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Abstract
As manufacturers are pushing their research and development toward more
simulation based and computer aided methods, vehicle dynamics modeling and
simulation become more important than ever. The challenge lies in how to
utilize the new technology to its fullest, delivering the best possible performance
given certain objectives and current restrictions. Here, optimization methods
in different forms can be a tremendous asset. However, the solution to an
optimization problem will always rely on the problem formulation, where model
validity plays a crucial role. The main emphasis in this thesis lies within
methodology and analysis of optimal control oriented topics for safety-critical
road-vehicle maneuvers. A crucial element here is the vehicle models. This
is investigated as a first study, evaluating the degree to which different model
configurations can represent the lateral vehicle dynamics in critical maneuvers,
where it is shown that even the low-complexity models describe the most essential
vehicle characteristics surprisingly well.

How to formulate the optimization problems and utilize optimal control
tools is not obvious. Therefore, a methodology for road-vehicle maneuvering in
safety-critical driving scenarios is presented, and used in evaluation studies of
various vehicle model configurations and different road-surface conditions. It
was found that the overall dynamics is described similarly for both the high-
and low-complexity models, as well as for various road-surface conditions.

If more information about the surroundings is available, the best control
actions might differ from the ones in traditional safety systems. This is also
studied, where the fundamental control strategies of classic electronic stability
control is compared to the optimal strategy in a safety-critical scenario. It is
concluded that the optimal braking strategy not only differs from the traditional
strategies, but actually counteracts the fundamental intentions from which the
traditional systems are based on.

In contrast to passenger cars, heavy trucks experience other characteristics
due to the different geometric proportions. Rollover is one example, which has
to be considered in critical maneuvering. Model configurations predicting this
phenomenon are investigated using optimal control methods. The results show
that the simple first go-to models have to be constrained very conservatively to
prevent rollover in more rapid maneuvers.

In vehicle systems designed for path following, which has become a trending
topic with the expanding area of automated driving, the requirements on vehicle
modeling can be very high. These requirements ultimately depend on several
various properties, where the path restrictions and path characteristics are very
influential factors. The interplay between these path properties and the required
model characteristics is here investigated. In situations where a smooth path is
obtained, low-complexity models can suffice if path deviation tolerances are set
accordingly. In more rapid and tricky maneuvers, however, vehicle properties
such as yaw inertia are found to be important.

Several of the included studies indicate that vehicle models of lower complexity
can describe the overall dynamics sufficiently in critical driving scenarios, which
is a valuable observation for future development.
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Populärvetenskaplig sammanfattning
Allteftersom fordonsindustrin driver sin forskning och utveckling mot mer si-
muleringsbaserade metoder, så blir modellering och simulering kopplat till for-
donsdynamik än viktigare. Fordonskomponenter, -egenskaper och -reglersystem
utvärderas i allt större utsträckning i datorbaserade miljöer. En stor utmaning
som uppstår här ligger i att utnyttja den nya tekniken till fullo, så att bästa
möjliga prestanda uppnås med avseende på särskilda mål och begränsningar. För
just detta ändamål kan optimeringsmetoder i olika former vara en stor tillgång.
Även om optimeringsmetoder kan anses vara ett kraftfullt verktyg, så är lösning-
en till ett optimeringsproblem alltid helt beroende av problemformuleringen, det
vill säga den målfunktion och de modellkonfigurationer som används. Således
spelar modellernas giltighet en avgörande roll.

Två framstående ämnen som motiverar studier inom detta område är auto-
nom körning och aktiv säkerhet. Autonom körning har på senare år gått från
att vara ett futuristisk forskningsämne, till att betraktas som en tilltalande
utvecklingsinriktning för transportsegmentet. Flera självkörande fordonskoncept
har redan visats upp av forskningsinstitutioner och etablerade fordonstillverkare,
vilket ger en glimt av vad transportsegmentet kan ha att erbjuda i framtiden.
Dock, då delar av körmomenten automatiseras blir arbetsbelastningen på föraren
betydligt mindre, vilket kan medföra att föraren blir understimulerad och då får
en ökad responstid. Således ökar kraven på framtida säkerhetssystem drastiskt.

Den andra motiverande faktorn är de aktiva säkerhetssystemen. Kapacite-
ten hos elektroniska säkerhetssystem har under senare tid ökat snabbt, vilket
erbjuder stora möjligheter för framtida system, där proaktiva och automatise-
rade reglersystem kan utvecklas. Men genom att lägga till mer automatiserade
funktioner i fordonet, så ökar också kraven på säkerhetssystemet. Till exempel,
om föraren inte är aktiv i körningen kan hans/hennes handlingar vid en plötslig
säkerhetskritisk trafiksituation vara irrationella och direkt farliga.

Tyngdpunkten i denna avhandling ligger inom metodik och analys av ämnen
inom optimal styrning kopplat till frågor som rör säkerhetskritiska fordonsmanöv-
rar. En vital del här är de modeller som representerar fordonets egenskaper. Just
detta undersöks i en första studie där relativt enkla fordonsmodellers förmåga
att representera lateraldynamiken utvärderas i aggressiva och säkerhetskritiska
manövrar. I den här studien framkommer det att även mindre komplexa model-
ler kan beskriva de viktigaste fordonsegenskaperna förvånansvärt bra, även för
manövrar av mer aggressiv karaktär.

Det är inte självklart hur man bäst formulerar optimeringsproblem och ut-
nyttjar de verktyg som finns tillgängliga för optimal styrning. En metodik för
hur detta kan appliceras på olika kritiska körscenarier för vägfordon presen-
teras därför här. Denna metodik har även använts i utvärderingsstudier för
olika konfigurationer av fordonsmodeller samt olika vägförhållanden i säkerhets-
kritiska körsituationer. Det konstaterades att de generella fordonsdynamiska
egenskaperna beskrivs på liknande sätt både för modeller med hög och låg mo-
dellkomplexitet, medan styrsignaler och lågnivåvariabler kan skilja sig avsevärt.

Då information om den omgivande miljön eller situationen finns tillgänglig,
är det högst troligt att de bäst lämpade reglerstrategierna skiljer sig från de som
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används i traditionella elektroniska säkerhetssystem. Detta har här studerats, där
de grundläggande reglerstrategier från klassiska antisladdsystem jämförts med
den optimala reglerstrategin i en säkerhetskritisk situation, då information om
vägens avgränsningar är tillgänglig. Utifrån studien kan det konstateras att den
optimala bromsstrategier inte bara skiljer sig från de traditionella strategierna,
utan även motverkar de fundamentala avsikterna det traditionella systemet är
designat efter.

I jämförelse med personbilar så uppstår andra karaktäristiska egenskaper
som måste tas i beaktning då tunga lastbilar studeras. Ett sådant fenomen
är vältning (eng. rollover), där den höga tyngdpunkten bidrar till att fordonet
är benäget att välta. Modeller som predikterar detta undersöks med hjälp av
optimal-styrningsmetoder för att generera kritiska manövrar. Resultaten visar
att enkla modeller, som ofta gärna används i applikationer för just detta ändamål,
måste begränsas väldigt restriktivt om de ska förhindra vältning även i hastigare
manövrar.

Ett annat aktuellt ämne inom autonom körning är banföljning. I system
avsedda för detta kan kraven på fordonsmodellerna behöva vara väldigt höga.
Dessa krav beror ytterst på flera olika egenskaper, där banans begränsningar och
karaktäristik är en mycket inflytelserik faktor. Det samspel som utgörs mellan
dessa ban- och modellegenskaper undersöks här. Då en bana med relativt mjuk
kurvatur erhålles, kan modeller med låg komplexitet räcka om toleranserna för
banavvikelse sätts tillräckligt högt. Vid hastigare och kvickare manövrar blir
dock andra fordonsegenskaper, som till exempel girtröghet, nödvändiga för att
beskriva fordonets beteende tillräckligt noggrant.

Några av de viktigaste slutsatserna som lyfts fram i den här avhandlingen
handlar om fordonsmodellering i applikationer kring optimal styrning, de fördelar
och nackdelar som olika konfigurationer medför, samt några allmänna riktlinjer
om var dessa modellkonfigurationer kan vara användbara. Exempelvis så indikerar
flera av de ingående studierna att fordonsmodeller med lägre komplexitet, vilket
ofta innebär att mindre beräkningskraft behövs, kan vara lämpliga för att
beskriva övergripande dynamik, men bör användas mer varsamt vid prediktering
av styrsignaler.
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Introduction

Vehicle dynamics modeling and simulation has become more important and
valuable than ever for the vehicular industry. As manufacturers are pushing their
research and development toward more simulation based and computer aided
methods, while on-board electronic systems at the same time see an incredible
fast growth in complexity, a comprehensible know-how of the aforementioned
topics is essential to keep up with the market competitors. Vehicle components,
characteristics, and control system algorithms are nowadays evaluated extensively
in software environments before real world testing. However, as vehicles turn
into systems of higher complexity and with new on-board control systems
given the opportunity to exploit the extensive progress in sensor, actuator,
and electronics technology, the design engineers are given a difficult task. The
challenge lies in how to utilize this new technology to its fullest, delivering the best
possible performance given certain objectives and predefined constraints. Here,
optimization methods in different forms can be a tremendous asset. Whether
it is a control input sequence or a system of various components, if the task
objective and limitations are well defined, a definite best solution exists. Then
it is of course beneficial to use tools that can find these optimal solutions, and
do it quickly, compared to an iterative design process.

Although vehicle dynamics modeling has been studied extensively throughout
the last century, new light on the subject is needed as optimization based analysis
and implementations are considered. Even though the modeling approaches are
similar, careful considerations must be taken when selecting model configurations.
Where simulation models have been successfully evaluated within a certain
maneuvering envelope, optimization methods might find solutions beyond these
limits, exploiting loopholes or weaknesses in the model, ultimately resulting in
unrealistic and probably too optimistic solutions. An intricate and devious task
here is to comprehend the implication of the model complexity in the optimization
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framework, for different driving scenarios, objectives, and constraints. The most
appropriate vehicle-model configuration and problem structure will certainly
vary with the demands and restrictions coupled to the task at hand.

This thesis investigates topics inspired by the design challenges and prob-
lematic development choices emerging from the subjects discussed earlier in
this section. Model configurations and approaches, for road vehicle dynamics,
are evaluated in safety-critical maneuvering scenarios. This is partly done with
real-world vehicle tests, but the main focus lies within optimal-control based
studies.

1.1 Motivating Factors and Development Trends
The ever growing vehicle-transportation fleet sees increasing demands on vehicle
and traffic safety, both from the consumer point-of-view (Koppel et al., 2008) as
well as in shape of more stringent legislation requirements. Passive safety has
seen a lot of refinements over the last decades, such as seat belts and structural
deformation zones, mostly concentrated toward minimizing injury in the event
of an accident. The aim of electronic and active safety systems, on the other
hand, is often to prevent the accident from occurring in the first place. These
systems have also experienced a vast improvement and a more extensive area of
application recently, much owing to the technology advancements seen globally.
However, safety is not the only driving force. Cost, efficiency, comfort, as well as
convenient means of transportation, are all contributing factors pushing research
and development forward. One example is the strive toward automated driving,
receiving plenty of attention from academia, industry, and media lately.

1.1.1 Toward Autonomous Driving
In recent years, autonomous driving has emerged from a futuristic research topic,
to be regarded as an enticing development direction within the transportation
segment. A number of various self-driving vehicle concepts has already been
showcased by research institutions and manufacturers, for example participants
in the Grand Challenge and the Urban Challenge competitions conducted by
DARPA (Buehler et al., 2007, 2009), Google’s self-driving vehicles (Guizzo,
2011), Stanford’s autonomous “at-the-limit” Audi TTS (Kapania and Gerdes,
2015), just to mention a few successful examples demonstrating what the future
of transportation might offer. However, these systems are often heavily equipped
vehicles under extensive engineering supervision ahead of, during, and/or after
the driving mission, and might not be financially nor practically suitable for the
consumer market in their current configurations. More consumer friendly systems
are Tesla’s Autopilot (Ackerman, 2015), already on the market, Volvo’s DriveMe
project (Laursen, 2013), with a customer trial period starting in 2017, and the self-
parking systems several manufacturers nowadays offer. These systems categorize
more toward automated driving modes, that can be engaged under certain
driving circumstances or in specified environments. To distinguish between
these different automated systems, and to provide a terminology facilitating
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discussions and collaborations on the subject, SAE published the standard J3016
(SAE J3016) in 2014. Automated driving systems were here classified into six
different categories; from “No Automation” to “Full Automation”.

An extensive review of the challenges and possibilities that come with future
autonomous vehicles, focusing on the vehicle systems, is presented in (Gordon
and Lidberg, 2015). One of many discussed subjects is the shape of the near-
future vehicle systems. A fully-autonomous vehicle fleet is probably not feasible
for a long time, except for enclosed environments such as work sites. The
vehicle systems are more likely to see a gradually progression, starting with
more versatile active-safety systems and partially autonomous systems with an
option to fall back on the human driver when needed. However, regardless of
the extent of automation of the system, it must be able to handle a number of
critical events, rather than relying on the human driver to handle quick control
hand-overs where an immediate maneuvering action is required to avoid an
accident. Since, as pointed out in (Gordon and Lidberg, 2015), the general driver
needs a certain workload to maintain focus and perform well, he or she will be
in need of assistance if either under- or overloaded. As automated driving is
introduced, especially if in an iterative and progressive manner, a considerable
amount of this workload is removed, leaving the driver understimulated, with
an increased response time as a result. Thus, the demands on safety systems
and their capabilities increase drastically.

1.1.2 Emerging Active-Safety Systems
Since the introduction of electronic safety systems with anti-lock braking sys-
tems (ABS) (Genta and Morello, 2009) and electronic stability control (ESC)
(Van Zanten, 2002) in the 1970’s and 1980’s, a lot has changed in terms of capa-
bilities and requirements. From early systems only relying on driver intentions
and input, through steering wheel, brake pedal, and throttle actuation, to now
having enough available information to analyze the surrounding environment,
analyze the situation, and make active decisions on its own. The additional
information comes from the technological advancements earlier mentioned, in
shape of new and improved sensors, more powerful computational hardware,
as well as shared information from vehicle-to-vehicle and vehicle-to-road-side
communication, (Faezipour et al., 2012). Also actuator components have seen a
lot of progress, where for example electronic steering systems, often intended for
self-parking applications, become more popular in passenger cars. These types of
control actuators are of course also a necessity when automated driving functions
are introduced. However, the increased controllability in combination with the
additional information, offers tremendous opportunities for future safety systems,
with proactive automated control algorithms preventing harmful accidents.

As already touched upon in the previous section, by adding more autonomous
functions or modes in vehicles, the requirements on the safety systems change.
If the driver is not engaged in the driving, his/her actions can be irrational
and dangerous in a sudden safety-critical situation. This can introduce issues,
especially when the actuators (such as steering wheel and braking system) have
mechanical connections, where the safety system must handle driver control
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actions that in worst case counteracts the electronic systems intentions. With
various by-wire systems (steer-by-wire, brake-by-wire, etcetera), this can be
circumvented, allowing the safety system to work without the human disturbance.
Though, this puts a huge responsibility, both technically and legally, on the
vehicle system, the system engineers, and the manufacturers.

When safety systems become more versatile, handling previously never
considered situations, different approaches with inspiration from alternative
areas might be of great benefit. For example, (Voser et al., 2010) suggest
that maneuvering inspired by race and rally car drivers could be exploited in
future systems, and presents a drifting controller for a rear-wheel driven vehicle.
Similarly, a handbrake drifting controller is developed in (Velenis, 2011). These
are just two examples from a vast and growing range of research investigations
studying more extreme race/rally inspired maneuvering approaches with safety
applications in mind.

1.2 Optimal Control for Vehicle Maneuvers
The use of optimization technologies as a tool in the development of vehicle
control systems has been proven to be beneficial in several aspects. The opti-
mization algorithms could be implemented and utilized in the on-board control
systems, while solutions to optimization problems obtained offline could be of
great value in itself, as it can provide insight to certain phenomena or be used
as inspiration for control strategies, as stated in (Sharp and Peng, 2011). Opti-
mization tools can also be an asset in the evaluation process, providing valuable
understanding of the performance potential for different system configurations,
or choice of model parameters. Several studies have been performed for this
purpose, for example in (Sundström et al., 2010) safety-critical situations for
a maximum entry-speed formulation are studied, and in (Yang et al., 2012)
a minimum lateral-deviation problem is considered. Similar tools have also
seen an extensive use in more performance oriented applications, often with a
minimum-time objective. Casanova et al. (2000) evaluated vehicle performance,
based on maneuvering time, for various vehicle parameters, and in (Kelly and
Sharp, 2010) a method for minimizing lap time of a race car was presented.

Even though optimization methods can be considered a powerful tool, the
solution to an optimization problem will always rely on the problem formulation,
that is, the choice of optimization objectives and model configurations. Thus,
model validity plays an even more crucial role, compared to in simulation, where
a congruent model only is necessary in the areas of intended operation. In
optimization, however, it becomes imperative to ensure that inconsistencies or
invalid model behavior are not within reach for the solver, to prevent the solution
from utilizing these shortcomings.

1.3 Summary of papers
The main topics in this thesis consider road-vehicle maneuvering in safety-
critical driving scenarios, where the vehicle typically is forced to utilize the outer
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limits of its maneuvering envelope. With an aim toward future on-board active
safety-systems and automated vehicles, the focus lies on vehicle modeling and
problem formulations for such applications. For this purpose, optimal control
methods have been used as a tool to generate critical maneuvers for different
vehicle models and problem formulations, to analyze the implications the various
configurations have. These topics are investigated to various degrees in the
included papers, whose content and contributions are briefly summarized below.

Paper 1

Kristoffer Lundahl, Jan Åslund, and Lars Nielsen. Vehicle Dynam-
ics Platform, Experiments, and Modeling Aiming at Critical Maneu-
ver Handling. Technical Report LiTH-ISY-R-3064. Department of
Electrical Engineering, Linköping University, SE-581 83 Linköping,
Sweden, 2013.

In the first paper, the ability low-complexity vehicle models, suitable for
on-board applications, have in terms of representing the vehicle dynamics is
investigated. Different model configurations, based on the single-track model,
are evaluated against measurement data gathered with the vehicle dynamics
testbed depicted in Figure 1.1. The study is focusing on the vehicle’s lateral
dynamics during aggressive, or critical, maneuvering. The paper concludes that
the low-complexity models studied here, can predict the vehicle’s lateral behavior
for the most essential variables surprisingly well, even for rapid and critical
maneuvers.

Figure 1.1: The sensor-equipped vehicle, presented in Paper 1, in action at the
test track.
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Paper 2
Karl Berntorp, Björn Olofsson, Kristoffer Lundahl, and Lars Nielsen.
Models and Methodology for Optimal Trajectory Generation in Safety-
Critical Road-Vehicle Manoeuvres. Vehicle System Dynamics, 52(10):
1304-1332, 2014.

Paper 2 begins to investigate different vehicle and tire model configurations
in critical maneuvers. For this purpose, a methodology for solving optimization
problems in vehicle maneuvering is presented, and used for solving minimum-time
optimization problems for different maneuvers, one being a hairpin turn similar
to the maneuver shown in Figure 1.2. The optimal solutions show that the
choice of vehicle model has a significant influence on the optimal control inputs.
However, similarities are obtained for several important high-level variables,
such as the path, yaw moment, and body-slip. This suggests that even the less
complex models could be used for certain purposes in on-board safety systems,
offering a reduced computational effort but resulting in similar results as the
more complex model configurations.

Figure 1.2: An example of a hairpin turn, similar to one of the maneuvers
studied in Paper 2. Photo courtesy of RallySportLive.

Paper 3
Björn Olofsson, Kristoffer Lundahl, Karl Berntorp, and Lars Nielsen.
An Investigation of Optimal Vehicle Maneuvers for Different Road
Conditions. 7th IFAC Symposium on Advances in Automotive Con-
trol. Tokyo, Japan, 2013.

Paper 3 acknowledges the importance road and weather variations can have on
the vehicle dynamics, by analyzing the influence different road-surface conditions
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have on the optimal maneuvering. Tire models representing asphalt, snow, and
ice, composed based on established models and published experimental data,
are employed in optimal control problems using the methodology from Paper 2.
These are applied to a hairpin turn, similar to the road segment in Figure 1.3.
The obtained result show that fundamental differences appear in the control
strategies for the different road conditions, while, for example, the driving path
throughout the maneuver is similar for all surface models.

Figure 1.3: A snow covered hairpin turn, similar to the maneuvers studied in
Paper 3. Photo courtesy of redlegsrides.blogspot.com.

Paper 4
Kristoffer Lundahl, Björn Olofsson, Karl Berntorp, Jan Åslund, and
Lars Nielsen. Towards Lane-Keeping Electronic Stability Control
for Road-Vehicles. 19th IFAC World Congress. Cape Town, South
Africa, 2014.

The control strategies used by traditional electronic safety-systems might not
be the best option when information about the surrounding environment becomes
available. This is investigated in Paper 4, where the road/lane boundaries are
known and form the confined space in which the vehicle must stay. Traditional
stability control typically applies a yaw moment using the brakes to aid turning,
for example, when over-speeding into a road turn. The best possible control
actions using this traditional strategy is compared to the optimal strategy, where
all wheels are accessible for braking (regardless of how the resulting yaw moment
is directed).The optimal strategy clearly prioritizes reducing the speed quickly,
in contrast to the traditional approach focusing more on yaw-moment control.
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The benefit of the optimal strategy is the ability to handle significantly higher
entry velocities.

Paper 5
Kristoffer Lundahl, Chih Feng Lee, Erik Frisk, and Lars Nielsen.

Analyzing Rollover Indices for Critical Truck Maneuvers. SAE In-
ternational Journal of Commercial Vehicles, 8(1):189-196, 2015.

Vehicle rollover is a serious concern for heavy trucks. To prevent this from
occurring, for example with active safety systems or fully autonomous driving, it
is necessary to describe the phenomenon to a sufficient degree. The implications
of different rollover indices with respect to the vehicle maneuvering is therefore
studied in Paper 5. In particular, a very intuitive and simple lateral-acceleration
based index is compared to a more physical load-transfer based index, loosely
depicted to the left and right in Figure 1.4. The method of comparison is
based on an optimal control approach, where rollover prone driving scenarios
are generated. If a simple lateral-acceleration based index is used, the threshold
indicating rollover will vary between stationary and highly dynamic maneuvers.
Thus, to handle all scenarios, a very conservative limit has to be chosen. However,
this can constrain the vehicle’s maneuverability too much in many scenarios.
Instead, using sets of predetermined situation-specific thresholds could be an
alternative to overcome this.
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Figure 1.4: To the left, a rigid vehicle model that is implied by the lateral-
acceleration based rollover index. To the right, a vehicle model incorporating
roll dynamics, which in turn affects the lateral load transfer and therefore is an
important aspect when rollover is investigated.

Paper 6
Kristoffer Lundahl, Erik Frisk, and Lars Nielsen. Implications of
Path Tolerance and Path Characteristics on Critical Vehicle Maneu-
vers. Submitted for journal publication.

In complex autonomous-driving systems, the motion control can be structured
in multiple subsystems that handles different tasks, as for example depicted in
Figure 1.5. In Paper 6, path following based on optimal control formulations for
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on-the-limit maneuvering is studied. In particular, the interplay between vehicle
model requirements and path characteristics and tolerances is investigated.
Results quantifying how the model complexity requirements depend on, for
example, path deviation tolerance, path-curvature rate of change, and road
surface friction, are presented. These findings can provide valuable guidance
when designing real-time path following where it is necessary to handle a wide
range of path characteristics.

Figure 1.5: Example of a path-planning and path-following system layout.

1.4 Outlook and Future Work
As indicated in the introduction, much of the research content in this thesis
aims toward future on-board vehicle-safety applications. Assuming information
such as maps of road topology, upcoming traffic situations, shared details about
the road conditions (for example road-surface friction), etcetera, are all available
through a continuous data flow to the vehicle. Then, more versatile safety
algorithms could be employed in the vehicles. However, it is unrealistic to
believe that the same optimization formulations, routines, and algorithms used
in this thesis can be expected to run in real-time with on-board computational
hardware within a near future. Thus, it is necessary to simplify the problem,
for example, by reducing the complexity of the models representing the vehicle
characteristics. It is here the results in this thesis can be particularly valuable.

With the future safety systems still in mind, an obvious continuation of the
work in this thesis would be on the implementation of “on-board friendly” control
algorithms. This involves formulating problems that are accurate enough to
provide useful and relevant maneuvering guidance, while at the same time deliver
the results in real-time within a tight time frame. For this, several subtopics
have to be acknowledged, such as optimization algorithms and formulations and
vehicle modeling for both vehicle control and optimization/planning operations.
Furthermore, when these types of applications are considered, robustness is
always of a high priority. Thus, knowledge about the system’s or model’s sensi-
tivity to parameter uncertainties and estimation disturbances could be valuable.
Sensitivity analysis of, for example, optimal maneuvering trajectories, provides
clear measures on how different parameters affect the vehicle characteristics,
trajectory, or limitations in certain critical maneuvers. These types of studies can
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also complement some of the vehicle modeling studies here, by indicating which
vehicle properties are the most important ones in different driving scenarios.

A slightly different topic, which has come to attention at several occasions,
is human driver analysis and comparison to the computed optimal maneuvering.
For example, in Paper 2, analogies with professional race and rally drivers are
made when analyzing the time-optimal solutions. This would be interesting to
analyze further with proper data provided. The direct benefit and application
in vehicle safety systems might not be obvious, but it could result in interesting
and valuable knowledge about the human–vehicle interactions, and how this can
be simulated by optimal maneuvering algorithms.

1.5 Publications
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