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JOHANNA WIBERG
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Abstract

Testing autonomous driving functionalities is a very important but complicated task.
Due to the high costs of real-life testing, testing in virtual machines has become a
must in the industry. At Volvo Cars, a virtual testing toolchain where traffic sce-
narios are generated, simulated, and analyzed is utilized. However, due to a large
number of test cases, this is a very costly process. This thesis aims to optimize the
execution time of the testing toolchain to cut down costs. The study started with
profiling the toolchain to identify bottlenecks and areas where execution time could
be shortened. Based on the profiling, a concept of a "monitor” was proposed, which
analyzes scenarios in real-time rather than sequentially. The study implemented
a proof of concept of a "stay-in-lane monitor” which checks whether the monitor
remains within its original lane at every time step of the simulation. The results
showed that the ”stay-in-lane monitor” significantly reduced the toolchain’s execu-
tion time. Based on these results, the "monitor” concept was deemed successful, and
the team at Volvo Cars will continue to implement more monitors in the future. We
conclude that the optimization approach presented will help the collaborating team
achieve more efficient testing, thus reducing costs and improving the development
of autonomous drive functionalities.

Keywords: automation processes, testing, tool-chain, assessment, optimization, au-
tonomous driving, automotive, execution time.
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Introduction

For the last few years, autonomous car technology has advanced rapidly [1], leading
to autonomous functionalities in cars being the most prominent drivers of value [2].
Autonomous functionalities offer several major benefits; improved safety, business
opportunities, ease of use, and convenience, among other things [1]. While early reg-
ulations require drivers to take control of autonomous cars in uncertain situations,
upcoming expansions of the technology will uphold a higher level of autonomous
drive automation [3].

Lately, testing of autonomous cars has partially been conducted in virtual machines,
"software-in-the-loop” (SIL), to minimize the time it takes to drive in a real-life car
and to minimize the high cost of physical testing [4]. It has been shown that to
secure the reliability of autonomous cars, a physical car has to drive from a hundred
of millions of miles up to hundreds of billions of miles [5]. The method of virtual
testing provides the ability to recreate complex traffic scenarios by the use of real
data from the field, whilst allowing tests with a multitude of conditions, such as
weather and climate. Virtual testing also provides advantages such as efficiency,
since one can run tests in parallel, or run by day or night, whilst supporting the
testing of human-related aspects [4]. The demand for fast and efficient testing grows
as the vehicle automation industry continuously pushes its efforts to advance to the
next level of automation [3]. This is where automation of testing comes into play.

The study was executed in collaboration with the car manufacturer Volvo Cars and
the in-house team Autonomous Driving Functions Verification & Validation and will
be referred to as AD functions V&V in the rest of this thesis. The team is currently
using a toolchain to simulate scenarios and test their functionalities. However, this
testing toolchain needs to be optimized to handle the expected increase in scale in
the near future.

1.1 Problem Statement and Purpose of the Study

The software powering these autonomous functionalities, such as the ones used by
the collaborating company, is intricate and must be precise [1], since they operate
in critical life-and-death situations. Autonomous cars safety standards dictate that
the utilized software must be up-to-date and quickly and accurately deployable to
comply with safety requirements [6][7]. Due to the risk of accidents in the automo-
tive industry [4], safety, reliability, and quality [1] are of high importance. Testing

1



1. Introduction

is therefore highly important as well. However, this comes with a few challenges [4].

Two of these challenges are scenario complexity, and the number of test cases [1][4],
Knauss et. al. explains these difficulties: ”As automated vehicles will go everywhere
and have to be tested that they are safe in every environment, not only the complexity
of the scenarios but also the variety of test cases to test for will have to increase”,
as well as that it’s ”...almost impossible to think about all possible traffic scenarios”
[4]. To scale continuous integration modules in larger projects and companies has
proven to be difficult [8][9]. As software and projects get bigger and bigger, a chain
reaction occurs that usually affects; the size of code, the build duration, the scope
of tests, and the number of people involved, which in turn could affect the rate
of changes [9]. Logically, scenario complexity and the amount of test cases would
impact the rate of changes as well.

Therefore, the thesis aims to optimize the execution time of the collaboration com-
pany’s AD functions V&V team’s testing toolchain. Executing the toolchain is
currently a costly process due to the large amount of data generated, as well as
strict testing and scenario requirements. The aim is to address the challenges posed
by testing a large number of traffic scenarios and to find ways to reduce the time
it takes to execute the toolchain. Even if the improvement of time is minor, it can
result in significant cost savings since the toolchain should be capable of handling
hundred of millions of scenarios regularly in the future. Ultimately, this optimiza-
tion can cut costs for the organisation and help the AD functions V&V team create
a faster deployment of functionalities.

1.2 Research Questions

As previously stated, in Section 1.1, the study aims to assess and optimize Volvo
Cars AD functions V&V team’s toolchain. It’s currently very costly to run due to
the large amount of data. We aim to answer the following research questions in the
context of a car manufacturing autonomous driving functions group:

RQ1: What characterizes an optimal testing toolchain for an AD functions Ver-
ification and Validation team in the automotive industry?

Identifying the characteristics of an optimal testing toolchain is crucial to enable
efficient and effective testing. By understanding the key features and functionalities
of an effective toolchain, AD functions V&V teams can improve their testing pro-
cesses, reduce costs, and accelerate time-to-market.

Some characteristics of an optimal testing toolchain for AD functions V&V teams
may include scalability. As touched upon previously, testing is particularly im-
portant in autonomous drive functionalities due to the strict safety requirements.
As the company reaches higher degrees of automation these requirements will get
stricter. To ensure safety, the testing toolchain will need to be scaled up to handle
more scenarios.
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RQ1.1: How should a testing toolchain be optimized for an AD functions Veri-
fication and Validation team in the automotive industry?

Addressing the question of how to improve a testing toolchain in the automotive
industry can provide numerous benefits, such as providing teams with a concrete
approach to optimizing their toolchain as well as it can provide teams with ideas on
how to compose their toolchain most effectively. This could result in teams improv-
ing their toolchain, resulting in greater product quality and a competitive advantage
in the market.

RQ2: What are the challenges of testing AD functionalities in automated processes
in the automotive industry?

By finding specific challenges of testing AD functionalities in automated processes
in the automotive industry, organizations can create guidelines and best practices
for the testing and development of their AD functions. By working towards these
guidelines, optimization of the testing and development process could run smoother,
and hopefully decrease the price of future problems. All of this whilst increasing the
safety and reliability of their AD vehicles.

The three research questions investigated in this thesis aim to solve the challenges
and problems of testing AD functions brought up in Section 1.1. By identifying
the characteristics of an optimal testing toolchain and how to optimize it for an
AD functions V&V team, the thesis can offer insights into how to improve the cur-
rent toolchain. In turn, this could assist in decreasing the execution time of the
toolchain and resulting in a decrease in cost spending for organizations. Addition-
ally, by identifying specific challenges of testing these AD functionalities, the thesis
can create guidelines and best practices that assist the organization in optimizing
the testing and development process and ensuring that they follow required laws
and regulations.

1.3 Limitations

The research context is limited to the in-house toolchain used by an AD functions
V&V team at the collaboration company. Therefore, this thesis is constrained by
the automatic testing of autonomous features in the automotive industry, of a spe-
cific team. The study will not consider the accuracy or efficiency of the autonomous
functionalities themselves as the code for these functionalities is outsourced to a
separate company and is only received as a black box.

Secondly, the thesis will focus on the technical parts of the toolchain, thus elim-
inating any discussion in regards to the organization of the team, managing said
toolchain, or e.g. how often or when the team should execute the toolchain. Even
though it is of great importance, the time constraint of the thesis makes us unable
to dig deeper into this discussion. Furthermore, the thesis will not look at the envi-
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ronment in which the toolchain is executed, such as cloud and node configurations,
as that is decided higher up within the organization thus the thesis will be unable
to affect this aspect.

1.4 Significance of the Study

The study aims to offer insightful information on how to optimize expensive test-
ing toolchains, which process large volumes of data as a result of testing a rigorous
amount of critical scenarios. Autonomous vehicles are the future of transportation,
thus requiring a high level of safety, reliability, and quality [1]. The risks associ-
ated with traffic accidents are clear, and the consequences could sometimes be fatal
[4]. Therefore, any effort to increase the safety of AD functions is of high importance.

The thesis could provide benefits, not only to the collaborating company work-
ing with automatic AD functions testing but to the entire automotive industry. The
hope is that reducing the execution time for toolchains could lead to faster deploy-
ment of new software updates, which would ultimately result in safer autonomous
vehicles on public roads. It would decrease the risk of accidents and increase the
confidence of various actors in the technology, such as potential customers, leading
to an easier and increased adoption of autonomous vehicles.

Since AD functionalities in cars are the most prominent drivers of value [2], it
is critical from a business standpoint to keep up with or be ahead of, competitors.
A testing toolchain that can execute a large number of scenarios in a relatively
short time may result in faster software deployment and, as a result, more advanced
functionalities in the vehicles. With the increased demand for autonomous function-
alities, it is critical to have a toolchain that can effectively test and validate these
functionalities.

Lastly, toolchains like the collaborating companies are costly to run to this day,
thus reducing the cost of running these chains in the automotive industry is of
high value. Even a minor improvement in the toolchain could result in significant
cost savings for companies long term. Therefore, this study’s potential cost savings
should not be underestimated, as it could lead to significant cost savings for the
collaborating company and similar companies trying to advance in AD functions.

1.5 Structure of the Thesis

The structure of the thesis is the following: Chapter 1 will go through the intro-
duction of the subject and its challenges in the autonomous industry, and introduce
the collaborating company. Moreover, Chapter 1 will introduce the research ques-
tions, goals, significance, and limitations of the study. Chapter 2, Background, will
highlight important areas connected to the thesis and testing of autonomous cars.
Chapter 3, Research Design, will go through the research methodology utilized in
the thesis, whilst Chapter 4, Execution and Results, will provide the execution and

4
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results, hence the name. Chapter 5 will discuss the results, and Chapter 6 will
conclude the thesis and introduce future work.



2

Background

This chapter goes through all the background information necessary to understand
the thesis. Topics such as levels of autonomy, scenario generation, testing architec-
ture, and performance optimization will be described, among others. The chapter
serves as the theoretical baseline of the thesis and is tightly coupled with the study
and the collaborating team’s practice.

2.1 Levels of Autonomy

There are six automation levels, according to the Society of Automobile Engineers
(SAE) [3][10], which can be seen in Table 2.1. A vehicle with level 0 has no automa-
tion implemented whereas a vehicle with level 5 is fully automated. For level 1, the
automation can either control the vehicle’s side-to-side or front-to-back movement,
but not both at the same time. The driver must be responsible for handling the
rest. For instance, anti-lock braking systems, and adaptive cruise control fall under
level 1 of automation. Level 2, partial driving automation, enables the automation
system to control both the side-to-side and front-to-back movement of the vehicle,
but the driver must supervise the active system and complete object and event de-
tection and response (OEDR). In level 3, conditional automation, the autonomous
driving system performs 100 percent of the driving task in certain conditions, for
instance, highways. However, as the driver is still required to take over if the system
would fail or is unable to calibrate how to operate in a certain situation, it does not
reach the higher levels of automation. The last two levels, 4 and 5, do not require a
driver. Though whilst automation level 4 is constrained by the type of roads it can
be active on, they must have proper maps and road structures, level 5 can be active
without any limitations at all.

As with most organizations, the AD functions V&V team at Volvo Cars works
with these automation levels in mind. To ensure the quality and safety of AD func-
tionalities there exist international regulations that all companies are required to
comply with to be able to activate their functions on public roads. An example
of such regulation is the United Nations Rule No. 157 ”"Automated lane-keeping
systems” [6]. The role of software in achieving automation is critical, and, like
any AD functions V&V team, the collaborating team is working towards software
functionalities with quality and safety in mind. Testing large amounts of data is a
critical part of this process, as it enables the team to identify and address any issues
that may arise during testing. One of the challenges of achieving higher automation

6
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Level of autonomy

Level | Type of automation
0 No automation

Driver assistance
Driving assist features
Partial automation
Combined automated function
3 Conditional automation
High automation
Certain condition
Fully automation
All conditions

Table 2.1: Lewvels of autonomy, 0-5, according to the Society of Automobile En-
gineers (SAE) [3], where a higher level of automation means more advanced au-
tonomous driving functions.

levels is ensuring that the software and hardware components of the system work
seamlessly together. This requires a comprehensive understanding of the system’s
architecture and the ability to identify and address any issues that may arise during
testing. An expensive toolchain, regarding time and cost, is not sustainable in the
long term as autonomous functions become more advanced, which makes optimal
software testing crucial.

2.1.1 Regulations of Autonomous Cars

The previously mentioned UN regulations set uniform guidelines for "automated
lane-keeping systems” (ALKS) and apply to any manufacturer seeking certification
in lane-keeping systems on public roads [6]. The thesis has looked at this regulation
throughout the study, for example when choosing which scenarios to test. The reg-
ulation was developed in 2021 and the aim was to set uniform guidelines for ALKS.
ALKS makes history as the first international regulation for "level 3”7 vehicle au-
tomation in heavy vehicles on roads [11], which is defined as ”conditional driving
automation” [3]. In summary, the regulation sets up requirements for ALKS that
any manufacturer must follow to receive their certification and legally activate their
ALKS on public roads.

The regulation specifies that the driver must be able to take over anytime when
the ALKS is activated and that it could be active when the vehicle is on a motor-
way or in traffic jams, but not at speeds exceeding 130 km/h [6]. For a driver to
have access to the ALKS, the regulation requires three things; a driver availability
system that looks at parameters such as if the driver is on the seat or if the seat
belt is being used, a black box that stores data in the event of a crash, and strict
software and security updates. Additionally, the regulation mandates that the road
must be closed to pedestrians and cyclists and that there must be a separation of
traffic in both directions.
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On top of the previously mentioned requirements, the regulation also provides sev-
eral different scenarios [6] which the ALKS has to handle safely. In particular,
the regulation points out three critical scenarios which are: cut-in, cut-out, and
de-acceleration. These scenarios are described in more detail in Section 2.3.1. To
legally deploy autonomous driving functions on the roads, companies must be capa-
ble of managing critical scenarios that frequently occur and poses a threat to safety
related to ALKS. The regulations also include a driver reference model, which serves
as a baseline for how a good and alert driver would behave in the defined scenarios.
Given the infinite parameter sets, it would be practically impossible to design func-
tionalities that never fail, however, ALKS systems are expected to at least avoid
collisions in situations where the reference driver model would.

Because of this, software plays a big role in fulfilling these requirements and regu-
lations, since it is the software that makes decisions about how the vehicle should
travel based on sensor data. Regulations like the UN regulation No. 157 have im-
portant implications for software development in automated driving and demand
that the implemented software must perform consistently with, or better than, the
reference model. To meet these standards set by the regulation, software developers
must ensure that their software is designed to meet specific safety and performance
standards. This requires testing and validation under a wide range of conditions
and traffic scenarios to ensure that the software meets the necessary criteria. The
regulations provide a framework for ensuring the safety and quality of these func-
tionalities, and understanding their requirements is essential to developing effective
and reliable software for new and upcoming AD functions.

2.2 Test Environments for AD Functions

There are three types of testing involved when talking about autonomous cars;
virtual testing, physical testing, and a mix of both. This Section dives more into
detail about one of them, virtual testing, since the toolchain being studied is utilizing
it. The tests are run in cloud environments which this Section goes through as well.

2.2.1 Model-based Design

Evaluating and assuring the safety of self-driving cars has long been a difficult task,
prompting researchers in the automotive field to seek relevant architecture for sys-
tematic testing. When looking at different testing methods utilized for autonomous
cars, three types of methods primarily used within the industry have been identified;
Modeling and simulation testing, closed-track testing, and lastly open-road testing
[12]. They all have different levels of test control and fidelity, and sometimes mul-
tiple techniques can be utilized at once, or in parallel, to evaluate a system. The
study is focused on modeling and simulation testing since the AD functions V&V
team uses "software-in-the-loop” (SIL) testing in their testing toolchain.

8



2. Background

2.2.1.1 Modeling and Simulation Testing

The method of modeling and simulation is a well-established tool within the in-
dustry that covers analysis, design, acquisition, and training [13]. Modeling and
simulation offer several major advantages, such as controllability, predictability, re-
peatability, scalability, and efficiency [12], all of which are important when working
with autonomous vehicles. One of the most popular models in the automotive in-
dustry is the V-model, also known as the verification and validation model, which
is an extension of the waterfall model where processes are sequential. By utilizing
virtual simulation technologies at various levels of abstraction, several types of test-
ing can be conducted, such as model-in-the-loop (MIL), software-in-the-loop (SIL),
hardware-in-the-loop (HIL), and vehicle-in-the-loop (VIL) [12][13][14]. This thesis
only focuses on SIL testing since it is the testing method used by the AD functions
V&V team in the case study of their toolchain.

SIL simulation operates by utilizing a portion, or the entirety, of the underlying
autonomous driving system program to drive the physical response to stimuli [13].
For instance, modeled sensor input could be processed and used to generate world
modeling, decision-making, and motion-planning algorithms. The output of the
mentioned algorithm could be used to drive the virtual vehicle by feeding the data
into the vehicle model. The use of SIL in system development provides several
advantages. Firstly, it enables the system’s internal state estimate to match the
actual state, leading to increased accuracy [15]. Additionally, SIL is a cost-effective
and safe option that can significantly reduce development time [16]. In compari-
son, traditional simulation and hardware emulators are becoming less versatile and
less effective [17]. SIL can be used in both the design and testing phases, which is
not possible with the other two techniques mentioned. SIL also offers testing ease,
speed, flexibility, repeatability, and code reuse [17]. These last five benefits will be
explored further in the paragraph below.

Firstly, SIL configurations can simulate networks in situations when field testing
is impractical or complex, such as with vehicle testing, which simplifies and creates
new opportunities for testing. Secondly, employing a SIL configuration allows for
keeping all the details of the higher level, where the software being studied is situ-
ated while modeling the underlying network components in the simulator. As most
of the time is consumed by lower-level functions, abstracting some of the lower-level
models in the simulator can make the process go faster. Thirdly, since there are no
hardware components at play in this architecture, making changes to the design or
the simulated network will not become an issue. Fourthly, unlike the environment of
a physical test bed, the environment in a setup with SIL is controlled which makes
it easier to reproduce it internally or for external parties. Last but not least, the
SIL architecture enables code reuse, which has the potential to lower development
costs since it does not require duplicating efforts to create software for both testing
and deploying the design. In the end, it is the same software that is applied in both
steps to achieve this.

In contrast, there are four specific challenges with SIL [17]. The first challenge

9
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is scalability since large-scale demonstrations require a lot of computers and space
to set up. The second challenge is that modifying the software during the study
is not desirable, as it often happens for the software to smoothly interact with the
simulator. This kind of defeats the purpose of SIL since its original goal was to
move away from issues of model validation. The third challenge is breaking end-
to-end connections [17], regarding data transmission protocols that enable data to
flow from a network to a destination. Two of these protocols are the transmission
control protocol (TCP) and the user datagram protocol (UDP), which ensure data
flow in different approaches [18]. SIL is preferred when it comes to connection-less
applications, but not for connection-oriented applications like TCP, which requires
breaking the end-to-end connections [17]. The last challenge is regarding timing.
Event-driven simulators may execute events faster or slower than in real-time, and
the time-driven software needs to be synchronized with the event-driven simulator.

2.2.1.2 Closed-Track Testing

Instead of running all tests in virtual environments, one could change that environ-
ment into a real-life scenario, constrained to a closed track. Physical testing entails
utilizing physical objects or representations of obstacles to test a production-level
vehicle, in contrast to simulation, which might not accurately reflect reality. The
performance of the vehicle is assessed using real sensors on the autonomous car and
software that is running on the target platforms, making it more precise and real-
istic. The technique of closed-track testing offers multiple benefits; controllability,
improved fidelity, transferability, and repeatability [12]. For instance, as per the
improved fidelity aspect, the involvement of physical and functional objects in the
testing creates a more lifelike scenario. Still, as with everything, the technique has
some drawbacks such as limited variability, personnel and equipment needs, poten-
tial hazards, and being prolonged and costly. There is no doubt that a real and
physical environment including fast-driving cars has potential risks for the partici-
pants involved in the testing.

2.2.1.3 Open-Road Testing

The last type of technique primarily utilized in the automotive industry for testing
is open-road testing, also called a "real-world-laboratory” [12]. Today, several par-
ties actively test their autonomous cars on public roads, such as Tesla and Google.
The use of public roads allows a researcher to test autonomous vehicle systems in
a wide scope of real-world conditions related to operational design domains, op-
erational environments, and driving scenarios. This type of testing is not feasible
when it comes to closed-track testing since it is limited in scope and variety of
scenarios. However, the relevant drawbacks of open-road testing are the lack of con-
trollability, replicability, repeatability, and scalability. Moreover, as a safety-critical
situation, where for instance, a collision occurs, is relatively rare in open-road test-
ing, scenario-based simulation testing is necessary [19]. Therefore, scenario-based
simulation testing makes it easier to test critical scenarios, a scenario in which the
autonomous vehicle’s actions potentially cause a collision or nearly result in one.
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2.2.2 Cloud Computing

Cloud computing is a new and upcoming technology that is gaining popularity due
to its ability to easily deploy flexible applications [20]. It simplifies the process of
acquiring and releasing resources to a running application, while only charging for
the resources used (pay-per-use model). Clouds are used by companies for various
purposes, such as running batch jobs or hosting web applications.

When talking about resource scaling in cloud environments, it can be either of
two things; horizontal or vertical [20]. Horizontal scaling, also known as scaling
out or in, involves adding or releasing server replicas that run on virtual machines.
On the other hand, vertical scaling involves modifying the resources given to a vir-
tual machine that is already executing, such as increasing or decreasing its CPU or
memory allocation. Most cloud services only support horizontal scalability because
operating virtual machines cannot be instantly modified without restarting them.

Not only has the technology created new business opportunities, but it has also sig-
nificantly affected the testing of software [21][22]. One major impact is the advent
of testing as a service (TaaS) in cloud environments, which is a new service model in
which a provider offers software testing services for a specific application system in a
cloud infrastructure based on the demands of customers. In this model, the provider
undertakes the software testing activities on behalf of the customers, thus creating a
new business opportunity. Generally, the benefits of cloud testing are; elasticy, reli-
ability, dynamism, and the pay-per-use model, amongst other things [20][21][22][23].

Currently, the AD functions V&V team is executing their toolchain and autonomous
function testing in the cloud due to the limited computing power on local machines.
However, due to the massive amount of data involved in autonomous driving sce-
narios, running in the cloud has been proven to be a very expensive task.

2.3 Case Study Context

To provide context for the assessment and optimization of the AD functions V&V
team’s testing toolchain, this section will cover the background information required
for understanding the study environment.

The study is in collaboration with the company Volvo Cars. The company is a
well-known car manufacturer and has played an important role in the economy and
culture of Sweden, particularly Gothenburg. Volvo Cars is widely recognized for its
strong focus on safety and is striving to achieve a collision-free future with the help
of advanced technology [24].

The partnering team is referred to as the AD functions V&V team, and their respon-
sibilities include verifying and validating autonomous functionalities developed and
delivered by an outsourced company. The team is still in its early stages and tests
a few functionalities but intends to scale up and add more features in the future.

11
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Scenario generation Simulation Analysis

Figure 2.1: Workflow of the collaborating company’s toolchain. On the top: to the
left a visualization of a scenario, in the center a screenshot of a simulation visualised
with Esmini, and to the right the driver reference model graph from ALKS of a cut-
in scenario which analyse if there was a collision or not.

To scale up and achieve the future vision of Volvo Cars, which is for no collision to
occur, the team will need to scale up their testing as well. Today the testing of their
functionalities is primarily performed with the assistance of a toolchain. The team
makes use of outsourced code for different parts of the toolchain, specifically the AD
functionalities. This will be referred to as model-in-the-loop (MIL) in this thesis.
Running software without this outsourced code will be referred to as without model-
out-of-the-loop (MOL). The current toolchain has three primary modules: scenario
generation, simulation, and analysis, which can be seen in Figure 2.1.

2.3.1 Scenarios & Scenario Generation

A scenario is a sequence in which an action or event occurs [25]. In this context,
a scenario would be a traffic situation, for example, a vehicle cutting in front of
the ego vehicle (the main vehicle being monitored, equipped with automated func-
tionalities). When talking about scenarios in this context, there are different types
with different abstraction levels: functional, logical, and concrete scenarios [25][26].
The highest degree of abstraction has a functional scenario, which is described in
everyday language. For instance, deceleration, cut-in, and cut-out. A logical sce-
nario’s parameters contain values in the form of ranges or distributions, making it
less abstract than a functional scenario. A concrete scenario has specified parameter
values, thus making it the least abstract of the three.

Scenario generation is, as the name suggests, the activity where permutations of
scenarios are generated. The scenarios can be generated in a variety of ways by
variations in different parameter values, for instance, differences in parameters such
as speed__target, and velocity lane change. The collaborating team generates sce-
narios with multiple sampling techniques, including random sampling. Random
sampling is the act of generating concrete scenarios based on the ranges and distri-
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butions from logical scenarios [26], as can be seen in Table 2.2 where the parameter
speed consists of a range. There are other ways of generating scenarios, for example,
combinatorial testing and mutation testing.

The study examines four scenarios, with three of them classified as critical sce-
narios according to UN regulation No. 157, as explained in Section 2.1.1 (cut-in,
cut-out, and de-acc). This is because UN regulation No. 157 is one of the largest
international regulations teams must comply with to deploy their AD functions on
public roads. The fourth scenario is called "lane change”, which involves the ego
vehicle changing lanes. Figure 2.2 illustrates the critical scenarios, which can be
explained as follows; cut-in involves a vehicle cutting in front of the ego vehicle from
the adjacent lane in the same direction; cut-out involves a vehicle in front of the ego
vehicle cutting out from the same lane into an adjacent lane, while there is a third
vehicle that appears behind the cutting out vehicle; de-acc involves a vehicle in front
of the ego vehicle suddenly decreasing its speed in the same lane. In Table 2.2, one
can see an example of a logical scenario, cut-in, in which four different parameters
are present. However, not all parameters are required. There are also many more
parameters one could utilize when running different types of scenarios, for instance,
the longitudinal position of vehicles, speed profiles for vehicles, the end time for
scenarios, and the type of road the vehicles drive on. One could use fewer variables
as well.

Ezample scenario (cut-in)

Parameter Type/value
scenario_ type cut-in
speed | range(2, 10, 60)
speed_ target 15
velocity lane change )

Table 2.2: Example of a cut-in scenario as written by the collaborating team, with
possible parameters used for generating a scenario.

2.3.2 Simulation

After the relevant scenarios have been generated, they need to be simulated in a
controlled environment to accurately evaluate the performance of the autonomous
system. The simulation enables the testing of a myriad of scenarios, some of which
would impossible to recreate in real-world testing, as mentioned earlier. To simulate
the scenarios the collaborating company utilizes the open-source open simulation
interface (OSI), and esmini, an open-scenario player.

2.3.2.1 Open Simulation Interface (OSI)

Open simulation interface (OSI) is a standardized software interface for the exchange
of simulation data between different simulation tools in the automotive industry [27].
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Challenging.vehicle

(a) Cut-in scenario
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dG/dt vehicle

(c) De-acc scenario

Figure 2.2: Three critical scenarios, cut-in, cut-out, and de-acc, from UN regula-
tion No 157 [6].

OSI is created by the Association for Standardization of Automation and Measuring
Systems (ASAM) and is widely used in the automotive industry for the development
and testing of automotive systems. OSI standard defines a set of rules and protocols
for the exchange of data between simulation tools. It provides a common language
and format for simulation data, allowing different simulation tools to communicate
with each other and exchange data.

To increase the accessibility of simulators, connected to driving, for developers, it
is necessary to establish generic and standardized interfaces that link the function-
development framework with the simulation environment. The OSI standard pro-
vides a simple way to ensure compatibility between automated driving functions and
the various driving simulation frameworks available [27]. OSI also allows for greater
interchangeability and reusability of models across different testing techniques, such
as HIL, MIL, or SIL, which is becoming increasingly relevant as multiple techniques
are employed to achieve a single test goal [28]. As systems being tested grow in
complexity, maintaining the same model across tests can reduce the complexity of
testing, which in the end will increase transparency.

The AD functions V&V team utilizes OSI to simulate relevant scenarios, accord-
ing to regulations, for instance, UN regulation No. 157, see Section 2.1.1. The
simulation creates ground truth files, which are representations of the simulated
environment that describes all simulated objects in the global coordinate system
over time intervals. These messages are derived from data that is accessible to the
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simulation environment. The global coordinates are used to calculate and validate
the positions of the involved vehicles, for instance, whether the ego vehicle left the
lane.

2.3.2.2 Esmini

Esmini [29] is an open-source software tool that serves as a scenario player for test-
ing and validating advanced driver assistance systems (ADAS) and autonomous
vehicles. Esmini supports OSI, which means that one can import and use driving
scenarios that are created in the OSI format, and it provides a platform for creating
and executing realistic driving scenarios in a virtual environment, which can help
developers and researchers test and evaluate the performance of their systems under
different driving conditions. For instance, developers can customize their scenarios
with different weather conditions, like rain and fog, road layouts, like the number of
lanes and traffic signals, and traffic patterns, like heavy or light traffic.

In the AD functions V&V team’s SIL testing toolchain Esmini is utilized to simulate
driving scenarios in a virtual environment, where the ego vehicle is either controlled
by the AD functions or the reference driver, so that the performance of the two
can be compared. Esmini is also used for sanity checks when designing and imple-
menting scenarios in earlier stages. Figure 2.3 shows a visual representation of the
scenario cut-in, by the use of Esmini.

B esmini --osc cut-inxosc - a X

7482= entity[0]: Ego @§0) 108.(mmm h 228 3. 03003527 8.. ST GREaRB 9

Figure 2.3: Visualization of the simulation of a cut-in scenario by the use of esmin,
where the red car cuts-in in front of the ego vehicle.

2.3.3 Analysis of KPIs

After the simulation, the final part of the toolchain consists of analysing the sce-
nario. It plays a crucial part in the verification and validation of AD functions and
the purpose of this module is to provide insights into how the functions perform in
different scenarios and to assess their performance.
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To assess this, the AD functions V&V team utilized the concept of key performance
indicators (KPIs); a set of values that allows the team to analyse and compare the
performance regarding specified objectives [30]. In this case, the KPIs make it pos-
sible to determine whether the autonomous vehicle’s behavior meets the required
safety and performance standards based on regulations. The analysis module assists
in the improvement of AD functions by comparing the results of the KPIs to the
previously mentioned driver reference model, which can be seen in Figure 2.4. The
team can also generate the same kind of graph from their data. This enables the
team to determine whether the vehicle’s behavior is an improvement compared to
a human driver. This is essential for identifying areas that need improvement and
optimizing the AD functions for safety and performance.

FR ) Ego vehicle velocity[Ve0]  : 40[kph]
Relative velocity [Ve0-Vo0] : 30(kph)

[m/sec] dy0=1.6m

Lateral velocity [Vy]

20 30 40 50 60 [m]
Longitudinal distance [dx0]

Figure 2.4: Representation of a cut-in scenario and the results of the KPI collision
analysis of the driver reference model from ALKS regulation [6]. The green points
in the Figure stand for no collision, the red for a collision (front, back), the orange
for collision (side), and the yellow for a cut-in scenario from behind because of a
slow ego vehicle, deemed non-relevant for the scenario.

For the collaborating team, each KPI is most often implemented as a function that
returns a boolean value, which can be either true or false depending on whether
the system meets a particular performance criterion. These KPIs are designed to
capture various aspects of the system’s behavior which are crucial for variables such
as safety, for instance, its ability to stay within its lane, avoid collisions with other
vehicles or obstacles, respond appropriately to traffic signals and signs, and more.
Currently, the KPIs are checked after the simulation has been run, as the toolchain
is run sequentially.

Overall, KPIs play a critical role in the toolchain and the analysis because they
provide a quantitative measure of the system’s performance and help to ensure that
the function meets the required regulations. By regularly refining and improving the
KPIs used in the toolchain, the team can assist in the development of safe and reli-
able autonomous vehicles that are capable of operating and handling critical real-life
traffic scenarios.
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2.4 CH+4 versus Python

Due to the high cost of processing large amounts of data, the AD functions V&V
team is currently exploring various opportunities to optimize the execution time
of their toolchain, see Figure 2.1. As the analysis module is currently written in
Python, there has been interest in refactoring and rewriting it into a more effi-
cient programming language. Since the simulation module is written in C++4-, they
believe that exploring this option would be logical, as it could reduce execution time.

C++ is a general-purpose and object-oriented programming language that evolved
from the C programming language [31]. Compared to C, C++ provides additional
features such as virtual functions, operator overloading, and named functions, among
others. Different programming languages are suitable for different purposes; for ex-
ample, Java is ideal for web development, Python is great for rapid prototyping,
and C is well-suited for GUI (graphical user interface) [32]. One of C++’s major
advantages is its efficiency, unlike Python, which is generally slower [33].

Many factors contribute to C++’s quick performance. The first is that C+4 is
a statically typed language, whereas Python is a dynamically typed language [32].
Python does not require data types to be spelled out, so instead the interpreter
must validate every type as it runs. In contrast, in C++4, variables are saved with
their corresponding fixed data type, eliminating the need for runtime type checking.
Moreover, C++ is a compiled language, whereas Python is a scripting language
[32]. Compiled languages do not need any time to parse code; however, scripting
languages require an interpreter to translate the code before it can be executed [32].

On the other hand, multiple sources claim that Python has better readability than
C++ [33][34], that C++ is more complex [35], or that Python is more user-friendly
[36]. A comparative analysis of the two languages showed that Python is generally
regarded as having a higher level of readability because of its syntax [33]. Python is
designed to be closer to a human’s natural language, making it more intuitive and
easier to learn, particularly for individuals who are new to programming. When
discussing C++, it has a more complex syntax and structure, which can make it
more challenging to read and understand, especially for beginners. Furthermore,
code written in Python for adding two integers and printing "Hello World” is rela-
tively shorter than the C++ code. Logically, this trend could have a big impact on
readability when scaling up the code. Another study indicates similar findings, that
because of the language’s simplicity, "pseudocodish syntax”, easy-to-learn environ-
ment, and higher abstraction, a higher proportion of students would choose Python
over C++ when it comes to their first programming language [34].
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Research Design

The thesis will follow the action research methodology in the way it is described
by Staron [37]. As the author explains it, the process is divided into five phases;
diagnosing, action planning, action taking, evaluation, and learning, see Figure 3.1.
The five phases are conducted iteratively, meaning that they are performed in mul-
tiple cycles. This study will be iterated three times and the cycles are presented in
Figure 3.2.

Organization and Product, process,
product performance s Do — | Organization, ways-
improvement of-working, method
Learmin Action
Faming planning
” " Evaluation bzl i
Industry as a lab” = ——p gaking 3 Knowledge, learning,
: / theory
Inputs Action research project Outputs
This color denotes academia This color denotes collaboration

This color denotes industry

Figure 3.1: Action research in the context of software engineering, as proposed by

Staron [37].

The purpose and goal of action research in a software setting are to concentrate
and establish software engineering practices in their specific context, thus hope-
fully affecting these practices positively within that context [37]. The context of
the research is the testing toolchain or even the automation process in which the
AD functions V&V team tests their autonomous functionalities. Since the context,
which in this case is the automation testing process, is the center of attention, the
thesis fits into the research methodology action research.

Staron proposes the notion that action research is a collaboration between aca-

demic researchers and industrial practitioners and as a result, the method produces
research results that contribute to both the industry and academic theories. The
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Cycle 1 ‘ ‘ Cycle 2 ‘ ‘ Cycle 3
Set up environment & Read literature & Read literature &
Diagnosing I:oo\-chain meeting with action conducting code
) team review
e o oemar
Action Prepare for interviews i t{)ol-chgam method, reference
Planning & profiling el & elinser point, & metrics
Y o collection
analysis
Act!cn Conduct interviews & Take ben_chmark |mplement monitor
Taking profiling metrics
Analyze interviews Calculations on data & Calculations on data &
Evaluating and data, & evaluate evaluate data with evaluate data with
& Learning with referencefaction referencefaction reference/action
group group. group.

Figure 3.2: The workflow and specifics of each phase of action research; Diagnos-
ing, Action Planning, Action Taking, and FEvaluating and Learning, all performed
thrice iteratively.

practice that the thesis is aiming to affect positively is the process of testing au-
tonomous functionalities. The primary goal of the thesis is to improve the AD
functions V&V team’s automated testing process, more specifically to shorten the
execution time of the testing toolchain. In keeping with action research, the sec-
ondary goal is to support academic research by aiming to provide findings and
insights that can be generalized to a larger context.

The actors involved in the research are an action team and a reference team. The
action team consists of the thesis writers and an industrial practitioner from the
AD functions V&V team. The same practitioner is also the only member of the
reference team. The action team’s responsibility is to execute the research. They
do this by planning the research, taking action, and evaluating the results [37]. The
responsibility of the reference team is to support the action team with guidance
and feedback. An actor worth mentioning is a team that will be referred to as a
simulation team. As the name might suggest, this team is responsible to develop
the simulation part of the toolchain. This team acted as an unofficial reference team
by providing advice about the simulation module.

Ideally, one should also involve a management group. The management group’s
responsibility is to take important decisions regarding the organization. As the the-
sis is only 18 weeks long, the scope will not include implementing the solutions into
the actual organization. The changes made by the action group will only be imple-
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mented locally and if the collaborating company team wants to implement it into
the organization, they will have to do that outside the scope of the thesis. Conse-
quently, the function of a management team won’t be significant.

Action research is fitting for this thesis because of the close relationship that has
been established with the industrial collaborating partner which action research
demands, thus active participation from industry partners is not an issue. Further-
more, there is a clear need to understand the problem at hand, whilst focusing on
improving future work for the collaborative partner, which goes in line with Staron’s
guidelines about action research.

As stated, the thesis follows the action research methodology which operates in
different chronological phases; diagnosing, action planning, action taking, evalua-
tion, and learning. The workflow for the entire thesis in phases and cycles can be
seen in Figure 3.2. The study consisted of a handful of different methods and pro-
cedures which are: set up and installment of the virtual environment and toolchain,
semi-structured interviews, profiling of the toolchain, thematic data analysis, col-
lecting and cleaning data, generating graphs in Rstudio with R, literature studies,
writing and refactoring code in Python and C++, and lastly conducting a code
review. Cycle 1 mainly aims to answer RQ1 and RQ2. The interviews provided a
more in-depth understanding of the everyday work of an AD functions V&V team
as well as that the members working directly with the testing toolchain could share
their challenges and needs. The profiling, which was decided to do based on the
interviews, gave better insights into the toolchain but also concrete information on
where the main issues lie. The other two Cycles aim to answer RQ1.1. In the second
Cycle, a solution was proposed and prepared which was later implemented in Cycle
3. All procedures and methods for each cycle, as well as the results of that cycle,
are described more in detail in Chapter 4, Execution and Results.
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Execution and Results

4.1 Cycle 1

The aim of Cycle 1 is to better understand the problems with and the needs of
the AD functions V&V team’s testing toolchain as well as get to know the orga-
nization. The cycle mainly seeks to answer RQ1: What characterizes an optimal
testing toolchain for an AD functions Verification and Validation team in the auto-
motive industry?, and RQ2: What are the challenges of testing AD functionalities in
automated processes in the automotive industry?. To answer these questions the fol-
lowing procedures were taken; conducting interviews, collecting and cleaning data,
performing a thematic analysis, and profiling the testing toolchain.

4.1.1 Cycle Goal & Research Procedure

In the first cycle, the diagnosing phase mainly consisted of understanding the main
issues with the testing toolchain as well as getting a better insight into the prac-
titioners’ everyday tasks. To do this, the systems utilized to uphold the toolchain
were explored briefly after setting up the necessary environments and downloading
the software by walking through the toolchain step by step. This gave more hands-
on insights into what the practitioners deal with on a day-to-day basis. The testing
toolchain is installed virtually in ubuntu [38], and is accessed by a remote desktop
connection. As can be seen in Figure 4.1, the toolchain is composed of three primary
components; scenario generation, simulation, and analysis.

The first module generates permutations of scenarios, which the second module
simulates and passes to the final module for analysis and comprehension. The sce-
narios simulated in the toolchain utilize the OSI environment, but they can also
be visualized using Esmini. The simulation module is developed by another team
within the collaboration company, which will be referred to as the simulation team.
This module is written in C+4. The purpose of the toolchain is to test the AD
functionalities, however, an external company is developing the functionality of the
AD software and the code is delivered as binary files.

The analysis module consists of KPI calculations used by the AD functions V&V
team to understand how vehicles behave in scenarios. The collaborating team cur-
rently uses around 30 KPIs including if there was a collision, and if the vehicle kept
enough distance from the lane markers or other vehicles. The KPIs are also used to
determine whether the behavior of the vehicle is safe enough to fulfill the require-
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ments of various regulations. The analysis makes use of the scenario generation
output files by collecting basic information about the parameters of the scenario.
The analysis also uses the simulation ground truth output files to evaluate the KPIs
by calculating objects’ positions and speed at every time step. The analysis module
is written in Python.

Scenario generation Simulation Analysis

Figure 4.1: Workflow of the collaborating company’s toolchain. The toolchain
executes sequentially and starts with a generation of scenarios. Afterwards, the
scenarios are simulated and lastly analysed utilizing KPlIs.

During the action planning phase, a first interview was scheduled with a function
designer. The function designer was chosen because of his close relationship to the
toolchain since his everyday tasks involve verifying and validating it. Due to the un-
availability of several individuals closely involved with the toolchain, such as those
on vacation or parental leave, it was difficult to identify suitable practitioners to
interview. Therefore, the plan was for the function designer to identify new candi-
dates to be questioned, as per the snowball method [39], a non-probability sampling
technique where the sampling technique is completely based upon judgment. The
technique was used because there was a hope that the practitioners would have the
most knowledge about the processes and limitations regarding the toolchain and
whom to talk to since they are the ones interacting with it and with relevant em-
ployees on a day-to-day basis. Based on this technique two more candidates, a data
engineer, and a developer, could be identified based on the initial participants’ ex-
pertise.

The interview questions, which are listed in Appendix A, were chosen to be semi-
structured and planned to follow the five steps in the way as it is described by Preece
[40] in chronological order; introduction, warm-up, main session, cooling-off period,
and a closing session. In addition, it was made sure that the questions were neutral
and not overly long or complicated since the author also emphasizes that point. The
interview was chosen to be semi-structured due to the freedom it offers; unstruc-
tured interviews are exploratory [40], which is appropriate when it’s important to
grasp the context of the issue at hand, on the other hand, structured interviews are
appropriate when participants do not have a lot of time available, and questions
have been identified. The main aim of the interviews was to get a better insight into
how the toolchain works as well as to understand the problems with it.

The toolchain was profiled to identify bottlenecks and get a better understanding
of what takes up time. Measurements regarding time were planned to be collected
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to grasp which components of the toolchain were the most costly. The data only
served as a way of understanding the problem at hand and act as a guide of where
the scope should be. The data is therefore not official measurements to be used as
a baseline. Three different tools were used to profile; the python module "time”,
which was used to collect the execution time end-to-end as well as the execution time
of each module, the python profiler "cProfile” which was used to investigate what
internally within the modules takes time, and lastly the visualization tool "Snake-
viz”, which was used to visualize the results from cProfile. The profiling can be seen
in Figure 4.2 where the python module "time” was used between point 1 & 2, point
2 & 3, point 3 & 4, and lastly point 1 & 4. The profiling was made on the three
scenarios: cut-in, cut-out, and de-accelerate, as they are the three critical scenarios
from the ALKS - UN Regulation No. 157, presented in Section 2.1.1. Moreover, the
profiling was performed locally on the computer. Due to this, each type of run was
profiled three times to increase the accuracy of the results. Three profiling runs were
considered sufficient as the purpose of profiling was to gain an understanding and
guide the scope of the thesis, rather than provide official baseline measurements.
Additionally, the results remained relatively stable across all runs, which indicated
that more runs were unnecessary at this early stage of the thesis.

Scenario generation Simulation Analysis

CProfile & Snakeviz

Time point 1 Time point 2 Time point 3 Time point 4

Figure 4.2: Overview of the profiling of the toolchain by the use of CProfile and
Snakeviz, with each of the time points used to capsulate each module and the entire
toolchain.

4.1.2 Cycle Execution & Results

The action taking phase began with three interviews, which were recorded and
transcribed for a thematic analysis of the qualitative data generated. It was chal-
lenging to carry out a full analysis with several themes and codes due to the limited
number of participants, but also because the interview questions varied between
participants since their roles are different. Consequently, the thematic analysis was
limited to a single theme: Problems with the toolchain. The authors of this thesis as-
signed codes to specific portions or complete answers as a pair to establish patterns
in the qualitative data from multiple perspectives. The questions regarding how the
toolchain works only supported the group with more details of the research context.
The theme Problems with the toolchain consists of the codes: long execution times
and cost (money), which can be seen in Table 4.1.
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Theme: Problem with toolchain

Mentioning of long feedback times

Mentioning of large amount of data

Mentioning of need for code optimization
Concrete mentioning of long execution times
Concrete mentioning of money

Mentioning of that running in cloud cost money

Long execution time

Cost (money)

Table 4.1: Results of thematic analysis with the theme “problem with toolchain’
The two identified codes can be seen to the left, and their underlying causes can be
seen to the right.

The thematic analysis and mapping of codes revealed that the main issue with the
toolchain is execution time from end to end. When running large enough batches
of permutations, it takes far too long, prompting the AD functions V&V team to
run the permutations in the cloud which with the current toolchain is prohibitively
expensive. Soon, the team will run these large batches regularly which led the team
to run a feasibility study of a smaller batch of scenarios to assess their situation.
The team wanted to know the number of scenarios needed to test, how much it
would cost, and if the toolchain even can handle such a large amount of scenarios.
The participant explains it:

" A month back we did a feasibility study of a smaller batch, and said that for such
a batch we would like to run hundreds of millions of scenarios (in the future) /.../,
just to see if our toolchain is even capable of handling this based on the outcome.”

The participant goes on to talk about the current situation and how the current
state of the toolchain is unsustainable:

... it would be incredibly expensive (to run all of the scenarios) and might even
jeopardy the AD as a whole because we still need to have higher business value than
developing costs.”

Given that the AD functions V&V team currently pays for the number of nodes
per time unit, the execution times are the only direct cause of the cost. By reducing
the execution time the team will either occupy the nodes for a shorter time which
results in a lower cost, or they will be able to execute the toolchain on fewer nodes
which also results in lower cost. Moreover, when running small batches of permu-
tations, the long execution time also affects the workflow of the employees due to
long feedback times. The interviews also revealed that there are trade-offs between
readability and execution time, and running the toolchain locally or in virtual ma-
chines:

"There’s always a trade between optimizing code maximally to achieve the fastest
speed while also maintaining the readability of the code. It should have a quite gen-

eral purpose so that it is quite easy to scale up and expand and add new features.
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But also, it should be specific enough to just not confuse the people using the tool.”

The last comments had to do with the toolchain’s long execution time and the spe-
cific cause of code optimization. A participant mentions the importance of weighing
specific programming languages:

" A quite important thing about this is that simulation is run in C++, and the post-
analysis is run with Python. Generally, C++ is way faster at doing these kinds of
things.”

On top of the interviews, two rounds of data measurements were collected. The first
round of runs used the built-in Python module "time” [41] and aimed to identify
which modules of the toolchain were the most time-consuming. The measurements
used were the execution time, end-to-end. As mentioned previously, this only served
as a way of understanding the problem at hand and act as a guide of where the scope
should be and are not official measurements to be used as a baseline. Therefore,
each run was only performed thrice, since there was no formal need for statistical
validation this early into the process, and the results after three runs were relatively
stable. The validation of the number of scenarios was carried out by consulting both
the action and reference groups. This was done to ensure that the selected number
of scenarios was suitable for the objectives of this phase, and the company’s goals at
this stage of the thesis. The time points used can be seen in Figure 4.2. The results
from the first run of collected measurements can be seen in Table 4.2. The first
interesting finding is that the execution times of the scenario generation module are
significantly shorter when compared to the other modules. The scenario generation
module takes less than 1% of the entire execution time for all runs, regardless of the
number of scenarios (1 or 10) or scenario types (cut-in, cut-out, or de-acc). The sce-
nario generation module was therefore deemed negligible in the scope of this thesis,
as can be seen in Table 4.2.

Type of Scenarios | Cut-in | Cut-out | De-acc

Number of Scenarios | 1 | 10 | 1 10 | 1| 10

Total run time (sec) | 37 | 406 | 63 | 570 | 49 | 577

Scenario Generation run time (sec) Negligible
Scenario Generation % of total run time Negligible
Simulation run time (sec) | 26 | 237 | 26 | 266 | 26 | 274

Simulation % of total run time | 71 | 58 |42 | 47 | 53| 47

Analysis run time (sec) | 9 | 167 | 36 | 302 | 21 | 302

Analysis % of total run time | 25 | 41 | 57 | 53 |44 | 52

Table 4.2: The Table depicts the execution time collected from three concrete
testing scenarios, namely cut-in, cut-out, and de-acc. Fach run consisted of one or
10 scenarios but was performed thrice. As a result, the total of the simulation and
analysis results may not equate to 100%. The average of the three runs is presented
in the Table.
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Cumulative time in % (sec)
Method Cut-in Cut-out De-acc
Main | 100% (16.30) | 100% (27.30) | 100% (35.40)
Loop | 100% (16.30) | 100% (27.30) | 100% (35.40)
Road coord 3 | 49% (8.00) | 49% (13.50) | 55% (19.50)
Road coord 1 | 47% (7.66) | 48% (13.00) | 41% (18.40)
Road coord 2 | 47% (7.65) | 48% (13.00) | 41% (18.40)
KPT conversion 1 | 30% (4.84) 31% (8.33) | 32% (11.30)
Road coord 4 | 25% (3.99) | 23% (6.24) | 25% (3.78)
KPI conversion 2 | 24% (3.91) 23% (6.40) 26% (9.12)
it | 18% (2.89)
Road coord 5 17% (4.52) 18% (6.55)

Table 4.3: The 10 methods in the analysis module with the highest cumulative
time for running the scenario cut-in, cut-out € de-acc. Since different scenarios
handle different calculations, not all methods are utilized in each scenario and are
represented by a blank cell in the Table.

Another finding of the first collection of measurements is that both the simula-
tion module and the analysis module are time-demanding components. The main
difference between the two is that in the simulation module the scenarios, regardless
of type, take a similar amount of time to simulate, see Table 4.2, row ”Simulation
run time (sec)”. In contrast, the different scenario types take a different amount
of time to analyse. See Table 4.2, row ”Analysis run time (sec)”. Because of the
variations in analysis times, the percentage that the simulation module takes of the
total run time also differs.

Since the results showed that the simulation and analysis modules are time-demanding
components, a second round of measures collection was made on the two modules.
It consisted of profiling the modules internally and aimed to understand what within
the module allocates the most time. This was done using the profiler cProfile and
the visualization tool Snakeviz. The measurements collected were a cumulative time
which is the time spent in a method as well as the time spent in the methods that
this method calls [42]. In Table 4.3 the 10 methods with the highest cumulative
time can be seen for each scenario in the analysis module. The profiling revealed
that the methods for calculating global coordinates to road coordinates (Road co-
ord 1-5) and converting scenario frames to KPIs (KPI conversion 1 & 4) take up
the most time, as shown in Table 4.3. The Table only shows the top 10 methods
with the highest cumulative time, but other methods with high cumulative time not
included in the Table also correlate with Road coord or KPI conversion. The road
coord methods are methods that calculate objects’ relative positions in the simula-
tion environment. It’s noteworthy to mention that multiple employees working with
the toolchain have mentioned these kinds of time-consuming conversions and have
suggested investigating this issue.

When profiling the simulation module the action and reference team was initially
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perplexed by the results. The teams could not understand the results as they con-
sisted of only a few methods and components that each was revealed to be very
time-consuming. Since the teams couldn’t explain the results assistance was sought
from the simulation team where multiple members were consulted. Ultimately, it
was concluded that the profiling results were inaccurate and that it was not possible
to profile the simulation module without assistance from the company writing the
outsourced code. This is because the simulation module includes outsourced code
being delivered as binary files. However, after speaking with the team developing
the module, it was revealed that the main bottlenecks regarding the time within this
module were the outsourced code. This claim will be further explored later in the
study in Chapter 4.2. The action team pointed out that the outsourced code heavily
affects the time it takes to simulate scenarios. However, they also mentioned that
they didn’t know whether this code automatically needed to be time-consuming or
whether it could be optimized. Nevertheless, the outsourced code was not some-
thing that could be affected in this study. Therefore, the action team recommended
putting energy into trying to run the simulation locally without model-in-the-loop
and the outsourced code.

The evaluation and learning process continued with a meeting involving the
reference and the action team that aimed to confirm the results and gain a bet-
ter understanding of them. The questions asked during the meeting can be found
in Appendix A.3. Firstly, the meeting confirmed that the problem had been cor-
rectly identified, and concluded that the long execution time is the core issue of
the toolchain. High costs in terms of money are also a problem, but the cost of
running the toolchain would be decreased by reducing the time it takes to execute
it, thereby tracing back the problem to the long execution times. This resulted in
the first conclusion of the cycle.

Conclusion 1: Decreasing the time it takes to execute the toolchain is a priority.

Moreover, the action team emphasized the fact that the usability of the toolchain
is of utmost importance. The execution time end-to-end needs to be shortened,
but not at the cost of the readability of the code, since the toolchain should be
easily understood by employees. If the toolchain’s code can’t be easily understood,
even though it executes fast, it would cause problems for future employees, and the
toolchain couldn’t be integrated into the larger organization. Proper and clear con-
tinuity when it comes to the structure of code, and names, for example, are some
ways to battle this issue. This discussion resulted in the second conclusion of the cy-
cle which will be kept in mind in the other cycles when changes will be implemented.

Conclusion 2: The readability of the toolchain is important for all employees work-
ing directly or indirectly with it, to decrease the risk of any implications regarding
scalability in the future.

The meeting continued with a discussion of the profiling data from round one. The
action and reference team agreed that the low execution times of the scenario gener-
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ation module are negligible in the scope of this thesis. Furthermore, they confirmed
that the major issue regarding execution time lies in the simulation module as well
as the analysis module. This led to the third conclusion of the cycle.

Conclusion 3: The Scenario Generation module is no longer relevant to investigate
further.

The meeting continued with discussing the data from the profiling round two. The
action team’s perception of what takes up time within the analysis module was
in agreement with the conclusions of the profiling. That will say, that converting
global coordinates to road coordinates and scenarios frames to KPIs takes up the
majority of the time within the analysis module. Since the analysis module takes
up a significant amount of time and the results suggest that it is outsourced code
that takes up a lot of the rest, the action and reference team decided on focusing
on optimizing the analysis for future cycles.

Conclusion 4: Optimizing the Analysis module is the focus for Cycle 2.

Since the action and reference teams do not work with the simulation module
other than running it, they could neither confirm nor deny whether the most time-
consuming parts of the simulation are outsourced codes. However, they agreed with
the simulation team’s recommendation to try to run the toolchain without the out-
sourced software, leading to Conclusion 5 of the cycle. This was decided for three
reasons: 1) If one cannot affect the code, there is no need to keep analysing it. 2) By
comparing the execution times with and without the outsourced software, one can
confirm or deny whether it is the outsourced software that takes up the majority of
the simulation module’s time. 3) By removing the outsourced software, one is not
dependent on the outsourced company supporting the implementations.

Conclusion 5: Running the toolchain without outsourced Model in the Loop (MIL)
should be investigated in the next cycle.

4.2 Cycle 2

The aim of Cycle 2 is to propose and investigate a solution to the pinpointed problem
and challenges in Cycle 1. Cycle 2 mainly seeks to answer RQ1.1: How should a
testing toolchain be optimized for an AD functions Verification and Validation team
in the automotive industry?. To answer this question the following procedures were
taken; refactoring code, collecting baseline measures, cleaning data, and generating
graphs in RStudio with R.

4.2.1 Cycle Goal & Research Procedure

The diagnosing phase of Cycle 2 began with a discussion with the simulation and
AD function V&V team where the aim was to decide on which solution to start
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investigating, and what can be done to decrease the execution time in the analy-
sis module without jeopardizing the readability of the toolchain. They proposed a
plan to implement, what they call, a "monitor”. A monitor has been discussed by
the action and simulation team for a long time and the teams are optimistic that
such a solution will have a significant impact on the execution time. The monitor
is simply the concept of evaluating and calculating KPIs in real-time in the simu-
lation module, hence eliminating the need for a stand-alone analysis module. The
workflow of the toolchain with a monitor implemented can be seen in Figure 4.3.
Currently, when analysing a scenario, the analysis module must do complex and
time-consuming calculations to calculate the KPIs, however, a significant amount
of this information is already directly accessible within the simulation module. For
instance, as observed in the Cycle 1 profiling, the methods regarding calculating the
objects’ positions take a lot of time, although, the simulation has these positions in
real-time.

Simulation
Scenario generation
Monitor

Figure 4.3: Workflow of the toolchain with the monitor implemented. The scenario
generation module to the left remains the same, whilst the analysis module will be
removed and replaced by a monitor within the simulation module.

The plan is to implement a proof of concept of a monitor, specifically, a "stay-
in-lane monitor” that will analyse the KPIs related to whether the vehicle stays
within its lane, which can be seen in Figure 4.4. The monitor will operate by de-
termining whether the vehicle remains in its original lane at each time step of the
simulation. This means that the monitor can directly and simultaneously log KPIs
in the simulation module, eliminating the need for a separate analysis module. Aside
from the fact that the analysis module would no longer need to perform most of the
complex calculations, the monitor concept is expected to reduce execution time be-
cause the analysis will be converted from Python to C++4, which is generally a faster
programming language [32]. This was also mentioned in the interviews in Cycle 1,
see Section 4.1.2.

The remainder of the cycle aims to prepare for the implementation of the moni-
tor concept to investigate whether the monitor is possible and worth implementing.
The first step of the action planning phase was to be able to run the entire
toolchain without the model in the loop, as per Conclusion 5 in Cycle 1: "Running
the toolchain without outsourced Model in the Loop (MIL) should be investigated in
the next cycle”. This was mainly done to prepare for the implementation of the
monitor as the toolchain currently doesn’t have support for implementing a monitor
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Time step: 1 Time step: 2 Time step: 3

Lane ID: 2

Lane ID: 1

Original Lane ID: 1 Original Lane ID: 1 Original Lane ID: 1
Current Lane ID:1 Current Lane ID:1 Current Lane ID: 2
KPI Stay-in-lane: True KPI Stay-in-lane: True KPI Stay-in-lane: False

Figure 4.4: Visualization of the concept “stay-in-lane monitor” which checks
whether the wvehicle has stayed within its original lane at each time step and up-
dates the KPI "Stay-in-lane” to either True or False.

with the outsourced code and to verify the statements from the experts, that it is
the outsourced code within the simulation module that takes up the minority of the
time. The entire toolchain had never been run without the outsourced code before,
which required refactoring of the collaborating team’s toolchain to be able to run
it. The refactoring consisted of small changes such as changes in paths and running
scripts. The simulation module, which had previously been run in the cloud, was
also locally installed.

To accurately compare the baseline measures to the measures of the implemented
monitor, the analysis can only include the KPIs that will later be evaluated in the
monitor. As a result, non-relevant code from the analysis module had to be removed
before the measures could be collected. Furthermore, it was decided that the mea-
surements would be taken similarly to the profiling in Cycle 1, which meant that the
built-in Python module Time would be used to calculate the execution wall time.
However, the scenario generation module was excluded as per Conclusion 3 in Cy-
cle 1: 7The Scenario Generation module is no longer relevant to investigate further.”.

Moreover, the three previously mentioned scenarios, cut-in, cut-out, and de-acc,
were chosen again this time around since it had been established that these are
representative scenarios in Cycle 1. In addition, a "lane-change” scenario was added
because none of the other three scenarios included the ego vehicle changing lanes,
which is necessary for testing the monitor. Two different measurements were taken:
with model in the loop and without model in the loop. Both of them were run on
all four scenarios 100 times. Meaning that we ran 100 times for cut-in model in
loop, 100 times for cut-in model out of loop, 100 times for cut-out model in loop,
100 times for cut-out model out of loop and so forth.
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4.2.2 Cycle Execution & Results

The action taking of baseline measurements can be seen in Figures 4.5 (a-d). They
represent the total (simulation module + analysis module) execution times of the
toolchain for the scenarios cut-in, cut-out, de-acc, and lane-change. The box plots
to the left represent the times for running the toolchain without the model in the
loop, and the right box plots represent the execution times for running the toolchain
with the model in the loop. As can be seen in Figure 4.5 there is a notable differ-
ence in execution time for all four scenarios between running the toolchain with and
without the outsourced model in the loop, in which the time of running without it
is shorter.

Figures 4.5 (e-h) represent the execution times of running only the analysis module
for the scenarios cut-in, cut-out, de-acc, and lane-change. Note that the vertical
scale is narrower here compared to the plots representing the total execution times.
As can be seen in Figure 4.5 there is no big difference in execution time when com-
paring running the analysis module with (right box-plots) and without the model
in the loop (left box-plots).

In contrast, the simulation module appears to be responsible for the majority of
the difference in total execution times between running with and without the model
in the loop. As can be seen in Table 4.4, in the rows ”Difference (MIL - w/o MIL)”,
the difference between the column ”Simulation time (sec)” and "Total time (sec)” is
small. Another interesting finding is that when the module in the loop is removed
the remaining code left that the AD functions V&V team can affect is the analysis
module. The analysis module, therefore, becomes the most time-consuming part of
the toolchain that the team can influence by a big margin.
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The evaluation and learning process continued with an evaluation meeting involv-
ing the action and reference team. The questions asked can be found in Appendix
A.4. The main objective of the meeting was to confirm the findings and results of
the cycle, as well as to gain a better understanding of them. The teams reviewed the
data from Figure 4.5 and Table 4.4, and concluded that the difference in execution
time when running the toolchain with and without model-in-the-loop lies entirely in
the simulation module. The meeting also confirmed the team’s initial assumptions
from Cycle 1 that the outsourced code (the model in the loop) consumes the major-
ity of time in the simulation module. This led to the first conclusion of the cycle.

Conclusion 6: The outsourced code (the model in the loop) consumes the majority
of time in the simulation module.

The action and reference team also discussed the reasons why the analysis mod-
ule is not affected by running without the model in the loop, whilst the simulation
module is. It was concluded that when the model in the loop is removed, the vehicle
will follow a more simple dummy function that does not require complex calcula-
tions, leading to less time spent in the simulation module. However, the analysis
module only looks at the positions of the vehicles, lanes, and surroundings at a given
time, without considering how they got there. As a result, the calculations in the
analysis module remain the same regardless of whether the model in the loop is
present or not, and therefore there is no change in execution times.

Furthermore, the teams noted that when the outsourced code is removed, the only
code left that the AD functions V&V team can influence is the analysis module.
Among the factors that the team can influence, the execution times of the analysis
module are the most time-consuming. This has further strengthened the team’s
confidence that the monitor concept will effectively reduce the execution times, as
the concept removes the need for an analysis module. The action and reference team
concluded that the results are still in favor of implementing a monitor and identified
it as a priority for future work in Cycle 3. This leads to the last conclusion of the
cycle.

Conclusion 7: Implementing a proof of concept for the "monitor” should be in-
vestigated in the next cycle.

4.3 Cycle 3

The aim of Cycle 3 is to implement the proposed proof of concept of a "stay-in-lane
monitor” and evaluate whether the concept would decrease the execution time of the
toolchain. Cycle 3 mainly seeks to answer RQ1.1: How should a testing toolchain be
optimized for an AD functions Verification and Validation team in the automotive
industry?. To answer this question the following procedures were taken; conducting
a code review, writing code in C++, collecting data on execution time, cleaning
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Monitor-Factory

Monitor
Monitor-Logger

X-Monitor Stay-In-Lane-Monitor X-Monitor

Figure 4.6: UML diagram of the structure of monitors and loggers in the AD
functions V&V teams simulation module. The monitor factory creates different
types of monitors, which has a monitor logger.

data, and generating graphs in RStudio with R.

4.3.1 Cycle Goal & Research Procedure

The diagnosing phase of Cycle 3 began with an investigation of the AD functions
V&V team’s current approach to three different aspects; support of monitors, log-
ging of KPIs, and reference point used to determine if the vehicle has left the lane.
To do this, a code review was conducted on the parts of the code related to these
three aspects, to understand the hierarchy and structure of the classes, more so than
specific lines of code. As previously mentioned in Cycle 2, the monitor concept had
been discussed within the action and simulation team for a long time, therefore, the
simulation module already had some implementations that support the concept of a
monitor. For instance, a monitor factory and shells for the "stay-lane-monitor”, and
a monitor logger. The use of a factory pattern creates continuity of how to create
more monitors in the future which would have positive effects on the readability.
Since readability was found to be a characteristic of an optimal testing toolchain in
Cycle 1, the monitor solution was therefore found to be suitable. The results of this
code analysis can be seen in Figure 4.6, which includes the proposed "stay-in-lane
monitor”. The figure depicts the UML diagram of how the system supports creating
monitors through the use of a factory pattern, and an existing system for connecting
a logger to monitors.

The analysis module was analysed in more detail, as that is how the AD func-
tions V&V team has been logging their KPIs until now. The current solution logs
KPIs in the form of a text file with separating commas (CSV), in the analysis mod-
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ule. However, as the analysis module is planned to be removed and replaced by a
monitor within the simulation module, the logging of the KPIs has to be moved as
well. Conversations with the action and reference group brought up that there was
no preferred method of logging KPIs as long as it works well and that one should
be able to log with multiple monitors at the same time.

A deeper investigation was also required to determine the reference point that would
be used to detect if the vehicle had changed lanes. Upon reviewing the relevant code,
it was discovered that the middle point of the vehicle was currently being utilized
as the reference point in the "monitor-shell”. This was also confirmed by the action
and reference group. However, they also mentioned the possibility of altering this
reference point to a bounding box, which means that any point of the vehicle that
crossed over the lane marker would count as the vehicle not staying within its lane.

The action group’s action plan is to implement the "stay-in-lane monitor” that
utilizes the middle point of the vehicle as a reference point and text files for logging
KPIs. After weighing both options of reference point, bounding box, and middle
point, the latter was chosen. This is because of the tight time constraints of the
thesis. Since the solution is only a proof of concept of a monitor, it would be
wasteful to spend too much time on specifics. The logging method was decided on
the same premises. As there was no preferred way of logging by the reference and
action team, we chose to log in text files, as it is a simple but effective way of logging.

The action planning also included deciding what data was necessary and interesting
to collect in the action taking. The group decided on two measurements, which were
collected a hundred times for the benchmark data in Cycle 2. They were taken on
the toolchain without the model in the loop and with the scenario generation mod-
ule excluded. The first measurement the group decided on was the execution time
of the simulation with the newly implemented monitor. This data would be com-
pared to the benchmark data; model out of loop simulation and analysis execution
times, to evaluate if the monitor concept would decrease the execution time of the
toolchain. Furthermore, the data was also compared to the benchmark data; model
out of loop simulation (without monitor) execution time, to evaluate how long time
just the monitor takes. The second measurement the group decided to collect was
the execution time of the simulation with the monitor, however, this time the whole
simulation would stop when the vehicle left the lane. This comparison would enable
the action group to evaluate if there are any benefits to having support for stopping
the simulation once a KPI is full-filled.

4.3.2 Cycle Execution & Results

The action taking consisted of implementing the ”stay-in-lane monitor” and col-
lecting the various data described above. The evaluation and learning consisted
of statistical calculations on the data, like the mean, and an evaluation meeting with
the action and reference group. The first measurement collected was the execution
time for the simulation with the implemented monitor. This data was compared
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with the benchmark data taken in Cycle 2, the execution time for the simulation
and analysis, and was used to evaluate whether there is a decrease in execution time
with the monitor. The results can be seen in Figures 4.7, where each box plot to
the left represents running the toolchain with the proposed solution, the model out
of the loop, and a monitor (simulation + monitor), whilst the box plot to the right
represents only running the toolchain with the model out of the loop (simulation +
analysis), as in Cycle 2. The result for each scenario is described below.

Total time Total time
@ ] 0 ]
; Q- E
]
o |
w0 ™~
‘U_) _
< -
9 B
~
o 4
——— e —_——
T T T T
Monitor No monitor Monitor No monitor
(a) Cut-in (b) Cut-out
Total time Total time
; 21 i
% o
w
e o]
< |
N
(=
- 0 |
o |
© | —
v |
_— S —
T T T T
Monitor No monitor Monitor No monitor
(c) De-acc (d) Lane-change

Figure 4.7: Comparison of running the toolchain without the scenario generation
module and the model in the loop. The box plots to the left represent the execution
times of simulating with the monitor and the box plots to the right represent the
execution times of running the simulation and analysis. Note that the scale vertical
scale is different on all Figures and that the scenario generation is excluded.
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Firstly, looking at the cut-in scenario, as can be seen in Figure 4.7a, the median time
for running the toolchain before implementation of a monitor (right box-plot) was
7.22 seconds, compared to afterward (left box-plot), which was 0.83 seconds. This
represents a decrease of median execution time by 88.50% with the implemented
"stay-in-lane monitor”. Secondly, looking at the cut-out scenario, as can be seen
in Figure 4.7b, the median time for running the toolchain before implementation
of a monitor (right box-plot) was 23.72 seconds, compared to afterward (left box-
plot), which was 1.82 seconds. This represents a decrease of median execution time
by 92.33% with the implemented "stay-in-lane monitor”. Thirdly, looking at the
de-acc scenario, as can be seen in Figure 4.7c, the median time for running the
toolchain before implementation of a monitor (right box-plot) was 16.54 seconds,
compared to afterward (left box-plot), which was 2.03 seconds. This represents a
decrease of median execution time by 87.73% with the implemented "stay-in-lane
monitor”. Fourthly, looking at the lane-change scenario, as can be seen in Figure
4.7d, the median time for running the toolchain before implementation of a monitor
(right box-plot) was 2.86, compared to afterward (left box-plot), which was 0.43
seconds. This represents a decrease of median execution time by 84.97% with the
implemented “stay-in-lane monitor”. A summary of the execution time for all four
scenarios before and after the implementation of a ”stay-in-lane monitor” can be
seen in Table 4.5.

Scenario  Before (sec) After (sec) Difference (%)

Cut-in 7.22 0.83 -88.50
Cut-out 23.72 1.82 -92.33
De-acc 16.54 2.03 -87.73
Lane-change 2.86 0.43 -84.97

Table 4.5: Median execution time in seconds for running the simulation + analysis
(before) without model in the loop and the median execution time for running the
simulation + monitor (after) without model in the loop on the scenarios cut-in, cut-
out, de-acc, and lane-change. The difference in execution time before and after can
also be seen in percent. Note that the percent decrease is after the AD is removed.

The second data comparison was the median execution time of simulating without
the monitor which was compared to the median execution time of the simulation
with the monitor to investigate how time-consuming the "stay-in-lane monitor” was.
The result can be seen in Table 4.6. As can be seen in column four there is a small
difference between using a monitor or not, where the median execution time is
slightly higher for the scenarios cut-in and lane-change.
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Scenario  Without monitor (sec) With monitor (sec) With monitor - Without (sec)

Cut-in 0.8185 0.8301 0.0116
Cut-out 1.8179 1.8242 0.0063
De-acc 2.0226 2.0258 0.0031
Lane-change 0.4093 0.4340 0.0246

Table 4.6: Median execution time in seconds for running the monitor. The run
is without the outsourced code on the scenarios cut-in, cut-out, de-acc, and lane-
change.

The last data collected was the execution time of the simulation with the monitor
implemented but the simulation stopped once the vehicle left its original lane. Since
the lane change scenario is the only scenario that leaves the lane, this measurement
was only collected on this scenario. This data was compared to the execution time
of the simulation with the monitor but with no stop. The results can be seen in
Figure 4.8 where the box plot to the left represent the simulation with the monitor
without stopping and the right represents the simulation with the monitor which
stops once the vehicle leaves the lane. The mean time for running the toolchain
with a monitor (left box-plot) was 0.4339 seconds, compared to a monitor with the
addition of stopping the simulation after the vehicle has left the lane (right box-
plot), which was 0.2802 seconds. This represents a decrease in median execution
time by 35.4%.
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Figure 4.8: Comparison of total times when running the lane-change scenario with
model out of the loop and monitor (simulation + monitor), versus model out of the
loop and monitor with stop after changing lanes (simulation + monitor).

The evaluation and learning meeting of the cycle aimed to verify the results and
evaluate the concept of a monitor. The questions asked can be seen in Appendix
A.5. The meeting began by presenting the collected data to the action and reference
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group, such as the Figures and Tables shown above, and addressing various vari-
ables that could affect the results. Firstly the action and reference team discussed
the results from Figure 4.7 and Table 4.5, the execution times from the "stay-in-
lane monitor” compared to the execution times of the simulation and the separate
analysis. The results and the action and reference team highly agree that there is a
significant difference between execution times for all scenarios. The teams concluded
from Table 4.5 that the implementation of a monitor has decreased the median exe-
cution time by at least around 84% for all four scenarios; cut-in, cut-out, de-acc, and
lane-change. Because of this, the monitor concept was thought to be a great success
and led the group to be optimistic about future expansions of the concept, due to
the high decrease in execution time. However, to validate the findings we wanted
to discuss two variables that could potentially skew the results with the action and
reference team; choice of reference point and logging method.

When it comes to the reference point the monitor utilizes the center point of the
car, which the action and reference team thought could cause issues further down
the road. They explain that the results would be slightly more accurate if the mon-
itor utilized the bounding box instead of the middle point of the car. Currently,
by the use of a middle point, the car has only officially left the lane if more than
half of the car has passed over the lane marking. This means that small parts of
the vehicle could’ve passed over the lane marking, and the "stay-in-lane monitor”
perceived that the vehicle has stayed within its original lane. Nevertheless, the ac-
tion and reference team don’t expect the calculations of using the bounding box
as the reference point to involve any big conversions or loops, which led them to
believe that the reference point would not affect the execution time significantly.
Changing reference points was therefore deemed as future work for the action team
since there was a time constraint to the thesis. The second variable that the action
and reference team wanted to discuss was the choice of the logging method. The
AD functions V&V team has currently been logging the KPIs by comma-separated
values in text files which they’ve found to be simple yet effective and expressed that
they did not want any overcomplications that could create unnecessary confusion
and increase the execution time. A continuation of this type of logging was therefore
appreciated since it has been proven to be a successful method to this day. The ac-
tion and reference team, therefore, found no concerns regarding the logging method
significantly affecting the execution time and results.

The meeting continued with discussing the time allocation of the "stay-in-lane mon-
itor”, more specifically the median execution times of the simulation compared to
the simulation with the monitor, as can be seen in Table 4.6. The reasoning for this
was to investigate whether the increase in execution time of a monitor outweighs the
benefits of the decrease in execution time by the deletion of the analysis module.
When looking at the results, the action and reference team was highly satisfied.
For instance in Table 4.6, a monitor used on the cut-in scenario only adds 0.0116
seconds, or 1.4%, to the median execution time. For a cut-out scenario, this percent
was 0.3%, for de-acc, this was 0.2%, and for lane-change it was 5.7%. The action and
reference team concluded that the increase of at most 5.7% of the median execution
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time does not make any significant difference, since the results from Figure 4.7 and
Table 4.5 shows that the decrease in median execution time will be at least around
85%, which is a more substantial number.

The final data presented at the meeting was a comparison of operating the monitor
with and without a stop when the vehicle changed lanes, as shown in Figure 4.8.
The results were addressed briefly, where the team found the data interesting and
investigated the potential use cases. The option to stop the simulation was appre-
ciated by the reference team, and they expressed that the solution to do this was
easily understandable and efficient. To summarize, all of the three results led the
action and reference team to be very pleased with the results and was confident that
the proof of concept is a success, leading to the first conclusion of the cycle.

Conclusion 8: The “stay-in-lane monitor” decreased the execution time of the
toolchain significantly when evaluating one KPI.

The success of the "stay-in-lane monitor” was extremely clear to the reference team,
but this sparked the conversation about the bigger picture of fully implementing
the concept. For the concept to be beneficial to the AD functions V&V team, all
KPIs that are time-consuming to calculate need to be evaluated in a monitor so
that the execution time of the analysis module is significantly shorter. Optimally,
the analysis module would be completely removed by moving all KPI evaluations
into monitors. Based on this, the meeting discussed how the execution time would
be affected if all KPIs were to be evaluated in a monitor. The simplest way to think
about this would be to take the time of the monitor and multiply it by the number
of KPIs. In that case, the time added to all the monitors would be short. The AD
functions V&V team currently evaluates around 30 KPIs and the median time of the
monitor lies somewhere between 0 to 0.0246 seconds, meaning that the execution
time of evaluating all KPIs would be less than one second. This is a significant
improvement compared to the analysis module which takes anywhere between 2.45
to 22, see Table 4.4, seconds dependent on scenario type when evaluating only one
KPI. However, evaluating the concept is most likely not this simple.

Firstly, a monitor can evaluate more than one KPI. As mentioned previously, the
collaborating team currently evaluates around 30 KPIs, which can be grouped nat-
urally into 5-6 groups according to the action and reference team. Instead of adding
30 more classes that represent each KPI, it would make much more sense, both from
a time allocation and readability perspective, to create 5-6 more general monitors
which evaluate multiple KPIs. Moreover, the thesis has not studied how the execu-
tion time would be affected by a monitor evaluating multiple KPIs but the action
and reference team don’t believe that adding multiple KPIs into one monitor would
have a big impact on the execution time. This is because the time allocation of the
monitor is low, to begin with, see Table 4.6, and adding KPIs would not add any
extra complexity.

Another factor that makes it hard to evaluate the concept as a whole is that each
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monitor has a different complexity. The "stay-in-lane monitor” is a relatively simple
solution as it only assigns the lane ID at the first time step of the simulation and
checks whether it has a new lane ID at the following time steps. It is difficult to
properly assess how complex other monitors would be so at this time we can’t say
whether the "stay-in-lane monitor” has an average complexity. Even though there
is some uncertainty in how multiple monitors would affect the execution time the
action and reference team are confident that the concept would still be majorly ben-
eficial to the execution time since the margins between the proof of concept and the
analysis module are large.

Finally, the reference and action group once again brought up the fact that they’'ve
had a suspicion for a long time that the utilization of monitors would help decrease
the execution time of the toolchain but they were happily surprised by how posi-
tive the results were. However, due to a lack of capacity manpower, they have not
been able to quantify the exact impact of the implementation of monitors to this
day. Even though the exact results from Cycle 3 were new to the reference and ac-
tion team, there was no doubt in the end that the concept of a monitor/monitors is
worth implementing, based on the data from Figures 4.7 and 4.8, and Tables 4.5 and
4.6. This leads to the last conclusion of the cycle and the last conclusion of the thesis.

Conclusion 9: The concept of a monitor/monitors could decrease the execution
time of the toolchain.
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Discussion

In this Chapter, the findings of the thesis will be addressed and discussed. The first
Section aims to answer the three research questions of the study. The second will
address the validity of the research. The results and interpretations are discussed
more in detail in Sections 4.1.2, 4.2.2, and 4.3.2; Cycle Execution & Results.

5.1 Answers of Research Questions

This Section aims to discuss the findings of the study by answering and discussing
the three research questions. The answers for RQ1 are mainly based on the findings
from Cycle 1, the answers for RQ1.1 is based on the findings and procedures from
Cycle 1, 2, and 3, and lastly, the answers for RQ2 are mainly based on the findings
from Cycle 1.

5.1.1 Research Question 1

RQ1: What characterizes an optimal testing toolchain for an AD functions verifi-
cation and validation team in the automotive industry?

The entire thesis, but most specifically the interviews from Cycle 1, see Section
4.1.2, indicate that a low execution time, high readability, and low running costs are
three important characteristics for an optimal testing toolchain for an AD functions
V&V team in the automotive industry. When interpreting the results of RQ1 it
is important to note that the results were mostly based upon the three interviews
from Section 4.1.2. It could therefore exist other relevant characteristics to consider
when talking about an optimal testing toolchain in the automotive industry. In
the future, more in-depth interviews should be conducted to establish a more valid
and comprehensive understanding of the characteristics. While the three interviews
provided valuable insights, a larger and more diverse sample size would increase the
robustness of the findings by gathering multiple perspectives and experiences. For-
tunately, the insights gained from the interviews could many times be corroborated
by the literature in Chapter 2, Background. The results of the three characteristics
will be discussed in greater detail below.

Low execution time

Due to the strict safety requirements for autonomous functions in the automotive in-
dustry, functionalities deployed on the market must be thoroughly tested, as written
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in Section 2.1.1. Manufacturers all over the world must ensure that their AD func-
tions have undergone thorough testing, for instance, that all reasonable scenarios
have been accounted for, and that the safety risks are sufficiently low to ultimately
save lives and decrease the number of accidents that occurs. To guarantee this, the
software needs to be tested on a large number of scenarios. To give an approximate
number, the collaborating AD functions V&V team estimated around a hundred of
million scenarios as seen in Section 4.1.2, though the exact number can differentiate
between contexts. The scenarios consist of complex data, and thus testing large
amounts of it takes time.

A low execution time is a crucial characteristic of an optimal virtual testing toolchain
for an AD functions V&V team in the automotive industry. The faster the simula-
tion runs, the more scenarios can be tested in a given time frame, allowing teams
to identify and resolve issues faster, resulting in safer AD functions in vehicles and
a competitive advantage on the market. SIL testing allows teams to identify and
address issues before moving to physical testing, which can help to reduce the overall
testing time and cost.

To exemplify, as mentioned briefly in the interviews in Section 4.1.2; the team has
done a trial run to calculate the number of scenarios required to ensure the safety
and quality of their functions, and how much it would cost and if the toolchain even
can handle such large amount of scenarios. The results from the trial were that
they would need to run hundreds of millions of scenarios to ensure the safety of a
functionality. Due to confidentiality, the study can’t mention exact numbers. Nev-
ertheless, we can still do some approximate calculations. To not boost the numbers,
we will calculate low thus using 100 000 000 scenarios.

The results from Cycle 2 reveal that a scenario, dependent on which type, takes
anywhere from 18 seconds to 49 seconds in the toolchain. If we would need to run
100 000 000 scenarios, that would result in 500 000 hours (180 000 0000 sec) to 1 361
000 hours (4 900 000 000 sec). Since we are talking about such a large amount of sce-
narios, even a very small decrease in execution time would still result in a significant
amount of decreased execution time. Looking at the solution of the "stay-in-lane
monitor”, the results from Cycle 3 reveal that a scenario is anywhere between 2.422
seconds to 21.96 seconds faster with the implemented monitor than without. Doing
the same calculations, the monitor would decrease the total execution time by at
least 67 278 hours (242 200 000 sec).

When talking about such long running times, the batches are run in parallel pro-
cesses by buying computing power. As the interviews also revealed, execution time
is highly coupled with a low running cost, so the decrease in execution time will
directly affect the running cost as we can run more scenarios on the same amount
of parallel processes given the same time frame.

Low running cost
Low running costs are critical for the sustainability and profitability of any AD func-
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tions V&V team in the automotive industry. This is especially important for SIL
testing of toolchains, which can quickly become expensive due to the large amount
of data being tested, as the millions of scenarios required to be tested in the future
are revealed in this thesis. Logically, a higher cost could therefore force teams to run
their toolchain more seldom. As the participant from the interviews also mentioned
in Cycle 1, this could diminish the value of the end product, and possibly jeopardize
the future of the team, since developing costs need to be lower than the market
value of the product for a company to profit.

On the contrary, if the cost of running the toolchain is low, the team will have
no problem running it regularly, resulting in more tested functionalities, thus safer
functionalities and faster deployment of these functionalities. Low cost is, therefore,
something all companies in the automotive industry should strive for, to make the
most profit out of their product or service.

High readability

High readability of the code in the toolchain is also an important characteristic of an
optimal testing toolchain for an AD function V&V team in the automotive industry.
The reason for this is that testing toolchains often involves multiple modules, and
different team members, including developers, testers, and experts, who all need to
be able to read and understand the toolchain and its results. If there are difficulties
in how to manage and run the toolchain, it could lead to confusion, errors, and
delays in the testing process, which can at last impact the quality of the final prod-
uct. The discussions and results of the first evaluation meeting, see Section 4.1.2,
indicate that no matter how fast the toolchain executes, it will not be able to be
integrated into the organization if the code is not understandable by other current
and future employees.

Moreover, if the results are difficult to interpret, team members may struggle to
identify the root cause of any problems and come up with effective solutions. Es-
tablishing consistent procedures like design patterns, for instance, a factory pattern,
comments, and formatting standards could therefore be examples to reduce the risk
of decreased readability when scaling up their functions. This allows team members
to quickly identify each code snippet’s purpose and meaning, making it easier to
understand and modify.

5.1.2 Research Question 1.1

RQ1.1: How should a testing toolchain be optimized for an AD functions Verifica-
tion and Validation team in the automotive industry?

The answer to this research question can be divided into two parts; how a test-
ing toolchain can be optimized in terms of how it should be composed, and how a
testing toolchain can be optimized in terms of approach and method. This section
will address both starting with the first mentioned. However, it’s important to un-
derstand that the methods presented are based upon the experience with the AD
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functions team at Volvo Cars and therefore can’t be directly applicable to all re-
search settings. Thus, there might exist methods for the optimization of toolchains
in the industry that perform even better. Still, the method produced great results
and could be used as guidelines when optimizing and assessing similar toolchains.

A testing toolchain used by an AD functions V&V team in the automotive in-
dustry can be optimized by analysing the scenarios while they are being simulated,
allowing components to be computed simultaneously rather than sequentially. The
measurements collected in Cycle 2 of the study indicate that analysing scenario
simulations can be time-consuming and thus analysing them in a separate module
after the whole simulation is unnecessary time spent. The solution presented in the
study, a monitor, removes the need for a separate analyse module and moves the
analysis into the simulation module.

Because each organization and AD functions team has different internal objectives
and aims to test different functionalities, there is no general or best way to compose
a testing toolchain used in the automotive industry. Since the testing toolchains
are composed in a variety of ways there is not possible to claim that the solution
presented in this study will have a positive impact on all testing toolchains used by
an AD functions V&V team in the automotive industry. Even though the proposed
solution might not apply to all contexts, the study has presented a general approach
to how to investigate and optimize a testing toolchain which consists of the following
four steps:

1. Conduct interviews

Conducting interviews and talking with employees that work directly or indirectly
with the toolchain can provide valuable insights into the organization, understand
the team’s needs and get to the core issues of the toolchain. This can offer an
overview of how the toolchain is set up, what challenges there are to optimizing the
toolchain, and what efforts have already been made to overcome these challenges.

2. Profile toolchain

Profiling the toolchain is an effective approach to gaining valuable insights into the
time allocation of different components and modules. A first good step is to get an
overview of the time allocation of the toolchain by collecting the execution time of
each module externally. By getting a brief understanding of the time allocation of
each module teams can exclude modules at an early stage that are not worth putting
more effort into. The profiling continues with profiling the remaining modules in-
ternally, meaning that the profiling aims to understand what within each module
takes up the most time. By getting a better understanding of the time allocation
internally, teams can identify bottlenecks and inefficiencies within the code which
can be resolved and thus enables teams to put their efforts into components where
they will be the most effective. Combined with the interviews, the challenges of
optimizing a specific toolchain are now more established, making it possible to start
looking at concrete solutions.
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3. Find solution
The third step is to propose a specific solution based on the profiling and inter-
view results. However, before implementing any changes, it is recommended to take
benchmark measurements to establish a baseline performance.

4. Evaluate solution
To be confident in if the solution was successful or not it’s necessary to evaluate it.
A first good step is to validate the result with knowledgeable employees to make sure
that the results are first and foremost correct and that the team has not missed any
important aspects. Secondly, collecting new measurements after the implementation
and running statistical tests will provide objective measurements and validate the
effectiveness of the proposed solution.

5.1.3 Research Question 2

RQ2: What are the challenges of testing AD functionalities in automated processes
in the automotive industry?

The results and discussions of Section 4.1.2 indicate that strict regulations and
safety requirements, a large amount of data, and trade-offs are three challenges for
testing autonomous drive functionalities in automated processes in the automotive
industry. The same set of reasonings regarding the validity of the results with RQ1
can be applied to this research question as well since they are based on the same
three interviews. Thus, there may be other challenges in testing AD functionalities
in automated processes in the automotive industry. The results of the three chal-
lenges will be discussed in greater detail below.

Regulations & safety requirements

The first challenge of testing autonomous drive functionalities in automated pro-
cesses in the automotive industry concerns safety regulations and standards, as
mentioned in Section 1.1, and 2.1.1. The deployment of AD functions on public
roads requires all companies to meet specific safety requirements, which could differ
a lot depending on the country or region the company plan to launch its functions.
Following these regulations is therefore not optional, forcing companies to comply
and develop their AD functions to satisfy these requirements. To do this, companies
must test their autonomous systems rigorously. SIL testing has been proven to be
fitting for situations like this, see Section 2.2.1.1, to simulate and analyse millions
of complex scenarios to ensure the safety and reliability of the system to keep future
users safe. This does not only take up a large amount of time, but also cost a large
amount of money for such things as maintaining, running, and setting up the testing
functionalities virtually.

Moreover, as the automotive industry continues to advance and autonomous vehicles
become more prevalent, regulators are continuously updating safety regulations and
standards to reflect the latest technological advancements and local laws. Making
sure that the organization is keeping up with these updates could be a significant
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challenge, as compliance with new regulations may require further testing and ad-
justments to the autonomous system and the testing tool.

Large amount of data

The results from the thematic analysis in Cycle 1, as described in Section 4.1.2,
confirm the notion from the problem statement of this thesis, that a large amount
of data is a major challenge when testing automated autonomous driving function-
alities in the automotive industry. The interviews from Cycle 1 also revealed that
the collaborating V&V team conducted a feasibility study of how many scenarios
their toolchain needed to be able to handle to ensure the safety of their function.
The results of that study were hundreds of millions of scenarios.

Logically, more data takes more time to process, and the aforementioned safety
requirements for autonomous functions in the automotive industry do not assist on
that front. All functionalities deployed on the market must undergo thorough test-
ing and fulfill certain regulations. To guarantee this, it has been seen that in some
cases software needs to be tested on hundreds of millions of scenarios consisting of
complex data. However, testing such a large volume of scenarios is time-consuming
and requires advanced testing methodologies and tools to manage and analyse the
data effectively. Companies must therefore spend resources, including time and
money, to ensure that their systems can operate safely and reliably under different
scenarios and conditions.

Trade-offs

The last challenge of testing autonomous drive functionalities in automated pro-
cesses in the automotive industry in this thesis concerns two trade-offs; low execu-
tion time versus readability, and low cost versus low execution time when running
the toolchain in the cloud versus running it locally on the organization’s machines.

Regarding the first trade-off, on the one hand, reducing the execution time of the
testing process is crucial for ensuring that the autonomous drive functionalities are
tested efficiently. This could lead to faster deployment of new software updates,
which would ultimately result in safer autonomous vehicles on public roads. This
could be done by doing various things, for instance, employing a different and more
efficient programming language, or analysing the simulations in real-time, instead
of doing it sequentially. However, this can come at the expense of readability, where
it may be challenging to understand the logic and flow of the testing process which
might affect future scaling of the function. In the end, no matter how fast the
toolchain is or what other benefits it has, it will not be able to be integrated into
the organization if the code is not understandable by other employees, as hinted to
by participants in the study, see Section 4.1.2

The second trade-off involves what environment to test the toolchain in, either cloud
or locally. Running the toolchain in the cloud can provide several advantages such as
increased computing power, flexibility, and scalability, see Section 2.2.2. This could
result in faster execution times for executing all scenarios in the toolchain. Though,
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as has been seen with the team at Volvo which pays for the number of nodes per time
unit, the cost will be significantly higher with this option. This could potentially
become a bigger issue if the testing process is run frequently or for long periods. On
the other hand, running a toolchain locally on the organization’s machines may cost
less money, as there are no additional costs associated with paying for cloud services.
However, this can result in longer execution times, as the organization’s machines
may have limited computing power or may not be optimized for the specific testing
process. Local machines may also require maintenance and upgrades, which can add
to the cost of running the toolchain locally. It is not possible to run hundreds of
millions of scenarios locally, but when it comes to smaller batches of permutations,
long execution times will result in long feedback times for employees.

When it comes to execution time vs readability, in the short term, reducing ex-
ecution time may be crucial to meet testing deadlines and ensure the successfully
timed deployment of updates. However, in the long term, sacrificing readability
and things such as well-documented functionalities and code may lead to future is-
sues that could impact the scalability and sustainability of the testing process. The
trade-off between low cost and high execution time is something that will depend on
the specific needs and resources of the organization, and as mentioned earlier, long
and short-term goals. Therefore, it is essential to recognize that trade-offs are not
one-size-fits-all solutions and require a thorough analysis of the company’s current
situation and long-term objectives. Teams also need to think about factors such as
the frequency and duration of the testing toolchain, the complexity of the testing
process, the computing power required, the budget available for the testing process,
and how to communicate between team members and the larger organization. All
of this, however, is out of scope for this project and need future research to establish
best practice.

5.2 Research Validity

The external validity of the research could be threatened because there are numer-
ous approaches to setting up a toolchain that is designed for testing autonomous
functionalities in an automotive setting. This is important because components
could be of numerous kinds and also vary internally. Due to the study’s unique
research context, generalizability therefore might become an issue for practitioners
and academics seeking this research for inspiration. In addition, the research con-
text is an industrial setting in collaboration with a company, making it challenging
to provide specific information about the technical aspects of the toolchain due to
confidentiality.

More specifically, another external validity is the potential threat to construct va-
lidity that emerges due to the thesis only focusing on a single method to shorten
the execution time of the toolchain, which is real-time analysis. This could lead to
limited or biased conclusions. For example, there might be other analysis techniques
(besides a monitor), optimization algorithms, or solutions that could be utilized to
improve the execution time. Despite this concern, the results still show that the
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method of real-time analysis heavily affects the execution time positively. Though,
when conducting future research, the goal should be to explore and evaluate al-
ternative methods to make sure that the most effective and efficient methods are
identified and implemented since that will make the research more generalizable.

In contrast to external validities, multiple internal validities needs to be taken
into consideration when interpreting and making a conclusion based on the results.
Firstly, the internal validity of the data collected through interviews with partici-
pants could be threatened by the subjective experiences and biases to influence their
perception of the current automated process. This is particularly relevant in light
of the limited perspective offered by only one expert in the collaborating company’s
team who has a comprehensive understanding of the toolchain, as other team mem-
bers are absent due to parental leave and vacation.

Secondly, given the limitations posed by the absence of multiple experts, it was
not feasible to obtain a diverse range of perspectives on the problem. To mitigate
this issue, the expert was still asked to identify a participant who could provide
additional information to supplement their insights. Additionally, this led to the
action and reference groups that were involved in the Action Research methodology
being comprised of the same individuals, as there was only one expert proficient in
the toolchain. These factors could impact the validity of the findings and must be
taken into consideration in the analysis and interpretation of the results.

Another aspect to consider is that one of the components of the toolchain that is
being studied is developed and maintained by another in-house team at the collabo-
ration company. This means that the action team’s knowledge and understanding of
this component is limited. To mitigate this concern, the action team sought support
from this team and received guidance from them through interviews and informal
conversations. The action team, however, can not rely on this team’s assistance
because they are under no responsibility to engage with the thesis work.

Lastly, due to the thesis only proposing a proof-of-concept and time constraints,
fewer data points were utilized a few times throughout the study. This potentially
poses a threat to the validity of the research. For example, the interviews in Cy-
cle 1 only consisted of three participants, and each participant was asked different
questions based on the role they had at the company. This leads to the research
being based upon individuals’ opinions, which could vary in a broader sense, as with
other AD function teams in the automotive industry. Ideally, the interviews would
involve more participants, but since there were no other relevant employees to inter-
view due to parental leave and sickness, the decision was made to prioritize quality
rather than quantity. When implementing the entire monitor concept in the future,
a more established base of participants should be the focus. Furthermore, only one
type of monitor has been implemented which means that one can only speculate
on how implementing more monitors in the future would affect the execution time.
Moving past the proof-of-concept and implementing multiple monitors would help
us be more confident that the fully implemented monitor concept would decrease
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5. Discussion

the execution time of the toolchain. However, we have been clear throughout the
study that we are only implementing a proof of concept and that we can’t guarantee
that the monitor concept as a whole would be a success.
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Conclusion

In this thesis, a proof of concept of a ”stay-in-lane monitor” was implemented to
analyse an automated testing toolchain for an AD functions V&V team in the au-
tomotive industry in real-time during the simulation, instead of afterward in a se-
quential fashion. This resulted in a significantly decreased execution time of the
toolchain. Even though the results were highly positive, the fact still stands that
the thesis only presented a proof of concept of one single monitor. However, the re-
sults suggest that implementing more monitors in the future would not significantly
increase the execution time. Still, the concept will need more investigation and as-
sessment in the future to ensure that realizing the concept fully is worth it. Whilst
assessing and optimizing the automated testing toolchain process, it was found that
the characteristics of an optimal testing toolchain were low execution time, low
running cost, and high readability. The challenges of testing these functionalities
were found to be strict regulations and safety requirements, a large amount of data,
scenario complexities, and trade-offs between low execution time versus readability,
and low cost versus low execution time.

6.1 Future Work

Some aspects of the study could not be investigated or executed due to the short pe-
riod. First, while the thesis just investigated a proof of concept, which was found to
be successful, it would be interesting to build upon it and implement monitors that
cover and evaluate more KPIs. Future work could involve expanding the monitoring
capabilities of the toolchain to include a broader range of KPIs that are relevant
to the safety and performance of autonomous vehicles. For instance, a speed mon-
itor that checks whether the vehicle keeps its designated speed could be another
interesting KPI to look at. Other ones could include metrics related to acceleration,
braking, proximity to other vehicles or objects, or if the vehicle has crashed or not.
At last, to get a completely accurate result, all KPIs need to be evaluated within a
monitor so that the analysis module can be removed completely.

Furthermore, another interesting aspect to look at would be how the result gets
affected by a change of reference point. As previously mentioned, the proof of con-
cept uses the middle point of the vehicle as a reference point to check whether the
vehicle has left the lane. Meaning that the vehicle only left lane if more than half
of the car has passed over the lane marking. This reference point makes sense when
looking at certain KPIs such as if the vehicle has changed lanes completely. How-
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6. Conclusion

ever, with the "stay-in-lane monitor”, which checks whether the vehicle has stayed
within its original lane, one can argue that the bounding box of the car would be a
more suitable reference point. This was not implemented due to time constraints,
and also the action team did not believe that the choice of reference point would
affect the results significantly.

On the other hand, if the AD functions V&V teams decided on using monitors
to test their AD functionalities in the future the reference points should be the
bounding box of the vehicle to get the most accurate KPI result. Therefore, for
future work, the "stay-in-lane monitor” should be refactored to use the bounding
box as a reference point rather than the center point.
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A

Interview Material

Appendix A consist of the material used for the interviews of Cycle 1. It includes
the interview questions from the interviews conducted in Cycle 1 (A.1 & A.2), the
interview questions from the evaluation meetings conducted in Cycle 1 (A.3), Cycle
2 (A.4) & Cycle 3 (A.5), and lastly the consent form (A.6) used for the interviews
in Cycle 1.

A.1 Interview 1: Questions

Below is the question prepared during the action planning in Cycle 1 and later asked
during one of the interviews in action taking Cycle 1.

1. What is your stated role at your company, and what are your everyday tasks?
2. Which people are you primarily working with?
3. Can you briefly explain the tool-chain from the beginning to the end?

4. Which metrics do you use today connected to the tool chain?
(a) What are the different metrics used for?
(b) Are there any metrics you feel you are missing?

5. Do you see any limitations or potential issues with how the automated process/tool-
chain looks today?
(a) If you would solve these limitations/issues, where would you start?
(b) If you could improve the automated process/tool-chain in any capacity,
what would you improve? and why?

6. Is there anything else that you would like to add to the topic?

7. Is there anyone at your company that could give us any additional information
about the topics we’ve talked about today? In that case, who?



A. Interview Material

A.2 Interview 2: Questions

Below is the question prepared during the action planning in Cycle 1 and later asked
during two of the interviews in action taking Cycle 1.

IT

. What is your stated role at your company, and what are your everyday tasks?
. How and when do you work together with the AD function team?

. How are you deploying nodes in the cloud and how are you running the com-

ponents in parallel?

. Why is the set-up part of the nodes so time-consuming?

(a) What can be done about it? Can anything be optimized?

. We've heard that you have tried to implement a “monitor” in the simulation

step, can you tell us about that?
(a) What worked well? What didn’t?
(b) Can it be scaled up nicely? In that case, how?
(¢) Do you think that it would be feasible to run the analysis step online in
real-time during the simulations?

. Is it anything else that you would like to add to the topic?

. Is there anyone at your company that could give us any additional information

about the topics we’ve talked about today? In that case, who?
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A.3 Evaluation Meeting 1: Questions

Below are the question asked during the evaluation meeting in Cycle 1.

1. How well do you think that we have perceived the actual problem at hand?
2. Have we missed any important variables? In that case, which variable?
3. Have we perceived anything incorrectly?

4. How representative are the chosen scenarios?
(a) Is there any important scenario missing?

5. Is 1 & 10 scenarios fitting to get a good understanding of your problem?

6. How well do our results agree with your perception of the tool-chain regarding

(a) ... Wall time?
(b) ... Profiling simulation?
(c) ... Profiling analysis?

7. Is any result new for you? In that case, do you think that the result is correct?
Why? Why not?

ITT



A. Interview Material

A.4 Evaluation Meeting 2: Questions

Below are the question asked during the evaluation meeting in Cycle 2.

IV

. Is any result new for you? In that case, do you think that the result is correct?

Why? Why not?

. In your opinion, why is it such a big difference between model in and out of

loop regarding the simulation?

. In your opinion, why is it such a big difference between model in and out of

loop regarding the Analysis?

. After seeing these results, do you still believe that implementing a monitor is

the most appropriate action to take?

. Do you have any more comments on the results?
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A.5 Evaluation Meeting 3: Questions

Below are the question asked during the evaluation meeting in Cycle 3.

1. How does the choice of reference point affect the results?
2. How does the choice of logging method affect the results?

3. Is any result new for you? In that case, do you think that the result is correct?

Why? Why not?
4. Is the monitor concept worth implementing?

5. How will the execution times be affected if. ..

(a) ... more monitors were added?
(b) ... the “stay-in-lane-monitor” evaluated more than one KPI?
(c) ... if more than one KPI was evaluated in the analysis module?

6. How many monitors do you estimate will be needed to be able to remove the
analysis?

7. With that amount of monitors, in your opinion, is the monitor concept worth
it?
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A.6 Consent form

Below is the consent form used for the interviews in Cycle 1 of the study.

VI

CHALMERS

Consent and information about processing of personal data in student
thesis

I agree to my personal data in the form of:
Name, job title, work routine & audio recording

may be treated by Chalmers University of Technology for the study:

This study is a master thesis written and conducted by Johanna Wiberg and Oscar Forsberg, students
at Chalmers University of Technology. The purpose of the study is to assess and optimize an
automated process at an automotive company. The data will be used to get a better understanding of
the automated process current state and potential limitations.

Information
Your personal data will be handled as follows:

o The data will be analyzed and will be published as a part of an aggregated analysis in a
master thesis.
The data can be discussed with a supervisor outside the company.
The data will be stored within the company's systems.

Your consent is valid until further notice. You have the right to withdraw your consent at any time.
You do this through contacting Johanna Wiberg at jwiberg @student.chalmers.se.

If you withdraw your consent, we will cease processing personal data we have collected with the
support of your consent. Some information may be saved due to Chalmers obligations under Swedish
archive legislation.

Chalmers University of Technology, org. No. 556479-5598 is

personal data controller. You can find Chalmers privacy policy at www.chalmers.se.

As a participant you have the right to receive information about how your personal data is processed.
You have the right to have incorrect information corrected, redundant data deleted, request that
processing shall be restricted and data transferred to another actor. You also have the right to submit a
complaint to the Swedish Authority for Privacy Protection (Integritetsskyddsmyndigheten). Do you
have any questions about Chalmers processing of personal data contact Chalmers' data protection

officer at dataskydd @chalmers.se.

I agree that Chalmers University of Technology processes personal data about me in
accordance with the above.

Place: Signature

Date: Name clarification

The form is drawn up in duplicate.
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