving collisions depending on hardware,
step length, acceleration, and top speed restrictions. The weighting of the algorithm
opens up the possibility to always find the solution with no or smallest delay, which
is an important feature when dealing with just-in-time delivery. This solution needs
further research since there are several parameters to be optimized, it did however
show great potential for the use case presented in this thesis.
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5.5 Priority

The priority system mentioned before is an heuristic solution and should not be
considered an actual working part of the system. The reason for this is that im-
plementing priority in the logistics makes more sense to get the most out of the
delivery system. The implemented priority system works well when choosing which
ATR should have the right of way. However, its complexity increased when intro-
ducing large train constellations and "catching up problems". The priority system
could still solve most of these cases but larger flaws were also discovered in some
specific cases. For example, using the direction of the ATRs to find which ATR is
catching up with another is not optimal. If for example, if an ATR is standing in
an intersection with a different heading than another ATR entering the intersection,
collisions could still happen. If in further development of the system it is decided
that priority still should be handled by the anti-collision system other solutions to
this should be explored. One solution could be to try many different priorities for
every collision and choose a successful solution with the smallest overall delay, this
would be a brute force solution that will take more computational power.

5.6 Summary

Volvo requires a real-time collision avoidance that can handle a large fleet with an
update frequency under 1 Hz by only changing time stamps on paths. All these re-
quirements have been kept throughout the project and, even when there are obvious
areas of improvement, the usage of a greedy best-first search for finding solutions
is interesting and requires further research. Finding the collisions also needs more
research for even larger fleets of ATRs. Searching for collisions in the vicinity of
the new path is faster than searching all paths to see if they intersect but needs
more memory. The priority system is an interesting part of the system since many
optimization aspects have not been explored. The fact that the system could handle
over 200 ATRs all colliding at once using the algorithm with no optimized param-
eter and using only 50% of the available time shows the potential of the system.
The test is also done with a factory floor of 1000X1000 meters which also shows
some scalability aspects. Although the system has flaws, these benchmarks show
potential for further work.

26



O

Future Work

To further enhance this system, there are some areas of improvement. One is that
the clocks of the computer running the fleet control and the raspberry pi in the
ATRs needs to be synchronized. This will help create a more accurate trajectory
following and any delays in the network will be accounted for by the ATR controller.

The finding of collisions could be improved by using more memory. By saving
all of the ID’s at the positions in the grid where they are moving through, it would
be possible to find the collisions in constant time with respect to the amount of
ATRs in the system. This would however need more research since increasing the
memory may have bad scalability.

To optimize how fast the greedy best-first search algorithm can run and not run
in to a dead end it is important to tune the distance between points and size of the
solve window based on acceleration and top speed requirements as well as hardware.
Further investigation needs to be done to find a suitable length that is good but
still short enough to have details in the trajectory. Continuing on this track, one
could improve the algorithm itself by removing already explored trees. This would
help calculations by not calculating the same paths over and over again. The more
complex cases would benefit a lot from this.

Another problem that can be improved is to save the delay over a longer time
than just in the solver for that solution. This together with a speed up / slow down
function would make sure that the ATRs reach their destination at the correct time
more often. Because as seen in Figure 4.9, the delay is not 0 s at the intersections
so the solver didn’t have a large enough solve window to solve it with 0 s delay.
This can be done outside of the solver since the collision has been avoided or with
a larger solve window.

To improve the priority system one should look into the possibility of trying to
solve all the different ways of ordering the ATRs in a collision and then choose the
solution that has the best outcome in terms of overall delay. This will however need
more computational power, but headroom could be created for this by tuning the
best-first search algorithm. Furthermore, could weights be incorporated so that the
coordinator can mark some ATRs as more important if they are in a hurry to deliver.
If no changes are done to the priority system another solution to the "catching up"
problem needs to be found.
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