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Abstract
Autonomous vehicle technology is advancing at a very high pace and selfdriving trucks on control-tower operated work sites is already a reality. These
autonomous trucks need a highly accurate map of the surroundings for operation and navigation, and it is of great importance to be able to update
that map with the ever-changing off-road work site. The autonomous fleet
examined have to stop for every update of the site map, which induces unnecessary downtime when updating the site map frequently. The purpose
of this work is to contribute to the development of safe configurable maps
for autonomous vehicles on off-road sites by identifying and analyzing different map updating methods, proposing the best one, and suggesting how to
implement it for this project’s case. The result was five different map updating methods, which were evaluated with respect to efficiency and safety.
Efficiency was evaluated by comparing total fleet downtime of the proposed
solutions with the existing situation. Safety was evaluated by doing a fault
tree analysis (FTA) for each proposed solution and comparing the relative
size of the fault trees. Proposed Solution III using map tiles was chosen as
the most appropriate method to implement for this project’s case because it
is both efficient and relatively simple. It divides the site map with a grid into
smaller rectangular maps and only needs to stop vehicles which are inside
the updated tile. The rest of the fleet is able to replace that tile parallel to
operation and, therefore, total fleet downtime is significantly reduced. By
reaching the stated goal, this work is in line with its original purpose and
has contributed to the development of safe configurable maps for autonomous
vehicles on off-road sites.
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1

Introduction

This chapter includes an introduction to the problem, the scope of the work
and the motivation for the purpose and goal. The introduction is meant to
act as an aid for a basic understanding of the thesis ”Safe Configurable Maps
for Off-Road Sites”.

1.1

Background

Autonomous vehicles are smart vehicles that are capable of navigation and
driving all by themselves [1]. The development of autonomous vehicle technology is advancing at a very high pace around the globe and self-driving
trucks on control-tower operated work sites is already a reality [2]. The autonomous trucks use advanced sensor systems such as RADAR, LiDAR and
computer vision to form a representation of the surrounding environment.
Those systems alone are however not yet able to replace the abilities of a human driver when it comes to navigation [3]. Various weather conditions, bad
road markings, blocking of objects through other vehicles or high speeds are
sources of potential sensor inaccuracies and false detection events. For such
scenarios, a highly accurate map is necessary to compensate sensor insufficiencies. A highly accurate map acts as a virtual sensor and tells the truck
what exists beyond its advanced sensor systems on centimeter-level precision
[4]. For this project’s case, it is also used for mission planning, visualizing
the truck’s position for operators and keeping the trucks on the roads. An
example of a high definition (HD) map from HERE can be seen in Fig. 1.1.

Figure 1.1: Example of HD map from HERE [3].
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As opposed to the majority of public roads, off-road work sites naturally tend
to reshape frequently, which brings about the need for configurable maps. In
an ever-changing off-road work site, it is essential that the map corresponds
to the reality of the physical environment, for the autonomous truck to be
able to make correct decisions and to ensure system safety. Dynamic changes
to the site map would increase the efficiency and flexibility of the system,
but it is a challenging task to change the map which the trucks are using for
navigation while driving. The need for finding a safe method for keeping the
site map up to date, while prioritizing system uptime is the background to
this work.

1.2

Problem Definition

The site map needs to support a range of different updates for efficient operation, while also ensuring safety. For example, if you want to close a road
or change the speed limit of a certain area, you should be able to do that
quickly in a safe way. The relevant autonomous trucks should then directly
adjust to the new map features. The case examined in this work includes
an assumption of no prior way for updating the site maps dynamically. The
assumption is that the site maps can only be updated as a whole, for the
whole system, and that the trucks need to come to a stop before changing
the map. That means that the information stored in the site map is static
in operation, and is what this work will attempt to improve.
Before the map is used, it has to be tested and validated to ensure safety. Map
changes could mean that the validation is invalid and that the map no longer
can be classified as safe. If map changes need to be validated, it can be done
either in simulations or real-life, but that is a time-consuming process and
could require downtime of the system. Downtime can be extremely expensive
and is definitely not contributing to efficient operation. That brings about the
need for a safe and efficient method for updating the site maps dynamically,
to ensure that the desired map changes can be applied either directly, or
when suitable to maximize system uptime.

1.3

Scope

The scope of this work is to find solutions to the problems defined. The
problem description is quite general and could be applied to almost every
Autonomous Haulage System (AHS) at any off-road site operated by a control
tower. To make the contributions of this work more concrete, the focus will
be on a prepared case consisting of an independent off-road system with
2

a control room and a set of autonomous trucks operating on an off-road
site. More specifically on finding methods for how the site maps for that
system can be updated to improve efficiency and ensure safety. The scope
and interfaces of this work can be explained by Fig. 1.2.

Figure 1.2: Scope and interfaces of this work.
A change of the site map is requested, and it is assumed that the requested
change is valid and will not cause a system failure. Methods developed should
support the process from the change request to the actual update of the map.
The developed methods should also be safe and maximize uptime for efficient
operation. As previously mentioned, these methods will be applicable to this
project’s case to make the work more concrete. The system architecture of
this case can be seen in Fig. 1.3.

Figure 1.3: System architecture for independent off-road system.
Changes of the map can be made using the User Interface (UI), changes are
stored in the Map Service and distributed to the autonomous trucks at the
operators’ command.
3

User Interface
The UI between the operator and the control system is not thoroughly defined
and is assumed to be able to handle the map formats used in this work.
Operators control the autonomous truck fleet using the UI from a control
room. The operators are able to see where the trucks are on a site map
visualized on the computer screens. The operators are able to queue missions
to the autonomous trucks which they will complete one by one. Map changes
are assumed to come from the UI. The reason to not further define the UI is
to make this work more general and applicable, no matter what UI is used.
Control System
The control system is the external intelligence of the autonomous off-road
system, also known as ”Off-Board” henceforth, and it is here the missions
of the autonomous trucks are controlled. This work will not focus on the
control system or how it works but on site maps and how they are used and
updated. The control system is a part of that, but will not be discussed in
detail because it is out of scope for this work.
Map Service
The site maps are assumed to be stored in a centralized map service, meaning
the UI, control system and autonomous trucks can access the site maps stored
there at any point in time. The map service is assumed to aid the distribution
and storage of maps for any kind of map data, to be able to focus on what
methods can be used to dynamically update the site maps in a safe and
efficient way.
Autonomous Trucks
The autonomous vehicles in this case are autonomous trucks with the ability
to read all kinds of map data sent to them. They are equipped with an RTKGPS and can, therefore, follow the site maps on centimeter precision. The
autonomous trucks have the ability to communicate with the control system
explained to receive and send relevant information. It is assumed that the
trucks are connected at all times and that they will execute missions sent
to them without errors. Up-time is defined by that the trucks are up and
running, executing missions that contribute real value to the off-road site.
The intelligence onboard the autonomous trucks are also known as ”OnBoard” henceforth.

4

Delimitations
Since this work is focused on finding methods for updating maps, there are
some things best not to consider, to simplify the problem and focus the
limited time for this project on the correct things. The delimitations to
consider are:
• Developed methods will be limited to the map structure and the process
of map updates.
• Maps to be used and updated are in Open Street Map (OSM) file
format because it is a simple format which is easy to modify.
• Java Open Street Map (JOSM) is to be used for visualizing and possibly
changing maps in OSM file format.
• Already existing prototype map is to be used as an example.
• Maps shall be version handled to be able to identify them.
• Developed methods and proposed solutions shall be possible to implement as a part of this project’s case, and not necessarily other cases.
• Ordered changes of the map are assumed to come from a qualified
operator, be valid, and not cause a system failure. Hence, this work will
focus on methods for site map updates, not the validation of requested
changes.
• The technology behind map distribution is not considered, it is assumed that map updates can be distributed to all relevant stakeholders directly, using site communication systems. The reason for that is
to focus the work on the methods for updating maps, instead of the
distribution itself.
• The size of updates are not considered since unlimited communication
possibility is assumed.
• The safety of the proposed solutions will be evaluated using a Fault
Tree Analysis (FTA), to simplify the evaluation stage.
• The efficiency of the proposed solutions will be evaluated by comparing
estimated total fleet downtime related to map updates.

5

1.4

Purpose and Goal

The purpose of this work is to contribute to the development of Scania’s
autonomous vehicle solutions. By proposing and analyzing different map updating methods, proposing the best one, and suggesting how to implement it,
this work should directly contribute to the development of safe configurable
maps for autonomous vehicles on off-road sites. The analysis of different
map updating methods is the central part of this thesis and is thought to aid
future strategic decisions regarding map use, structure and updates.
The goal of this work is to propose a map updating method which will increase the efficiency and ensure safety of the AHS examined. The fulfillment
of the goal is the success criterion for this work and can be achieved by
performing all the following tasks:
• Identify map updating methods that can be used for this case.
• Analyze identified map updating methods with respect to efficiency
and safety.
• Identify prerequisites and consequences for analyzed methods.
• Propose the most appropriate method to use for this project’s case.
• Suggest how that method can be implemented.

1.5

Research Questions

Four research questions were stated in order to structure the work and focus
the limited resources on the correct things during the research stage:
1. How can maps be updated dynamically to ensure efficient operation?
2. Which prerequisites must be fulfilled to dynamically update maps?
3. What consequences could come from dynamically updating maps?
4. How can safety be ensured when dynamically updating maps?
It may not be possible to answer the research questions fully or completely
since they are widely defined. That was also the purpose: to not focus the
solutions to one specific area at the beginning of the project but to allow
solutions to be generated with an open mind. Keeping a broad aim and an
open mind are key elements at the beginning of a research project [5].

6

2

Theory

This chapter presents theory that was used in this work to drive the project
forward, obtain results and analyze the proposed solutions.

2.1

DRM, A Design Research Methodology

The main aims of DRM [6] are to help researchers in identifying research
areas and projects, and in selecting suitable research methods to address the
issues at hand. With the support of DRM, it is more likely that the research,
methods, and solutions are in line with the original purpose of this work.
DRM consists of four stages: Research Clarification (RC), Descriptive Study
I (DS-I), Prescriptive Study (PS) and Descriptive Study II (DS-II). Figure
2.1 shows the link between these stages, the bold arrows illustrate the main
process flow and the light arrows show the many iterations.

Figure 2.1: DRM framework [6].
Research Clarification
In the Research Clarification (RC) stage the focus is on finding evidence
or indications that support assumptions in order to formulate a realistic and
worthwhile research goal. Literature analysis is central in this stage to clarify
the task and define success. An initial description of the existing and desired
situation is to be made, to easily identify the path to the desired situation.
7

Descriptive Study I
In the Descriptive Study I (DS-I) stage, the research goal, and focus should
be clear. The initial description of the existing situation should be elaborated
with more extensive research, regarding relevant literature, state-of-the-art
and further investigation of the current situation. The intention is to make
the description detailed enough to determine which factor(s) should be addressed to improve task clarification as effectively and efficiently as possible.
Prescriptive Study
In the Prescriptive Study (PS), the increased understanding of the existing
situation is applied to define the desired situation more thoroughly. The
better-defined description of the desired situation is then used to identify
which factor(s) should be addressed to reach the desired situation, and hence
the goal of this work. That is done by developing support which is thought to
transform the current situation to the desired one. The support development
can be summarized in five main steps according to Fig. 2.2.

Figure 2.2: Main steps in the PS stage; stars (*) indicate steps of an Initial
PS [6].
Task clarification is the first step and includes using the information obtained
in other stages to clarify what the support is intended to do. Conceptualization means identifying the functions and sub-functions of the intended
8

support and forming initial concept solutions. The elaboration step is elaborating the initial concept solutions to more defined concept solutions. The
realization step means finalizing the concept solutions and developing the
support to such an extent that an evaluation of the support can take place.
The support evaluation step includes evaluation of the developed support for
completeness, internal consistency, etc. and is modified if necessary. This
initial support evaluation is used to make sure the developed support fits
the project and fulfills it’s intended use, and if not, change the support in
an early stage. A more thorough evaluation of the support’s effect on the
system will take place in the Descriptive Study II stage. In each step, a
problem-solving cycle with four steps takes place:
• Establish needs or clarify the problem to be solved.
• Generate potential solutions for fulfilling the need.
• Evaluate solutions by comparing them with each other and against the
problem or need.
• Decide if a suitable solution is found; if not, return to the first or second
step, depending on the results.
Iterations between steps will and have to take place, as the development of
support is a continuous process of generation and evaluation, frequenting
between various levels of abstraction.
Descriptive Study II
In the Descriptive Study II (DS-II) stage, the impact of the support and its
ability to realize the desired situation is investigated. This evaluation process
can be made by empirical studies or other evaluation methods to compare
the solutions and will show if the generated support fulfills its purpose. In
case the support does not fulfill its original purpose, iterations between the
PS and DS-II stage can be made to ensure the support realizes the desired
situation. Iterations, variations and parallel execution of stages can be made
and the starting point can be in any of the stages, depending on the project.
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2.2

Qualitative Data Collection

The qualitative data collection typically focuses in depth and on a relatively
small number of cases, selected purposefully. The logic and power of qualitative inquiry and purposeful sampling lies in choosing information-rich cases
which can be analyzed in depth. There are several different strategies when
it comes to purposefully selecting information-rich cases. One of those strategies is the Criterion Sampling strategy, which involves picking cases or interview people who meet the predetermined criterion, e.g. people at a company
with expert knowledge in a specific field [7].
The expert interview as a method of qualitative empirical research, designed
to explore expert knowledge, has been developed considerably since the
1990s. When interviewing experts in a field, an open interview based on
a topic-guide is an appropriate way to collect data. The experts tend to reveal a lot more about the relevant area connected with their positions when
they carry on talking about their activities, give examples and are given freedom in the interview. The open interview provides room for own outlooks
and reflections. The interviews should be based on general topics and avoid
closed questions and a prefixed guideline [8].

2.3

Fault Tree Analysis

Fault Tree Analysis (FTA) is a structured procedure for the identification
of internal and external events, leading to a defined system state, usually
a fault state. The FTA is used to display the functionalities of a system
and to quantify the system reliability. It is based on boolean algebra and
probability theory and with a few simple rules and symbols, it is possible to
analyze complex systems. The first step is to define the undesired system
event (top event), and since the FTA is a top-down method, the next step
will be to identify which possible failures or events on the next lower level
would lead to the superior failure (one level up). This procedure is repeated
until the lowest system level is reached. The lowest system level corresponds
to the failure modes, thus determining the complete failure mode of the
system [9]. The FTA is widely used for safety analysis, for example, the
international standard ISO 26262 - Functional Safety for Automotive Systems
[10] suggests FTA as a method to analyze and prove system safety. A typical
FTA structure with its most common boolean operators can be seen in Fig.
2.3.

10

Figure 2.3: Typical FTA layout with different gate types.
The top-level event is a violated safety goal, which occurs if one or more of the
Failures 1-3 occur, due to the OR-gate. Failure 1 occurs only if both Failure
1.1 and 1.2 occurs, due to the AND-gate. Failure 2 has a triangular transfer
gate connected to it, meaning the sub fault tree for Failure 2 continues on
another sheet. Failure 3 occurs if one of Failure 3.1 or 3.2 occurs, but not
the other, due to the XOR-gate. The rectangular boxes indicate events,
the ”Violated Safety Goal” is the top event, Failures 1-3 are intermediate
events and Failures 1.1, 1.2, 3.1 and 3.2 are basic events on the lowest level.
The lowest level events are marked with circles, see E04-E07. When the
lowest level events are identified, the complete failure mode of the system is
determined and it is possible to draw conclusions like that Failure 3.1 could
trigger Failure 3, which in turn would violate the safety goal. That is the
working principle of an FTA.
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3

Methodology

This chapter presents the methodology used in this work to fulfill the purpose,
reach the stated goal and answer the research questions.

3.1

Choice of Research Method

It is important to choose an appropriate method with respect to the work
at hand. The wrong choice of method may result in an irrelevant approach
to the problem and therefore unwanted or invalid results. This thesis work
was focused more on finding a method for dynamic updating of maps and
analyze the prerequisites and consequences, rather than traditional product
development. Therefore, the methods of DRM, a design research methodology
[6] were used. DRM provides 7 different possible types of research projects,
seen in Fig. 3.1. Since one goal of this research project is to evaluate the
suggested map updating methods, the stage ”Descriptive Study II” needed
to be reached.

Figure 3.1: Types of design research projects [6].
This project started as type 2, where the main aim was to clarify the problem and understand the task at hand and make a comprehensive study of
the existing situation. The initial development of proposed solutions became
comprehensive and later the project reached type 3, where these comprehensive proposed solutions were initially evaluated with respect to efficiency and
safety.
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3.2

Research Clarification

This thesis work started at the RC stage because it was a ”fresh” project
with little or no closely related previous work defined. The RC stage meant
understanding what the project is about, how maps were created, deep dive
into the subjects of autonomous vehicles and map technology. Literature
analysis and interviewing relevant people working closely with the map at
Scania were central in this first step, more details regarding interviews in
section 3.3. The literature study is the theoretical foundation for this work.
As a first step of identifying which kind of literature would be relevant, a
mind map of the work was made, see Fig. 3.2. A suggested focus of the
literature study then appeared, marked in orange as ”FOCUS”.

Figure 3.2: Initial mind map of thesis work.
The identified research areas gave a good indication of where to start the
literature study. Map technology for automotive applications and the field
of autonomous vehicles for off-road sites were the obvious research areas, but
the mind map helped to find research areas in similar applications. That gave
an indication of how other areas have chosen to deal with dynamic updates
of a map. With the case examined at Scania and initial research made, a
realistic and worthwhile research goal could be formulated. The success of
this work was defined as reaching the goal and is previously mentioned as
the ”success criteria”. The research questions in section 1.5 were stated in
order to structure the following work.
13

After the goal and research questions were stated, it was possible to start
defining both the existing and desired situation. The existing situation was
defined by understanding what the case at Scania was about, and how things
were connected. The interviews and the basic literature research were the
two main factors of being able to define how the existing situation looked
like. With that done, a roughly defined desired situation of map updates
was possible to extract from the stated goal of the work. Both the existing
and desired situation were subjects of many iterations, but the final versions
can be seen in chapter 5.

3.3

Descriptive Study I

The existing situation was further defined in the DS-I stage, based on both
a more thorough literature study and qualitative data collection, meaning
interviewing relevant people at Scania. To better understand the case examined in this work and maps in general, seven people working with maps for
autonomous vehicles at Scania were interviewed. The subjects were specialized in areas directly connected to or closely related to maps for autonomous
vehicles at off-road sites. They were separately interviewed about one hour
each, in a so-called ”open interview”. The strategy for these interviews was
”criterion sampling”, mentioned in section 2.2, with the criterion that they
all had expert knowledge in map use for autonomous vehicles. The research
was also taken to a much deeper level, examining the state of the art in autonomous vehicles, autonomous mining solutions, map use in the automotive
industry and similar applications. All to gain a better knowledge of the current situation of dynamic map updates. The state of the art of the relevant
research areas can be found in chapter 4.
The next step was to define the existing situation, meaning the case examined, in such detail that it would be possible to determine which factor(s)
needed to be addressed to reach the stated goal. That was done with the
input from the interviews and thorough research, as well as examining how
the maps for the examined case were structured, which file format they were
in, how they were made, how they were used, and maybe most importantly,
how they currently were updated. The existing situation regarding map
updates could be described with flowcharts, and can be seen in chapter 5.
By comparing the flowcharts for the well defined existing situation and the
roughly defined desired situation, some key differences were identified, and it
was possible to decide where to start developing support or what to propose
solutions for. Further refinement of the desired situation and the developed
support was part of the following stage, Prescriptive Study.
14

3.4

Prescriptive Study

With comprehensive insight about the existing situation, focus lied on the
PS stage. In this stage, the desired situation regarding map updates was
thoroughly defined using flowcharts, presented in chapter 5. That was an
important step to find support for the problem by understanding where the
project was at the time (existing situation) and where it needed to go (desired
situation). Weaknesses of the current situation were found by identifying
differences between the current and desired flowcharts. In that way, it was
possible to concretely decide what to work on, or ”develop support” as the
DRM suggests.
Methods to dynamically update maps were the main topic throughout the
project and common map features could be detected from the research stage.
More information about those features in section 4.2. An overview of which
methods could be used to update maps in a dynamic way was made, using
information from the extensive research and own generated ideas. That initial support created for map updating methods were further developed using
the support development stages of DRM, found in section 2.1. The initial
solutions that would not improve the existing situation significantly were
discarded and after many iterations, there were five proposed solutions left
that were thought to bring the existing situation significantly closer to the
desired situation, and can be seen in chapter 5. These concepts were evaluated with respect to efficiency and safety to be able to choose one of them
to be implemented for this project’s case. How the evaluation was made,
is described in the next section, the DS-II stage. The proposed method to
implement was the one considered most fitting to the project’s case. How the
implementation would work was derived from the obtained knowledge about
this project’s case, and can be found in chapter 6.

3.5

Descriptive Study II

The DS-II stage for this work was to evaluate the created support with similar
methods as in the DS-I stage for easier comparison, to see if the support
actually fulfilled its purpose. The different proposed updating methods were
evaluated separately with respect to efficiency and safety. Efficiency was
evaluated by describing the proposed solutions in a similar manner as the
existing situation, using flowcharts and update protocols, to then estimate
the difference in total fleet downtime for the cases. The safety aspect of each
proposed map updating method was evaluated using a Fault Tree Analysis
(FTA). A common ”Safety Goal” was set for all cases and by analyzing the
fault tree size and nodes, it was possible to roughly determine the relative
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safety and complexity for the proposed cases. As previously mentioned, the
proposed map updating method suggested to implement was the ”winner” in
the evaluation stage and was considered most fitting to the project’s case.

4

State of the Art

This chapter presents the state of the art in research areas related to this
work and contains relevant information for a better understanding of safe
configurable maps for autonomous vehicles at off-road sites.

4.1

Autonomous Vehicles

The general picture of an autonomous vehicle is a smart car like the Uber
self-driving car or Waymo self-driving car, formerly known as the Google selfdriving car. There are far more applications for autonomous vehicles than
only on public roads and human transportation. One of them is the use of
autonomous vehicles at off-road sites, which this work is about.
In the mining industry, companies might operate in remote or unpleasant
locations or they might have problems with finding employees wanting to
work at specific times. Therefore the mining industry is one of many that
have started to see opportunities in the recent development of autonomous
vehicles. The vehicles could work 24 hours a day without the need for a
break and salary to the driver. The technology could allow equipment to
improve accuracy and repeatability and therefore minimize wear and fuel
consumption. With the use of autonomous vehicles and autonomous mining
in general, they could improve efficiency, productivity, and safety [11]. There
are social aspects to consider as well, automating haulage solutions move
operators from sometimes unpleasant working conditions to a safer and more
social environment of a control room [12].
There are already autonomous vehicles operating at off-road sites, for example, Caterpillar and Komatsu have both developed an Autonomous Haulage
System (AHS) that is used for mining applications, mainly in Australia
[13][14]. In a mining environment, it is easier to create a controlled environment than on public roads and that could be the main reason autonomous
vehicles are already operating at off-road sites today. Scania has traditionally been seen as a truck and bus supplier but is striving towards becoming
a supplier of sustainable transport solutions. Autonomy is a key factor to
realize that transformation and they are currently developing an autonomous
solution for mining applications in collaboration with Rio Tinto, in Western
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Australia [15]. Volvo is another commercial truck manufacturer that has seen
opportunities in developing their autonomous solutions for mining applications, they are developing an AHS for transporting limestone at a limestone
quarry in Norway [16].

4.2

Map Technology

Maps have been around for a very long time and are widely used in navigation applications. Car navigation was first introduced as a feature of luxury
cars in the 1980s [17], but with the increasing availability of Global Navigation Satellite System (GNSS) devices and map data, it is now considered
a necessity for our everyday lives. The GNSS in our car or mobile phone
has an accuracy of meters [18], which is interpreted by the human driver.
If the navigation device shows small deviations, we can look past that error and continue to our destination. When the human driver is replaced by
computers, the map and positioning system plays a bigger role and needs
to be more accurate. This is where High Definition (HD) maps and highly
accurate Global Navigation Satellite Systems come into play. The highly accurate GNSS is needed because without accurate positioning of the vehicle in
the map as a reference point, it will not be possible to accurately determine
the distances to the highly accurate objects in the map. HD maps contain
highly accurate information about the environment with features not typically seen in usual navigation maps, such as traffic rules, road elevation, lane
information, etc. The highly automated vehicle programs of companies like
Google, HERE, TomTom, BMW, and Tesla rely on a HD map which acts
as a virtual sensor to the vehicle and tells it what exist beyond its normal
sensors like RADAR and LiDAR [4].
The same goes for autonomous vehicles at off-road sites, with the difference
that they usually have to create a map from scratch since it is not part of the
public road network. There are several different methods that can be used
to create these maps. Companies developing autonomous haulage systems
(AHS) with a belonging map solution are typically not keen on sharing which
method they have used, and since it is not standardized, different companies
end up with different and unique solutions. When working with maps for
autonomous vehicles, it is important to know how they work in able to make
them subject to dynamic updates. Since companies tend to use their own
structure or solution of maps, it is not possible to cover all cases. There
are however some recurring features that are widely used in different map
applications, presented in sections 4.2.1 - 4.2.4.
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4.2.1

RTK-GPS

The Global Positioning System (GPS) is the American version of a Global
Navigation Satellite System (GNSS). Other versions of GNSS are GLONASS
(Russia), Galileo (Europe) and Beidou (China). Real-Time Kinematic
(RTK) GPS is a highly accurate positioning system with a mean error margin of 1.5-3 cm with an observation period of a few seconds. Normal GPS
has a mean error margin of 5-10 m with the same observation period. The
GPS satellites constantly transmit two carrier waves back to earth and the
RTK-GPS technology consists of being able to measure how many wave periods there are on one of the carrier waves, and therefore the distance between
the satellites and the antenna. RTK-GPS is depending on reference stations
with known locations on earth, either a single local base-station or a network
of reference stations. One limitation with the single local base-station is the
range, data needs to be transmitted via a radio link, which is normally limited to 5-10 km. The base stations of the network RTK-GPS can interact
and create a surface covering model, enabling distances of 60-70 km between
reference stations [18].
It has been established that RTK-GPS is a very suitable sensor for achieving
automated guidance with high precision [19]. With the greater need for
accurate positioning for autonomous vehicles, an RTK-GPS can be a viable
complement to onboard sensors like RADAR and LiDAR. The use of RTKGPS and GNSS in general does ,however, require satellite access and therefore
relatively open areas.
4.2.2

Open Street Map

Open Street Map (OSM) is an open source map service where members
can add geographical data to make it publicly available for free. Technically and organizationally, it works much like Wikipedia [18]. Information
in Open Street Map can be used and edited as an Extensible Markup Language (XML) file in OSM format [20], which can be very useful when creating
own maps for various applications. The maps used in this project are considered to be of HD quality since they are created using RTK-GPS traces.
The created maps for this case can, therefore, represent reality on centimeter
precision.
An OSM file consists of three different elements: nodes, ways, and relations.
Nodes are basically points defined by coordinates, ways are a set of nodes
in a specific order, and relations describe various relations between different
elements, including other relations. The whole map can be constructed using
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only these three basic elements and it is possible to attach several attributes
called tags to all elements, to include metadata of the elements. For example,
if a node is a point of interest, it is possible to name it, explain what kind
of feature it is with the use of tags. When using these maps for autonomous
applications, the use of tags can provide more information to the system.
For example, it would be possible to set speed limits on roads (ways) with
the use of tags. Maps examined and used in this work can look like the one
in Fig. 4.1.

Figure 4.1: Part of drivable .osm map.
In this specific case, the cyan colored nodes represent trajectories which the
truck can follow, and the red polygon represents an open area where the truck
can navigate freely. A polygon is also a way but a closed one, meaning the
first node is also its last. That means that the maps consist of the traditional
spatial data types: points, lines, and polygons with attached attributes.
4.2.3

Map Layers

Most of the published research is for autonomous vehicles on public roads,
which face somewhat different challenges than those for an independent offroad system. There are however some map features which may be applicable
or interesting for this work, for example, the use of map layers. Map layers
can be viewed as features that represent part of reality. For example, the
road network can be a base layer, with additional information, such as speed
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limits or gas station locations, stored in other layers. Together they form a
complete map with all the necessary information.
Lyft, a company working with self-driving cars, writes in an article that
their view of maps for autonomous vehicles is layered according to Fig. 4.2.
Their argument is that if the information is organized in layers, it is easy
to independently design, build, test, and release new information [21], which
could be interpreted as dynamically updating maps.

Figure 4.2: Map layers [21].
Local Dynamic Map (LDM) is another version of a layered map which is a
database for Intelligent Transport Systems (ITS), storing relevant environmental and geographic data that can be dynamically shared between vehicles
and infrastructure. It was originally introduced by SAFESPOT, a European
research project [22]. The ETSI Technical Committee Intelligent Transport
System produced a Technical Report in 2011, a rationale for and guidance on
standardization on Local Dynamic Maps (LDM) [23], before LDM became
standardized in 2014 [24]. LDM supports various ITS applications in public
infrastructure by maintaining the information on objects influencing or being part of traffic. The map data can be categorized into 4 different types as
follows:
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• Type 1: permanent static data, usually provided by a map data supplier.
• Type 2: transient static data, obtained during operation, e.g. changed
static speed limits.
• Type 3: transient dynamic data, e.g. weather situation, traffic information.
• Type 4: highly dynamic data, e.g. Co-operative Awareness Messages
(CAM).
These four different types of data can be conceptually thought of as layers
where type 1 is the most static kind of data, such as roads and more permanent features. The layer above it, type 2 contains more or less static objects
like traffic lights and lane markings. The next layer, type 3 contains temporary objects like diversions due to construction work. The final layer, type
4 contains fast moving objects like other vehicles and pedestrians [25]. The
LDM layers can be visualized according to Fig. 4.3.

Figure 4.3: Map layers of LDM [20].
Different features of different layers are stored as tables in LDM, also tables
regarding the relationship between different tables and elements. The data
is updated by changing those tables and can be done in real-time [20]. The
LDM system architecture can be seen in Fig. 4.4.
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Figure 4.4: The system architecture of LDM [26].
4.2.4

Map Tiles

Map tiles are used to break down a map into smaller, more manageable pieces.
If you are driving in Södertälje, Sweden, it is not necessary to download the
world map for local navigation, it would be more practical to zoom in and
only look at the local surroundings. That is exactly the idea with map tiles, to
manage maps with a grid, to be able to focus on or update the relevant area.
That way updates are more efficient. Traditionally, the map has been stored
onboard the vehicle but there is a trend to move towards these tiled maps,
where individual tiles are dynamically streamed from a service provider based
on vehicle route and location [25]. This is the method most map suppliers
uses and can be seen in the Navigation Data Standard (NDS) [27] created by
automotive OEMs, map data providers, and navigation application providers.
One way of using map tiles can be illustrated in Fig. 4.5. By only updating
the necessary parts of the map, a minimal amount of data needs to be sent
and updates can, therefore, be made in a more dynamic manner [4].
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Figure 4.5: Map update with the use of tiles [4].
There have been numerous patents filed in this area and as an example,
Hyundai Motor Company patented a map updating method in 2013, using
both map layers and map tiles. The main idea was to divide the map into
smaller pieces, updating only the necessary parts to avoid unnecessary data
transmission. A requested change would only change the feature (layer)
changed and only for the relevant stakeholders (using map tiles) [28].
The use of map tiles obviously has its advantages when updating maps for
public roads, mainly because they are very large and the use of map tiles
makes them more manageable. If the grid set to split the map into tiles is
very dense, there is the chance that with the use of small map tiles, a lot of
data will have to continuously be sent which would counteract the original
purpose of map tiles and make updates inefficient.

4.3

Safety

According to the International Electrotechnical Commission (IEC) [29], the
definition of safety is:
“Freedom from unacceptable risk of physical injury or of damage
to the health of people, either directly, or indirectly as a result of
damage to property or to the environment.”
Safety is of great importance and something automotive companies take very
seriously. When it comes to the development of autonomous vehicles and
their advanced systems, following certain safety standards is an appropriate
way of ensuring safety. Such standards could, for example, be the IEC 61508
- Functional safety [30], or the derived version ISO 26262 - Functional safety
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for road vehicles [10]. It is a great challenge to develop safe vehicles and
belonging systems, but it does not end there. When the autonomous vehicles
are put in use with a control system and several other components, the system
as a whole needs to behave in a safe way. Established safety standards cover
some, but not all aspects of vehicle operation. Both the technology and safety
strategies for autonomous systems are still evolving, which means that there
is no one-size-fits-all safety standard currently published [31]. That means
that it is up to the developers and system owners to ensure the safety of
operation and is also considered one of the key challenges in the field of
robotics [32].
At off-road sites around the world, safety is ensured by following safety standards in combination with eventual local regulations. Such regulations could,
for example, be a ”Code of Practice” for the safety of autonomous mining. Autonomous Haulage Systems (AHS) suppliers argue that autonomy
increases safety due to the removal of the human factor, that humans are
removed from machinery and that it is easier to create a controlled environment, for example with physical barriers. Even though the driver of the
vehicle is removed, it is of no certainty that all humans in the vehicles’ surrounding are removed. Therefore it is important to keep an appropriate
safety integrity level and the system owners should also be able to prove
that. That is done by creating a safety case and being able to support it
with a body of evidence and arguments [31]. Some of the most common
safety argumentation strategies are:
• Conformance to an existing standard
• Proven in use
• Field testing
• Vehicle simulation
• Formal proof of correctness
This work is focused on dynamic map updates, and the safety argumentation
of map changes would most likely be done with the same argumentation
strategies as for validating the site map. For the particular case examined in
this work that would be the ”Proven in use” or ”Field testing” arguments.
When applying those argument strategies to the safety case at hand, there are
some common pitfalls to avoid [31]. However, due to the limited resources of
this work, the safety requirements of the dynamic map updates are simplified
and evaluated with a Fault Tree Analysis (FTA).

24

4.4

Similar Applications

The concept of dynamic map updates is not solely for the autonomous mining
industry. Similar applications and how they work with dynamic map updates
are presented in this section.
4.4.1

Agriculture

The concept of fully autonomous agricultural vehicles is far from new; examples of early ’driverless tractor’ prototypes using leader cable guidance systems date back to the 1950s and 1960s [33]. In a lot of ways, the agriculture
industry led the way with the widespread application of autonomous vehicle
technology. For example, Autonomous Solutions Inc. (ASI) started working
with John Deere in the U.S. in 2000. Over the next 10 years, ASI automated
every vehicle in Deere’s fleet for a variety of agriculture processes [11]. There
is very little information about the use or updates of maps for agricultural
vehicles, other than that they are usually equipped with an RTK-GPS and
follow a previously calculated route.
4.4.2

Automated Guided Vehicles

An Automated Guided Vehicle (AGV) is a form of Automated Guided Transport (AGT) system which was first developed in the 1950s for material
transport in production and warehouses. The early AGVs used electrical
conductors embedded in the floors to navigate, today they are using one or
a combination of the following: A physical guide as magnetic tape strips or
an optical guide path, free navigation using floor markings or laser technology, and the most recent technology is combining laser scanning and camera
systems with digital environment map. The vehicles are given tasks and are
coordinated in a similar way to the rail traffic system by blocking sections
that only one vehicle can occupy at a time [34]. The majority of these AGT
systems seem to follow a predetermined route, and no information could be
found for operator controlled dynamic updates of the digital map they follow.
4.4.3

DustBots

Dustbots were the result from a European project for urban hygiene, with
two types of mobile robotic platforms: DustClean robot (for autonomously
cleaning and sweeping pedestrian areas) and the DustCart robot (for doorto-door garbage collection). The intelligence for these robots is handled by
a remote system and is not directly located on the robots themselves. The
remote system is responsible for dispatching robots, path planning, and ser25

vice execution. A robot only receives a small map with the relevant part
of the city together with the next goal point. Navigation is then handled
with local modules, considering current environmental conditions. Once the
goal point is reached, the remote system transmits the next goal point with
another map [22].
4.4.4

Train Coordination

Since the system examined in this work contains autonomous trucks which
follow a trajectory, which is a kind of digital track, one could argue it is not
that different from trains following a physical track. In train coordination,
when a track or part of a track is closed, re-routing is needed. That requires
some form of updates, which may be comparable to the ones needed in this
work. The new route calculation discards the closed rail segments and finds
new routes for the trains. Track shifts which are needed to correct the trains
according to the new route are actuated and the affected trains are notified
[35]. Trains which are not affected by the new change are not notified, similar
updates would be possible for autonomous vehicles on off-road sites.
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5

Map Updating Methods

This chapter presents the existing and desired map updating methods for
this project’s case, along with five proposed solutions on how to get to the
desired situation. An evaluation is present under the subsequently proposed
solutions. The first proposed solution involves a strategy for updating only
affected vehicles. There were two common features found from the research,
the use of map layers and map tiles. One version of map layers can be
seen in the second proposed solution, and the use of map tiles can be seen
in the third. The fourth proposed solution is a combination of updating
affected vehicles and the use of map layers. The fifth is a combination of map
layers and map tiles. The proposed map updating method to implement is
presented under section 5.8.

5.1

Existing Situation

For a good understanding of the existing map updating method and following
proposed solutions, a deeper understanding of the map structure is needed.
The Open Street Map (OSM) map consists of the following features:
• Version number - To be able to identify all different map versions.
• Drivable ways with direction - Defined by OSM nodes and ways which
the trucks can follow.
• Open areas - An area on the map defined by a polygon where the trucks
can navigate freely.
• Elevation - A tag in the nodes for the drivable ways to gain a third
dimension in the map.
• Maximum and temporary speed limits - Defined as tags in each node
in the drivable ways.
• Areas where it is allowed to load/unload - Defined by polygons.
• Closed areas - Also defined by polygons, to block the autonomous trucks
from certain areas on the site.
• Points of interest - Defined as nodes with a special tag.
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They are all necessary for operation and may not be removed. The current
use of the map for this project’s case is consisting of only one OSM file,
containing all necessary information as attributes in the nodes or ways. That
means that the whole file needs to be replaced in all places the map might
be used if updated, even if the change is small. That also means that the
information contained in the site map file is static in comparison to the everchanging environment at the off-road site. When the map is changed and
saved as a new map file, it needs to be validated before being used. The map
is validated in four steps:
1. Visually inspected by the creators.
2. Anomaly check by a script.
3. Tested in simulations on virtual trucks.
4. Tested in real life on autonomous trucks.
These four steps ensure that the map is safe to use for the Autonomous
Haulage System (AHS). Since the whole map file needs to be replaced when
updating the map, it needs to be validated again. Features of the map that
have not changed can be considered validated if it can be proven that they
have not been changed. The procedure for replacing the old map with the
updated and validated map is described in Fig. 5.1 on a system level. Onboard is defined as intelligence onboard the autonomous truck, and off-board
as intelligence not on the autonomous trucks, such as the control system
mentioned in section 1.3.

Figure 5.1: Existing updating procedure for validated map.
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A site operator decides to use the updated and validated map and off-board
is immediately updated with the new map, and so is the centralized map
service (used to store maps). In order for the vehicles to update the map,
they are all ordered to stop and can download the updated version from the
map service. After all the vehicles have updated their map successfully, all
maps in the system must be version checked to ensure that all maps are the
same, then the AHS can assume missions. The most important feature to
recognize from this way of updating the site map is that all the trucks have to
come to a stop for every small change, even those far away from the applied
change of the map. A more detailed description of the update protocol for
individual trucks is described in Appendix A.1.
The time needed to validate a map change depends on how much has changed
and what needs to be validated. When a map has been validated, it can be
used by the AHS, which was the procedure seen in Fig. 5.1. The time
it takes to update the vehicles with the new map depends on where the
trucks are and which mission they are on etc. For simplicity, these times
were estimated with the help of two of the seven experts interviewed at
Scania. The estimated times are presented as time intervals in Table 5.1 and
are henceforth considered as reference times for easier comparison with the
desired situation and proposed solutions.
Table 5.1: Estimated updating times for the existing situation.
Type
Lower limit Upper limit Mean value
Validation of map
2h
6h
4h
Replacement of map
2 min
10 min
6 min

The existing situation described is considered safe because of conformance
to standards mentioned in section 4.3 and the map is considered safe after
validation. An increase in safety is encouraged, but not critical for the proposed solutions. The safety level may however not decrease and is motivated
for each proposed solution.
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5.2

Desired Situation

The desired map updating situation involves a method which directly fulfills
the goal of this work by maximizing uptime and safety of this project’s AHS.
There is no defined desired file structure of the OSM maps, they can be
defined in any way seen fit, as long as they can be changed and used to
reach the stated goal. The map change that operators make should either be
done in such a way that the output map is already validated and considered
safe, or it should be validated parallel to ongoing operation, to ensure as
much uptime of the AHS as possible. Therefore, there exists no downtime of
the system due to the validation of maps in the desired situation. To easily
compare the existing and desired situation, the desired updating procedure
is defined with the assumption that the map change is already validated and
ready to use in the AHS. The ideal updating procedure is defined as shown
in Fig. 5.2.

Figure 5.2: Desired updating procedure for validated map.
The beginning is much like the existing situation: a site operator decides to
use the updated map and off-board is directly updated with the new map,
and so is the centralized map service. The difference is that no vehicles have
to stop, and only the relevant and necessary vehicles are directly updated
with the change. This should all be done instantly and in a safe way and
should be able to completely remove the unnecessary downtime of the AHS
described for the existing situation.
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5.3

Proposed Solution I - Affected Vehicles

The first proposed solution (PS-I) is an improved version of the existing situation, where it is possible to stop only the vehicles affected by the change
and let the rest continue their mission. The file structure is the same as in
the existing situation but with one key difference, that all roads and wanted
directions of roads are put into the map from the beginning. All these directions of the roads are then validated with the map. It should however not be
allowed to drive in both directions of a road where only one vehicle fits, and
that is toggled by a tag in the OSM file called ”Active” = ’yes’, or ’no’. The
autonomous vehicles can then know whether that way is allowed to drive on,
or not. The reason for that change is that if some ways need to be rerouted
or if the direction of a road has to change, the new way is already validated
and could be available for distribution as soon as the change is made.
Since the OSM file is editable in XML format, changes in the map could be
detected row by row, and developed change detection programs could tell
which features of the map have been added, deleted or changed. To examine
changes of an XML file is a widely known problem and there exist many
difference detection tools in that area [36]. When it is known what exactly
has changed in the map, it is possible to determine where those features are
on the map by looking at the coordinates connected to those features. Then,
instead of stopping all vehicles in the AHS, only the vehicles affected by the
change are stopped and updated. The proposed updating procedure on a
system level can be seen in Fig. 5.3.

Figure 5.3: Updating procedure of Proposed Solution I.
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The vehicles are considered affected by the change if their mission route is
closer than a threshold distance to coordinates of the change. The vehicles which are not affected by that change will update their map when their
current mission is finished or when they are standing still (e.g. loading/unloading), that way uptime is increased and all the maps in the system are
continuously updated to ensure that the map is not far from the ground truth
on the site. If another change applies before the unaffected vehicles update
the map, the new map version is queued instead of the old one. A more
detailed description of the update protocol for individual trucks is described
in Appendix A.2.
Evaluation
The amount of decreased downtime for the vehicles compared to the existing
situation will be used to evaluate the efficiency of these proposed solutions.
Just as for the existing and desired situation, it is assumed that the maps
are already validated and ready for use. Since it is out of scope for this work
to test the solutions on a real AHS, the downtime of the proposed solutions
can be expressed as a function of the existing situation. The key difference
between PS-I and the existing situation is that only the affected vehicles
have to stop for each update, instead of all. That means that the percent of
affected vehicles per change, a, will determine the efficiency of PS-I compared
to the existing situation, which can be expressed with Eq. 5.1.
DTP SI = a · DTES

(5.1)

Where DTES is the total fleet downtime for the existing situation and DTP SI
is the total fleet downtime for Proposed Solution I. For example, if there are
ten vehicles and it takes them six minutes each to replace the map, the total
fleet downtime would be 60 minutes. If the number of affected vehicles per
change, a, increases, so does the downtime. If all vehicles would be affected
(a = 1), there would not be any difference in total downtime between PS-I
and the existing situation. One possible scenario which may also affect the
efficiency of this proposed solution is when affected vehicles stop and block
vehicles which are not affected.
The safety level for this case does not decrease because the maps used are
validated in the same way as in the existing situation. The system safety
for this case is analyzed further using a fault tree analysis (FTA). There
were some common failure modes for all proposed solutions which can be
seen in Appendix B.1, and there were those depending on this particular
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proposed solution, presented in Appendix B.2. The FTA for this solution
contained six extra failure modes on top of the common ones. Prerequisites
and consequences for this solution could be derived from the efficiency and
safety evaluation. The identified prerequisites are:
• Maps are already validated and ready for use.
• Off-board needs to support map versioning.
• Off-board needs to send map version with the mission to make sure the
vehicle downloads the new map if it doesn’t have the latest version.
• Off-board only sends new missions on the latest map version.
• Off-board needs to be able to quickly compare the routes of the vehicles
to the identified changes of the map. That could be done with a function where the input is the vehicle routes and the change coordinates,
the output would then be which vehicles are considered affected.
• Off-board needs to be able to queue updates to the vehicles unaffected
by the change, to update the map when standing still (e.g. loading/unloading).
• On-board needs to be able to understand the tag ”Active”.
• On-board needs to be able to send map version and planned route to
off-board.
The identified consequences are:
• Vehicles still need to stop when updating the map.
• When the map is replaced, the whole map file is replaced, not only the
changes. That means a lot of data is sent in vain.
• Vehicles will have to stop for updates that are close to their route, even
if the change is far away and small.

5.4

Proposed Solution II - Layers

As stated at the beginning of this chapter, the second proposed solution
(PS-II) takes advantage of a common map feature called map layers. This
proposed solution will divide the different map features into different layers
to be able to focus updates on the selected features. The idea of map layers
is to classify the map features in static to dynamic information, as in Fig.
5.4.
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Figure 5.4: Map layer structure.
To enable this solution, a somewhat different file structure of the OSM map
is needed. The proposed map structure will contain the same features as
before, but in the following structure where each bullet is a layer:
• Base map layer with open areas and ways in all wanted directions.
Tags in that layer will be ’Elevation’ and ’Active’, the latter to
determine which ways are allowed to drive on.
• Closed areas in the map defined by polygons.
• Temporary speed limit defined by polygons.
• Maximum speed limit defined by polygons.
• Areas where it is allowed to load and unload defined by polygons.
• Points of interest defined by nodes.
Each layer will be a separate OSM file with its unique version number. Just
as the previously explained cases, this proposed solution aims to ease the
replacement of maps, where the changed map is already validated. The
use of map layers makes updates more manageable, as each layer can be
replaced separately. As a first step, these static to dynamic classifications
takes the form of only two classes: safety-critical and non-safety-critical.
Non-safety-critical updates could be updated parallel to operation without
any downtime, but safety-critical updates would have to follow a safer procedure, which involves stopping the trucks. The layers that are considered
safety-critical are:
• Base map layer.
• Closed area layer.
• Temporary speed limit layer.
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The base map is considered safety-critical because if that changes, the map
which the truck uses for navigation and positioning is updated and it is very
important that such information is always present and reliable. The closed
area layer is defined by operators to keep the trucks out from a certain area
of the site. If that changes, it is important that the truck always will take
extra care not to be in such an area. Temporary speed limits could be put
in place for anomalies such as accidents or road work etc. and it is therefore
important that the trucks are extra cautious when those are changed. PS-II
updates the whole system, meaning all vehicles and places the map is used
when a layer is updated. In that way, the whole system runs on the same map
and the control system does not need to keep track of different map versions
in the system, like in the existing situation (ES). The updating procedure is
presented in Fig. 5.5.

Figure 5.5: Updating procedure of Proposed Solution II.
After the map service has been updated with the new layer, off-board decides
whether the update of the map is safety-critical or not. A change in one or
more of the safety-critical layers will make the update safety-critical. If the
changes are solely for the non-safety-critical layers, vehicles could download
the new layer(s) parallel to operation and apply it while driving or executing
their current missions. If the change is safety-critical, all vehicles have to stop
to download the new safety-critical layer(s). A more detailed description of
the update protocol for individual trucks is described in Appendix A.3.
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Evaluation
The efficiency of this proposed solution will also be evaluated by comparing
the total fleet downtime (DT) to the existing situation (ES). The key difference between PS-II and the ES is that some updates are not safety-critical
and do not require the trucks to stop to update the map. If all updates are
considered safety-critical, there would not be any difference between the ES
and PS-II, except that the updates are smaller. The efficiency of PS-II then
depends on how many of the total updates are considered safety-critical and
can be expressed by Eq. 5.2.
DTP SII = c · DTES

(5.2)

Where c is the percent of updates considered safety-critical with respect to
the total number of updates. For example, if 50% of the updates are done
on layers considered safety-critical (c=0.5), the total fleet downtime will be
decreased by 50%. One problem with the need for consistent map versions
is that if one vehicle struggles with applying or downloading a safety-critical
map layer, the rest of the fleet needs to wait until all vehicles have the same
map version, which would increase downtime.
The map layers used for PS-II are validated in the same way as the maps
in the ES and are therefore considered equally safe. How these layers are
updated and distributed to the system increases flexibility and possibly uptime, but could also induce certain safety issues. The system safety for this
case is also analyzed further using a fault tree analysis (FTA). The common
failure modes for all proposed solutions are seen in Appendix B.1, and the
ones depending on this particular proposed solution are seen in Appendix
B.3. The FTA for this solution contained three extra failure modes on top of
the common ones. Prerequisites and consequences for this solution could be
derived from the efficiency and safety evaluation. The identified prerequisites
are:
• Maps are already validated and ready for use.
• Off-board needs to support map versioning for every layer.
• Off-board only sends new missions on the latest map version.
• Off-board needs to send map version with the mission to make sure
the vehicle downloads the new map layer if it doesn’t have the latest
version.
• On-board needs to be able to understand the tag ”Active”.
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• On-board needs to be able to use polygons instead of node tags for
features (e.g. speed limits).
• On-board needs to be able to update non-safety-critical layers parallel
to operation.
The identified consequences are:
• The use of consistent map versions allows for a robust system, but
means that vehicles not close to or otherwise unaffected by a safetycritical change have to stop and download the new layer.
• Higher number of map files to manage.
• Smaller map file sizes.

5.5

Proposed Solution III - Tiles

The third proposed solution (PS-III) takes advantage of another common
map feature called map tiles. This proposed solution takes the original map
from the existing situation (ES) and splits it into smaller rectangular maps
with a grid, like shown in Fig. 5.6.

Figure 5.6: Site map split into tiles by grid.
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That way it is possible to update smaller pieces of the map and could be
done with less downtime. For example, if a truck is in one end of the map,
and the update is for a tile on the other side, the truck can download the
new tile on its way there, and would not have to stop. The map structure for
this solution is similar as in the PS-I, with the pre-validated map with more
possible directions defined as disabled ways, with the key difference that each
tile becomes an own OSM file with an own version number. The updating
procedure for this case is described by the flowchart in Fig. 5.7.

Figure 5.7: Updating procedure of Proposed Solution III.
After the map service has been updated with the new tile(s), off-board checks
if there are any trucks in the updated tiles. If there are, they have to stop
to receive the updated tile for their surroundings. The vehicles which are
not in the updated tiles will download and apply the updated tile(s) during
operation and do not have to stop. That way, uptime is increased and all
maps in the system are continuously updated to ensure that the map is not
far from the ground truth on the site. A more detailed description of the
update protocol for individual trucks is described in Appendix A.4.
Evaluation
The efficiency of PS-III is also expressed as a function of total fleet downtime
of the existing situation (DTES ). The only case when the trucks have to stop
is when the tile they are currently in is updated. That depends on tile size,
if there would be only one tile, all vehicles would be in that tile. If there
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would be 100 tiles, the probability that all vehicles are in one updated tile is
not as big. However, as mentioned in section 4.2.4, if the grid is too dense,
it could make updates more inefficient due to extensive data traffic. There is
no general optimal tile size but depends on each individual case. The percent
of vehicles which are in an updated tile per change decides the efficiency of
this proposed solution. That fraction can be described with the variable b
and the total fleet downtime of this proposed solution in comparison to the
ES can then be described by Eq. 5.3.
DTP SIII = b · DTES

(5.3)

The total fleet downtime for Proposed Solution III (DTP SIII ) depends on
how many trucks are in the updated tile(s) per update. For example, if data
has been collected over time that suggests that generally, 10% of the trucks
are in tiles that are being updated (b = 0.1), it means that the total fleet
downtime can be reduced by 90% compared to the ES.
The map tiles are considered equally safe as in the ES because each map
tile file is validated using the same procedure as in the ES. This proposed
solution, like the previous, offers more flexibility to how maps are updated
and could induce new safety concerns, such as how the interface between
each tile should be validated. The system safety for this case is also analyzed
further using a fault tree analysis (FTA). The common failure modes for all
proposed solutions are seen in Appendix B.1, and the ones depending on
this particular proposed solution are seen in Appendix B.4. The FTA for
this solution contains four extra failure modes on top of the common ones.
Prerequisites and consequences for this solution could be derived from the
efficiency and safety evaluation. The identified prerequisites are:
• Maps are already validated and ready for use.
• Off-board needs to support map versioning for every tile.
• Off-board only sends new missions on the latest map version.
• Off-board needs to send map version with the mission to make sure the
vehicle downloads the new map tile if it doesn’t have the latest version.
• The grid must either be placed so no polygons of an OSM file are cut,
or it must be solved how to split a polygon into two or more separate
OSM files.
• An interface between the tiles needs to be created when dividing the
map into tiles.
39

• On-board needs to be able to understand the tag ”Active”.
• On-board needs to be able to replace the map tiles separately.
• On-board needs to be able to update adjacent map tiles parallel to
operation.
The identified consequences are:
• Vehicles still need to stop when updating the map if they are in a
changed tile, even if the change is small (e.g. edited point of interest).
• If the grid is too dense, unnecessary data traffic will occur and could
lead to inefficiencies.
• Too big tiles are inefficient.
• Higher number of map files to manage.
• Smaller map file sizes.

5.6

Proposed Solution IV - Affected Vehicles and Layers

The fourth proposed solution (PS-IV) is a combination of the first and second. The combination of looking at which vehicles are affected by a change
and managing the maps in layers allows for a more complete method. The
Proposed Solution IV (PS-IV) is a bit more complex but also allows for more
freedom and possibly more uptime for the system. This method aims to only
replace the map for the affected vehicles, much like in Proposed Solution I,
but with the use of map layers. The combination allows the system to only
stop the vehicles that are affected by the safety-critical update, and therefore
to further reduce total fleet downtime. The map structure of the OSM files
is identical to the one explained for PS-II, with map layers. The updating
procedure of PS-IV is presented in Fig. 5.8.
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Figure 5.8: Updating procedure of Proposed Solution IV.
Here the safety-critical updates are processed in one more step before executing the update. Off-board checks which vehicles are affected by the
safety-critical update, and only stops the affected ones. Vehicles which are
not affected by that change will update that layer when their current mission
is finished or when they are standing still (e.g. loading/unloading), that way
uptime is increased and all maps in the system are continuously updated to
ensure that the map is not far from the ground truth on the site. If a vehicle
is considered affected is done in the same way as in Proposed Solution I. It is
assumed that off-board only sends new missions on the latest map version,
and therefore it is important that the vehicles update the map, even if it is
not directly affected. A more detailed description of the update protocol for
individual trucks is described in Appendix A.5.
Evaluation
The efficiency of this proposed solution is evaluated in the same way as the
previous cases. The percent of updates considered safety-critical with respect
to the total number of updates can be described with the same variable, c,
as in PS-II. The description of affected vehicles per change is done with the
variable a, the same as in PS-I. It can be described with the same variable
because the percent of affected vehicles per change is assumed to be the same
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regardless if it is only for safety-critical updates. The total fleet downtime of
PS-IV compared to the ES can be described by Eq. 5.4.
DTP SIV = c · a · DTES

(5.4)

That means that the total downtime of PS-IV is depending on two parameters, c, and a. The system becomes more complex, but the possible savings
in total fleet downtime are big. For example, if 50% of the updates are done
for safety-critical layers (c=0.5), and only 20% of the vehicles are affected by
those safety-critical updates (a=0.2), the total fleet downtime is reduced by
90% compared to the ES.
The map layers used for PS-IV are validated in the same way as the maps
in the ES and are therefore considered equally safe. How these layers are
updated and distributed to the system increases flexibility and possibly uptime, and could also induce extra safety issues. The system safety for this
case is also analyzed further using an FTA. The common failure modes for
all proposed solutions are seen in Appendix B.1, and the ones depending on
this particular proposed solution are seen in Appendix B.4. The FTA for
this solution contains nine extra failure modes on top of the common ones
because it is a combination of PS-I and PS-II. Prerequisites and consequences
for this solution could be derived from the efficiency and safety evaluation.
The identified prerequisites are:
The identified prerequisites are:
• Maps are already validated and ready for use.
• Off-board needs to support map versioning for every layer.
• Off-board only sends new missions on the latest map version.
• Off-board needs to send map version with the mission to make sure the
vehicle downloads the new map layer(s) if it does not have the latest
version.
• Off-board needs to be able to quickly compare the routes of the vehicles
to the identified changes of the map. That could be done with a function where the input is the vehicle routes and the change coordinates,
the output would then be which vehicles are considered affected.
• Off-board needs to be able to queue updates to the vehicles unaffected
by the change, to update the map when standing still (e.g. loading/unloading).
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• On-board needs to be able to understand the tag ”Active”.
• On-board needs to be able to use polygons instead of node tags for
features (e.g. speed limits).
• On-board needs to be able to update non-safety-critical layers parallel
to operation.
• On-board needs to be able to update a safety-critical layer when standing still (e.g. loading/unloading).
• On-board needs to be able to send map version and planned route to
off-board.
Identified consequences are:
• The affected vehicles still have to stop for a safety-critical change, even
if the change is far away.
• Higher number of map files to manage.
• Smaller map file sizes.

5.7

Proposed Solution V - Layers and Tiles

The fifth proposed solution (PS-V) is a combination of the second and third.
The combination of map layers and map tiles reduces total fleet downtime
to only a fraction of the ES by first checking if the updated layer is safetycritical, and if it is, only stop the vehicles which are in the updated tiles(s).
The map structure of the OSM files is a combination of map layers and map
tiles. The base map is identical to the map layer structure described in PSII. That layered map is then split into smaller rectangular tiles as described
in PS-III. Each layer for each tile becomes an own OSM file with a unique
id. If the map consists of six layers, and 16 tiles, the whole map would be
described with 96 different OSM files (6 ∗ 16). The updating procedure of
PS-V is according to the flowchart in Fig. 5.9.
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Figure 5.9: Updating procedure of Proposed Solution V.
Off-board checks if the layer(s) that have been updated are safety-critical
according to the classification as in PS-II, if the change is not safety-critical,
the trucks are updated with the new map layer(s) for the updated tile(s)
during operation. If safety-critical layers are updated, off-board checks which
vehicles are in the updated tiles. The vehicles which are in the updated tiles
are ordered to stand down and update the safety-critical layer(s) for that
tile. The vehicles which are not in the updated tile can download the safetycritical layer parallel to operation and do not have to stop. When they reach
the updated tile(s), they will already have downloaded and started to use
the new map layer(s). A more detailed description of the update protocol
for individual trucks is described in Appendix A.6.
Evaluation
The efficiency of this proposed solution is evaluated in the same way as the
previous cases. The percent of updates considered safety-critical with respect
to the total number of updates can be described with the same variable, c, as
in PS-II and PS-IV. The percent of vehicles which are in an updated tile per
change can also be described with the same variable, b, as in PS-III because
the percent of vehicles which are in an updated tile per change are assumed
to be the same regardless if it is only for safety-critical updates. The total
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fleet downtime of PS-V compared to the ES can be described by Eq. 5.5.
DTP SV = c · b · DTES

(5.5)

That means that the total downtime for PS-V is also depending on two
parameters, c, and b. This Proposed Solution is also more complex than the
first three and allows possible savings in total fleet downtime. For example,
if 50% of the updates are done for safety-critical layers (c=0.5), and only
10% of the vehicles are affected by those safety-critical updates (a=0.1), the
total fleet downtime is reduced by 95% compared to the ES.
The map tile layers are considered equally safe as in the ES because each map
tile file is validated using the same procedure as in the ES. This proposed
solution, like the previous, offers more flexibility to how maps are updated
and could induce new safety concerns, such as how the interfaces between
tiles should be validated. The system safety for this case is also analyzed
further using an FTA. The common failure modes for all proposed solutions
are seen in Appendix B.1, and the ones depending on this particular proposed
solution are seen in Appendix B.4. The FTA for this solution contains seven
extra failure modes on top of the common ones because it is a combination of
PS-II and PS-III. Prerequisites and consequences for this solution could be
derived from the efficiency and safety evaluation. The identified prerequisites
are:
• Maps are already validated and ready for use.
• Off-board needs to support map versioning for every layer for every
tile.
• Off-board only sends new missions on the latest map version.
• Off-board needs to send map version with the mission to make sure
the vehicle downloads the new map tile layer(s) if it does not have the
latest version.
• It must be solved how to split a polygon into two or more separate
OSM files.
• An interface between the tiles needs to be created when dividing the
map into tiles.
• On-board needs to be able to understand the tag ”Active”.
• On-board needs to be able to use polygons instead of node tags for
features (e.g. speed limits).
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• On-board needs to be able to replace the map tile layers separately.
• On-board needs to be able to update adjacent safety-critical map tile
layers parallel to operation.
• On-board needs to be able to update non-safety-critical layers parallel
to operation.
The identified consequences are:
• Vehicles still need to stop when updating the map if they are in an
updated tile and the change is safety-critical.
• A file for each layer in each tile could result in a very high amount of
map files (96 in the previous example).
• If the grid to split the map into tiles is too dense, unnecessary data
traffic will occur and could lead to inefficiencies.
• Too big tiles would be inefficient.
• Higher number of map files to manage.
• Smaller map file sizes.

5.8

Proposed Map Updating Method

All previously mentioned proposed solutions have their advantages and disadvantages and can be evaluated by comparing downtime and number of
extra failure modes for each case. The variables for each proposed solution
are the same as previously described, a is the percent of affected vehicles
per update, meaning the percent of vehicles whose route is close to the coordinates of changes. c is the percent of updates considered safety-critical
with respect to the total number of updates, meaning the percent of changes
made for safety-critical layers. b is the percent of the vehicle fleet which
is in updated tiles per update. All these variables were estimated for this
project’s case with the help of two of the seven experts interviewed at Scania,
and the calculations can be found in Appendix C. The variables, along with
their estimated value and number of extra failure modes for each proposed
solution are seen in Table 5.2.
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Table 5.2: Comparison of Proposed Solutions.
Proposed
Solution
I
II
III
IV
V

Feature

DTP S
DTES

Estimated
value

Affected
Layers
Tiles
Layers + Affected
Layers + Tiles

a
c
b
ca
cb

0.45
0.70
0.15
0.30
0.10

Extra
failure
modes
6
3
4
9
7

Grade
2.7
2.1
0.6
2.7
0.7

The estimated variable value is multiplied with the number of extra failure
modes for each proposed solution to give them a grade, seen in the rightmost
column. A lower grade is better because it means that either a lot of downtime can be saved, or that it is simple, or both. PS-III is the winner with
PS-V as a close second. Since the variable value is estimated and that safety
and complexity are simplified to the number of extra failure modes, it is extra important to analyze the outcome. PS-III allows for an 85% reduction in
downtime at the same time as it has a small number of failure modes. The
failure modes can be seen in Appendix A.4 and none of them are so complex
that they would pose a real problem to the implementation of PS-III. The
PS-V could further reduce the downtime and builds on the same method as
PS-III, but has more extra failure modes, meaning it is more complex and
possibly less safe than PS-III. Since PS-III is the simpler version and offers
a good reduction in downtime, at the same time as it is easier to implement, it is the natural selection when proposing a map updating method to
implement.
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6

Suggested Implementation

The Proposed Solution III was chosen to the most fitting method to implement, and how that can be realized for this project’s case is presented in this
chapter.

6.1

Creation of Tiled Maps

The first step of the suggestion is how to create these tiled maps. As previously stated, it is possible to use maps similar to the existing situation,
meaning the maps can be used as they are. The difference is that all wanted
directions of the site should be validated from the beginning and be toggled
by a tag called ”Active”. That is also the first step to do, to add all wanted
directions and introduce the tag ”Active” = ’yes’ for the ways that are allowed to drive on, and the tag ”Active” = ’no’ for the ways not allowed to
drive on. When that map has been created, it is time for the next step, to
divide the site map into tiles. That can be done in Matlab and requires that a
grid to split the map is defined. As mentioned in the identified consequences
for using map tiles, the grid should not be too dense because too small map
tiles induce excessive data transmission, and tiles should neither be too big
since that lowers the efficiency by making b greater. The map used in this
project can be split into 16 tiles according to Fig. 5.6. Before the OSM map
is split into smaller maps, the program should make interfaces between the
tiles to be so they can work together seamlessly. Such an interface would
be to create a node in each file where the OSM ways are crossed with the
grid lines and divide the OSM way into two separate OSM ways, one in each
map tile which would be connected by the created nodes, with the exact
same coordinates. When placing the grid it is important to not cut any of
the polygon features in the map, since it is not certain that on-board understands it is a polygon if it is not defined in one file. When the map tiles
have been created, they should be checked and validated separately and as
a whole site map to ensure safety.

6.2

Use of Tiled Maps

The tiled maps would be used by all features in Fig. 1.3: The user interface (UI), the control system, the map service, and the autonomous trucks.
The user interface should display the map tiles and allow operators to make
changes. It is important that the tile grid is displayed for the operators,
to be able to make strategic updating decisions, such as when to apply an
update depending on where the autonomous trucks are at the time. The UI
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is directly connected to the control system which needs to be developed to
support the use of map tiles. The control system (off-board) needs to be able
to:
• Support map versioning for every tile.
• Only send new missions on the latest map version.
• Send map version with the mission to make sure the truck downloads
the new map tile(s) if it doesn’t have the latest version.
• Execute the updating procedure explained in Appendix A.4.
The map service can already store OSM files and is able to do so with these
smaller OSM map tiles. The autonomous trucks (on-board) needs to be able
to:
• Understand the tag ”Active”.
• Read the map tile files to create a whole site map.
• Replace the map tiles separately.
• Update adjacent map tiles parallel to operation.
• Execute the updating procedure explained in Appendix A.4.
When all these prerequisites are solved, it is possible to start using map tiles
for the autonomous haulage system examined in this case and more uptime
can be achieved.

6.3

Change of Tiled Maps

Changes of these tiled maps would be done in the control room by operators
using the UI. Since the first map is validated and considered safe, some
changes to the map can be made without the need for validation again. This
proposed solution has the following map features:
• Version number - To be able to identify all different map tile versions.
• Drivable ways in all wanted directions - Defined by the OSM nodes and
ways which the trucks can follow, toggled by the ”Active” tag.
• Open areas - An area on the map defined by a polygon where the trucks
can navigate freely.
• Elevation - A tag in the nodes for the drivable ways to gain a third
dimension in the map.
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• Maximum and temporary speed limits - Defined as tags.
• Areas where it is allowed to load/unload - Defined by polygons.
• Closed areas - Also defined by polygons, to block the autonomous trucks
from certain areas on the site.
• Points of interest - Defined as a node with a special tag.
The only feature that would require new validation of the map is if the drivable ways change, more than the tags. That could be the addition, deletion,
or change of the ways position or node id. That would require the map tile
to be validated again, separately and as a whole with the adjacent map tiles
to make sure the interfaces still work correctly. All other features of the map
could be changed in the tiles without the need for interface validation. If the
interface node needs to be changed, it needs to be changed in both files it
exists and means both tiles needs to be updated. When features of a map
tile are changed, the map tile is given a new map version id, to let the system
know it has changed. After the change is made, there should be an option
in the UI to use the updated map tiles. The control system then needs to
execute the updating procedure explained in Fig. 5.7 and Appendix A.4. If
the update would fail for some reason, and the vehicles which are going into
the updated tiles do not have the updated version of that tile, they need to
stop. That has to be a function implemented either for the control system
(off-board) or for the trucks (on-board).

7

Discussion

The result of this work is discussed in this chapter, along with conclusions
and suggestions for future work.
The proposed map updating method to implement was the Proposed Solution
III using map tiles. The reason that method was chosen was because of its
good grade when comparing efficiency and safety. The basis for that grade
is however not completely solid since the efficiency factor is estimated and
the safety is simplified to the number of extra failure modes of the FTA.
The efficiency factor, b, is based on estimations made by map experts at
Scania and for this particular case. If the case were to change, so would the
efficiency factor and the grade for Proposed Solution III. There is however
no case input that would affect the efficiency factor of Proposed Solution
III substantially and it can, therefore, be said that the chosen method to
implement is the correct choice for this project’s case.
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The fact that safety and complexity are simplified to the number of extra
failure modes of the FTA comes with the risk that they were not evaluated
sufficiently and that the number of extra failure modes does not correlate
to the actual complexity and safety level of the proposed solutions. That
would mean that the final grade for each solution could differ with a more
extensive safety evaluation. The FTA is, however, a widely recognized tool for
evaluating system safety and should, therefore, represent the system safety
and complexity of the proposed solutions sufficiently in this case.
The proposed solutions presented do not offer a good explanation of how
to increase safety, but that safety has not been compromised or decreased
compared to the existing situation. For a better evaluation of the system
safety and how it could be improved, it would be necessary to do a more
extensive evaluation of the absolute system safety of the proposed solutions
by looking at conformance to safety standards and base suggestions on those
findings. That was not part of this work due to the limited resources and
that a sufficient safety level had already been reached.
It would have been beneficial for this work to know how the rest of the leading
automotive and robotics companies update their HD maps for autonomous
solutions, to gain a deeper understanding of the field and possibly improve the
suggested map updating methods presented in this work. That information
is however not easy to acquire since competitors usually are not keen on
sharing such valuable information.

7.1

Conclusions

All the listed tasks that were required to reach the goal of this work were
completed. Map updating methods were identified by extensive research and
own generated ideas, they were analyzed with respect to efficiency and safety
by comparing downtime and failure modes, prerequisites and consequences
were listed for each proposed solution, and one solution to implement was
proposed along with a suggestion on how that could be realized. By completing all those tasks, this work definitely reached the stated goal which was to
propose a map updating method which increases the efficiency and ensures
the safety of the AHS examined. The success criterion was met by reaching
the stated goal of this work, and since both the success criterion and goal
were reached, the work was in line with its original purpose, which was to
contribute to the development of Scania’s autonomous vehicle solutions and
the development of safe configurable maps for off-road sites.
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7.1.1

Research Questions

The research questions stated in section 1.5 are answered in this section.
1. How can maps be updated dynamically to ensure efficient operation?
There are many answers to this question, but the method used to
update the system with the new map is one area which can help in
dynamic updates. The area this work was focused on was ensuring
efficient operation by reducing the downtime required for map updates
for the autonomous fleet. One way to solve that problem, and for this
case deemed most beneficial, is the use of map tiles. A smaller part
of the autonomous fleet is required to stop for an update and therefore ensures efficient operation by only stopping the vehicles which are
necessary.
2. Which prerequisites must be fulfilled to dynamically update maps?
To be able to update the maps using the proposed method of map tiles,
the prerequisites listed in section 5.5 must be fulfilled. If any other
method proposed in this work is to be used, the prerequisites for that
solution are listed under chapter 5. The listed prerequisites and the
implementation suggestions are useful when understanding what needs
to be solved to be able to dynamically update maps for autonomous
vehicles at off-road sites with the proposed map updating method.
3. What consequences could come from dynamically updating maps?
In this case, the main consequence of updating maps in a more dynamic
manner using the proposed method is more uptime and a more efficient
AHS. There are however some other consequences to consider when
choosing a map updating method, and the ones identified for this work
are listed under each proposed solution in chapter 5.
4. How can safety be ensured when dynamically updating maps?
The safety for an AHS is ensured by following safety standards, local
regulations, and complementary processes. When dynamically updating maps, it needs to be certain that the information contained in the
map is valid and will not compromise safety. How that information is
proven to be valid can be done in different ways, but the way it is done
in this case is presented in section 5.1. The process of updating the
maps requires the system safety to be evaluated and is done in this case
using an FTA. Before a map updating method is used and released, a
more extensive safety evaluation needs to take place.
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7.2

Future Work

No polygons should be split with the grid when using the proposed map
updating method, which limits the placement of the tiles. For a better and
more flexible solution, further work on how to split polygons with tiles is
needed. That would open up for the possibility to combine tiles with map
layers, as in the Proposed Solution V. The optimal tile size differs with the
off-road site, and how the grid can be placed in an optimal way needs further
work. One method to explore could be to automatically place the grid in an
optimal way, depending on the map features.
The file format used for this project is OSM because of its simplicity. However, when maps get more complex towards HD-maps it could be a good
idea to look into other file formats for dynamic updates. For example, the
Navigation Data Standard (NDS) which uses an SQLite file format is widely
used among automotive original equipment manufacturers and should provide sufficient support for autonomous driving. That would trigger the need
for a change for all systems dealing with the map, to be able to interpret
map information.
The autonomous trucks are equipped with onboard sensors like LiDAR and
RADAR, and it would theoretically be possible to update the site map based
on the information acquired from those sensors. For example, the vehicles
could detect objects using these sensors and store the object type and location
in the site map, for the whole system to be able to access it. To store the
object type and location in the map requires further work and possibly a
change of map format since OSM file format limits the full potential of what
the site map can contain.
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A

Update Protocols for Individual Vehicles

A.1

Update Protocol for Existing Situation

Figure A.1: Individual vehicle update protocol for Existing Situation.
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A.2

Update Protocol for Proposed Solution I

Figure A.2: Individual vehicle update protocol for Proposed Solution I.
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A.3

Update Protocol for Proposed Solution II

Figure A.3: Individual vehicle update protocol for Proposed Solution II.
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Figure A.4: Individual vehicle update protocol for Proposed Solution II.
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A.4

Update Protocol for Proposed Solution III

Figure A.5: Individual vehicle update protocol for Proposed Solution III.
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Figure A.6: Individual vehicle update protocol for Proposed Solution III.
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A.5

Update Protocol for Proposed Solution IV

Figure A.7: Individual vehicle update protocol for Proposed Solution IV.
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A.6

Update Protocol for Proposed Solution V

Figure A.8: Individual vehicle update protocol for Proposed Solution V.
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Figure A.9: Individual vehicle update protocol for Proposed Solution V.
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B.1

Fault Tree Analysis for Proposed Solutions
General FTA common for all Proposed Solutions

Figure B.1: General FTA common for all Proposed Solutions.

B

68

69
Figure B.2: General FTA common for all Proposed Solutions.

B.2

FTA for Proposed Solution I

Figure B.3: FTA with individual failure modes for PS-I.
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B.3

FTA for Proposed Solution II

Figure B.4: FTA with individual failure modes for PS-II.
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B.4

FTA for Proposed Solution III

Figure B.5: FTA with individual failure modes for PS-III.
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B.5

FTA for Proposed Solution IV

Figure B.6: FTA with individual failure modes for PS-IV.
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B.6

FTA for Proposed Solution V

Figure B.7: FTA with individual failure modes for PS-V.
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C

Determination of Case Variables

% MATLAB Code
% Definition of reference case
% The site consists of RS_OA number of opena areas
% The site consists of RS_S number of segments(OA ways)
% The site consists of RS_T number of tiles
% A mission consists of RM_OA number of open areas
% A mission consists of RM_S number of segments
% A change consists of RC_OA number of open areas
% A change consists of RC_S number of segments
% A change consists of RC_SC percent of safety% critical layers
% A change affects RC_T number of tiles per change
% Input
RS_OA = 4;
%
RS_S = 20;
%
RS_T = 16;
%
RM_OA = 2;
%
RM_S = 5;
%
RC_OA = 0.5;
%
RC_S = 1;
%
RC_SC = 0.7;
%
% critical layers
RC_T = 2;
%

Number of open areas on the site
Number of segments on the site
Number of tiles on the site
Number of open areas per mission
Number of segments per mission
Number of changed open areas per change
Number of changed segments per change
Percent of changes made for safetyNumber of affected tiles per change

% Determination of a for PS-I and PS-IV
% The probability that a mission is affected by a change:
a = 1 - (1-RM_OA*RC_OA/RS_OA)*(1-RM_S*RC_S/RS_S);
a = floor(a) + ceil( (a-floor(a))/0.05) * 0.05 % Rounding up
% Determination of c for PS-II and PS-V
% The probability that a change is safety-critical is:
c = RC_SC
% Determination of b for PS-III and PS-V
% The probability that a vehicle is in a changed tile is:
b = RC_T/RS_T;
b = floor(b) + ceil( (b-floor(b))/0.05) * 0.05 % Rounding up
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