
Technische Universität München

TUM School of Engineering and Design

Uncoupled Shared Control Designs

for Teleoperation of Highly-Automated Vehicles

Andreas Julius Schimpe, M.Sc.

Vollständiger Abdruck der von der TUM School of Engineering and Design der

Technischen Universität München zur Erlangung eines

Doktors der Ingenieurwissenschaften (Dr.-Ing.)

genehmigten Dissertation.

Vorsitz: Prof. Dr.-Ing. Johannes Betz

Prüfende der Dissertation: 1. Prof. Dr.-Ing. Markus Lienkamp

2. Prof. Dr.-Ing. Frank Flemisch

Die Dissertation wurde am 20.06.2023 bei der Technischen Universität München eingereicht und durch die

TUM School of Engineering and Design am 01.11.2023 angenommen.





Acknowledgements

I would like to express my gratitude to everyone who has contributed to the successful completion of my

dissertation at the Institute of Automotive Technology, Technical University of Munich, during the period from

2019 to 2023.

A special thanks goes to my supervisor, Prof. Dr.-Ing. Markus Lienkamp, for his guidance, expertise, and

support throughout this journey. I am also grateful to Prof. Dr.-Ing. Frank O. Flemisch for serving as the

second assessor and providing valuable advice. I would like to acknowledge Prof. Dr.-Ing. Johannes Betz for

taking over the chairmanship of the examination.

Special thanks go to the research teams of the projects 5GCroCo and SAFESTREAM for the fruitful

discussions and great collaborations in demonstrations.

I would like to express my appreciation to my colleagues at the Institute of Automotive Technology, especially

the members of the Safe Operation research group led by Dr.-Ing. Frank Diermeyer. Their collaboration and

support have been instrumental in the progress of my research. I am excited to have had the opportunity to

work with a talented and dedicated ToF team including Jean-Michael, Johannes, Simon, Domagoj, Florian,

Maria, Tobias, Nils, and David. In particular, I would also like to thank Lasse for the encouragement in finishing

up the thesis.

I would also like to extend my gratitude to the proofreaders, David Brecht, Dr.-Ing. Johannes Feiler, Sarah

Koch, and Dr.-Ing. Stefan Riedmaier, for their valuable feedback and suggestions.

My deepest appreciation for the encouragement and support goes to my family, including my parents, Regina

and Robert, my sisters, Silvia and Christina, and my brother, Michael. Lastly, I am grateful to my wife, Yanqin,

for her understanding, patience, and belief in me throughout the ups and downs of this Ph.D. journey.

Garching, May 2023

Andreas Julius Schimpe





Contents

List of Abbreviations ........................................................................................................... III

Formula Symbols ................................................................................................................ V

1 Introduction and Motivation ............................................................................................ 1

1.1 Automated Driving ................................................................................................... 3

1.2 Vehicle Teleoperation ............................................................................................... 5

1.2.1 Taxonomy........................................................................................................... 6

1.2.2 Industry Activities................................................................................................. 6

1.2.3 Challenges of Remote Driving ................................................................................ 7

1.3 Problem Statement and Thesis Outline ...................................................................... 9

2 State of the Art .............................................................................................................. 13

2.1 Vehicle Teleoperation Concepts ................................................................................ 13

2.1.1 Remote Assistance .............................................................................................. 14

2.1.2 Remote Driving ................................................................................................... 17

2.2 Shared Control ........................................................................................................ 19

2.2.1 Classification....................................................................................................... 21

2.2.2 Uncoupled Shared Control for Obstacle Avoidance..................................................... 23

2.3 Research Questions ................................................................................................. 28

3 Methodology ................................................................................................................. 29

3.1 Background ............................................................................................................ 30

3.1.1 Motion Planning and Control .................................................................................. 30

3.1.2 Feedback Modalities............................................................................................. 35

3.2 Shared Velocity Control (SVC) ................................................................................... 36

3.2.1 Trajectory Sampling .............................................................................................. 37

3.2.2 Velocity Optimization ............................................................................................ 39

3.2.3 Visual Feedback .................................................................................................. 41

3.3 Shared Steering and Velocity Control (SSVC) ............................................................. 42

3.3.1 Model Predictive Control Formulation....................................................................... 42

3.3.2 Snapshots of Trajectory Plans during Obstacle Avoidance Maneuvers ........................... 44

3.3.3 Visual and Haptic Feedback ................................................................................... 44

3.4 Teleoperation System ............................................................................................... 45

I



3.4.1 Software Architecture ........................................................................................... 45

3.4.2 Hardware ........................................................................................................... 47

3.4.3 Integration of Shared Control ................................................................................. 49

4 Simulative Validation ..................................................................................................... 51

4.1 Acceleration Constraints of SVC ............................................................................... 52

4.2 Characteristics and Computation Times of SVC and SSVC .......................................... 53

4.3 Discussion .............................................................................................................. 55

5 Experimental User Study ................................................................................................ 57

5.1 Study Design and Setup ........................................................................................... 57

5.1.1 Hypotheses and Operationalization ......................................................................... 57

5.1.2 Study Design ...................................................................................................... 58

5.1.3 Teleoperation System Setup................................................................................... 60

5.1.4 Course Setup ...................................................................................................... 62

5.1.5 Testing Methodology for Significant Differences ......................................................... 62

5.2 Results ................................................................................................................... 63

5.2.1 User Experience with Direct Control ........................................................................ 63

5.2.2 Sample Teleoperation Drives with SVC and SSVC ..................................................... 64

5.2.3 Learning Effects................................................................................................... 66

5.2.4 Hypothesis 1: Cognitive Workload........................................................................... 68

5.2.5 Hypothesis 2: Remote Operator Performance ........................................................... 69

5.2.6 Hypothesis 3: Safety ............................................................................................ 71

5.2.7 Comparison of SVC and SSVC .............................................................................. 71

6 Discussion.................................................................................................................... 77

6.1 Effects of Uncoupled Shared Control ......................................................................... 77

6.2 Most Suited Uncoupled Shared Control Design........................................................... 78

6.3 Limitations of the User Study .................................................................................... 79

6.4 Limitations of Uncoupled Shared Control ................................................................... 80

6.5 Regulation .............................................................................................................. 81

7 Conclusion and Outlook ................................................................................................. 83

List of Figures..................................................................................................................... i

List of Tables ...................................................................................................................... iii

Bibliography ....................................................................................................................... v

Prior Publications ............................................................................................................... xxi

Supervised Student Theses..................................................................................................xxiii

Appendix............................................................................................................................xxv

II



List of Abbreviations

DC Direct Control

SSVC Shared Steering and Velocity Control

SVC Shared Velocity Control

III





Formula Symbols

Formula Symbols Unit Description

a m/s2 Longitudinal acceleration

alat m/s2 Lateral acceleration

alat,max m/s2 Maximum lateral acceleration

amax m/s2 Maximum longitudinal acceleration

amin m/s2 Minimum longitudinal acceleration

astop m/s2 Deceleration to stop vehicle in planning horizon

fdisk - Implicit scalar function for checking intersection of disk and ellipse

fell - Implicit scalar function of ellipse

f eq - Function vector of equality constraints

f ineq - Function vector of inequality constraints

f mdl - Differential vehicle model equations vector

i - Discretization step

j m/s3 Jerk

jmax m/s3 Maximum jerk

J - Cost function

Ju - Cost function term to penalize deviation from operator’s control input

Jε - Cost function term to penalize slack variables from soft constraints

k - Number of obstacles

lf m Distance from center of mass to vehicle front axle

lmaj m Length of major axis of ellipse

lmin m Length of minor axis of ellipse

lobj m Length of object

lr m Distance from center of mass to vehicle rear axle

m - Index of vehicle-approximating disk

n - Number of discretization steps in planning horizon

V



oell - Ellipse representation of object

orect - Rectangular representation of object

ok
- List of objects

p - Index of sampled steering angle rate

P - Number of sampled steering angle rates

rdisk m Radius of disk

s m Path progress

ssafe m Safe progress

t s Time

ts s Trajectory sampling time

th s Trajectory planning horizon

ua - Control input from automation

uo - Control input from operator

u, uv - Vehicle control input

un−1
- Sequence of vehicle control inputs

v m/s Velocity

vo m/s Velocity desired by operator

vn
safe

m/s Sequence of safe velocities

wa - Cost function weight on acceleration usage

wobj m Width of object

wv - Cost function weight on deviation from desired velocity

wδ - Cost function weight on deviation from desired steering angle

wδ̇ - Cost function weight on steering rate usage

x m x -coordinate in Cartesian coordinate system

xdisk m Position of disk in x

xobj m Position of object in x

y m y-coordinate in Cartesian coordinate system

ydisk m Position of disk in y

yobj m Position of object in y

z - Vehicle state

zcurr - Current vehicle state

zref - Reference vehicle state

zn
- Sequence of vehicle states

VI



Z free - Set of collision-free vehicle states

β rad Side-slip angle

δ rad Steering angle

δo rad Steering angle desired by operator

δmax rad Maximum steering angle

δ̇ rad/s Steering angle rate

δ̇max rad/s Maximum steering angle rate

εa - Slack variables for acceleration constraints

εc - Slack variables for collision avoidance constraints

ε j - Slack variables for jerk constraints

κ 1/m Curvature

κn
crit

- Sequence of critical curvatures

λ - Weight to allocate control authority between operator and automation

θ rad Vehicle heading

θobj rad Orientation of object

Formula Symbols for Results from Experimental User Study

Formula Symbols Unit Description

F - Test statistic for Levene test and parametric ANOVA

p - Significance level

r - Effect size from t-test and Wilcoxon signed-rank test

W - Test statistic for Shapiro-Wilk test

χ2
- Test statistic for non-parametric Friedman’s ANOVA

VII





1 Introduction and Motivation

Autonomy of machines is a field of research and development that has been around since the last century.

Nowadays, with the increasing performance, compactness, and energy efficiency of computation, sensing,

and actuation technologies, the deployment of mobile robots in particular is on the rise. This includes the

automation of the vehicle driving task, which has been pursued as a technology holding great promises. For

instance, the potential to improve the productivity of current human drivers as well as increase the comfort of

passengers is among the greatest motivators for automated driving. In addition, given more than one million

road fatalities occur each year [1], the vision of zero road fatalities through safer automated driving has led to

a long history of research and development of automated vehicles.

As early as 1979, Tsugawa et al. [2] described tests with a vehicle that perceives its surroundings and

determines control actions in an automated manner. Led by Dickmanns, the project Prometheus, running

from 1987 to 1994, laid the foundation in machine vision for automated guidance of road vehicles [3]. Another

decade later, in the early 2000s, the popular DARPA challenges brought the technology of automated driving

to a new level of maturity [4, 5]. As a result of these achievements, the Google Self-Driving Car project was

launched in 2009 [6]. Today, it is known as Waymo [7]. In Germany, history was made in 2013, when the

automated vehicle named Bertha drove along the 103 kilometers long Bertha Benz Memorial Route in an

automated manner under the supervision of a human safety driver. In the years after, further self-driving

car competitions were launched, e.g., the SAE AutoDrive Challenge in 2017 [8] and the Indy Autonomous

Challenge in 2021 [9].

Over the years, public and private funding has provided automated vehicle development with a generous

budget. Estimates range up to a total of 100 billion US dollars [10]. Although companies such as Waymo

and Cruise [11] manage to safely deploy fully-driverless vehicles with expanding service areas on public

roads [12], optimism about automated driving technology, in particular robotaxis in urban areas, seems to be

on the decline [13]. Hence, many companies have a different focus that goes beyond the robotaxi use case.

Believing that profitability lies in market segments where the vehicles are driving on the same route over and

over again, companies such as Gatik [14], Aurora [15], or Waabi [16] are developing systems for automated

trucking on highways and logistic sites. The key to their strategy is a well-defined and limited domain in which

the automated vehicle is designed to operate.

Under the aforementioned conditions, the system is expected to operate functionally safe. However, as is the

case for any robotic system deployed in the real world, it cannot be guaranteed that all operating conditions

are within these constraints. In these situations, often referred to as edge cases, the automated vehicle is no

longer capable to continue driving in an automated manner. In the case of an automated vehicle on the public

road, such a constraint may be a traffic intersection that is temporarily controlled by a policeman. Although

there are clear rules on how to drive based on the policeman’s gestures, it is deemed complex to teach this

to the software algorithms of an automated vehicle. In other situations, such as a blocked road ahead, it may

be required for the vehicle to temporarily cross a solid lane marking in order to continue driving. A human

driver knows that this is acceptable in certain circumstances. However, similar to the case of the policeman, it

is challenging to teach this and other temporary rule violations to software algorithms.
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1 Introduction and Motivation

An automated vehicle is expected to realize when it can no longer safely operate in an automated manner. If

this is the case, a state with minimal risk for the vehicle and its surroundings should be achieved. Usually,

this is a standstill of the vehicle, potentially on the side of the road [17, p. 15]. Resolving edge cases can

be an easy task for human drivers. Hence, it is a plausible solution to temporarily bring a human back into

the decision making and control loop of the automated vehicle. However, the automated vehicle is meant to

be highly-automated and driverless. Hence, it is not desirable to ask passengers or send a human fallback

operator to take over for a short moment in order to resolve the situation.

Vehicle teleoperation represents a viable and economical solution to deal with automated vehicle fail

cases [18–20]. Thereby, a remote operator connects to the vehicle via a mobile network and is provided with

information, e.g., video streams to understand the current traffic situation. Based on this, the remote operator

takes actions to remotely assist or drive the automated vehicle temporarily, as shown in Figure 1.1. After this

intervention, the automated vehicle can continue its journey in an automated manner.

Figure 1.1: Picture of a remote operator performing remote driving. The remote workstation consists of three monitors

for the visualization of data from the vehicle. Commands for the vehicle are created using a steering wheel

and pedals.

The way to teleoperate a vehicle is not limited to the concept shown in the figure. Instead, the teleoperation of

an automated vehicle can be performed in different forms, e.g., through the specification of desired waypoints

the vehicle should follow. Choosing the appropriate teleoperation concept based on the fail case is an active

field of research [21]. The present work develops a teleoperation concept in which the remote operator and

the automation are continuously collaborating on the driving task. Thereby, their abilities are complemented.

In particular, the focus is on shared control designs. In these, the automation is capable to evaluate the

control actions from the remote operator and correct them if deemed unsafe. Through this, the automation

can improve the safety of the vehicle.

The following two sections in this chapter provide a general introduction to automated driving and vehicle

teleoperation technology. Next, the scope of the proposed shared control designs for the teleoperation of

highly-automated vehicles is defined in the problem statement. The chapter is concluded with the outline for

the remainder of the present work.

2



1 Introduction and Motivation

1.1 Automated Driving

In this section, after the introduction of some terms and definitions, the general system architecture for

automated driving is described. Finally, the levels of driving automation are introduced.

Terms and Definitions

Specified by the Society of Automotive Engineers, in short SAE in the SAE J3016:2021 [17], the dynamic

driving task “includes all of the real-time operational and tactical functions required to operate a vehicle in

on-road traffic” [17, p. 9]. Quoting again, it includes the following subtasks:

1. Lateral vehicle motion control via steering (operational).

2. Longitudinal vehicle motion control via acceleration and deceleration (operational).

3. Monitoring the driving environment via object and event detection, recognition, classification,

and response preparation (operational and tactical).

4. Object and event response execution (operational and tactical).

5. Maneuver planning (tactical).

6. Enhancing conspicuity via lighting, sounding the horn, signaling, gesturing, etc. (tactical).

If an automated vehicle is no longer able to handle the entire dynamic driving task, a minimal risk condition

is sought. This is a stable and stopped condition of the vehicle [17, p. 15]. It should be achieved when the

automation, controlling the vehicle, is no longer capable to continue driving. In this context, a minimal risk

condition is the result of a dynamic driving task fallback, i.e., the performance of a minimum risk maneuver [22,

p. 237].

An operational design domain describes the “operating conditions under which a given driving automation

system or feature thereof is specifically designed to function, including, but not limited to, environmental,

geographical, and time-of-day restrictions, and/or the requisite presence or absence of certain traffic or

roadway characteristics” [17, pp. 17-18].

Trajectory is a technical term from robotics. In the context of automated vehicles, a trajectory describes the

past or future motion of the vehicle over time, i.e., a function of the system states over time [23, p. 171].

The definition of a path is closely related to the definition of a trajectory. However, instead of describing

the vehicle motion over time, a path describes it over a progress variable. This can be the distance that is

traveled along the path [24].

Automated Driving System Architecture

Besides so-called End-to-End approaches [25], which consist of a single neural network, an automated

driving system is usually developed in a modular manner. Simplified, these modules are summarized in the

blocks to sense, plan, and act, as shown in Figure 1.2. This architecture has evolved from the tactical and

operational functions that a human performs when driving a vehicle.

The sensing block contains various sensor components of different modalities, e.g., camera, ultrasonic,

RADAR, LiDAR, GNSS, and IMU. Fed by this, there is the perception module, performing the localization

of the vehicle as well as the detection and classification of lane markings, traffic signs, and other traffic

participants. Dynamic objects also need to be tracked and predicted over time.
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1 Introduction and Motivation

Sense Plan Act

Sensors Perception Decision 
Making

Path 
Planning

Trajectory 
Planning ActuatorsTrajectory 

Following

Figure 1.2: Architecture of an automated driving system. Grouped into the blocks sense, plan, and act, the system

consists of several hardware components and software modules. These are depicted in blue and orange,

respectively.

The outputs from the perception module are taken by the planning block. Therein, behavior planning usually

contains a state machine that makes decisions, e.g., taking a turn or performing a lane change. Based on this,

path planning is performed in order to spatially plan for the decision. It is then the objective of the trajectory

planning module to create a motion plan over time, i.e., the trajectory that travels along the planned path

while considering dynamic obstacles.

Finally, the acting module is responsible for the execution of the planned trajectory. To achieve this, a trajectory

following controller continuously computes control commands, i.e., throttle and brake pressure as well as the

steering wheel angle. These are then executed by the actuators of the vehicle.

Levels of Driving Automation

Based on Gasser and Westhoff [26], the prominent levels of driving automation have been introduced in

the SAE J3016:2021 [17, pp. 24-34]. For each level, the allocation of roles in the dynamic driving task, the

dynamic driving task fallback, and, if applicable, operational design domain restrictions are specified. In the

following, the levels are briefly introduced one by one.

• Level 0 – No Driving Automation: The human driver performs the entire dynamic driving task.

• Level 1 – Driver Assistance: Within a given operational design domain, an automated driving

system is able to perform parts of the subtasks of lateral or longitudinal vehicle motion control.

The human driver performs the remainder of the dynamic driving task and is always ready to

perform the dynamic driving task fallback.

• Level 2 – Partial Driving Automation: Within a given operational design domain, the automated

driving system is able to perform the lateral and longitudinal vehicle motion control task

simultaneously. However, the human driver is required to continuously monitor the operation

of the automated driving system and always be ready to perform the dynamic driving task

fallback.

• Level 3 – Conditional Driving Automation: In this case, the automated driving system per-

forms the entire dynamic driving task within a certain operational design domain. No human

supervision is required. However, within sufficient time, the human driver must be receptive to

dynamic driving task fallback when requested by the automated driving system. In case of no

response, the automated driving system can be capable to achieve a minimal risk condition in

an automated manner.

• Level 4 – High Driving Automation: For a specific operational design domain, the automated

driving system performs the entire dynamic driving task as well as the dynamic driving task

fallback. Hence, the automated driving system is required to achieve a minimal risk condition

when needed. After this, an intervention through a human driver to recover the automated

vehicle may be necessary.
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1 Introduction and Motivation

• Level 5 – Full Driving Automation: With no operational design domain restrictions, the auto-

mated driving system performs the entire dynamic driving task as well as the dynamic driving

task fallback.

1.2 Vehicle Teleoperation

Vehicle teleoperation complements an automated driving system by establishing a connection between

the remote operator and the vehicle via a mobile network [18–20]. Through this, the automated vehicle

can be supported remotely in situations that cannot be resolved by the automated driving system in an

automated manner. The architectural overview of a teleoperation system is shown in Figure 1.3. Feedback

from the vehicle, e.g., videos or vehicle state information, is transmitted and shown to the remote operator.

As illustrated, a common visualization setup is a set of three monitors which are mounted side-by-side.

Sensors Automated Driving 
Modules Actuators

Teleoperation
(Monitoring, Assistance, Driving)

Mobile Network

Feedback
(Video, State, …) Commands

Automated Driving System

Remote Operator

Figure 1.3: Architecture of a teleoperation system to remotely support an automated vehicle. At the bottom, the

automated driving system is shown. Transmitted via a mobile network, feedback from the vehicle provides

the remote operator with an understanding of the vehicle surroundings. Based on this, teleoperation is

performed in various forms by transmitting commands back to the vehicle.

The concept of the remote operator driving the vehicle is the most prominent form of vehicle teleoperation.

Imitating the control interface for a human driver in the vehicle, the remote operator also uses a steering

wheel and pedals to create lateral and longitudinal motion control commands. These are transmitted to the

vehicle for execution. The scope of this work is within the context of automated vehicles. Hence, the presence

of an automated driving system in the vehicle is assumed.

In the remainder of this section, the taxonomy for vehicle teleoperation that is used in this work is introduced.

This is followed by an overview of industry activities in the field. Thereafter, challenges are described.
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1 Introduction and Motivation

1.2.1 Taxonomy

Teleoperation is a wide field, coming in various flavors for different domains and use cases. Over the years,

many concepts for teleoperating vehicles were described and different terms, partially describing similar

things, were introduced. An extensive overview of the terminology that is used across the automotive domain

is given by Bogdoll et al. [27]. Building upon this, the SAE J3016:2021 standard [17] and the guidelines on

automated vehicles [28, 29], Majstorović, Schimpe, et al. [21] established the taxonomy that is used in the

present work.

In the context of automated vehicle teleoperation, the terms remote monitoring, remote assistance, and

remote driving are used under the hypernym of teleoperation, as shown in Figure 1.3. Remote Monitoring

enables the remote operator to remotely monitor, but not intervene in the operation of the automated vehicle.

In remote assistance, the remote operator can support the automated driving system through high-level

commands such as assistance in taking the decision to perform a certain maneuver. Finally, remote driving

refers to the vehicle being remotely driven completely by the remote operator, as shown in Figure 1.1.

1.2.2 Industry Activities

Given the great number of use cases as a standalone solution or for the assistance of automated vehicles,

the industry interest in the field of vehicle teleoperation is on the rise. Figure 1.4 shows the number of patents

in English published globally from the years 2000 to 20221. The data are obtained through the Google

Patents search engine. Using the search term “Vehicle Teleoperation”, patents that are not directly related to

automotive technology are filtered out.

2000 2005 2010 2015 2020

Year

0

200

400

600

800

1000

N
u
m

b
e
r 

o
f 
p
a
te

n
ts

Published patents on vehicle teleoperation

Figure 1.4: Published patents on “Vehicle Teleoperation” per year between 2000 and 2022.

From only six patents that were filed until 2001, it took until the end of 2016 for a total of 1000 filed patents

to accumulate. For a long time, teleoperation technology for mobile robots was developed for specific use

cases only, e.g., space exploration. In essence, it should enable the operation of vehicles at locations that are

dangerous or inaccessible to humans. However, since 2017, the exponential growth of patent publications

can be observed. Probable causes are the increasing relevance of teleoperation as a fallback for automated

vehicles as well as mobile networks of the fourth and fifth generation. By the end of 2022, more than 4,200

patents were published.

1The data were accessed on April 8th, 2023 at https://patents.google.com/?q=%28vehicle+teleoperation%29&before=priority:

20221231&after=priority:20000101&language=ENGLISH
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1 Introduction and Motivation

Several existing companies developing automated vehicles increased the effort in the field [30]. For instance,

the company Zoox became prominent and filed several patents, e.g., Gogna et al. [31, 32]. Zoox also

explained and demonstrated its vision of TeleGuidance to support its automated vehicles on the streets of

San Francisco [33]. A short insight into remote support for its automated vehicles has also been given by

Cruise [34]. Also, Volkswagen published a number of patents related to vehicle teleoperation, e.g., Rech et

al. [35].

Given the great economic opportunities, new startups emerged and collaborations have been announced.

For instance, EasyMile is collaborating with the specialized teleoperation company DriveU and other partners

to enable remote assistance of its automated shuttles in order to advance their operation to SAE Level 4 [36,

37]. Motional announced a partnership with Ottopia in order to integrate remote assistance support into its

automated vehicles [38–40]. Volkswagen and the German teleoperation startup Fernride are collaborating

to perform field tests in which trucks are remotely driven on Volkswagen premises in Wolfsburg [41]. Most

recently, in early 2023, a major milestone has been achieved by the German startup Vay, which got clearance

to perform remote driving without a safety driver on public roads in Germany [42].

1.2.3 Challenges of Remote Driving

As the previous section showed, there are a great number and variety of activities in the field of vehicle

teleoperation. However, despite technological progress, several challenges persist. In the following, these

challenges, along with mitigation techniques, are described.

Latency

Especially in teleoperation, latency is relevant. In the uplink from the vehicle, latency is caused by the capture,

compression, transmission, and visualization of the video to the remote operator. In the downlink, it takes

time to create, transmit and execute the remote operator’s control commands in the vehicle [43].

The challenge has been recognized since the last century and early so-called predictor displays were pro-

posed, e.g., in the field of space teleoperation [44]. These ideas have been adopted for vehicle teleoperation.

First, the motion of the vehicle is predicted based on a vehicle model. Next, this information is used to

enhance the visual interface by projecting the prediction into the video streams [45–49]. Similarly, detections

of dynamic obstacles in the vehicle surroundings can be predicted and visualized [50, 51] or communicated

through haptic feedback [52]. Furthermore, approaches to perform sliding and zooming video transformations

as well as ways to reduce the video transmission delay have been worked on [53, 54]. Also, concepts have

been proposed, incorporating the delay in the control approach of the vehicle [55].

Given time, the latency in state-of-the-art vehicle teleoperation systems could be reduced significantly. For

instance, through the use of fifth-generation mobile networks [56–59], the total latency, i.e., the sum of the

uplink and the downlink, can be well below 200 milliseconds [43]. However, as this value is known to still

degrade the performance of the remote operator [60], latency will always persist as a challenge in remote

driving [61–63].

Situation Awareness

In a basic teleoperation system, the remote operator gets an understanding of the surroundings and motion

of the vehicle based on video and audio data, which are transmitted from the vehicle. Based on this, the

remote operator creates a mental representation of the vehicle surroundings. Compared to a driver in the

vehicle, the remote operator does not experience any accelerations from the movement of the vehicle [63].

On top of this, the displayed videos are often subject to distortion or reduced quality. In consequence, the

7
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remote operator does not experience the same sense of embodiment as a driver in the vehicle, and mental

effort is required to compensate for this and recreate missing information [64]. In addition, when deploying

remote driving as a fallback for an automated driving system, the so-called out-of-the-loop syndrome poses

another challenge. This describes the problem of remote operators being asked to resolve traffic situations

for the automated vehicle at short notice [65]. When the situation is not fully clear to the remote operator, the

safety of the teleoperated vehicle can be influenced negatively.

Over the years, various techniques have been adopted in order to improve the remote operator’s situation

awareness and immersion. For instance, the usage of a head-mounted display is described [18, 66–68].

Furthermore, a spherical projection [69] and blur effects of the videos [70] have been presented as means

to enhance the remote operator’s immersion. Even more complex concepts include motion platforms with

greater haptic feedback [71]. Overall, the quantification of the remote operator’s situation awareness [65, 72]

and work on the interface for the remote operator [73–76] are active research fields.

Connectivity

In order to remotely drive a vehicle, a lot of data are transmitted via mobile network connections. Besides

the introduction of latency that impairs the driving performance of the remote operator, there is the risk of

losing transmitted packets. This can corrupt the transmitted video streams or fragment the signal of the

remote operator’s control commands. There is also the issue of network jitter, i.e., a variable latency when

transmitting signals. Depending on the time of day and location of the teleoperated vehicle, the available

bandwidth can also vary [77]. In the worst case, the connection between the remote operator and the vehicle

can even be lost completely.

The aforementioned issues show that quality of service-awareness and maintaining a reliable connection

yield further complex challenges that need to be addressed. Solutions, e.g., predicting the communication

quality [78, 79], exist and are also adopted for the use case of vehicle teleoperation [80–84]. However, given

the various causes of reduced communication quality, making reliable predictions is challenging. Hence,

effort is also put into the optimization of the data rate of the video stream [85, 86], robustification of its

transmission [87], and fallback techniques in the event of connection loss [88, 89].

This overview shows that the challenge of connectivity is being tackled and various solutions are being

proposed. However, if these are not available, great risks can still evolve from technical shortcomings when

performing remote driving.

Regulation

Although the technology has been developed for more than a decade, with only a few exceptions, teleoperation

on public roads is still being performed with a safety driver in the vehicle. There exist several regulatory

uncertainties, leaving some legal questions open.

In 2021, Linné and Andersson examined and compared the road vehicle teleoperation regulation in the

United Kingdom, Sweden, and Germany [90]. In the United Kingdom, there is the code of practice for trialing

automated vehicles [91]. It is mentioned that remote driving is possible. However, a full risk assessment

should be carried out as it has to be assured that the teleoperation system is equally safe as having a driver in

the vehicle. In the Decree 2017:309 on the experimental operation of automated vehicles from Sweden [92],

remote driving is not explicitly mentioned. However, it is stated that a driver can either be inside or outside

the vehicle when testing automated vehicles. As no limitation is given to the distance between the driver and

the vehicle, remote driving can be deemed possible.
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At the time of writing [90], a draft for the act on automated driving was being prepared in Germany. In July

2022, this act, the Automatisiertes-Fahren-Genehmigungs-und-Betriebs-Verordnung, in short AFGBV [93]

went into effect and its concepts were also adopted into the Straßenverkehrsgesetz, in short StVG [94].

Therein, the remote operator is referred to as the Technische Aufsicht, who is allowed to clear a maneuver

that is proposed by the automated driving system. In case this maneuver is not intended, the remote

operator can propose an alternative maneuver. In both cases, i.e., maneuver clearance and proposal, the

automated driving system is responsible to validate that the execution of the maneuver is safe. In August

2022, around the same time of passing the acts in the AFGBV and the StVG, the regulation 2022/1426 of the

European Union [95] was put into force. Therein, a so-called remote intervention operator is permitted similar

interactions with the automated vehicle as the Technische Aufsicht in the AFGBV and StVG. By the two acts

passed in Germany [93, 94] and the European Union [95], remote driving does not seem to be compliant on

public roads.

1.3 Problem Statement and Thesis Outline

Remote driving can be leveraged as a fallback for an automated driving system. For example, in situations

in which the system is not capable to make the next decision or plan the next path to follow, the remote

operator can provide support. Similar to the control interface in the vehicle, the remote driving interface

consists of a steering wheel and pedals, as shown in Figure 1.1. However, besides the obvious benefits,

remote driving presents challenges that raise concerns about safety. In particular, latency, reduced situation

awareness, or unstable connectivity pose the risk that the remote operator’s control actions are unsafe. The

goal of the present work is to contribute to the use of remote driving and introduce shared control in order to

safeguard the vehicle and assist the remote operator in the task of obstacle avoidance. For this, it is relied on

a functional perception of the automated driving system.

Shared control is introduced as a remote driving concept. In consequence, this term needs to be differentiated.

In the remainder of the present work, remote driving without any assistance and involvement of an automated

driving system will be referred to as direct control. In contrast to this, in shared control, the remote operator

and the automation are performing the dynamic driving task collaboratively. This is shown in Figure 1.5,

which was inspired by Flemisch et al. [96]. It is noted that shared control designs can also be differentiated in

terms of how the control commands are coupled. As the title of the present work suggests, the focus of the

designs in the present work lies on the uncoupled shared control mechanism in which the automation has

the capability to uncouple and correct the remote operator’s control commands from the actuators when their

execution would pose a risk. This will be described in more detail in the state of the art on shared control in

the next chapter.

Operator

Vehicle

Direct Control

AutomationOperator

Vehicle

Shared Control

Figure 1.5: Comparison of direct control and shared control as remote driving concepts. Signals for the control

commands are depicted by solid arrows. For communication and feedback, dashed arrows are used. In

direct control, the operator directly controls the actuators of the vehicle. In shared control, the vehicle

control task is shared between the operator and the automation.
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The outline of this thesis is provided in Figure 1.6. In Chapter 1, the present work has been introduced and

motivated. In Chapter 2, the state of the art is presented. First, an overview of different vehicle teleoperation

concepts is given. This is primarily based on the survey that was published by Majstorović, Schimpe et al. [21].

After this, the field of shared control is introduced. Finally, the two research questions of the present work are

derived. In Chapter 3, the methodology to answer the research questions is described. Two different shared

control designs are introduced. Foundations for these approaches have been published by Schimpe et al. [97,

98]. Both approaches are integrated into a teleoperation system, which was described and published by

Schimpe et al. [99, 100]. As will be described in Chapter 4, the designs have first been validated in simulation.

Chapter 5 then presents an experimental user study that has been carried out. First, an overview of the study

design is given. After this, the results, providing the input to answer the research questions, are described.

Finally, the present work is concluded with the discussion in Chapter 6 and the conclusion with an outlook on

future work in Chapter 7.
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Chapter 3
Methodology

Chapter 5
Experimental User Study

Section 5.2
Results

Chapter 1
Introduction and Motivation

Section 1.1
Automated Driving

Section 1.2
Vehicle Teleoperation

Section 1.3
Problem Statement and Thesis Outline

Chapter 2
State of the Art

Section 2.1
Vehicle Teleoperation Concepts

Section 2.2
Shared Control

Section 2.3
Research Questions

Section 3.2
Shared Velocity Control (SVC)

Section 3.4
Teleoperation System

Chapter 4
Simulative Validation

Section 5.1
Study Design and Setup

Subsections 5.2.4 - 5.2.6 
Hypotheses 1 - 3

Chapter 6
Discussion

Chapter 7
Conclusion and Outlook

Subsection 5.2.7 
Comparison of SVC and SSVC

Section 3.3
Shared Steering and Velocity Control (SSVC)

P1

P2 P3

P5P4

Q1 Q2

Figure 1.6: Thesis outline. Chapters, sections, and subsections are depicted as black, blue, and dark red boxes,

respectively. In addition, the five publications [21, 97–100], which were published (P) in first or shared

first authorship on a certain topic of a section are marked by green circles. Similarly, blue circles mark

subsections that yield the results answering a research question (Q) of the present work.
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In Chapter 1, an introduction to automated driving and the teleoperation of vehicles was given. It was derived

that the application of direct control, as one concept of remote driving, raises safety concerns. Based on this,

the introduction of shared control, as a remote driving concept that improves safety, was formulated as the

goal of the present work. In this chapter, the state of the art is presented. First, different vehicle teleoperation

concepts from the literature are introduced. Second, the research field of shared control is described and

different shared control designs are classified. Finally, the two research questions of the present work are

derived.

2.1 Vehicle Teleoperation Concepts

As introduced in the previous chapter, vehicle teleoperation technology is developed with various objectives

and techniques to enable remote support for automated vehicles [101, 102]. To cope with the multitude

of automated driving system fail cases, different teleoperation concepts have been proposed in literature

throughout the years. These concepts make various assumptions about the functionality of modules in the

automated driving system. It is noted that creating a consistent method to illustrate and differentiate them

in any possible detail is challenging. The figures and descriptions in the present work are only one way of

presenting the concepts in an abstract and clear way.

In shared first authorship, the presented survey has initially been described and published by Majstorović,

Schimpe et al. [21]. Shortly after this publication, another survey on the remote operation of road vehicles

has been published by Amador et al. [103]. While the primary focus of [21] lies on the technical functionality

of the teleoperation concepts, the scope of the review in [103] is broader. Nevertheless, when it comes to

the categorization of comparable concepts into remote assistance and remote driving at a high level, the

understanding is in line.

Taken and adapted from [21], a graphical overview of the teleoperation concepts is shown in Figure 2.1. In

the bottom part, the simplified functionality of an automated driving system, as introduced in Section 1.1, is

depicted. Above, the reviewed teleoperation concepts, as they relate to the automated driving system pipeline,

are illustrated by denominated bars. The position and width of each bar correspond to the functionality at a

high level. This means that a teleoperation concept, which spans over one or more modules of the automated

driving system, either enables a remote interaction with these modules or replaces them. In case modules

are replaced, the respective tasks from the automated driving system are either performed in collaboration

by the remote operator and automation from the teleoperation concept or by the remote operator alone. To

keep the illustration clear, these details have not been incorporated in Figure 2.1.
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Figure 2.1: Overview of vehicle teleoperation concepts, taken and adapted from Majstorović, Schimpe et al. [21].

At the bottom, the simplified architecture of an automated driving system with the contained modules is

shown. Above, the concepts are displayed. The position and width of each denominated bar, spanning

over one or more modules of the automated driving system, indicate which modules are replaced or can

be interacted with through the respective concept.

Grouped into remote assistance and remote driving, the concepts are reviewed and described in more

technical detail in the following. To display the aforementioned details on the allocation of driving tasks across

the remote operator and the automation, a new illustration, inspired by Flemisch et al. [104], is introduced for

each concept. Therein, the automated driving system modules decision making and path planning are located

at the tactical level of the dynamic driving task. Trajectory planning and following make up the operational

level. For brevity, the strategical level as well as the perception, which is assumed to be performed by the

remote operator and the automation, are not displayed.

2.1.1 Remote Assistance

In this section, three concepts for remote assistance are introduced. Through these, the remote operator can

assist the automated driving system in an event-driven manner at the tactical level of the dynamic driving

task. For example, the remote operator can support in making a decision or give a hint on how to classify

an object. As the interaction of the remote operator is not continuous, remote assistance concepts have

less strict requirements on the quality of the network service as the remote operator is not involved at the

operational level of the dynamic driving task.

Collaborative Path Planning

In the collaborative path planning concept, the remote operator takes over decision making, while the

automated driving system retains the responsibility for path planning at the tactical level as well as the

complete operational level, as shown in Figure 2.2. In Figure 2.3, an example illustrates the idea. Adapted to

this concept, the automation proposes several paths, which it can execute. These are shown to the remote

operator, who selects one of them.
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OperationalTactical

Remote Operator

Automation

Decision Making

Trajectory Planning
& Following

Path Planning

Figure 2.2: Allocation of dynamic driving subtasks for the collaborative path planning concept. The remote operator

takes decisions at the tactical level. The automation retains the responsibility for path planning at the

tactical level as well as trajectory planning and following at the operational level.

Figure 2.3: Illustration of the collaborative path planning concept, taken and adapted from Majstorović, Schimpe et

al. [21]. The automation is computing and suggesting multiple paths to the remote operator, who chooses

one of them.

In the context of vehicle teleoperation, collaborative path planning was initially proposed as interactive path

planning by Hosseini et al. [105] and later extended by Schitz et al. [106]. Majstorović et al. [107] described

another variant of collaborative path planning. Instead of computing path proposals in the drivable area, the

automated driving system suggests decisions based on relaxations of operational design domain restrictions.

Path Guidance

Path guidance is a remote assistance concept in which the remote operator takes over both tasks at the

tactical level of the dynamic driving task, as shown in Figure 2.4. As illustrated in Figure 2.5, the remote

operator typically specifies waypoints through mouse clicks or a touchpad on a perspective view of camera

images or a top-down view, e.g., showing a map. Before transmission to the vehicle, these waypoints are

used to create a path, e.g., through interpolation. It is then the responsibility of the automated driving system

to perform the operational level of the dynamic driving task, i.e., plan and follow local trajectories in order to

execute this plan.

Different variants of path guidance have been showcased and proposed in the literature. Referred to as

indirect control, a basic implementation has been shown in the project 5GCroCo [108]. In the work by Schitz

et al. [109], the specified waypoints are not used to create a path, but a corridor in which the automated

driving system performs trajectory planning in an automated manner. By driving a simulated vehicle in a

virtual environment, waypoints are created in the concept by Björnberg [110]. Imitating these actions, the

automated vehicle follows the recorded path. Finally, in video demonstrations, path guidance variants have

also been shown by the companies Zoox [33], Cruise [34] and Motional [40]. This shows that this remote

assistance concept is also well-established in the automated vehicle industry.

15



2 State of the Art

OperationalTactical
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Figure 2.4: Allocation of dynamic driving subtasks for the path guidance concept. The remote operator makes

decisions and plans desired paths at the tactical level. The automation remains in charge of trajectory

planning and following at the operational level.

Figure 2.5: Illustration of the path guidance concept, taken from Majstorović, Schimpe et al. [21]. The remote operator

is guiding the vehicle by specifying waypoints. These are connected to a path, which is then followed by

the automation.

Perception Modification

With the objective to assist the perception module of the automated driving system, the concept of perception

modification has been described in the literature by Feiler and Diermeyer [111, 112]. The concept is illustrated

in Figure 2.6, taken from Majstorović, Schimpe, et al. [21]. As perception modification does not involve the

remote operator in the dynamic driving task, the method to allocate the dynamic driving subtasks across the

remote operator and the automation is not applicable.

Figure 2.6: Illustration of the perception modification concept, taken from Majstorović, Schimpe et al. [21]. Perception

data, e.g., object lists and grid maps, are visualized to the remote operator. Based on this, the remote

operator assesses the situation and assists the automated driving system, e.g., by labeling an area as

free space or an object as static.
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Potential use cases of perception modification include false positive detections, or indeterminate and

neglectable objects that hinder the automated vehicle to continue driving. In order to resolve such situations,

perception data, e.g., object lists and grid maps are transmitted from the vehicle and visualized to the remote

operator in addition to video streams. Provided with these data, the remote operator can assess the situation

and provide assistance, e.g., by labeling an area as free space. This information is then transmitted back to

the vehicle, where the automated driving system incorporates this information accordingly. The company

Zoox showcased a variant in their TeleGuidance demonstration [33], classifying an object as static.

2.1.2 Remote Driving

In remote driving, the remote operator is also getting involved at the operational level of the dynamic driving

task. Given different degrees of collaboration with the automation, three different remote driving concepts are

differentiated in the present work. These are introduced in the following.

Direct Control

The most fundamental and prominent remote driving concept is direct control. The allocation of dynamic

driving subtasks is illustrated in Figure 2.7. As described in Section 1.2, the remote operator uses a steering

wheel and pedals, or a joystick to continuously create lateral and longitudinal motion control commands. The

remote operator is taking over the complete dynamic driving task. The automation is not involved.

OperationalTactical

Remote Operator

Automation

Decision Making
& Path Planning

Trajectory Planning
& Following

Figure 2.7: Allocation of dynamic driving subtasks for the direct control concept. The remote operator is taking over

all subtasks at the tactical as well as the operational level. The automation is not involved.

Given a long history, the direct control concept is the subject of numerous publications and has reached a

high level of maturity. Dating back to 1997, a description of a direct control setup for small, urban carsharing

vehicles with a focus on the hardware is given by Benoussan and Parent [113]. Since then various systems for

direct control were described, e.g., to remotely drive a truck [114], an off-road combat vehicle [115], a physical

miniature vehicle [116], the driving simulator CARLA [117, 118], or a full-size passenger vehicle [119].

Trajectory Guidance

As shown in Figure 2.8, in the trajectory guidance concept, the remote operator is taking over all tasks at the

tactical level as well as trajectory planning at the operational level of the dynamic driving task. The automated

driving system is responsible for performing trajectory following. This relieves the remote operator from the

latency-critical low-level control task of stabilizing the motion of the vehicle. As can be seen in Figure 2.1,

another advantage of the trajectory guidance concept is that it does not rely on a functional perception of

the automated driving system. All the planning, including the velocity profile, as illustrated in Figure 2.9, is

performed by the remote operator.
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Several trajectory guidance variants have been proposed in the literature. As early as 1995, a trajectory

guidance concept has been described by Kay and Thorpe [120], associating a discrete waypoint sequence

with a desired velocity, which is strictly followed by the vehicle. Gnatzig et al. [121] propose a concept in which

the remote operator provides one trajectory segment at a time. The vehicle follows this trajectory and stops

at the end if no further segment has been received. Another concept has been described by Hoffmann et

al. [122]. In this, the remote operator’s control commands, provided through a steering wheel and pedals, are

continuously converted into desired trajectories that end at a standstill. This allows for dynamic adaptation of

the desired vehicle motion. However, the level at which the remote operator is decoupled from the vehicle

stabilization task is reduced. Another trajectory guidance concept is mentioned by Jatzkowsi et al. [123].

However, no further details on how these trajectories are specified are given. Finally, a more advanced

design has been presented by Zhang et al. [124]. Also incorporating delay compensation, a long short-term

memory is used to predict the remote operator’s intended trajectory, based on LiDAR point clouds and control

commands from the remote operator. This trajectory is then followed by the automated driving system.

OperationalTactical

Remote Operator

Automation

Trajectory Following

Trajectory Planning
Decision Making
& Path Planning

Figure 2.8: Allocation of dynamic driving subtasks for the trajectory guidance concept. The remote operator is

performing all tasks at the tactical level as well as the trajectory planning at the operational level. The

automation is responsible for trajectory following at the operational level.

Figure 2.9: Illustration of the trajectory guidance concept, taken from Majstorović, Schimpe et al. [21]. The remote

operator is guiding the vehicle by specifying a trajectory, which is followed by the automation.

Shared Control

To conclude the review on remote driving concepts, shared control for vehicle teleoperation is introduced.

In recent years, this emerged as a concept that copes with the inherent safety concerns related to the

direct control concept. Li et al. [125] describe that shared control for teleoperation in general promises

“great benefits [when] combining the human intelligence with the higher power/precision abilities of robots”.

Vreeswijk et al. [126] also sees the potentials of shared control in remote support.

Shared control approaches work with an environment model. The assumption is that the perception module

of the automated driving system is functional, as shown in Figure 2.1. The control interface for the remote
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operator is a steering wheel and pedals for generating lateral and longitudinal motion control commands,

respectively. These are transmitted to the vehicle, where the shared control approach is capable of uncoupling

them from the actuators of the vehicle. The dynamic driving task involvement of the remote operator and

the automation in the case of shared control is shown in Figure 2.10. The remote operator is responsible for

the complete tactical level. For the tasks at the operational level, it is collaborated with the automation. As

illustrated in Figure 2.11, the primary purpose of shared control in the present work is to support the task of

collision avoidance. In the next section, shared control and this focus are introduced in more detail.

OperationalTactical

Remote Operator

Automation

Decision Making
& Path Planning

Trajectory Planning
& Following

Trajectory Planning
& Following

Figure 2.10: Allocation of dynamic driving subtasks for the shared control concept. The remote operator is performing

the tasks at the tactical level. At the operational level, the tasks are shared between the remote operator

and the automation.

Figure 2.11: Illustration of the shared control concept, taken from Majstorović, Schimpe et al. [21]. The remote

operator is driving the vehicle while being assisted in collision avoidance by the automation.

2.2 Shared Control

Defined by Sheridan and Verplank [127] in 1978, shared control is “the case where both automation and

human work on the same task and at the same time”. It is present in various robotics domains. For instance,

it has been applied to the case of an operator remotely controlling a robotic arm in space in collaboration with

a co-automation system [128, 129]. Further prominent shared control applications are the control of aircraft

and highly-automated vehicles [130]. The latter is the primary focus of the present work. In this context, Li et

al. [131] motivate shared control by stating that it “incorporates the capabilities of human drivers into vehicle

control. This largely expands the scope of situations that the automation can handle”.

Research on shared control for automated vehicles has a long history. In 2003, not long after the description

of the first automated driving systems by Dickmanns [3], Flemisch et al. [132] introduced the popular Horse-

Metaphor, in short H-Metaphor, to provide an intuition for sharing control with an automated vehicle. In

comparison to riding a horse, several similarities are described. For instance, a horse has eyes, while an
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automated vehicle is equipped with sensors in order to perceive its surroundings. This enables a horse and

an automated vehicle to navigate safely, i.e., avoid obstacles with a certain level of autonomy. The commands

of a driver, i.e., steering or acceleration can be compared to the commands of a rider who guides the horse,

e.g., using the reins. After all, as shown in Figure 2.12, Flemisch et al. [133] considered shared control as the

sharp end of the cooperation between human and machine at the operational level of the dynamic driving

task. Besides shared control, as several previously introduced teleoperation concepts showed, cooperation is

also possible at the strategic and the tactical level in the form of cooperative guidance or supervisory control.

Figure 2.12: Illustration of human-machine cooperation at different levels of the driving task, taken from Flemisch

et al. [133]. While humans and machines can also cooperate at the strategic or tactical levels, e.g., in

the navigation or the guidance of the vehicle, shared control takes place at the operational level of the

dynamic driving task.

Interest in research on shared control for automated vehicles is on the rise. For instance, as part of the SAE

Demo Days held in the United States in 2019 that showcased automated vehicle technology to the public, a

survey was carried out. Therein, it was found that “92% [of the people asked] want to have control shared

between human and self-driving [cars]” [134]. Furthermore, Marcano et al. [135] presented a survey on

shared control of automated vehicles, which shows this trend of increasing interest in the published literature.

This review has been of great inspiration to classify the present work and put it into context.

When designing a shared control framework for automated vehicles, certain design principles should be

followed. In [135], a proposal is given. First, a bidirectional communication channel should be established

between the operator and the automation. Second, if it is deemed safe, the intentions of the operator should

be followed by the automation. Third, only if the automation recognizes the presence of a risk should it

assist the operator in proportion to this. Fourth and last, the assistance for the operator can be either active

or passive. These design principles describe a conservative layout for the development of shared control

frameworks. However, with increasingly mature autonomy, the automation can also have individual intentions.

If these are communicated properly and accepted by the operator, the automation can also be the leader in

certain control tasks. In the present work, shared control is applied to avoid obstacles and improve the safety

of the teleoperated vehicle. Besides this, the automation does not have a superior objective, which could
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evolve into individual intentions. Hence, the design principles in [135] are considered applicable. However,

different points of view are possible, in particular around the use case for shared control as well as the

maturity of the automation.

In the following, a methodology for classifying literature on shared control for automated vehicles is described.

Based on this, a more detailed review of works on shared control approaches that can uncouple the operator’s

control commands for obstacle avoidance is presented. In this section, the reviewed literature is not limited

to the field of teleoperation. For this purpose, the term operator is used as an umbrella term for the human

driver in the vehicle as well as the remote operator, controlling the vehicle remotely.

2.2.1 Classification

In this section, a high-level overview is given of the research field of shared control for automated vehicles. In

Figure 2.13, the approach for classifying shared control designs, as proposed in [135], is shown. In the first

layer, there are the use cases for shared control. In the second layer, it is distinguished between different

shared control coupling mechanisms. In the third and last layer, it is differentiated between methods that do

or do not make use of a model for the operator. In the following, each layer, with the focus of the present work

marked in green in Figure 2.13, is introduced. The relevant literature for this focus is then reviewed in more

technical detail in the next section.

Use Cases

Control Resumption Obstacle AvoidanceLane Keeping

Coupled Shared Control Uncoupled Shared ControlMechanisms

Model-based MethodsModel-free Model-based Model-free

Figure 2.13: Layers to classify shared control approaches. The classification is divided into three layers. At each layer,

the focus of the present work is marked in green.

Use Cases

There are three main use cases for shared control. The first and most prominent is the lane keeping use

case, e.g., tackled in [136–139]. In this case, the support from the automation has different objectives, e.g.,

the enhancement of lane tracking performance or the prevention of lane departure. The second use case

for shared control of automated vehicles is the resumption of the vehicle control task by the operator after

it has been performed by the automated driving system. With the primary focus of enabling smoothness

and safety of the handover, examples of works on this include [140–144]. Although it is not the focus of the

present work, it is noted that the control resumption use case is of great interest for vehicle teleoperation.

Enabling a transition between automated driving and remote driving without the automated vehicle coming to

a stop, can significantly increase the efficiency of an intervention through teleoperation. The third use case

for shared control is obstacle avoidance. This is the use case that is the most relevant to the present work. In

consequence, this literature is the focus of the review in the following section.
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Interaction Mechanisms

There are various mechanisms to describe the interaction between the remote operator, the automation, and

the vehicle [145]. Following [135], the coupling schemes in the present work are differentiated at a high level

between coupled shared control and uncoupled shared control. These schemes are depicted on the left and

the right in Figure 2.14, respectively. This differentiation is common. For instance, Li et al. [125] describe the

same mechanisms as state-guidance shared control and state-fusion shared control.

In coupled shared control, the operator and the automation are acting on the same mechanically coupled

interface to control the vehicle. Usually, the automation is providing support and haptic feedback for the

operator. The aforementioned works [136–139] are categorized as coupled shared control designs. To be

specific, these works are only sharing the control task of the lateral motion through steering. Only a few

works consider coupled shared control of the longitudinal motion, i.e., the operator and the automation are

acting on mechanically coupled pedals. To name a few, there are works assisting the operator in the tasks of

car-following [146], eco-driving [147], and vehicle stabilization [148].

In uncoupled shared control, also referred to as indirect shared control [131, 149, 150], the commands from

the operator are input to the automation. While uncoupling of the automation is also technically possible,

uncoupled shared control only refers to the uncoupling of the operator in the present work. Such designs

are only feasible in drive-by-wire systems. In a remote driving system, this condition is fulfilled. To introduce

shared control for active safety, uncoupled shared control designs for obstacle avoidance become the focus

of the present work.

AutomationOperator

Vehicle

Coupled Shared Control

AutomationOperator

Vehicle

Uncoupled Shared Control

Figure 2.14: Shared control coupling mechanisms. In coupled shared control, the operator and the automation are

acting on mechanically coupled actuators of the vehicle. Uncoupled shared control is possible in a drive-

by-wire system when the operator’s commands are uncoupled from the vehicle through the automation.

Methods

The minimization of conflict between the operator and the automation is of great importance in shared

control. Affecting the operator’s acceptance when using the assistance, this motivates model-based methods,

which incorporate a model of the operator. Using this, future actions can be anticipated and accounted for

in the actions of the automation [135]. For lateral motion, a popular choice is the two-point preview driver

model [151]. This is based on the assumption that operators use a near and a far vision of the roadway

for steering. Flad et al. [139] uses an alternative model, which is based on the concept that the operator’s

behavior for steering consists of a finite set of motion primitives. In the shared control design, it is then

anticipated which motion primitive is currently executed. One longitudinal motion model that has been widely

used is the intelligent driver model [152]. With this, the longitudinal motion control actions of an operator are

anticipated based on the following distance to a preceding vehicle.

Model-free approaches, such as the aforementioned works on control resumption [140, 141], are not

incorporating the operator’s future actions. Instead, the automation acts independently and the control

commands are fused later in the shared control framework [135].
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2.2.2 Uncoupled Shared Control for Obstacle Avoidance

As the related use case for the present work, literature on uncoupled shared control approaches for obstacle

avoidance is reviewed. Several works and their approaches are presented as well as how they are validated

and potentially evaluated in user studies. Since the focus is exclusively on uncoupled shared control, the

distinction from coupled shared control will be neglected and the term “uncoupled” will be omitted in many

cases throughout the remainder of this thesis for brevity. This means that shared control refers to uncoupled

shared control unless otherwise stated.

In literature, two techniques for uncoupling the operator’s commands are well-established. To refer to them

in the following review, these are introduced briefly. In the first technique, the authority can be allocated

adaptively, i.e., arbitrated using a weight metric λ ∈ [0,1]. For instance, its computation can be based on the

present risk of the vehicle. With the general control inputs of the operator uo and the automation ua, the

control input for the vehicle uv is computed by

uv = (1−λ)uo +λua. (2.1)

With this, uv can deviate from uo depending on λ. This concept is also referred to as arbitration-based shared

control [135, 153], weighted combination [125], the coupling valve [154] or blended shared control [155, 156].

If λ switches between its two extreme values 0 and 1, i.e., control is fully owned by either the operator or the

automation, the control paradigm is referred to as traded control [133] or phase-switching [125].

In the second uncoupling technique, the automation control commands are directly taken as the commands

for the vehicle, i.e., uv = ua. It is then one of the automation objectives to track the operator’s commands

when possible. In this case, a cost function term Ju can be given by

Ju = (ua − uo)
2. (2.2)

Its minimization becomes part of the shared control problem, which is solved through an optimization

procedure with ua as a decision variable. Its result can yield commands which deviate from the operator’s

commands. This uncoupling technique has also been referred to as input correction [125].

In the present work, it is differentiated between three uncoupled shared control design variants. Depending

on what control types, i.e., steering and velocity, are shared between the operator and the automation, the

variants are named shared steering control, shared velocity control, and shared steering and velocity control.

This is shown in the overview in Figure 2.15. In the following, the variants are reviewed one by one.

AutomationOperator

Vehicle

Shared Steering
Control

AutomationOperator

Vehicle

Shared Velocity
Control

AutomationOperator

Vehicle

Shared Steering &
Velocity Control

Figure 2.15: Uncoupled shared control design variants. The arrows with a steering wheel or pedals as labels indicate

whether the operator’s steering or velocity commands are uncoupled from the vehicle by the automation.

For clarity, the feedback signals from the vehicle as well as the communication from the automation to

the operator are not shown. The term “uncoupled” is left out for brevity.
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Shared Steering Control

The majority of works address sharing the control of the lateral motion, i.e., the case of shared steering

control. An overview of related works for obstacle avoidance is given in Table 2.1. This table presents a total

of 16 references that were published in 13 different streams of work. In the following, a summary of these

is given concerning different aspects. To start with, the functionality of the automation and how obstacle

avoidance is incorporated are described. Then details are given on how the operator is modeled and which

uncoupling technique is used. This is followed by descriptions of how the approaches are validated and

evaluated, i.e., the performance of simulations, experiments, and user studies. Finally, in this context, it is

described if and which modalities of feedback for the operator were provided.

Many of shared steering control approaches apply the method of model predictive control for the automa-

tion [157–169]. On the one hand, model predictive control can formulate control objectives such as following

a previously planned trajectory. On the other hand, as will be described in more detail in Subsection 3.1.1,

it is also applicable for planning collision-free trajectories through the formulation of obstacle avoidance

constraints.

There are a number of methods to incorporate obstacle avoidance. The most prominent choice among

the reviewed works is the pre-computation of an obstacle-free driving corridor in which the automation

computes safe trajectories [157, 158, 165–167, 169]. Also common is the usage of potential field methods

that model obstacles and road boundaries as repulsive forces [159, 163, 168, 170]. Other options include the

approximation of obstacles using circles and ellipses [161, 162] or grid maps [171].

Several of the reviewed works are making use of a dedicated model for the operator. For instance, fuzzy logic

is used to recognize the operator’s intentions [159]. In the domain of game theory, Nash and Stackelberg

equilibria are computed [160, 164]. Some methods use historic data to pre-train operator models, e.g., using

a long short-term memory [171], Gaussian mixture models [172] or the Koopman operator [168]. Several

works are categorized as model-free [157, 158, 161–163, 170].

Given the automation and potentially an operator model, the question of how control is shared between

the automation and the operator arises. For this, two variants, namely arbitration-based shared control and

cost function-based correction of the operator’s control actions, were introduced. In the reviewed works, the

majority applies a continuous and adaptive, threat-based arbitration technique [157–160, 163, 171, 172].

Some works only consider the extremes to allocate the control authority, i.e., traded control [161, 162, 170].

One work studied different constant arbitration values [164]. As the second-most prominent uncoupling

technique, several works incorporate a cost function term that formulates the control objective of minimal

automation intervention [165–169]. For completeness, it is noted that this cost function term qualifies an

approach as model-based.

There is also a great variety in how the proposed approaches are validated and evaluated. Some works do

this in a pure simulative manner [159, 163, 167, 169]. A bigger part of works conducts operator-in-the-loop

experiments in either a virtual environment or a driving simulator [160–162, 164, 168, 171]. Few works also

conduct real-world experiments with small-scale, ground robots [170, 172] or full-scale vehicles [157, 158,

165, 166].

When an actual operator is in the loop, the design principle of bidirectional communication, i.e., feedback for

the operator becomes relevant. The most prominent modality is haptic feedback [161, 162, 165, 166]. One

stream of work incorporated haptic and visual feedback [157, 158].

The most extensive way to experimentally validate shared control approaches is a user study. In the works

that report this, many compare the performance of the operators when directly controlling the vehicle or with

assistance through shared control [157, 158, 160–162, 168]. Some works also studied the effects when

using operator models [164, 168] or when incorporating operator feedback [157, 158, 161, 162, 165, 166].
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Table 2.1: Literature on uncoupled shared steering control for obstacle avoidance.

Reference(s) Description Validation and Evaluation

Anderson et al.

[157, 158]

Automation: Model predictive control-based planning &

control in safe corridor

Uncoupling Technique: Threat-based arbitration

Setup: Teleoperation of full-scale vehicle with vi-

sual & haptic feedback

Experimental User Study: Direct control &

shared control with & without feedback in sce-

narios with static obstacles, 20 participants

Li et al.

[159]

Automation: Potential field-based planning & model pre-

dictive control-based following

Operator Model: Fuzzy logic-based intention recogni-

tion

Uncoupling Technique: Threat-based arbitration

Setup: Driving in a virtual environment

Simulations: Scenarios with static & dynamic

obstacles

Li et al.

[160]

Automation: Separate planning & model predictive

control-based following

Operator Model: Nash game-based

Uncoupling Technique: Threat-based arbitration

Setup: Driving simulator

Experimental User Study: Performance indices

in overtaking scenarios, 6 participants

Bhardwaj et al.

[161, 162]

Automation: Model predictive control-based planning &

control

Uncoupling Technique: Trading of control to automa-

tion in the presence of obstacles

Setup: Driving simulator with haptic feedback

Experimental User Study: Direct, coupled &

traded control, 64 participants

Yue et al.

[163]

Automation: Potential field-based planning & model

predictive control-based following

Uncoupling Technique: Threat-based arbitration

Setup: Driving in a virtual environment

Simulations: Scenarios with & without need for

automation intervention

Liu et al.

[164]

Automation: Separate planning & model predictive

control-based following

Operator Model: Stackelberg game-based

Uncoupling Technique: Constant arbitration

Setup: Driving simulator

Experimental User Study: Operator models with

& without consideration of neuromuscular delay, 3

participants

Erlien, Bala-

chandran et al.

[165, 166]

Automation: Model predictive control-based planning &

control in two safe driving envelopes

Operator Model & Uncoupling Technique: Cost func-

tion term formulating minimal intervention objective

Setup: Control of full-scale, steer-by-wire vehicle

with haptic feedback

Experimental User Study: Shared control with &

without feedback, 11 participants

Gray et al.

[167]

Automation: Model predictive control-based planning &

control in safe corridor

Operator Model: Preview-based & stochastic

Uncoupling Technique: Cost function term

Setup: Driving in a virtual environment

Simulations: Scenario with static obstacle

Guo et al.

[168]

Automation: Potential field & model predictive control-

based obstacle avoidance

Operator Model: Data-driven, Koopman operator-based

Uncoupling Technique: Cost function term

Setup: Driving simulator

Experimental User Study: Direct control, model-

free & model-based shared control in overtaking

scenarios, 6 participants

Chen et al.

[169]

Automation: Model predictive control-based planning &

control in safe corridor

Operator Model & Uncoupling Technique: Cost func-

tion term formulating minimal intervention objective

Setup: Driving in a virtual environment

Simulations: Avoidance of dynamic obstacles in

two overtaking scenarios

Seppänen et al.

[170]

Automation: Potential field-based obstacle avoidance

Uncoupling Technique: Delay- & control-dependent

trading of control to automation

Setup: Control of small-scale ground robot

Experiments: Direct control, automated control

& traded control

Yan et al.

[171]

Automation: Grid map-based obstacle avoidance

Operator Model: Long short-term memory-based pre-

diction of operator’s steering actions

Uncoupling Technique: Threat-based arbitration

Setup: Driving in a virtual environment

Experiments: Direct control & shared control

Huang et al.

[172]

Automation: Separate planning of safe control actions

Operator Model: Gaussian mixture model-based pre-

diction of operator’s driving risk

Uncoupling Technique: Threat-based arbitration

Setup: Control of small-scale ground robot

Experiments: Two scenarios with static obstacles
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Shared Velocity Control

In the case of shared velocity control, control of the longitudinal motion of the vehicle is shared between the

operator and the automation. Summarizing two works, an overview of uncoupled shared velocity control

approaches is given in Table 2.2. Adaptive cruise control approaches, e.g., [173–177] are also a case of

shared velocity control. However, since the operator can regain control authority immediately when operating

the pedals, these works do not qualify as uncoupled shared control and are therefore excluded from this

review.

Schweidel et al. [178] propose a contingency model predictive control formulation. With the primary objective

of tracking the operator’s acceleration commands, modeled using the intelligent driver model [152], the

formulation is capable to deviate from these in order to adhere to safety. The design is validated in simulations

of two scenarios. These include following a braking vehicle and yielding to cross-traffic at an intersection.

The approach by Schitz et al. [179] follows a similar idea. A model predictive control is presented that tracks

the desired velocity from the operator. In order to satisfy constrained longitudinal distances to other vehicles,

the approach is capable to deviate from the operator’s control actions. Validation is carried out with a full-scale

vehicle in urban scenarios during vehicle following as well as yielding to cross-traffic.

Table 2.2: Literature on uncoupled shared velocity control for obstacle avoidance.

Reference(s) Description Validation and Evaluation

Schweidel et al.

[178]

Automation: Contingency model predictive control-

based planning of safe velocity profiles

Operator Model: Intelligent driver model

Uncoupling Technique: Cost function term formulating

minimal intervention objective

Setup: Driving in a virtual environment

Simulations: Vehicle following and cross-traffic

scenarios

Schitz et al.

[179]

Automation: Model predictive control-based planning

of safe velocity profiles

Operator Model & Uncoupling Technique: Cost func-

tion term formulating minimal intervention objective

Setup: Control of full-scale vehicle

Experiments: Vehicle following and cross-traffic

scenarios

Shared Steering and Velocity Control

To conclude the review on uncoupled shared control for obstacle avoidance, a number of shared steering

and velocity control approaches are presented. In these, the automation uncouples the operator’s steering

and velocity control commands from the vehicle actuators. The overview of the reviewed literature is given in

Table 2.3.

Model predictive control is a popular choice for designing the approach and incorporating cost function terms

that formulate a minimal intervention objective [180–183]. Tran et al. [184] use another planning variant to

minimize the collision probability. In this work, further separate modules monitor the operator and recognize

intentions through Hidden Markov Models. The control commands are arbitrated between the operator and

the automation based on drowsiness and threat. Cho et al. [185] uncouple the operator’s control commands

through a long short-term memory. With the primary objective to denoise control commands from unskilled

operators, the network is trained with data from an expert operator.

Carrying out simulations and experiments, the reviewed approaches have been validated and evaluated in

virtual environments [181–183] and driving simulators [180, 184, 185]. Experiments with operators in the

loop have been reported without [184, 185] and with visual feedback [180–182]. Finally, user studies have

compared direct control and shared control [180, 185].
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Table 2.3: Literature on uncoupled shared steering and velocity control for obstacle avoidance.

Reference(s) Description Validation and Evaluation

Storms et al.

[180]

Automation: Model predictive control-based planning

& control, following operator’s commands

Operator Model & Uncoupling Technique: Cost func-

tion term formulating minimal intervention objective

Setup: Teleoperation of small-scale ground

robot in driving simulator with visual feedback

Experimental User Study: Direct control &

shared control, 20 participants

Schwarting et al.

[181, 182]

Automation: Model predictive control-based planning

& control, following operator’s commands & road cen-

terline

Operator Model & Uncoupling Technique: Cost func-

tion term formulating minimal intervention objective

Setup: Driving in a virtual environment with vi-

sual feedback

Experiments: Left-turn and overtaking scenar-

ios with dynamic obstacles

Weiskircher et al.

[183]

Automation: Model predictive control-based planning

& control, following operator’s commands & road cen-

terline

Operator Model & Uncoupling Technique: Cost func-

tion term formulating minimal intervention objective

Setup: Driving in a virtual environment

Simulations: Vehicle following and overtaking

scenarios

Tran et al.

[184]

Automation: Optimization-based planning, minimizing

collision probability

Operator Model: Operator monitoring & Hidden

Markov Model-based intention recognition

Uncoupling Technique: Threat- & drowsiness-based

arbitration

Setup: Driving simulator

Experiments: Lane departure & obstacle avoid-

ance scenario with drowsy operator

Cho et al.

[185]

Automation: Long short-term memory, trained on ex-

pert data

Operator Model & Uncoupling Technique: Denois-

ing of unskilled operator’s control actions

Setup: Driving simulator

Experimental User Study: Direct control &

shared control, twelve participants
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2.3 Research Questions

In this chapter, different vehicle teleoperation concepts have been introduced. Besides remote assistance

concepts that make advanced assumptions about the functionality of the automated driving system, trajectory

guidance and shared control were presented alongside direct control as concepts for remote driving. While

trajectory guidance yields the advantage of relieving the remote operator from the trajectory following task,

i.e., stabilization of the vehicle, the remote operator retains the responsibility of keeping the vehicle safe. The

same applies to direct control. In particular, uncoupled shared control designs have the potential to evaluate

and possibly correct unsafe control actions from the remote operator. In addition to the benefits for safety, the

question arises of how this affects the workload and performance of remote operators in the remote driving

task. In consequence, the first research question of the present work is formulated as follows.

In comparison to direct control, how does uncoupled shared control affect

the workload and the performance of remote operators as well as the safety in remote driving?

Given the existence of three uncoupled shared control design variants, with shared steering control being

the most commonly studied, and with few studies for shared steering and velocity control and even fewer

for shared velocity control, a need for evaluation of uncoupled shared control design variants for remote

driving arises. While some user studies have evaluated shared steering control and shared steering and

velocity control against direct control for vehicle teleoperation, no evaluation exists for shared velocity

control. Furthermore, no comparison between different uncoupled shared control design variants for obstacle

avoidance exists. Therefore, to address these gaps in the literature, the second research question of the

present work is formulated as follows.

Among the possibilities to share control of the steering or the velocity,

what is the most suited uncoupled shared control design variant for remote driving?

With these two research questions being derived, the chapter on the state of the art of vehicle teleoperation

concepts and shared control is concluded. In the next chapter, the methodology is presented in order to

tackle and answer the research questions.
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In the previous chapter, shared control has been introduced as a way to combine the strengths of a remote

operator and an automation for the vehicle control task. Also, it has been proposed as a remote driving

concept to overcome the safety concerns of direct control. In this chapter, the methodology of the present

work to leverage the potentials of shared control in the application of vehicle teleoperation and answer the

derived research questions is presented.

Since the inherent challenges of direct control yield the risk that the control actions from the remote operator

are not safe at all times, the objective is to improve remote driving from a safety perspective. For this purpose,

an automation component is introduced in the system that assists the remote operator in the task of collision

avoidance. In particular, uncoupled shared control is capable of ensuring safety as it can always uncouple and

correct the remote operator’s control actions. As shown in Figure 2.15, there are three different uncoupled

shared control design variants. Depending on the design, either the steering, the velocity, or both control

commands from the remote operator can be overridden. In the following, the three variants are considered

for the collision avoidance task from a theoretical point of view.

In the case of shared steering control, the remote operator is in full control of the longitudinal vehicle

motion. Control of the lateral motion through the steering angle is shared between the remote operator

and the automation. With this capability, the automation can avoid close collisions with obstacles through

little steering angle corrections. Frontal collisions are also preventable. However, these evasions require

greater intervention from the automation. Finally, representing a clear limitation of shared steering control are

scenarios, such as dead ends, in which collisions can only be avoided through braking. For this reason, this

first uncoupled shared control design variant is not considered in the present work.

The second uncoupled shared control design variant is shared velocity control. While the remote operator

holds the full control authority to steer the vehicle, control of the velocity is shared between the remote

operator and the automation. In contrast to shared steering control, it is evident that the limitation in dead-end

scenarios is not present as the automation can always stop the vehicle in front of the obstacle. However, one

concern with the sole capability of braking is a scenario in which the remote operator performs unforeseen

lateral maneuvers. In particular, these are critical when an obstacle is next to the vehicle and the distance to

completely stop the vehicle is insufficient. This implies that the velocity in proximity to obstacles needs to be

limited such that there is always enough distance to safely stop the vehicle. This will be accounted for and

incorporated in the shared velocity control design that is proposed and analyzed in the present work.

The last and third uncoupled shared control design variant is shared steering and velocity control. Capable of

controlling both, obstacles can be avoided through steering angle corrections as well as through braking to a

standstill. By its design, aforementioned limitations do not apply. Thus, it is included as the second uncoupled

shared control design variant that is analyzed in the present work.

The remainder of this chapter is structured as follows. First, the background to develop the considered

uncoupled shared control design variants is introduced. This includes concepts for motion planning and

control from automated driving functions as well as the modalities for the remote operator interface, used to

communicate the intentions of the automation. After this, the technical implementations of the two considered
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uncoupled shared control design variants are presented. The chapter is concluded with a description of how

the uncoupled shared control designs are integrated into a teleoperation system. In the following chapters,

the two approaches are then validated in simulation and compared against direct control in an experimental

user study.

3.1 Background

In this section, the background for the two uncoupled shared control designs is presented. First, an introduction

to concepts for motion planning and control in an automated driving function is given. After this, the modalities

adopted for the feedback to communicate the intentions from the automation to the remote operator are

described.

3.1.1 Motion Planning and Control

The uncoupled shared control designs in the present work have the primary objective of improving the safety

of the teleoperated vehicle, i.e., avoiding collisions with obstacles. For this purpose, the algorithms perform

motion planning in order to evaluate if the future vehicle motion is collision-free. To achieve this, several

concepts from automated driving functions are adopted.

In general, as was introduced in Section 1.1, the motion of a vehicle is planned as a trajectory, which is a

function of vehicle states over time [23, p. 171]. In the following, it is described how the vehicle motion is

characterized through a set of model equations and how these are used to perform model-based trajectory

planning. Exploiting this, the principle of model predictive control is introduced. Finally, the basics of how to

model obstacles for the purpose of performing collision checking for trajectories are described.

Vehicle Modeling

Many motion planning algorithms in automated driving functions make use of a vehicle model. This is a set of

differential equations that describes the motion as a function of system states and control inputs. For vehicles

with four wheels, the simplification to a bicycle, for which two wheels are centered at the front and rear axles,

is common practice [186, p. 20].

Vehicles can be modeled with respect to their kinematics or dynamics. Assuming that the vehicle tires

do not slip, a kinematic model only has geometrical considerations. This is accurate for low velocities up

to 5 m/s [187]. For higher velocities, a dynamic vehicle model that takes slip into account becomes necessary.

This describes the motion of the vehicle through the forces that act on the tires [186, p. 88]. However, this

requires an accurate model for the tires themselves. Options include a linear tire model, the Brush tire

model [186, p. 361] or the Pacejka tire model [188], which require the identification of several parameters,

e.g., the cornering stiffness.

Overall, the choice and fidelity of the vehicle model depend on the use case. As only low velocities are

considered for vehicle teleoperation in the present work, it is deemed appropriate to make use of the kinematic

vehicle model. Its system parameters, which are described in the following, can easily be measured and

identified.

The kinematic bicycle model with a steerable front wheel is shown in Figure 3.1. Therein, the center of mass

is located at its position in x and y . The distance from the center of mass to the front and rear axles are

given by lf and lr. The heading of the vehicle and the steering angle at the front wheel are denoted by θ

and δ. Lastly, the side-slip angle and the velocity of the center of mass are given by β and v.
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Figure 3.1: Notation of the kinematic bicycle model with a steerable front wheel. With the distances lf and lr, the

center of mass lies at the position x and y between the front and rear wheel. The velocity, heading angle,

steering angle, and side-slip angle are denoted by v, θ , δ, and β , respectively.

Through geometric considerations, the differential equations of the kinematic bicycle model can be derived.

Given a constant steering angle, the center of mass is traveling on a circular trajectory with a constant radius.

Thereby, the position of the center of mass in x and y is changing by

ẋ = v cos(θ + β) (3.1)

and

ẏ = v sin(θ + β). (3.2)

The rate of change of the heading angle θ is computed by

θ̇ =
v

lr
sin(β). (3.3)

With dependence on the steering angle δ, the side-slip angle β is given by

β = arctan

�

lr

lf + lr
tan(δ)

�

. (3.4)

For the kinematic bicycle model, the system states are summarized in the state vector z, given by

z = [x , y ,θ ,δ , v]T . (3.5)

The control inputs u are summarized by

u = [δ̇, a]T , (3.6)

where a denotes the longitudinal acceleration, i.e., the derivative of v. As mentioned before, the center of

mass is traveling on a circular trajectory for a constant steering angle. Its curvature is denoted by κ and

computed by

κ=
sin(β)

lr
. (3.7)

In a steady state, this can be used to calculate the lateral acceleration of the vehicle alat, which is given by

alat = κ v2. (3.8)
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In addition to the kinematic bicycle model, the one-dimensional point mass model with the jerk as input is

used in the present work. For brevity, given its simple equations, its description is left out here and will be

given later.

Model-based Trajectory Planning

A trajectory is a function of the system states z over time t , starting at some initial state z0 [23, p. 171]. In

order to perform model-based trajectory planning, the system states are integrated over time.

Strictly speaking, a trajectory is time-continuous. However, in algorithms and their implementation, the

functions are discretized in time as a finite set of trajectory points. The transition between trajectory points

is calculated through implicit or explicit numerical integration schemes. Different explicit variants include

the Runge-Kutta methods of orders 1 or 4 [189]. In the present work, the order 1 method, which is also

referred to as Euler’s method, is used for numerical integration. Given the differential system of model

equations ż = f mdl(z, u), its formula is given by

z i+1 = z i + ts ż i = z i + ts f mdl(z i , u i), (3.9)

with the discretization step i and the sampling, i.e., discretization time of the trajectory ts.

With Euler’s method, a trajectory can be planned through forward integration. For this, Equation (3.9) is

recursively evaluated by incrementing i over an arbitrary number of discretization steps n. Hence, applying a

sequence of control inputs un−1, given by

un−1 = {u0, u1, ... un−1}, (3.10)

yields a sequence of states zn, given by

zn = {z0, z1, ... zn}. (3.11)

Finally, this represents a discretized trajectory, obtained through model-based planning over the time

horizon th = n ts.

Model Predictive Control

Model predictive control is a well-known, model-based planning and control strategy that has been used for

various purposes, including shared control formulations. Given its flexibility, coping with control objectives

and constraints at the same time, it is also used for the uncoupled shared control approaches in the present

work. In this section, concepts of model predictive control are described. However, these are kept brief as

there exist many sources on model predictive control theory already, e.g., the textbooks from Camacho and

Bordons [190] or Rawlings et al. [191].

In model predictive control, from the current state of the system, future states are predicted over a certain time

horizon, yielding a trajectory prediction. With the sequence of states and control inputs as decision variables,

an optimization problem is solved at each sampling instant. In this optimization problem, control objectives

subject to a system model and other constraints are formulated. The capability to combine objectives and

constraints into one control law represents one of the core strengths of model predictive control. Finally,

solving the optimization problem yields optimal state and input sequences. Usually, the first input of this

sequence is applied to the actual system. At the next sampling instant, the described procedure is repeated.

32



3 Methodology

Omitting the time index for the current sampling instant, the optimization problem of a model predictive

controller is formulated analytically as

min
zn,un−1

J(zn, un−1) (3.12a)

subject to

z i+1 = z i + ts f mdl(z i , u i), (3.12b)

z0 − zcurr = 0, (3.12c)

f eq(z
n, un−1) = 0, (3.12d)

f ineq(z
n, un−1)≤ 0, (3.12e)

for i = 0, 1, ... n− 1.

The cost function J in Equation (3.12a) formulates the control objectives, e.g., the minimization of the

control effort or deviation from a certain reference. Based on the state sequence, the discretized trajectory

of the system is predicted with the vector of system model equations in Equation (3.12b). In addition,

formulated in Equation (3.12c), the trajectory is constrained to begin at the measurement of the current

state zcurr. Finally, further equality and inequality constraints, e.g., for obstacle avoidance or to limit the

control inputs are imposed with the function vectors f eq(z
n, un−1) and f ineq(z

n, un−1) in Equation (3.12d)

and Equation (3.12e), respectively.

Modeling of Objects and Collision Checking

Motion planning algorithms require a model of the vehicle and surrounding obstacles. In the automated

driving system, it is the task of the perception module to localize and estimate the state of the vehicle.

Furthermore, obstacles need to be detected, tracked, and predicted. An object list represents an input to the

presented uncoupled shared control approaches and is assumed to be available. In the following, options are

described how the vehicle and obstacles, collectively referred to as objects, can be modeled.

An object can often be approximated as a rectangle. This is described through its location at xobj and yobj,

orientation θobj, width wobj, and length lobj. These parameters are summarized in the vector orect, given by

orect = [xobj, yobj, θobj, wobj, lobj]
T . (3.13)

Besides this, an ellipse represents a popular choice that yields an analytic expression to approximate an

obstacle [182, 192, 193]. The implicit function of an ellipse, located at the origin, is given by

�

x

lmaj

�2

+

�

y

lmin

�2

− 1= 0, (3.14)

with the semi-major axis lmaj and semi-minor axis lmin, as shown in Figure 3.2. An ellipse can also be

translated to the location of the object. The implicit function of a translated ellipse is given by

�

x − xobj

lobj

�2

+

�

y − yobj

lmin

�2

− 1= 0. (3.15)

33



3 Methodology

Furthermore, an ellipse can be rotated about the angle of orientation of the object θobj. The implicit function

of a rotated ellipse is given by

�

x cos(θobj)− y sin(θobj)

lmaj

�2

+

�

x sin(θobj) + y cos(θobj)

lmin

�2

− 1= 0. (3.16)
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Figure 3.2: Approximation of rectangular objects based on four shifted disks and an ellipse. The object on the left is

approximated through four shifted disks with the radius rdisk. On the right, the object is approximated by

an ellipse with the lengths of the major axis lmaj and the minor axis lmin.

Substituting x and y in Equation (3.16) by x−xobj and y− yobj yields the combination of both transformations,

i.e., the implicit function of a rotated and translated ellipse fell(x , y). This representation is shown on the

right in Figure 3.2. The parameters of an ellipse are summarized in the vector oell, given by

oell = [xobj, yobj, θobj, lmaj, lmin]
T . (3.17)

As described by Schwarting et al. [182], four disks have also proven their usability to accurately approximate

a rectangular vehicle. As shown in Figure 3.2, the disks are shifted along the center axle of the vehicle such

that the front and rear bumpers as well as the sides of the vehicle are enclosed by the union of the disks. With

the disk index m ∈ {1,2,3,4}, the four disks are given by their radius rdisk and their location at xdisk,m(z)

and ydisk,m(z), in dependence of the vehicle state z.

The presented approximations are used to perform collision checking. From the rectangular representa-

tion orect, the four corner points of the object can easily be calculated. Based on this, the separating axis

theorem forms the option for the most precise collision checking in sampling-based motion planning algo-

rithms [194, p. 46]. In a model predictive control formulation, an analytical function that can be evaluated in

the optimization problem is required. In the present work, the vehicle is approximated with the described

methodology of four shifted disks, as shown in Figure 3.2. The obstacle is approximated through an ellipse. In

order to check for collisions, it is evaluated if one or more disks of the vehicle are intersecting with the ellipse

of an obstacle. For this, the locations of the disks at xdisk,m(z) and ydisk,m(z) are inserted into fell(x , y).

Furthermore, lmaj and lmin are substituted by lmaj+ rdisk and lmin+ rdisk, respectively. This yields the implicit

function fdisk,m(z) for each disk. When evaluating this for all four disks, it can be checked if the given vehicle

state z collides with the ellipse of the obstacle. On the one hand, given that all four evaluations yield a result

greater or equal to zero, the state is deemed collision-free. On the other hand, if at least one result is smaller

than zero, the state is colliding.
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3.1.2 Feedback Modalities

With an operator in the loop, it is of great importance to communicate the intentions of the automation. In

particular, in situations in which an uncoupled shared control approach intervenes in the operator’s control

commands, distinct communication is required. For this purpose, haptic, visual, and auditory cues, the

so-called haptic multi-modal interfaces, can be exploited [154]. In the present work, the more prominent

haptic and visual feedback modalities are considered. Their applications are introduced in the following.

Haptic Feedback

Haptic feedback, i.e., torque on the steering wheel or force on the pedals, is a valuable modality and most

prominent in shared control frameworks. In particular, in coupled shared control, it is inevitable as the operator

and the automation are acting on mechanically coupled control interfaces. Through the provision of feedback,

the operator can better interpret and respond to the actions of the automation.

In the context of uncoupled shared control, the direction and strength of the haptic feedback can be dependent

on the actual or the predicted intervention of the system. For example, when the system detects a potential

safety risk, it may apply a small amount of torque to the steering wheel to alert the operator. If the situation

becomes more critical, the torque may be increased to indicate the severity of the situation and to prompt

the operator to take immediate action. This can help the operator to understand the level of intervention of

the automation and the urgency of the situation. In the literature review in Subsection 2.2.2, several works

considered the provision of haptic feedback for the operator [157, 158, 161, 162, 165, 166]. Having shown its

usefulness in existing works, the communication of steering interventions through haptic feedback is also

included in the shared steering and velocity control design in the present work.

Visual Feedback

The second feedback modality, which is considered in the present work, is visual feedback. Similar to the

idea of head-up displays [195, 196], visual elements can be overlaid with the videos in a teleoperation system

and provide additional information to the remote operator. This is beneficial to improve the transparency,

i.e., the predictability and observability, of the system behavior in an uncoupled shared control framework.

For instance, the visualized information can be the trajectory that is currently planned by the uncoupled

shared control approach. This provides the remote operator with intuition and insights into the objectives and

potential causes for the intervention of the automation.

In Figure 3.3, three examples from literature for such visual overlays are shown. Taken from Anderson [158],

the visual feedback on the left illustrates the drivable space. In the middle, taken from Storms et al. [180], a

trajectory plan is visualized. Lastly, taken from Sharma et al. [197], the visual feedback on the right shows a

risk profile in variable color intensities from yellow to red. In the present work, visual feedback is incorporated

in both uncoupled shared control designs.

Figure 3.3: Examples of visual feedback in shared control designs. Taken from Anderson [158], drivable space is

shown on the left. Taken from Storms et al. [180], a trajectory plan is visualized in the middle. Taken from

Sharma et al. [197], the visual feedback on the right shows a risk profile in variable color.
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3.2 Shared Velocity Control (SVC)

The first uncoupled shared control design that is presented is an approach for Shared Velocity Control (SVC).

It was first described and published by Schimpe et al. [97]. As illustrated in Figure 2.15, the capability of SVC

is uncoupling the remote operator’s velocity commands from the vehicle. At first thought, the ability of this

design to keep the vehicle safe using only braking maneuvers is limited as the future steering actions from

the remote operator are unknown. To mitigate this, the approach is made aware of the remote operator’s

current and potential future steering actions. Hence, the given name of the approach in [97] was steering

action-aware adaptive cruise control. However, in order to improve the clarity of the capabilities of the

approach in the present work, the given name is SVC. Ultimately, the purpose of the proposed SVC design is

to keep the vehicle in a state in which it can always be stopped safely. Through the steering action-awareness,

this safe stop is possible no matter which steering actions are taken by the remote operator.

It is noted that this concept is different from regular adaptive cruise control systems, e.g., [173–177], which

make the assumption that the operation of the vehicle is based on maneuvers in an environment that is

structured through lane markings. For the case of vehicle teleoperation, high speeds are not a priority, but

safety in the presence of steering actions from the remote operator that would otherwise lead to a collision.

The proposed SVC approach consists of two stages, as shown in Figure 3.4. There are three inputs to the

approach. These are the control commands from the remote operator, the list of detected obstacles in the

surroundings of the vehicle, and the current vehicle state. Based on these, trajectory sampling and velocity

optimization are performed, yielding the safe velocity control command for the vehicle.

Operator

Command
Velocity

Command

Vehicle

State

Trajectory

Sampling

Obstacles

Safe 

Progress

Velocity

Optimization
Velocity

Progress

Critical

Curvatures

Figure 3.4: Stages of the shared velocity control approach, taken from Schimpe et al. [97]. In the first stage, trajectory

sampling is performed based on the control command from the (remote) operator, a list of detected

obstacles, and the current vehicle state. This yields a value for the global safe progress and a critical

curvature profile. Based on these, a safe velocity profile is optimized for, yielding the velocity command for

the vehicle.

The procedure of the approach is given in Algorithm 1. In line 2, the TrajectorySampler samples

various future steering actions, planning trajectories that start at the current vehicle state zcurr. In line 3,

these trajectories are checked for collisions with the list of k detected obstacles ok. With this, a value of

the collision-free, i.e., the safe, progress in meters along each trajectory is computed. Taking the minimal

safe progress from all trajectories in line 4 yields the global safe progress ssafe. In addition, in line 5,

a profile of critical curvatures κn
crit

, which reaches the maximum steering angle the earliest, is taken

from the TrajectorySampler. Based on this and the desired velocity from the remote operator vo,

the VelocityOptimizer computes a safe velocity profile by solving an optimization problem in line 6.

Together with the steering angle command from the remote operator δo, the first future entry of this velocity

profile is set as the control command from the SVC approach uv in line 7. Finally, this is returned to be

executed by the vehicle in line 8. In the remainder of this section, the steps of the algorithm will be described

in more technical detail. Lines 2 to 5 of the algorithm are summarized as the trajectory sampling stage. Line 6

is the velocity optimization. Finally, a description is provided on how visual feedback is incorporated in the

SVC design.
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Algorithm 1 Computation of the shared velocity control command, adapted from Schimpe et al. [97].

1: procedure ComputeSharedVelocityControlCommand(uo, ok, zcurr)

2: TrajectorySampler.PlanTrajectoriesFrom(zcurr)

3: TrajectorySampler.CheckForCollisionsWith(ok)

4: ssafe← TrajectorySampler.GetGlobalSafeProgress()

5: κn
crit
← TrajectorySampler.GetCriticalCurvatures()

6: vn
safe
← VelocityOptimizer.solve(zcurr, vo, ssafe, κn

crit
)

7: uv ← [δo, vsafe,1]
T

8: return uv

9: end procedure

3.2.1 Trajectory Sampling

At each sampling instant of the SVC approach, a trajectory tree is planned in order to obtain the current

global safe progress ssafe and the critical curvature profile κn
crit

. The trajectory tree is a set of trajectories. In

the following, it is explained how this is planned. Then, it is introduced how collision checks are performed in

order to assess the global safe progress. Finally, the procedure to compute the critical curvature profile is

described.

Trajectory Tree Planning

The planning of the trajectories is carried out with the model-based method, described in Subsection 3.1.1.

Given that only low velocities are considered, the kinematic bicycle model is used. Its state and the control

input are denoted by z and u, respectively. Using Euler’s method, the vehicle state is integrated forward in

time with Equation (3.9).

The trajectories of the tree are planned in order to evaluate various potential future steering actions from

the remote operator. For this, the steering inputs are varied by applying P different constant steering angle

rates over the planning time horizon th, discretized in n steps by the sampling time ts. The applied steering

angle rates are in the range [−δ̇max, δ̇max]. Thereby, δ̇max denotes the maximum steering angle rate that is

assumed to be applied by the remote operator. In order to enable safe stopping of the vehicle, all trajectories

of the tree are planned to brake the vehicle into a standstill. Over the time th, the standstill is reached by

applying the constant deceleration astop, computed by

astop = −
vcurr

th

, (3.18)

with the velocity of the currently measured vehicle state vcurr. In summary, the P trajectories of the tree are

planned by applying the P constant control inputs up = [δ̇p, astop]
T , for p = 1, 2, ... P. Thereby, the pth

steering angle rate δ̇p is computed by

δ̇p = −δ̇max + 2 δ̇max

p− 1

P − 1
. (3.19)

As an example of the parameters from a passenger vehicle, which are also used in the simulative validation in

the following chapter, a snapshot of a planned trajectory tree in the x y plane is shown in Figure 3.5. Starting

at the origin with vcurr = 4.34 m s−1 and δcurr = −0.11 rad, the corresponding velocities and steering angles

along each trajectory are plotted in Figure 3.6.

At this point, the question arises whether the steering action-awareness is sufficient when planning the

trajectories with constant steering rates, only. Constant steering rates do not evaluate all possible steering

maneuvers. Instead, it would be expected that the TrajectorySampler varies the steering rate along
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the trajectories, effectively increasing the density of the planned trajectory tree. However, it has been found

that the results from the described trajectory sampling stage, i.e., the global safe progress and the critical

curvature profile, would not be affected by the increased density of the tree. In consequence, it is deemed

sufficient to plan with constant steering rates, only.
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Figure 3.5: Trajectory tree planned by the shared velocity control approach, taken and adapted from Schimpe et

al. [97]. Starting in the origin, the trajectories are plotted in the x y plane. The safe and unsafe states

are depicted in green and red, respectively. One obstacle is shown in black. In addition, as implemented

in [97], the vehicle and its elliptical approximation are drawn in black for the marked state of the thicker

trajectory that is about to collide with the obstacle.
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Figure 3.6: Velocities and steering angles planned over the progress by the shared velocity control approach, taken

and adapted from Schimpe et al. [97]. In the top plot, the velocity profiles from the trajectories in the

tree are shown in green for safe states and in red for unsafe states beyond the marked global safe

progress. In addition, the result from the velocity optimization procedure is drawn in blue, planning into the

standstill before exceeding the global safe progress. In the bottom plot, the steering angle profiles from

the trajectories in the tree are shown, again in green and red for safe and unsafe states. Finally, the critical

steering angle profile, which reaches either the left or the right maximum steering angle the earliest, is

depicted.
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Collision Checking and Assessment of Global Safe Progress

After the trajectory tree planning, collision checks are performed in order to assess the global safe progress

from the current vehicle state. For this, all states from the planned trajectory tree are checked for collisions

with the list of detected obstacles ok. Through this, the safe progress in meters along each trajectory is

computed.

In Figure 3.5 and 3.6, the safe and unsafe states are plotted, respectively. In addition to the trajectory tree

states in Figure 3.5, one obstacle as well as the vehicle, at the location of the first state for which a collision

with the obstacle is detected, are shown. As visualized, in this implementation, the rectangular vehicle is

approximated as an ellipse. Collision checks are performed by checking if at least one of the four corner points

or an edge point of the obstacle lies within the ellipse. This is done by evaluating fell(x , y), parametrized

by oell for the vehicle, at the locations of each obstacle point.

Finally, after the computation of the safe progress along each trajectory, the values are compared. The

minimum then yields the global safe progress ssafe, which is passed to the velocity optimization stage.

Computation of Critical Curvature Profile

In the form of lateral acceleration constraints, the proposed SVC approach also accounts for comfort in the

velocity optimization stage. For this, a critical curvature profile is computed by the TrajectorySampler.

This profile stems from the steering angle profile that reaches the maximum steering angle the earliest. In

short, it is created by constantly applying the assumed maximum steering angle rate δ̇max until either the

maximum left or right steering angle is reached. Hence, the steering angle profile is created by applying

δ̇i = sign(δcurr) δ̇max, (3.20)

for i = 0, 1, ... n− 1. For the presented snapshot from the previous sections, the resulting critical steering

angle profile is shown in Figure 3.6. From this, the corresponding critical curvature profile κn
crit

, given by

κn
crit = {κcrit,1, κcrit,2, ... κcrit,n}, (3.21)

is computed using Equation (3.7).

3.2.2 Velocity Optimization

In the second stage, after obtaining the results from the trajectory sampling, the velocity profile is computed

through optimization. The objectives are twofold. On the one hand, the vehicle velocity should reach the

velocity desired by the remote operator. On the other hand, the velocity profile should brake the vehicle into

a standstill. Reaching these objectives is subject to the satisfaction of additional constraints for safety and

comfort. Through these, the approach will brake the vehicle into a standstill comfortably even in the case that

the remote operator steers the vehicle on a collision course without stopping.

In a model predictive control fashion, the optimization problem is also discretized in n time steps of length ts.

It is given by

min
sn,vn,an, jn−1

wv (v1 − vo)
2 + wv,n v2

n + Jε (3.22a)
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subject to

s0 = 0m, v0 = vcurr, a0 = acurr, (3.22b)

si+1 = si + ts vi , vi+1 = vi + ts ai , ai+1 = ai + ts ji , (3.22c)

si+1 ≤ ssafe, (3.22d)

−alat,max ≤ κcrit,i+1 v2
i+1 ≤ alat,max, (3.22e)

−εa,i+1 + amin ≤ ai+1 ≤ amax + εa,i+1, (3.22f)

−ε j,i − jmax ≤ ji ≤ jmax + ε j,i , (3.22g)

for i = 0, 1, ... n.

The cost function is given in Equation (3.22a). Therein, the primary objective is to reach the desired velocity

from the remote operator vo. This is incorporated through penalizing the squared deviation of v1 from vo by wv .

Second, to formulate the objective of planning a velocity profile reaching a standstill, the squared terminal

velocity vn is heavily weighted by choosing a greater weight wv,n. In this model predictive control formulation,

the system is modeled as a simple one-dimensional point mass. The system states are the progress s, the

velocity v, and the acceleration a. The input to the system is the jerk j. For this system, the corresponding

initial state conditions and model equations are given in Equation (3.22b) and (3.22c), respectively. In

order to plan a velocity profile that keeps the motion of the vehicle collision-free, the planned progress is

constrained with Equation (3.22d) to not exceed the global safe progress ssafe. To account for comfort, the

velocity optimization also incorporates the constraint of the lateral acceleration in Equation (3.22e). Therein,

using Equation (3.8), the lateral acceleration is computed depending on the critical curvature profile and

the planned velocity. Resulting of the preceding trajectory sampling stage, ssafe and κn
crit

are parameters

that are updated at each sampling instant. Finally, the acceleration and the jerk are constrained through

Equation (3.22f) and (3.22g), respectively. In order to cope with noise in the state measurement and imperfect

control command tracking of the vehicle, and yet achieve feasibility when solving the optimization problem,

these two constraints are made soft. This is achieved through the introduction of the slack variables εa

and ε j . These are heavily penalized linearly and quadratically in the cost function term Jε [198].

For the sampling instant, visualized in the previous section, the result from the velocity profile optimization is

also shown in Figure 3.6. The corresponding acceleration profile is shown in the acceleration diagram in

Figure 3.7.
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Figure 3.7: Snapshot of the acceleration profile planned by the shared velocity control concept, taken and adapted

from Schimpe et al. [97]. In blue, the planned acceleration profile is shown. The initial state is marked by a

circle. The longitudinal and lateral acceleration constraints are depicted in dashed red.
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In the trajectory sampling stage, it was found that not all trajectories of the tree are collision-free. This

results in a reduced global safe progress, requiring stronger braking than the constant deceleration astop

to a standstill over th. The velocity optimization accounts for this by planning the velocity profile to reach

a standstill sooner, i.e., before exceeding a progress of ssafe. Visible in Figure 3.6, the velocity desired

by the remote operator can still be tracked at the first prediction instant. This means that the vehicle will

not yet start to brake. In the acceleration diagram in Figure 3.7, the related acceleration profile is shown

together with the acceleration constraints. At the current sampling instant, neither the planned longitudinal

nor lateral accelerations exceed the imposed constraints. However, from the fifth prediction instant onwards,

the longitudinal accelerations come close to the constraint of amin. Given the current course of the vehicle

heading towards the obstacle, this means that an actual braking maneuver will be initiated soon, unless

future steering actions circumvent the obstacle, keeping a sufficient distance.

3.2.3 Visual Feedback

To improve the remote operator’s understanding of the actions from the SVC approach, visual feedback is

introduced. For this, several data are transmitted from the vehicle, in addition to the video.

The concept of visual feedback is shown in Figure 3.8. At the bottom, the desired and actual gear position

as well as the velocity are shown as letters and numbers. Depicted through the white lines, the motion of

the vehicle is predicted forward based on the current steering angle. Finally, the transparent cone-shaped

polygon illustrates the area from the sampled trajectories. At this sampling instant, a possible collision is

detected with the obstacle on the left. In consequence, the polygon is colored in red for the colliding future

states. As the states on the right are safe and colored in green, the rendering mechanism automatically

draws a smooth transition from red to green. In the actual system, the yellow boxes, depicting obstacles

in this snapshot, are not shown as they are visible in the actual video from the vehicle camera. The visual

feedback should inform the remote operator ahead of time when the SVC approach will uncouple control of

the velocity, i.e., is about to intervene and initiate a braking maneuver, which possibly goes into a standstill.

The helpfulness of this concept is evaluated in the experimental user study that is described in Chapter 5.

Figure 3.8: Visual feedback in the shared velocity control design. Except for the yellow boxes, depicting obstacles

in this snapshot, the following elements are overlaid in perspective with the video. The tachometer at

the bottom informs about the desired and actual gear position and velocity. Depicted through the white

lines, the motion of the vehicle is predicted forward based on the current steering angle. The transparent

cone-shaped polygon illustrates the area of the safe and unsafe states in the trajectory tree.
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3.3 Shared Steering and Velocity Control (SSVC)

The second uncoupled shared control design that is analyzed in this work is an Shared Steering and Velocity

Control (SSVC) design. Preliminary work in the form of a shared steering control design was described and

published by Schimpe and Diermeyer [98]. This was extended to an SSVC design by Saparia, Schimpe, and

Ferranti [199]. These works form the foundation of the design and the implementation in its final form which

is described in the following.

As shown in Figure 2.15, SSVC uncouples the steering as well as the velocity commands from the remote

operator. With this capability, it is up to the controller to decide which overriding action to take in order to

keep the vehicle safe. SVC and SSVC can be compared by a theoretical point of view. First, in an equivalent

situation with the risk of a frontal collision, both designs are expected to bring the vehicle to a standstill in

front of the obstacle. Second, in a situation in which the vehicle is closely cutting the corner of an obstacle,

the SVC would stop the vehicle as well. In contrast to this, the SSVC should prefer a correction in the steering

angle as an overriding action. Third, when closely but safely passing an obstacle, the SVC will still reduce

the velocity of the vehicle. The SSVC, aware of its capability to override the remote operator’s steering

angle, can maintain the velocity. Overall, with the SSVC, it is expected that the vehicle will be slowed down

and stopped less frequently as intended by the remote operator. While this forms a clear advantage of the

SSVC over the SVC, a potentially critical factor is introduced with an uncoupled shared control design being

capable to override the steering actions. To some extent, the vehicle can deviate from the remote operator’s

intentions and travel a different course, which may not be desirable. Effectively, the criticality will depend on

the magnitude of the intervention.

Throughout this section, a technical description of the SSVC design is provided. First, the underlying

formulation of the approach, based on model predictive control, is given. Second, snapshots of trajectory

plans during obstacle avoidance maneuvers are shown as examples. Finally, the feedback concept is

described.

3.3.1 Model Predictive Control Formulation

In this section, the model predictive control formulation of the SSVC approach is described. It is given by

min
zn,un−1

n−1
∑

i=0

wδ̇ δ̇
2
i +

n−1
∑

i=0

wa a2
i +

n
∑

i=1

wδ (δi −δo)
2 +

n−1
∑

i=1

wv (vi − vo)
2 + wv,n v2

n + Jε (3.23a)

subject to

z i+1 = z i + ts f mdl(z i , u i), (3.23b)

z0 − zcurr = 0, (3.23c)

−δmax ≤ δi ≤ δmax, (3.23d)

−δ̇max ≤ δ̇i ≤ δ̇max, (3.23e)

amin ≤ ai ≤ amax, (3.23f)

z i+1 ∈Z free, (3.23g)

for i = 0, 1, ... n− 1.

This formulation can be separated into the cost function, model equations, constraints on the control actions,

and collision avoidance constraints. In the following, each part is described in more detail.
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Cost Function

Multiple objectives are incorporated in the cost function in Equation (3.23a). In order to regularize the

optimization problem and avoid unnecessary control actions, the first two terms of the cost function penalize

the usage of the control inputs δ̇ by wδ̇ and a by wa. Weighted by wδ, the third term penalizes the deviation

of the planned steering angle δ from steering angle δo, currently desired by the remote operator. Similarly,

weighted by wv , the objective of the fourth term is to minimize the squared deviation of the planned velocity v

from the desired velocity vo. However, this is only done for the discretization steps up to n− 1. In order to

improve the robustness of the controller and prefer braking over excessively large steering interventions,

the velocity profile planned by the SSVC approach should also reach a standstill. For this, the fifth cost

function term penalizes the deviation of the terminal velocity vn from zero velocity through the rather heavy

weight wv,n. The last, sixth term of the cost function penalizes the usage of slack variables ε in the soft

collision avoidance constraints, introduced later.

Model Equations

The kinematic bicycle model is also used as a prediction model in the model predictive control formulation of

the SSVC. This and the theory for model-based trajectory planning were introduced in the background for

vehicle motion planning and control in Subsection 3.1.1. Hence, the model equations in Equation (3.23b) are

Equation (3.9) with the equations from the kinematic bicycle model f mdl(z, u). As in every model predictive

control formulation, the equality constraint for the initial state is to start at the currently measured state zcurr,

incorporated in Equation (3.23c).

Constraints on Control Actions

Given the actuation limitations of the vehicle, the model predictive control formulation incorporates constraints

on the applicable control actions. In Equation (3.23d), the maximum steering angle in both directions is

constrained to be less than δmax. Similarly, the steering angle rate is bound symmetrically to less than δ̇max.

Finally, with different upper and lower limits, the acceleration of the vehicle is bound to values between amin

and amax in Equation (3.23f).

Constraints Incorporating Collision Avoidance

Finally, there are constraints that incorporate collision avoidance. Summarized in Equation (3.23g), these

ensure that each of the planned vehicle states z is in the set of collision-free vehicle states Z free, i.e., the

drivable space.

Applying the methodology, introduced in the background in Subsection 3.1.1, the vehicle is approximated by

four shifted disks. A rectangular obstacle is approximated through an ellipse. Based on this, the constraints

to avoid collisions with one obstacle are formulated by

−εc,i ≤ fdisk,m(z i) , for m= 1, 2, 3, 4. (3.24)

To avoid collisions with multiple obstacles, these constraints need to be duplicated with variable ellipse

parametrizations. Also, to cope with noisy dimensions in the obstacle detections from the perception module,

the collision avoidance constraints are made soft. Similar to the model predictive control formulation of the

SVC approach, this is achieved through the introduction of slack variables εc, whose usage is penalized in

the cost function term Jε.
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3.3.2 Snapshots of Trajectory Plans during Obstacle Avoidance Maneuvers

In this section, snapshots during obstacle avoidance maneuvers of the SSVC approach are shown as

examples. The focus here lies on briefly illustrating the planned trajectories of the model predictive control

formulation and not on the quantification of the intervention. The latter is validated in the simulations, which

are presented in the following chapter.

In Figure 3.9, the trajectory plans during two obstacle avoidance maneuvers are shown. On the left, the

trajectory plans during an evasion are illustrated. First, as the traveled trajectory shows, the vehicle is on the

course of a close collision with the obstacle. As this is realized by the SSVC approach, evasion to the left

is planned and executed. On the right, an obstacle avoidance maneuver through stopping is shown. The

vehicle is on a collision course with a centered, wider obstacle. In this case, instead of avoiding it by greater

a steering maneuver, the SSVC approach plans to slow down and stops the vehicle.
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Figure 3.9: Trajectory plans of the shared steering and velocity control approach during two obstacle avoidance

maneuvers. With the direction of travel depicted by triangles, the traveled trajectories are shown in blue.

Obstacles are illustrated in black. The trajectory plans are drawn in green every 500 milliseconds. On the

left, avoidance of an obstacle through evasion to the left is shown. On the right, an obstacle is avoided by

stopping.

3.3.3 Visual and Haptic Feedback

For the visual feedback, data from the SSVC approach are also transmitted to the remote operator and

overlaid with the visualized video. In Figure 3.10, the concept is shown. Several elements are similar to the

SVC design, described in Subsection 3.2.3. These include the desired and actual gear position as well as

the velocity. Also, there are the white lines, depicting the predicted vehicle motion, and the obstacles, shown

as yellow boxes. Although, the latter is not visualized to the remote operator in the actual system with videos.

In the case of SSVC, the transparent polygon illustrates the trajectory that is currently planned by the

approach. In this situation, the vehicle is on course to collide with an obstacle. The SSVC foresees this

and plans an evasion to the left. For this maneuver, the controller plans to deviate from the steering angle,

commanded by the remote operator. In order to communicate this ahead of time and give the remote operator

time to correct the commanded control action, the polygon is colored in red at the end of the trajectory. In the

beginning, where no steering intervention is predicted, the polygon is colored green. In case an intervention

takes the form of a braking maneuver, i.e., overriding the remote operator’s velocity command, the planned

trajectory becomes shorter. It is noted that the coloring scheme of the SSVC approach, which uses red to

represent an intervention, is different from the SVC approach, which uses red to represent unsafe states.

44



3 Methodology

Figure 3.10: Visual feedback in the shared steering and velocity control design. Except for the yellow boxes, depicting

obstacles in this snapshot, the following elements are overlaid in perspective with the video. The

tachometer at the bottom informs about the desired and actual gear position and velocity. Depicted

through the white lines, the motion of the vehicle is predicted forward based on the current steering

angle. With the coloring depending on the predicted intervention, the transparent polygon illustrates the

trajectory that is currently planned by the approach.

In order to communicate an actual steering angle intervention of the SSVC approach, haptic feedback on

the remote operator’s steering wheel is introduced. The magnitude of this force feedback is based on the

steering angle tracking error in the model predictive control formulation of the controller. Assuming that the

visual feedback prepares the remote operator for an upcoming intervention, this haptic feedback is designed

to be purely reactive, i.e., it is felt by the remote operator at the moment when an actual intervention occurs.

With two feedback modalities, the SSVC is more comprehensive than the SVC design. Also, the analysis in

the user study in Chapter 5 will include how helpfulness is rated.

3.4 Teleoperation System

In order to validate and evaluate the presented uncoupled shared control approaches, they are integrated into

the teleoperation system from the Institute of Automotive Technology at the Technical University of Munich.

The foundations for this system have been laid with the system design, described by Gnatzig et al. [119]. In

the following sections, the current state of the teleoperation system, and how it is used in the present work,

is presented. First, the software architecture is described. Second, an overview of the available hardware

is given. Finally, the integration of the methodology, with which the uncoupled shared control designs are

integrated, is introduced.

3.4.1 Software Architecture

With multiple past and ongoing projects on vehicle teleoperation, contributions were made by several research

associates and students. Recently, in a joint effort, the software has been made open source on GitHub [200].

Given the increasing attention, the aim is to support research in the field of vehicle teleoperation. Schimpe et

al. [100] describe the software architecture and provide vehicle teleoperation demonstrations. The complete

software stack is implemented in C++. With the objective to leverage modularity, it is based on ROS, the

Robot Operation System [201]. Currently, the software is being ported to ROS2.

45



3 Methodology

The software architecture of the system is shown in Figure 3.11. At a high level, the software is separated

into the vehicle and the operator side. As depicted, several hardware components are being interfaced.

Connections in between are established through the interplay of multiple ROS packages, shown as colored

rectangles. These are categorized as follows.

Figure 3.11: Software architecture of the teleoperation system, taken from Schimpe et al. [100]. The software is

separated into the vehicle and the operator side. The interfaces to the hardware components on the

sides of the vehicle and the operator are depicted with purple boxes. In between, there are several ROS

packages, shown as colored rectangles and clustered into five categories.

To start with, there are the Common packages, which are shown in blue. On the one hand, there is the

Network package. This connects the vehicle and the operator side. On the other hand, not being illustrated,

there are packages, responsible for launching the software and providing resources, such as libraries with

helper functions, for use in other packages.

The Vehicle Interface, shown in grey, mainly consists of the Bridge package, which receives data

from the sensors, such as cameras and LiDAR. Also, it is responsible for sending commands, e.g., the

steering angle or velocity, to the actuators of the vehicle. This package also handles the transmission of

certain signals, e.g., the current vehicle state or odometry, to the operator side.

The Perception packages, shown in green, are processing, compressing, and transmitting data from cam-

eras and LiDAR sensors in the Video and Lidar packages, respectively. The Video package implements

an adaptive video streaming framework. This was published and made open source separately by Schimpe

et al. [99, 202]. Upon receiving the data on the operator side, the Projection package prepares it for

visualization to the remote operator.

The Control packages, shown in orange, include the Command Creation package, which creates control

commands from the input devices. As an example where direct control is used, the Direct Control

package passes the control commands to the Bridge for the actuation of the vehicle.

Finally, the Operator Interface, shown in yellow, includes the Visual package, which represents the

human-machine interface for the remote operator. This renders the prepared data from the vehicle to the

displays at the operator desk. A snapshot of this interface is provided in Figure 3.12, showing how videos

from six cameras of the passenger vehicle, described in the following section, are stitched together in a

three-dimensional environment. Moreover, the Input Devices also interface with additional hardware

components of the operator desk, e.g., steering wheel, pedals, mouse, and keyboard. Finally, the Manager

package manages the teleoperation session, providing a graphical user interface with various buttons. Using

this, the remote operator can connect to the vehicle, select an input device or choose the control mode.
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Figure 3.12: Visual human-machine interface of the teleoperation system, taken from Schimpe et al. [100]. In this

snapshot, the videos from six cameras of a passenger vehicle are rendered in a three-dimensional

environment, together with a geometrically true model of the vehicle.

3.4.2 Hardware

One of the goals during the development of the described teleoperation software has been to improve its

usability. In this section, this will be described on the basis of the use of the software with different vehicles

and remote operator desks.

Vehicles

Through an intuitive set of configuration files, the software can be deployed on various vehicles with minor

overheads. In the following, the two main vehicles used for vehicle teleoperation research at the Institute

of Automotive Technology are introduced. These are a full-size passenger vehicle as well as a 1:10-scale

vehicle testbed. Similar to the development of automated driving software, it is described how the software is

also usable with a driving simulator. Demonstrations of deploying the software on these vehicle systems are

available [203].

The main vehicle for teleoperation experiments is a passenger vehicle, namely an Audi Q7, shown in

Figure 3.13. This vehicle has a long history. Being described in the initial system design [119], it is still in

use today. Currently, it is equipped with seven cameras, two 2D LiDAR sensors, and one 3D LiDAR sensor.

The PC in the vehicle contains an Intel Xeon Gold 6130 2.10 GigaHertz 16-core processor. This vehicle

has been used to validate many parts of the presented software, e.g., the visual operator interface shown in

Figure 3.12.
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Figure 3.13: Passenger vehicle for vehicle teleoperation experiments.

The Institute of Automotive Technology also operates a 1:10-scale vehicle testbed, based on the F1TENTH

platform [204]. This vehicle is equipped with one stereo camera and one 2D LiDAR sensor. On board,

computation is carried out by an NVIDIA Jetson Xavier NX with six cores, capable of WiFi for the connection

to the operator side. As will be described in Chapter 5, the 1:10-scale vehicle testbed is used to experimentally

validate the uncoupled shared control designs in the present work. A picture of it is shown in Figure 5.2.

Similar to the development of automated driving technology, the development of vehicle teleoperation systems

can be accelerated through the use of driving simulators, simulating the dynamics and surroundings of the

vehicle. At the time of writing this thesis, a vehicle bridge for the SVL (formerly LGSVL) driving simulator [205]

was provided. A snapshot of the operator interface while performing teleoperation in this driving simulator is

shown in Figure 3.14. Future plans include the creation of a vehicle bridge for the CARLA simulator [117].

Figure 3.14: Visual operator interface while performing teleoperation in the SVL Driving Simulator, taken from Schimpe

et al. [100].

In addition, for a simulation setup with minimal requirements, the Vehicle Sim package is included in the

software. Implementing the equations of motion of the kinematic vehicle model [186], this enables the usage

of the software without any additional hardware. This means that neither an actual vehicle nor a graphics

processing unit for a comprehensive driving simulator is needed. As will be described in Chapter 4, this

package has been used for the simulative validation of the uncoupled shared control designs.

Besides the aforementioned vehicle platforms, the software has been used in multiple different projects

related to vehicle teleoperation. In the 5GCroCo project, the operator side of the software has been used to

teleoperate two different passenger vehicles [108]. In the projects SToRM and UNICARagil, the software was

deployed on a road marking machine as well as multiple custom-built vehicles [206, 207].
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Remote Operator Desks

The hardware of remote operator desks consists of displays and input devices. For the visualization, a set of

three monitors is most commonly used, as shown in Figure 1.1. However, the system also supports the use

of a head-mounted display.

For remote driving, a steering wheel and pedals are most commonly used as input devices. At the Institute of

Automotive Technology, a Sensodrive SensoWheel SD-LC and different gaming wheel models from Fanatec

are currently available. However, support of devices is not limited to this. Other controllers or joysticks,

connected through USB, are easily integrated. This is made possible through the Input Devices package,

which uses a common joystick interface. This makes easy switching between input devices possible. In this

package, a virtual input device has also been implemented, allowing to test teleoperation functionality without

any additional hardware. For the implementation of remote assistance concepts, different input modalities

such as a mouse, keyboard, or touch panels replace the joystick setup.

3.4.3 Integration of Shared Control

The presented uncoupled shared control designs are integrated into the presented teleoperation system,

conceptually shown in Figure 3.15. Implementing the approaches, the additional Shared Control package,

also available open source on GitHub [208], replaces the Direct Control package. The vehicle state

feedback is received from the Bridge. The list of objects, detected from LiDAR point clouds, are coming from

the Lidar package. Finally, received through the Network, the remote operator’s desired control commands

are provided by the Command Creation package. The outputs of the Shared Control package are the

safe control commands to actuate the vehicle through the Bridge, as well as visual and haptic feedback

signals for the remote operator. These are transmitted via the Network to the operator side, where they are

handled in the Visual and Input Devices packages, respectively.

Figure 3.15: Integration of shared control as a ROS package in the teleoperation software. The package receives the

vehicle state, object lists, as well as desired control commands from the operator side. Based on these,

safe control commands for the actuation of the vehicle, as well as visual and haptic feedback signals for

the remote operator are computed.
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After presenting the methodology of the uncoupled shared control designs in the previous chapter, they are

validated in simulation. The presented results are not extensive but are intended to show what reactions can

be expected from the approaches in case of dynamic or unsafe control actions from the remote operator. The

simulation setup and implementation details were first described by Schimpe et al. [97].

As described in the previous chapter, the uncoupled shared control designs are implemented as ROS nodes

in C++ and integrated into the previously described teleoperation system. The vehicle parameters, e.g.,

dimensions or steering limits are from the passenger vehicle that was described in Subsection 3.4.2. The

values are available in Section A.1 in the appendix. The simulations are run on an Intel Core i7-8850H

2.60 GHz CPU with six cores. Both uncoupled shared control approaches are running at 20 Hz. The prediction

horizons are set to th = 2.0 s. This horizon gives remote operators time to realize potential future interventions

through visual feedback and possibly react predictively in order to avoid it. Aligned with the controller frequency,

the horizon is discretized in n = 40 steps, yielding the sampling time ts = 0.05 s. The optimization problems of

the model predictive control formulations are solved through acados [198]. This is a software package that

enables the flexible creation of fast embedded solvers for nonlinear optimal control formulations. Allowing

easy adaptation, the optimization problems are formulated through the MATLAB [209] interface of acados.

For each controller, C code is generated and wrapped by a ROS node. Internally, acados implements a

sequential quadratic programming, in short SQP, algorithm [210] to solve the optimization problem. In this

work, the QP solver of choice is HPIPM [211]. The solver settings are also available in Section A.1 in the

appendix.

In the following, to begin with, the effects on the constraints of the coupled accelerations in the SVC design are

analyzed in a dynamic scenario without obstacles. In a second scenario with obstacles, the characteristics,

i.e., behavior and computation times, of the two uncoupled shared control designs are compared. The chapter

is concluded with a discussion.
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4.1 Acceleration Constraints of SVC

In the first example, a dynamic simulation scenario without obstacles is set up to validate the feature

of SVC to constrain the coupling of the longitudinal and lateral accelerations. Only for demonstrative

purposes, a maneuver with high lateral dynamics is simulated. The longitudinal acceleration constraints

are set to amin = −3.5 m/s2 and amax = 2.0 m/s2, respectively. The lateral acceleration is constrained

by alat,max = 3.4 m/s2. This value is chosen such that the combined acceleration during braking with amin

does not exceed half of the gravitational acceleration. The jerk is constrained by jmax = 15.0 m/s3. In the first

stage of the SVC algorithm, a total of 17 trajectories are sampled. Thereby, the maximum steering angle rate

used was δ̇max = 1.1 rad/s.

The simulated control commands from the remote operator are shown in Figure 4.1. The desired velocity first

increases to 6 m/s, where it is kept constant. Finally, the commands demand to brake back to a standstill.

All three phases last over a time period of 10 s. The steering profile consists of three sine waves, each

over a time period of 10 s, ranging from the left and right steering angle maximum of the vehicle. Thereby,

maximum steering angle rates of approximately 0.39 rad/s are reached. A video of the presented simulation

is available1. The velocity and steering angle over time are also shown in Figure 4.1. In the velocity plot, the

SVC approach first follows the commands from the remote operator during the acceleration phase. However,

at approximately 4 m/s, the controller does not further increase the velocity, given the lateral acceleration

constraints and the assumption of the most critical steering angle profile. Approaching 10 s, when the steering

angle decreases again, the controller accelerates the vehicle up to 5 m/s. As the steering angle rises to its

positive maximum, the velocity is decreased again. While this is repeated periodically twice, the actual target

velocity of 6 m/s is not reached. This shows that the acceleration constraints implicitly impose a steering

angle-dependent velocity constraint. Starting at 20 s, the target velocity is decreasing back to zero, and upon

reaching 4 m/s, the controller is able to track it again. The related acceleration values are plotted in Figure 4.2.

Validating the acceleration constraints feature of the SVC approach, the imposed constraints are reached in

some instances, but not exceeded.
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Figure 4.1: Velocity and steering angle over time of the shared velocity control (SVC) approach in the first simulation.

At the top, the actual velocity from the approach and the desired velocity from the (remote) operator are

shown. At the bottom, the corresponding steering angle is plotted.

1Video of SVC simulation with steering and no obstacles: https://youtu.be/Or6LHBkloew
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Figure 4.2: Acceleration diagram of the shared velocity control (SVC) approach in the first simulation. In addition to

the acceleration samples, the constraints are shown.

4.2 Characteristics and Computation Times of SVC and SSVC

In the second simulation, the characteristics of SVC and SSVC are compared in a scenario with obstacles

and unsafe control actions from the remote operator. This simulation has first been presented by Schimpe

et al. [97]. The constraints and parametrization of the SVC approach are similar to the previous section.

The same parameters of the longitudinal acceleration and the maximum steering angle rate are set for the

SSVC approach. In this simulation, the steering behavior of the remote operator is simulated through a

feedback linearization-based path tracking controller, taken from Burnett et al. [8]. The remote operator’s

goal is to follow a straight reference path with a constant desired velocity of 5 m/s. As this is not collision-free,

uncoupled shared control interventions are expected.

The scenario is shown in the x y plane in Figure 4.3. It consists of five obstacles. Obstacles 1⃝ to 4⃝ are

placed alternatingly left and right of the remote operator’s reference path with decreasing y position. The

wider obstacle 5⃝ is centered on the reference. In addition, the figure shows the trajectories that are traveled

with the SVC and SSVC approaches. The corresponding courses of the velocity and steering angle as well

as the remote operator references are shown over time in Figure 4.4. In both runs of the simulation, the

vehicle starts driving from a standstill, accelerating to the constant target velocity of 5 m/s. This value is

tracked consistently by the SSVC approach when passing obstacles 1⃝ to 4⃝. In contrast to this, the SVC

approach reduces the velocity to approximately 3.8 m/s and 2.3 m/s as it computes smaller values for the

global safe progress ssafe in proximity to the obstacles 2⃝ and 3⃝. Until this point, as no obstacle had to

be actively avoided, no steering actions are observed. Eventually, at approximately 15 s, it is foreseen that

obstacle 4⃝ cannot be passed without steering. As it is not capable of intervening in the steering angle, the

SVC approach slows down the vehicle and brings it to a standstill at approximately x = 65 m and 17 s. In

contrast to this, the SSVC approach takes a steering action and deviates from the reference of the remote

operator in order to avoid obstacle 4⃝. To avoid obstacle 5⃝, the steering intervention would need to be much

greater. Given the weighting of the cost function terms, a deviation from the velocity reference is preferred in

this case. In consequence, the SSVC approach slows down the vehicle and brings it to a standstill as well

at x = 100 m and 22 s. Videos of both described simulation runs are available2,3.

2Video of simulation run showing characteristics of SVC: https://youtu.be/yFzSiwtUtq4
3Video of simulation run showing characteristics of SSVC: https://youtu.be/vz8slCFW140
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Figure 4.3: Travelled trajectories in the x y plane with the shared velocity control (SVC) as well as the shared steering

and velocity control (SSVC) approaches in the second simulation, taken and adapted from Schimpe et

al. [97]. In addition, to the trajectories from the approaches, the reference from the (remote) operator as

well as obstacles are shown.
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Figure 4.4: Velocities and steering angles over time of the shared velocity control (SVC) as well as the shared steering

and velocity control (SSVC) approaches in the second simulation, taken and adapted from Schimpe et

al. [97]. At the top, the actual velocities from the approaches and the desired velocity from the (remote)

operator are shown. At the bottom, the corresponding steering angles are plotted.

Finally, the computation times of the controllers are analyzed in the two simulation runs of the second

scenario. In milliseconds, these are shown in the histogram in Figure 4.5. Compared to the SVC approach

with a median of 8.4 ms, the computation times of the SSVC approach with a median of 3.0 ms are noticeably

lower. As the tod_vehicle_sim package implements the same kinematic vehicle model equations used

in the model predictive control formulation of the SSVC approach, it can be assumed that there is a low

mismatch between the model predictive control prediction and the actual motion of the controlled system.

In consequence, given the recursive optimization of the controller, the solver can be initialized close to its

solution at each sampling instant. This results in the SQP algorithm iterating only once in most cases.
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Figure 4.5: Computation times of the shared velocity control (SVC) and the shared steering and velocity control (SSVC)

approaches in the second simulation. The maximum computation times are 17 ms with SVC and 15 ms

with SSVC.

4.3 Discussion

In this chapter, a simulative validation of the proposed uncoupled shared control approaches was presented.

In the first scenario, it was shown that the SVC approach is capable of increasing comfort with the constraints

on the coupling of the longitudinal and lateral accelerations. Also, through the assumption of the most critical

steering angle profile, a steering angle-dependent velocity constraint is imposed implicitly.

In two simulation runs in the second scenario, the characteristics of the SVC and the SSVC approaches

were compared. Both designs have proven to only engage in the case of unsafe control actions from the

remote operator, successfully avoiding obstacles by uncoupling, i.e., correcting, the control commands. The

capability of the SSVC approach to deviate from the remote operator’s steering angle reference has been

demonstrated. If a greater deviation is required, the SSVC approach is also capable of stopping the vehicle.

In contrast to this, the SVC approach drives much more conservatively, slowing down in proximity to obstacles

and being more likely to stop the vehicle as it cannot override the steering angle commands from the remote

operator. Finally, the computation times were analyzed. It was concluded that both controllers achieve the

target controller frequency of 20 Hz.

In the next chapter, as part of the experimental validation in the user study, it will be evaluated how these

findings translate to, for example, the rated controllability or user experience with the respective uncoupled

shared control designs.
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After the simulative validation in the previous chapter, the experimental user study is presented. First, the

study design and setup are described. Second, the results of the user study are provided. These will provide

the basis for the discussion that follows in the next chapter.

5.1 Study Design and Setup

The objective of the study is the evaluation and comparison of the proposed uncoupled shared control

designs. Held in German, the study follows a within-subject design in which the participants teleoperate

the 1:10-scale vehicle testbed, which was described in Subsection 3.4.2. In three different modes, namely

Direct Control (DC), SVC, and SSVC, the vehicle is remotely driven on a circular course with static obstacles.

The objective of the study is to represent extreme conditions for the uncoupled shared control approaches.

Hence, the remote driving task should be demanding in order to require actual uncoupled shared control

corrections. For this purpose, the study participants were asked to cover as much distance as possible in a

given time while avoiding obstacles and staying on the course.

It is noted that the hypotheses are primarily concerned with the first research question, which asked about

how uncoupled shared control compares to DC in terms of the workload and the performance of remote

operators as well as the safety in remote driving. In order to address the second research question, which

asked about the most suited uncoupled shared control design for remote driving, a separate comparison of

SVC and SSVC is carried out.

In this section, first, the hypotheses and the operationalization of the study are introduced. Second, approved

by the ethics commission from the Technical University of Munich, the study design is presented. Then, the

teleoperation system setup is described, followed by the course setup. Finally, the testing methodology for

significant differences is introduced.

5.1.1 Hypotheses and Operationalization

To address the first research question, three hypotheses are formulated. The first hypothesis is concerned

with the cognitive workload of the remote operators. By design, the uncoupled shared control approaches

only engage when the remote operators make errors. On the one hand, it is expected that this reduces the

remote operators’ cognitive workload. On the other hand, the system may not always behave as intended by

the remote operators, which possibly increases the cognitive workload. Based on these considerations, the

first hypothesis is that

through uncoupled shared control, the cognitive workload of remote operators in remote driving is affected.

To compare the cognitive workload across the modes DC, SVC and SSVC, the raw NASA-Task Load Index

questionnaire [212], in short NASA-TLX is used to measure the cognitive workload as the dependent variable.
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This questionnaire asks the participants to rate the perceived mental, physical, and temporal demands as

well as the performance, effort, and frustration. The German translation of the NASA-TLX is taken from

Lehsing and Seifert [213].

The remote driving task in the user study is to cover as much distance as possible while avoiding obstacles

and staying on the track. With uncoupled shared control, the remote operators are assisted in obstacle

avoidance. This should reduce the number of collisions and subsequent stops. From this, it is expected that

the performance of the remote operators increases. Consequently, the second hypothesis is that

through uncoupled shared control, the performance in remote driving is improved.

As the dependent variable, which is compared across the three control modes, a dedicated remote driving

performance score is analyzed. This is a function of the covered distance, the number of collisions with

obstacles, and the number of track departures.

Third, given the primary objective of the uncoupled shared control designs to enhance safety, it is hypothesized

that

through uncoupled shared control, the safety in remote driving is improved.

To evaluate this hypothesis, the safety is assessed in two different ways. As an objective dependent variable,

the number of collisions is counted and compared across the three control modes. As a subjective dependent

variable on a scale from 1 to 5, the participants answer if they feel safer with an uncoupled shared control

design of choice. This question is asked after the participants experienced both uncoupled shared control

designs.

In order to tackle the second research question, additional dependent variables are operationalized and

compared between SVC and SSVC. This analysis also includes the cognitive workload and its individual

items, assessed through the NASA-TLX. In addition, the helpfulness of the applicable feedback modalities,

as well as the uncoupled shared control design features are evaluated. Also, the study participants are asked

how well they can control the vehicle with the respective control mode. Furthermore, parts of the standardized

user experience questionnaire [214] are answered and evaluated. The German translation for this has been

taken from Hinderks et al. [215]. Finally, after having experienced both uncoupled shared control designs, the

question of which design is preferred is asked.

5.1.2 Study Design

Figure 5.1 shows an overview of the study design. First, each participant is given a general introduction to

the study. This is followed by a technical introduction to the teleoperation system. After this, each participant

teleoperates the vehicle with each of the three control modes. The order of the modes is evenly swapped

between the participants. Finally, the study is concluded. In the following, each part of the study is described

in more detail.

General Introduction

In the general introduction, the motivation for vehicle teleoperation and the study are explained to the

participants. In this part, an informed consent form is signed and a codeword for the pseudonymization of the

data is generated. Furthermore, it is communicated that the study can be aborted at any time.
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NASA-TLX UEQ (Hedonic) UEQ (Pragmatic) Custom Questionnaire

Figure 5.1: Overview of the experimental user study design. The design consists of four parts. The first, second,

and fourth parts are the same for all participants. In the third part of the scored teleoperation drives,

the order of the modes direct control (DC), shared velocity control (SVC), and shared steering and

velocity control (SSVC) is evenly swapped between the participants. As depicted by the colored circles,

four questionnaires are being answered over the course of the study. These are the NASA-Task Load

Index (NASA-TLX), the parts of the hedonic and pragmatic quality of the user experience question-

naire (UEQ) as well as a custom questionnaire.

Technical Introduction

In order to make the study participants familiar with the teleoperation system, a technical introduction is

carried out. This includes the remote operator control interface, consisting of a steering wheel to steer, as well

as gas and brake pedals. The latter is used to increase and decrease the desired velocity. To get used to this

interface, the participants start by controlling the model in the Vehicle Sim package, which was introduced

in Subsection 3.4.2, in a virtual environment without obstacles. During this, visible in Figure 3.8 and 3.10,

the elements of the visual interface, such as the lanes, projecting the vehicle motion, as well as gear and

velocity display, are explained. After this, a recording from the actual vehicle being teleoperated is played

back. Based on this, the participants can get an impression of the visual interface, when the visual elements

are overlaid with the video stream. Afterward, the participants start to teleoperate the actual vehicle without

uncoupled shared control on the study course. First, they are given three minutes. As unexperienced remote

operators need to get used to set a constant desired velocity with pedals, the velocity was limited to 3 m/s in

this first test drive. Second, the participants are instructed to set and get used to higher velocities, the course

layout of the study as well as the lateral motion capabilities of the vehicle. For this, a second, unassisted test

drive of three minutes without velocity restriction is carried out. Finally, the technical introduction is concluded

with a questionnaire. Having used the given teleoperation system for the first time, the participants answer

the categories stimulation and novelty of the hedonic quality of the user experience, assessed through the

user experience questionnaire. In this context, stimulation means that the system “is interesting, exciting and

motivating” [215]. Novelty refers to the system being “innovative, inventive and creatively designed” [215].

Scored Teleoperation Drives

After the completion of the technical introduction, the participants are prepared for the scored teleoperation

drives. With the control mode, i.e., DC, SVC, or SSVC, as the independent variable, the participants are

given three times five minutes to teleoperate the vehicle on the circular course with the objective to maximize

the score. By evenly swapping the order of the modes, as shown in Figure 5.1, there are six different

combinations. This compensates for the effects that result from the order in which the modes occurred.

As is communicated to the participants, the score is the covered distance. However, counted by a referee,

the number of collisions and track departures results in a reduction of 30 m per occurrence. This rather high
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penalty, which is equivalent to about one lap on the track, is intended to let participants make an appropriate

compromise between safety and speed.

Whenever the participants teleoperate the vehicle together with an uncoupled shared control design, re-

spective features such as correction of the steering angle or the velocity commands, as well as haptic or

visual feedback are explained and shown in previously recorded demonstration videos. Test drives with the

uncoupled shared control designs are not performed as the intuitiveness of the uncoupled shared control

designs should also be evaluated.

After each scored teleoperation drive, the participants are asked to answer three questionnaires. First, the

cognitive workload is collected through the raw NASA-TLX. Second, the categories efficiency, perspicuity,

and dependability of the pragmatic quality of the user experience are assessed through the user experience

questionnaire. In this context, efficiency means that tasks with the system can be performed “fast, efficient

and in a pragmatic way” [215]. Perspicuity means that the system “is easy to understand, clear, simple, and

easy to learn” [215]. Finally, dependability describes that the interaction with the system is predictable and

supportive [215]. For consistency, the participants are also asked to answer this questionnaire after the

teleoperation drive with DC. However, in this case, it should be answered for the complete teleoperation

system and not for the particular uncoupled shared control design. Finally, a third custom questionnaire on the

controllability, safety feeling, as well as helpfulness of applicable system features and feedback modalities is

answered. Partially, the questions are depending on the mode. For example, the question on the helpfulness

of the haptic feedback only has to be answered for the SSVC design. At the end of this questionnaire, there

is also space for free-text comments on what was perceived positively as well as what could be improved in

the past teleoperation drive.

Conclusion

At the end of the study, the participants have the option to give free-text comments on the study in general.

5.1.3 Teleoperation System Setup

In Section 3.4, an introduction to the teleoperation system at the Institute of Automotive Technology was

given. In this section, hardware and software, which are used in the presented study, are described.

The software with the integrated uncoupled shared control designs, as described in Subsection 3.4.1 and 3.4.3,

is used. The parameters of the vehicle, as well as solver settings, are available in Section A.1 in the ap-

pendix. With the objective to provoke activity, i.e., the need for interventions of the uncoupled shared control

approaches, an artificial transmission delay is introduced. As a value known to have a significant negative

effect on remote driving performance, this is up to 180 ms high [60]. In addition, in order to avoid the known

effect that remote operators get used to a constant latency [216], it is made variable as it would be the case

in a system with variable network conditions and no dedicated mitigation technique such as buffering. Each

signal to and from the remote operator is delayed. This includes the control commands, visual and haptic

feedback from the uncoupled shared control design, and videos from the vehicle. The data relevant to the

control loop of the uncoupled shared control approach are not transmitted via the network. Hence, the state

feedback and the list of detected objects are not delayed.

The teleoperated vehicle in the presented user study is the 1:10-scale vehicle testbed, introduced in

Subsection 3.4.2 and shown in Figure 5.2. From its stereo camera, only the video from the left camera is

transmitted and visualized to the remote operator. Obstacle detection is done by clustering the point clouds

of the onboard LiDAR sensor. For transmission, a separate router is set up to host Wi-Fi, which the vehicle

PC connects to.
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Figure 5.2: Picture of the 1:10-scale vehicle testbed teleoperated in the experimental user study. On board, it is

equipped with a 2D LiDAR sensor, a stereo camera, and an NVIDIA Jetson Xavier NX with six cores.

The remote operator desk with a Fanatec gaming wheel and pedals, introduced in Subsection 3.4.2, is used

in the presented user study. Displaying an actual video feed from the vehicle, it is shown in Figure 5.3. As

there is only one front-facing camera on the vehicle, only the center monitor of the setup is used during the

teleoperation. During the study, the right monitor displays the questionnaires. The left monitor is turned off.

The PC running the software of the operator side is connected to the same router as the vehicle PC but

through a wired connection.

Figure 5.3: Picture of the remote operator desk used in the experimental user study. It is equipped with a Fanatec

gaming wheel and pedals, three monitors mounted in a circular shape and a seat.
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5.1.4 Course Setup

Shown in the picture in Figure 5.4, the course setup is a circuit with a length of approximately 30 m. On

both sides, the bounds of the course are laid with cables. Placed partially on the inside, and partially on the

outside of the circuit, foam cubes with edge lengths of 50 cm are used as obstacles. For reproducibility, the

locations are marked on the ground below the cubes.

Figure 5.4: Picture of the course setup for the experimental user study. Foam cubes are used as obstacles. Around

these, cables are used to mark the bounds of the course.

The course is at a vehicle hall at the Institute of Automotive Technology. Entering and exiting through two

gates, the course is partially indoors and partially outdoors. The driving direction is counter-clockwise.

Chicanes are set up on the straights and blocking obstacles are often placed right after a turn. As a whole,

this makes up a challenging course that should provoke errors from the study participants and therefore

require interventions of the uncoupled shared control approaches.

5.1.5 Testing Methodology for Significant Differences

Throughout the presentation of the study results, the following testing methodology for statistically significant

differences from Field et al. [217] is adopted. For all tests, a significance level p of 0.05 is used. In case a

Bonferroni correction is applied, this level is reduced as required. To begin with, it is determined if parametric

tests are applicable. For this, the data of each mode are tested for normality through the Shapiro-Wilk test,

which is reported with the corresponding test statistic W . Testing for homogeneity of the data across the

modes, this is followed by a Levene test, which is reported with corresponding test statistic F [217, p. 166-204].

If data are normal and homogeneous, the assumptions for parametric tests are fulfilled and an analysis of

variance, in short ANOVA, which is reported with the corresponding test statistic F , is conducted [217, p. 391-

461]. If its result indicates a statistically significant difference, pairwise t-tests with a Bonferroni correction

follow [217, p. 368-388]. These are reported with the corresponding effect size r. If the assumptions are

not fulfilled, a non-parametric Friedman’s ANOVA, which is reported with corresponding test statistic χ2,

is performed [217, p. 686-692]. Again, if this indicates a statistically significant difference, it is followed by

non-parametric, pairwise Wilcoxon signed-rank tests with a Bonferroni correction [217, p. 655-666]. Also,

these are reported with the corresponding effect size r.

Following Fritz et al. [218], the effect sizes in the pairwise tests are interpreted as follows. If r is below 0.1,

there is no effect. Between 0.1 and 0.3, the effect is small. Between 0.3 and 0.5, it is medium. Above 0.5, the

effect is deemed large.
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5.2 Results

The study has been carried out in July and August 2022. For each participant, the complete experiment took

approximately 60 to 70 minutes. A total of 32 participants took part. From these, 30 (93.8 %) were male and

two (6.2 %) female. The median age was 26 years, with the youngest participant being 22 and the oldest

being 40 years old. All participants were in possession of a driver’s license, driving a minimum of 250 and a

maximum of 30 000 km per year. The median traveled per year was 11 000 km. None of the participants had

previous experience with a comparable teleoperation system. Only a few participants reported having driven

a driving simulator before.

In the following sections, the results are presented. For the most part, these are color-coded by using red

for DC, green for SVC, and blue for SSVC. First, the user experience, as rated with DC, is shown. Thereby,

the representation of results through boxplots is introduced. After this, two sample teleoperation drives

with SVC and SSVC are shown. This is followed by a brief analysis of learning effects across the three

scored teleoperation drives. Then, the main study results are reported. First, results concerned with the

three hypotheses and differences between DC and uncoupled shared control are analyzed. Second, with

the objective to answer the question of what is the most suited uncoupled shared control design for remote

driving, a comparison between SVC and SSVC is carried out. It is noted that only the results are presented

in the following. Their interpretation is included in the discussion in the next chapter.

5.2.1 User Experience with Direct Control

In Figure 5.5, the user experience ratings of the participants for the teleoperation system with DC are

shown as boxplots. In one box, the median and mean values are shown as a line and a cross, respectively.

Excluding outliers, depicted as dots, the range between the minimum and maximum values is shown. The

box represents the 25th and the 75th percentiles. This boxplot representation is used for several other results

from the presented user study.
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Figure 5.5: User experience of the teleoperation system with direct control, assessed through the user experience

questionnaire. The scale ranges from -3 for a poor to +3 for a good user experience.

As described in Subsection 5.1.2, the categories of the hedonic quality, i.e., stimulation and novelty, were

assessed after the technical introduction. Given that the study participants were selected to not have previous

experience with a comparable teleoperation system, the ratings for stimulation and novelty, with mean values

of 1.98 and 1.46, are above 0.8 and thus positive [215]. The pragmatic quality, i.e., efficiency, perspicuity,

and dependability, was assessed after the scored teleoperation drive with DC. With mean ratings of 0.82 for

dependability, 1.38 for efficiency, and 0.95 for perspicuity, these ratings of the teleoperation system are also

positive.
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5.2.2 Sample Teleoperation Drives with SVC and SSVC

In this section, sample teleoperation drives with SVC and SSVC are presented. To begin with, it is validated

that the computation times of the approaches on the new target platform are acceptable. In Figure 5.6, the

computation times are shown. For SSVC, three samples with a maximum of 66 ms are above 50 ms. In

contrast to the results from the simulative validation, presented in Chapter 4, the SVC approach is running

faster than the SSVC approach. Its maximum computation time is 19 ms. Overall, the computation times

are higher, compared to those of the simulative validation. This is expected as the controlled system is

not behaving exactly as predicted through the kinematic vehicle model. Nevertheless, it is shown that both

controllers are capable to run at the target rate of 20 Hz consistently. The exceptions of the SSVC approach

are deemed neglectable.
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Figure 5.6: Computation times of the shared velocity control (SVC) and the shared steering and velocity control (SSVC)

approaches in the sample teleoperation drives. With a maximum of 66 ms, three samples from the SSVC

approach are above the sampling time of 50 ms. The maximum computation time with SVC is 19 ms.

From one study participant, the velocity and steering angle over time are shown, together with the respective

interventions of the SVC and SSVC approaches in Figure 5.7 and 5.8, respectively. In the case of SVC,

several interventions can be observed in the tracking of the desired velocity. In one instance around 95 s,

the vehicle is slowed down significantly. In another instance at 120 s, it is stopped completely. For the drive

with SSVC, in particular, in the steering angle, interventions are also visible. In contrast to this, the velocity is

tracked more consistently. The vehicle is never brought to a complete stop.

Finally, for demonstrating the uncoupled shared control designs as well as DC in action, videos from the

author of the present work performing remote driving are available1,2,3. It is noted that these videos are not a

recording from the teleoperation drives presented in Figure 5.7 and 5.8.

1Video from the author performing remote driving with DC: https://youtu.be/oY-a-6BItjg
2Video from the author performing remote driving with SVC: https://youtu.be/yXRfVOLSFuM
3Video from the author performing remote driving with SSVC: https://youtu.be/aiOSsajcSfM
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Figure 5.7: Velocity and steering angle with interventions of a teleoperation drive with shared velocity control (SVC).
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Figure 5.8: Velocity and steering angle with interventions of a teleoperation drive with shared steering and velocity

control (SSVC).
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5.2.3 Learning Effects

Before the presentation of the main study results, a brief analysis of learning effects across the three

teleoperation drives, independent of the control mode, is carried out. The focus is on the rated controllability

of the system as well as the individual items of the cognitive workload. The color coding uses different gray

scales for the first, second, and third teleoperation drives, respectively.

Controllability

The controllability per teleoperation drive is shown in Figure 5.9. With the mean ratings rising from 3.19

to 3.63, an increasing trend is visible.
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Figure 5.9: Controllability per teleoperation drive. Tests do not indicate significant differences.

Statistical tests, which complete results are also reported in Subsection A.2.1 in the appendix, are performed.

As the data are not normal for all drives, a non-parametric Friedman’s ANOVA is carried out. Despite the

initial observation of learning effects, the result does not yield a significant difference in the controllability

across the teleoperation drives.

Items of Cognitive Workload

The results for the individual items of the cognitive workload per teleoperation drive are shown in Figure 5.10.

In several items, trends are observable. For instance, the performance increases, and the temporal demand

decreases across the three drives. For completeness, the mean cognitive workload per drive is shown in

Figure A.1 in the appendix. However, as no clear trend can be observed, it is not analyzed further.

With the complete test results for this section reported in Subsection A.2.1 in the appendix, statistical tests are

performed. As the data of the drives are not normal for all workload items, it is continued with non-parametric

tests. Friedman’s ANOVA does not indicate significant differences across the drives in the physical demand,

the effort, as well as the frustration. However, with p < 0.05, the test results yield significant differences in the

mental demand with χ2(2) = 6.36, the temporal demand with χ2(2) = 8.54, as well as the rated performance

with χ2(2) = 8.92.

Pairwise Wilcoxon signed-rank tests with a Bonferroni correction follow for the items, which indicated

significant differences. In the case of the mental demand, with p < 0.017, the result yields a significant

decrease between the first and the third teleoperation drive. With r = 0.43, the effect size is medium.

With p < 0.01, the test indicates a significant increase in the performance between the first and third

teleoperation drive. With r = 0.53, the effect size is large. Finally, with p < 0.01, the results yield significant

decreases in the temporal demand between the first and the second, as well as between the first and the

third teleoperation drive. With r = 0.47 and r = 0.50, the effect sizes are medium in both cases.
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Figure 5.10: Items of the cognitive workload per teleoperation drive assessed through the NASA-TLX. Tests yield

significant differences in the mental demand between the first and the third teleoperation drive. The

same applies to the performance. The temporal demand is significantly different between the first and

the second, as well as the first and the third teleoperation drive. For the items of physical demand, effort,

and frustration, no significant differences are found.

In the results presented in the following, learning effects were compensated by swapping the order of the

modes. Nevertheless, from the test results, it has been found that learning effects were present in the mental

demand, temporal demand, and rated performance.
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5.2.4 Hypothesis 1: Cognitive Workload

It was hypothesized that uncoupled shared control affects the cognitive workload of remote operators when

performing remote driving. For this analysis, the cognitive workload, calculated as the mean from the items of

the NASA-TLX, is evaluated. The results are shown in Figure 5.11. It can be observed that, compared to DC

with a mean cognitive workload of 54.9, the mean of SVC with 51.0 is lower. With 56.1, the mean of SSVC is

higher.
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Figure 5.11: Mean cognitive workload with direct control (DC), shared velocity control (SVC), and shared steering and

velocity control (SSVC) assessed through the NASA-TLX. Tests do not indicate significant differences.

The data are tested for significant differences. The complete test results are given in Subsection A.2.2 in the

appendix. To begin with, the data are tested for the assumptions made by parametric tests. The Shapiro-Wilk

test and the Levene test indicate normality and homogeneity of the data for all control modes. In consequence,

it is continued with a parametric ANOVA. Despite the initial observations, with p > 0.05 and F (2,93) = 2.16,

this test does not yield a significant difference in the cognitive workload across the control modes.

As described in Subsection 5.1.1, two effects were expected related to the cognitive workload. These were a

decrease in the cognitive workload through the assistance, but also a potential increase due to disturbances

through uncoupled shared control. As the results in this section showed, these effects seem to balance each

other. In consequence, the first hypothesis that the cognitive workload is affected through uncoupled shared

control is rejected.
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5.2.5 Hypothesis 2: Remote Operator Performance

The second hypothesis was that the remote operators’ performance in remote driving improves through

uncoupled shared control. As explained in the study design, the score is calculated from the covered distance

in each teleoperation drive minus the number of collisions and track departures times 30 m. To begin with,

the outcomes of the covered distances per mode are shown in Figure 5.12. It is observed that the covered

distance of DC with a mean of 338.4 m is larger in comparison to SVC with a mean of 292.9 m and SSVC

with a mean of 265.1 m.
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Figure 5.12: Covered distance with direct control (DC), shared velocity control (SVC), and shared steering and velocity

control (SSVC).

Second, the number of collisions per mode is shown in Figure 5.13. With a mean of 1.34, the number of

collisions with DC is higher as compared to 0.19 with SVC and 0.63 with SSVC.
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Figure 5.13: Number of collisions with direct control (DC), shared velocity control (SVC), and shared steering and

velocity control (SSVC).

As the third contributor to the performance score, the number of track departures is shown in Figure 5.14.

With rare exceptions of one and two track departures, the majority of participants managed to keep the

vehicle on the course consistently with DC and SVC. In contrast to this, there are an average of 0.78 track

departures per drive with SSVC. This reveals one issue with the capability of this approach to override the

steering angle. As it is not aware of the track bounds, the model predictive control solution may be in a local

minimum which is at the wrong side of an obstacle. In consequence, if the remote operator does not brake in

time, the vehicle can be led off the track in some cases.
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Figure 5.14: Number of track departures with direct control (DC), shared velocity control (SVC), and shared steering

and velocity control (SSVC).

Finally, from these data, the performance score is computed for each participant. The results are shown in

Figure 5.15. First observations indicate that the scores with SVC, with a mean of 291.1 m, and SSVC, with a

mean of 243.5 m, are lower than the scores with DC, with a mean of 297.1 m.
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Figure 5.15: Performance score with direct control (DC), shared velocity control (SVC), and shared steering and

velocity control (SSVC). Tests yield that the score with SSVC is significantly lower in comparison to the

scores with DC and SVC.

These observations are followed by statistical tests, which complete test results are reported in Subsec-

tion A.2.3 in the appendix. As the Levene test indicates significant non-homogeneity of the score data

across the modes, the assumptions for parametric tests are not fulfilled. In consequence, a Friedman’s

ANOVA is conducted. With p < 1e-4 and χ2(2) = 22.75, this test indicates significant differences across the

modes. This is followed by pairwise Wilcoxon signed-rank tests with a Bonferroni correction. With p < 1e-4,

the performance score with SSVC is significantly lower compared to DC as well as SVC. With r = 0.77

and r = 0.79, the effect sizes in both tests are large. With p > 0.05, there is no significant difference between

the performance scores with DC and SVC. With r = 0.09, the effect size in this test is neglectable.

Through uncoupled shared control, it was expected and thus hypothesized that the performance of the

remote operators increases. However, the presented statistical analysis showed that this is not the case. It

was even found that the performance with SSVC is significantly lower in comparison to the other two control

modes. In consequence, the second hypothesis is rejected. In addition, the issue with SSVC, not being aware

of the track bounds, has been revealed.
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5.2.6 Hypothesis 3: Safety

Third, it was hypothesized that safety is increased with uncoupled shared control. For this, two metrics

are analyzed. Objectively, the effect of uncoupled shared control on the number of collisions is assessed.

Subjectively, the agreement of the study participants to the question, if the perceived safety with an uncoupled

shared control approach of choice is increased, is analyzed.

First, the number of collisions is analyzed. For this, the results were already shown in Figure 5.13. The

total number of collisions was 43 with DC, six with SVC, and 20 with SSVC. It is noted that, in theory, the

uncoupled shared control approaches should be capable to avoid all collisions. However, given the limitations

of the obstacle detection method and unmodelled dynamics of the 1:10-scale vehicle testbed, not all collisions

could be avoided in the presented user study. Nevertheless, it is concluded that the uncoupled shared control

designs effectively improve the safety of the vehicle by assisting in the task of collision avoidance. Second,

the study participants’ responses to the question, if the perceived safety is increased with an uncoupled

shared control approach of choice, are analyzed. The scale of the agreement ranged from 1 to 5. The original

responses are shown in Figure A.2 in the appendix. For the analysis in this section, the responses are

summarized, as shown in Figure 5.16. Responses greater and smaller than three are taken as agreement

and disagreement, respectively. A response equal to three is taken as neutral. Three participants reported not

feeling safer with uncoupled shared control. Four participants responded to be neutral. With 25 participants,

the majority reported an increase in the perceived safety feeling with uncoupled shared control.

In conclusion, from an objective and a subjective perspective, the presented analysis shows that uncoupled

shared control makes remote driving safer. In consequence, the third hypothesis is accepted.
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Figure 5.16: Summarized agreement to an increase in the perceived safety feeling with an uncoupled shared control

design of choice.

5.2.7 Comparison of SVC and SSVC

To answer the second research question, which asked about what is the most suited uncoupled shared

control design variant for remote driving, the two uncoupled shared control designs, SVC and SSVC, are

compared. The comparison is carried out with respect to several measures. To begin with, the cognitive

workload, assessed through the NASA-TLX, and its individual items are compared. This is followed by

an analysis of the participants’ opinions on the helpfulness of the applicable feedback modalities. Then,

the rated controllability, as well as the pragmatic quality of the user experience with the uncoupled shared

control designs are compared. Finally, the rated helpfulness of the respective uncoupled shared control

design features and the participants’ preference for an uncoupled shared control design are analyzed. As

no hypotheses, which explicitly compare the SVC and SSVC designs, have been formulated, the statistical

tests in this section are performed exploratively. If applicable, the results with DC for the respective measures

are provided for reference and completeness. However, given the focus in this section to compare SVC and

SSVC, they are not discussed in more detail.
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Items of Cognitive Workload

In Subsection 5.2.4, the mean cognitive workload has already been analyzed. This did not indicate a

significant difference between SVC and SSVC. In this section, the analysis is continued by comparing

the individual items of the cognitive workload. The participants’ ratings are shown in Figure 5.17. As the

Shapiro-Wilk test indicates that the items effort and frustration are not normal, the analysis is continued with

non-parametric tests. The complete test results are given in Subsection A.2.5 in the appendix.
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Figure 5.17: Items of the cognitive workload with direct control (DC), shared velocity control (SVC), and shared

steering and velocity control (SSVC) assessed through the NASA-TLX. Tests yield significant differences

in the performance between SSVC in comparison to DC as well as SVC. The frustration with SSVC is

also significantly different in comparison to DC as well as SVC. For the items mental demand, physical

demand, temporal demand, and effort, no significant differences are found.

To begin with, Friedman’s ANOVA does not indicate significant differences for the items mental demand,

physical demand, temporal demand, and effort.

However, with p < 1e-3 and χ2(2) = 14.05, Friedman’s ANOVA indicates statistically significant differences in

the performance between the control modes. With p < 1e-3 and p < 0.01, post-hoc Wilcoxon signed-rank

tests with a Bonferroni correction yield that the rated performance with DC and SVC is significantly higher in

comparison with SSVC. With r = 0.68 and r = 0.46, there are large and medium effects, respectively.

The analysis of the rated frustration yields similar results. With p < 0.01 and χ2(2) = 10.52, Friedman’s

ANOVA yields that there are statistically significant differences between the control modes. With p < 1e-3

and p < 0.01, post-hoc Wilcoxon signed-rank tests with a Bonferroni correction reveal that these differences

are between SSVC and DC as well as SVC. With r = 0.59 and r = 0.53, both effects are large.
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Visual and Haptic Feedback

In this section, the participants’ ratings of the helpfulness of the provided feedback modalities are analyzed.

In addition, some of the received comments are summarized.

As described in Subsection 3.2.3 and 3.3.3, the visual feedback for the uncoupled shared control designs

consists of visual elements, which are overlaid with the video stream. In the case of SVC, a colored polygon

is used to visualize the trajectory tree. In the case of SSVC, a colored polygon is used to show the current

trajectory plan of the approach. On a scale from 1 to 5, the participants’ ratings of the helpfulness of the

visual feedback for both approaches are shown in Figure 5.18. With a mean of 3.9 for SVC and 3.5 for SSVC,

the majority of the participants rated the visual feedback in both designs as helpful.
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Figure 5.18: Helpfulness of the visual feedback in the shared velocity control (SVC) design and the shared steering

and velocity control (SSVC) design. With a mean of 3.9 for SVC and 3.5 for SSVC, the majority of the

participants rated the visual feedback in both designs as helpful.

Several comments on the visual feedback of the SVC design were received. These included the consensus

that the visual feedback improves the capability of predictive driving, the understanding of the reactions of

the SVC approach, as well as the capability to estimate the distance to obstacles. Improvement suggestions

included the use of different polygon shapes or arrows, additional colors, and the inversion of the display,

i.e., only coloring the space that is not drivable. It was also mentioned that it would be helpful to improve the

clarity of the display to communicate if the system will brake partially or completely.

Also, several comments mentioned the visual feedback of the SSVC design. In these, it was stated that it

enables predictive driving, improves lane keeping performance, and helps to understand the decisions of

the system. It was also mentioned that the polygon would probably be helpful alone, even without the active

intervention of the SSVC approach. Improvement suggestions included that the clarity of the coloring could

be improved. Potentially, the intervention could be visualized earlier.

The white lines in the visual feedback, computed based on the current steering wheel angle of the vehicle,

represented an element that was present in all teleoperation drives. Its helpfulness was explicitly asked for

and rated by the participants after the teleoperation drive with DC. The answers are shown in Figure A.3 in the

appendix. With a mean of 3.9, this element was also perceived as helpful by the majority of the participants.

As presented in Subsection 3.3.3, also haptic feedback was provided in the SSVC design. Its rated helpfulness

is shown in Figure 5.19. With a mean of 3.5, the majority of participants also perceived this as helpful.

Comments mentioned that it is intuitive and important to understand when the SSVC approach intervenes in

steering. Some participants stated that the haptic feedback could have been stronger.
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Figure 5.19: Helpfulness of the haptic feedback in the shared steering and velocity control design. With a mean of 3.5,

the majority of participants also perceived this as helpful.

Controllability

After each teleoperation drive, the participants were asked to subjectively rate the controllability of the

teleoperation system. Again from 1 to 5, the answers could range from poor to good controllability. The

responses of the participants are shown in Figure 5.20. The mean rating for DC is 3.6. With 3.8, the mean

rating for SVC is higher. With 2.8, the mean rating for SSVC is lower.
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Figure 5.20: Controllability with direct control (DC), shared velocity control (SVC), and shared steering and velocity

control (SSVC). Tests yield that the controllability with SVC is rated significantly higher in comparison to

SSVC.

Statistical tests are carried out for the comparison of SVC and SSVC. The complete test statistics are

reported in Subsection A.2.5 in the appendix. As the data of all modes are not normal, non-parametric tests

are performed. With p < 1e-4 and χ2(2) = 20.17, Friedman’s ANOVA indicates significant differences. With

p < 1e-3, the result of a post-hoc Wilcoxon signed-rank test with a Bonferroni correction yields that the

controllability with SVC is rated significantly higher in comparison to SSVC. With r = 0.64, the effect is large.

Pragmatic Quality of User Experience

After each teleoperation drive with an uncoupled shared control design, the participants were asked to rate

the three categories of the pragmatic user experience quality on a scale from -3 to +3. The answers are

summarized in Figure 5.21. It can be observed that the user experience of SVC is rated higher in all three

categories.
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Figure 5.21: Pragmatic quality of the user experience with shared velocity control (SVC), and shared steering and

velocity control (SSVC). Tests yield that the user experience with SVC is rated significantly higher in

comparison to SSVC in all three categories. The scale ranges from -3 for a poor to +3 for a good user

experience.

Statistical tests, which complete results are reported in Subsection A.2.5 in the appendix, are carried out.

As the data are not normal for all modes, non-parametric Wilcoxon signed-rank tests are performed for the

comparison of SVC and SSVC. With p < 0.05, the tests yield significantly greater efficiency and perspicuity

with SVC. With r = 0.37 and r = 0.40, the effect sizes are medium. With p < 1e-4, the dependability with

SVC is significantly greater as compared to SSVC. With r = 0.71, the effect is large.

Uncoupled Shared Control Design Features

After each teleoperation drive with uncoupled shared control, the participants were asked to rate the

helpfulness of the respective features of the design. As the names suggest, those features were the

overriding of the velocity in the case of SVC, as well as the overriding of steering and velocity in the case of

SSVC. Again, the rated helpfulness could range from 1 to 5. Also, if related comments were received, these

are summarized in this section.

In Figure 5.22, the results are shown for the velocity overriding feature in both designs. With mean ratings

of 4.0 with SVC and 3.5 with SSVC, the feature is rated as helpful overall.
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Figure 5.22: Helpfulness of the velocity overriding feature in the shared velocity control (SVC) design, as well as

the shared steering and velocity control (SSVC) design. With mean ratings of 4.0 with SVC and 3.5

with SSVC, the feature is rated as helpful overall.

In comments, participants’ feedback on the SVC included that the system improves safety through automatic

and smooth braking, effectively reducing the workload when controlling the velocity. Improvement suggestions

were to decrease the deceleration potential and frequency of the system braking. Furthermore, it has been

noted that automatic reacceleration of the vehicle after braking through the system is critical, especially in

turns.
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The rated helpfulness of the steering overriding feature in the SSVC design is shown in Figure 5.23. With a

mean of 2.8, a value below the middle of the scale at 3.0, it is not rated as helpful by the study participants.
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Figure 5.23: Helpfulness of the steering overriding feature in the shared steering and velocity control design. With a

mean of 2.8, it is not rated as helpful on average.

In comments, participants reported that minor steering interventions were helpful as they avoided collisions

without stopping. It was noted that the SSVC design restricts less than the SVC design, enabling more

effective driving at speeds up to 4 km/h. Beyond that larger steering interventions often destabilized and

disturbed, when trying to follow the own intentions. Also, it was mentioned that it was difficult to predict when

the system intervenes. This partially increased the stress level. Finally, it was suggested that the system

should reduce the velocity when a steering intervention occurs. Also, the approach should be made aware of

the track boundaries as it would avoid departures of the course.

Preferred Uncoupled Shared Control Design

Finally, after the second teleoperation drive with an uncoupled shared control design, the participants were

asked which uncoupled shared control design was preferred. Originally, the answers could range from 1 to 5,

where 1 and 5 corresponded to a strong preference for the SVC and SSVC design, respectively. The original

ratings are shown in Figure A.4 in the appendix. Similar to the procedure in Subsection 5.2.6, the answers

are summarized for clarity in this section. The results are shown in Figure 5.24. With 23 out of 32, the majority

of the study participants reported preferring the SVC design. Only 9 answered to have a preference for the

SSVC design. No participants were undecided.
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Figure 5.24: Summarized responses of the preferred uncoupled shared control design. With 23 out of 32, the majority

of the participants prefer shared velocity control (SVC) over shared steering and velocity control (SSVC).

76



6 Discussion

After the presentation of the results from the experimental user study, they are discussed in this chapter. First,

with the goal to provide answers to the first research question, the effects of uncoupled shared control on

remote driving in comparison to direct control are described. This is followed by the discussion on the second

research question, which asked what is the most suited uncoupled shared control design for remote driving.

After this, the limitations of the user study as well as uncoupled shared control, in general, are elaborated.

Finally, the chapter concludes with a brief discussion on regulatory topics, following up on the challenges of

teleoperation that have been outlined in Subsection 1.2.3 in the introduction.

6.1 Effects of Uncoupled Shared Control

In this section, based on the results from the experimental user study, the effects of uncoupled shared control

on remote driving in comparison to direct control are discussed in response to the first research question. In

addition, a comparison with results from the work by Anderson [158] is incorporated for some aspects. As

already described in Subsection 2.2.2, this work evaluated an uncoupled shared control design that could

correct the remote operator’s steering control actions. The evaluation was carried out in a user study with

teleoperation experiments and 20 participants. In two different modes, “unshared” and “shared”, i.e., direct

control and shared steering control, the participants’ task was to traverse a course with static obstacles as

fast as possible. In the present work, the shared steering control design variant was not considered as it

yields the limitation of being incapable of avoiding collisions through braking, which is required in, for example,

dead ends. However, as these were not part of the course setup, a comparison of shared steering control to

the present user study, which considered SVC and SSVC, is possible to some extent.

In the present work, first, it was hypothesized that uncoupled shared control affects the cognitive workload of

remote operators in the remote driving task. Two effects were expected. On the one hand, the uncoupled

shared control designs have the potential to reduce cognitive workload as they assist in collision avoidance.

On the other hand, the interventions may disturb as the uncoupled shared control approaches deviate from

the remote operators’ intentions. Analyzing the individual items of the cognitive workload, it became apparent

that direct control and SVC are consistently rated comparably. However, effects are visible with SSVC, with

performance and frustration being rated significantly lower and higher, respectively. Nevertheless, as these

effects balanced each other, no difference was found in the mean cognitive workload of SSVC either. In

consequence, the results in Subsection 5.2.4 rejected the first hypothesis.

Second, it was hypothesized that uncoupled shared control improves the performance of the remote driving

task, which was covering as much distance as possible without colliding or leaving the track. For reference,

the considered performance score, reported by Anderson, improved by a factor of 1.4 with uncoupled shared

control, in comparison to direct control [158, p. 113]. These results are in contradiction to the results in

the present work. In Subsection 5.2.5, it was shown that the achieved score with the SVC design is only

comparable with direct control. In the case of SSVC, it was even found that the participants’ performance

score was significantly lower. Surprisingly, the hypothesis had to be rejected. Analyzing the individual
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variables that make up the score, i.e., the covered distance as well as the number of collisions and track

departures, there are implications of a variable tradeoff between speed and accuracy, in particular with SSVC.

Also, when comparing against the results in [158], it is concluded that different results are to be expected for

different uncoupled shared control systems and user study settings.

Third, it was hypothesized that uncoupled shared control increases safety in remote driving. As reported

in Subsection 5.2.6, the remote operators’ perceived level of safety did increase. With 1.34 collisions per

drive, the results showed that direct control yielded the highest number of collisions. Through uncoupled

shared control, this could be reduced to 0.63 with SSVC and 0.19 with SVC. This is in line with the results

reported by Anderson. These yielded a reduction of the number of collisions per run from 0.41 with direct

control to 0.11 with uncoupled shared control [158, p. 109-110]. It is noted that, in theory, all collisions should

be avoidable. However, in the present work, there were some limitations to the technical system performance.

For instance, there were unmodelled actuation delays. In addition, depending on whether one or two sides of

an obstacle were visible, the LiDAR-based detection algorithm outputs inconsistent obstacle dimensions.

This leads to one limitation of uncoupled shared control in general, which is the assumed functionality of the

perception of the automated driving system. This will be discussed further in Section 6.4.

Several effects through uncoupled shared control have been identified. Due to balancing positive and negative

effects, the mean cognitive workload was found to be unaffected. Surprisingly, the performance of remote

operators did not improve through uncoupled shared control. In the case of SSVC, it was even reduced as

the approach deviated from the remote operators’ intentions in some instances. On the positive side, there

are general improvements in vehicle safety as well as the remote operators’ perception of safety.

6.2 Most Suited Uncoupled Shared Control Design

In Subsection 5.2.7, several results from the experimental user study were presented, comparing SVC and

SSVC. In this section, these results are used in order to respond to the second research question, which

asked about the most suited uncoupled shared control design for remote driving.

To begin with, the mean cognitive workload did not yield a significant difference between the control modes.

However, when comparing SVC and SSVC, there are some observations to be made in the individual

items of the cognitive workload. It was found that the frustration and the performance with SVC are rated

significantly lower and significantly higher, respectively. This indicates a clear disadvantage of SSVC, which

likely originated from the undesirable steering interventions of the SSVC in some cases. This resulted in the

avoidance of an obstacle on the wrong side, which led the vehicle off the track. In general, this indicates that

the application of SSVC may not have been ideal in the tight driving course. This potentially represents a

limitation of the presented user study and will be discussed further in Section 6.3.

As found, the performance score is different when comparing SVC and SSVC. Although the covered distance

with both designs is comparable, SSVC was more heavily penalized, especially given the number of track

departures. This led to the result that the score with SVC is significantly better in comparison to the score

with SSVC.

Both uncoupled shared control designs have proven to enhance the safety of the vehicle by effectively

reducing the number of collisions. Although this metric was even better with SVC, it is noted that all collisions

should be avoidable if previously mentioned technical shortcomings are resolved. Considering this, no

recommendation can be given on the better uncoupled shared control design in terms of collision avoidance.

The applicable feedback modalities in both uncoupled shared control designs were consistently rated

helpful by the study participants. This, as well as received comments, confirmed that the feedback for the
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communication from the automation to the remote operator represents an important aspect of uncoupled

shared control. Hence, it should be designed with care. Several comments from the study participants already

gave suggestions for possible improvements, which will be included in the outlook for future work in the

following chapter.

The study results suggest that the SVC design offers improved controllability and user experience compared

to SSVC. This indicates that participants perceived SVC as more intuitive and reliable. It is assumed that the

lack of knowledge regarding track boundaries in the SSVC design also contributed to its lower ratings.

The helpfulness of the uncoupled shared control design features, i.e., overriding of the steering or velocity

commands, has been rated as mixed. In both designs, the majority of the study participants rated the

overriding of the desired velocity for collision avoidance as helpful. Likely as a more conservative intervention,

braking of the vehicle is deemed more acceptable. The opinions on the feature of SSVC to override the

steering angle were rather neutral to negative, likely due to the intervention being too aggressive in some

instances. This underlines that steering interventions are a feature, which is likely to only be accepted in

cases where the uncoupled shared control approach is well aware of the remote operator’s intentions.

Finally, when directly asked which uncoupled shared control design they preferred, 23 out of 32 participants

stated being in favor of SVC. Only nine preferred SSVC. No neutral, i.e., undecided, responses were given.

In conclusion, the majority of the presented results from the experimental user study indicate that the SVC

design is superior and preferred by the participants, highlighting its advantages in several measures. However,

it is important to acknowledge the limitations of this study, which may have influenced certain findings. The

following section will discuss these limitations in detail, providing insights into the factors that may have

impacted the results.

6.3 Limitations of the User Study

There are several findings and recommendations from the results of the presented user study. However, such

an experiment also comes with limitations. These are elaborated and discussed in this section.

In the present work, the evaluation of the uncoupled shared control designs has been carried out with the

participants operating a teleoperation system with an actual vehicle, and not a driving simulator. This gives

the results better comparability with real-world scenarios and thus more relevance. However, the teleoperated

vehicle was not of full size, but only a testbed at a scale of 1:10. Given this, it is likely that the participants

were always aware that the actual risk and taken damage, in case of collisions, were limited. This represents

one limitation or, in simple terms, an influencing factor on the results. The teleoperation likely would have

been more conservative if the vehicle had been full size.

Given the objective to cover as much distance as possible in a given time, the general setting of the study

was motivating the participants to remotely drive the vehicle at high speeds. As described in the study design

in Subsection 5.1.2, the purpose was to evaluate the performance of the uncoupled shared control designs

under extreme conditions. To some extent, this should be noted as a limitation of the presented study. A

racing setting would not be reasonable for actual remote driving circumstances. In these, achieving the

highest speed would not have a high priority. However, remote operators should not drive arbitrarily slow

either. Speed and accuracy will need to be traded off in some way, but not as drastically as in the presented

user study. In addition, it is noted that the study setup, with static obstacles and a circular course, did not

represent a reasonable fail case of an automated driving system. A more versatile setup as well as the

consideration of dynamic obstacles is something to be considered in future work.
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The number of collisions with obstacles was used as a measure to quantify safety. For the setting of the study

with higher speeds, this was reasonable. However, for actual remote driving, not a single collision would

be acceptable. Instead, other metrics such as the time-to-collision should be taken into account. Also, the

consideration of lane departures should be discussed. Although it led to a penalty on the performance score

in the user study, it was not considered an unsafe action. In reality, this may be different, and uncoupled

shared control approaches should possibly be designed to also avoid it.

In the technical introduction, the participants were given six minutes of driving. Based on this, it was assumed

that the participants had the chance to get to know the teleoperation system and the course of the track well

enough. Nevertheless, as the results in Subsection 5.2.3 showed, learning effects could still be identified.

For instance, as part of the cognitive workload, several items show an observable trend. Also, the rated

controllability indicates learning effects, increasing from a mean of 3.19 to 3.63 over the course of the three

scored teleoperation drives. It can be assumed that these variable learning effects between the control

modes could have been avoided by training the participants for longer. It also remains an open question how

the results would have turned out with experienced remote operators performing remote driving on a regular

basis. Nevertheless, it is noted that parts of these effects were been mitigated through randomization of the

order of modes.

As described before, one further limitation of the user study was that the application of SSVC in the tight

driving setting was not ideal. It can be assumed that, if the space would have been wider and multiple

obstacles would not follow each other closely, the risk of the SSVC design taking over and deviating far from

the remote operators’ intentions, would have been much lower. In this case, it is possible that some of the

assessed metrics would have been more in favor of SSVC.

Several circumstances indicate the limitations of the presented user study. First, while the setup came close

to an actual teleoperation system, a full-size vehicle could have been used. This would have made the actual

risk, which is perceived by the participants, more reasonable. Second, the participants’ willingness to take

more risks was potentially skewed as the performance score could be improved by driving at higher speeds.

Third, it has been noted that the assessment of safety would be different in actual remote driving scenarios.

Fourth, some learning effects were identified, which could have been avoided through more training. Fifth

and last, it was noted that the application of SSVC in a different setting may have led to different results. In

conclusion, while the recommendations, which were derived from the study results, are clear, they should

be taken with care and may be different for a different vehicle teleoperation system or other remote driving

circumstances.

6.4 Limitations of Uncoupled Shared Control

In the present work, uncoupled shared control has been introduced as an enabler of remote driving. However,

it also comes with certain limitations, which are discussed in this section.

The application of vehicle teleoperation has been presented as a fallback for certain fail cases of the auto-

mated driving system. However, uncoupled shared control, as a remote driving concept, makes assumptions

about certain parts of the automated driving system being available. In particular, the core assumption of

uncoupled shared control for obstacle avoidance is that the perception of the automated driving system

is functional and capable of detecting obstacles. Hence, if the perception module requires assistance, the

teleoperation system should be complemented by at least the perception modification concept, which was

introduced in Subsection 2.1.1.

In uncoupled shared control, the automation is capable of overriding the control actions from the remote

operator in the interest of safety. The assumption is that it is the remote operator who makes mistakes and
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needs to be safeguarded. In consequence, the automation in uncoupled shared control has to be fully reliable.

This raises concerns in case of automation failure. This is a research topic in itself in the field of shared

control. For instance, in the work from Bhardwaj et al. [162], this has been studied through the introduction

of cases in which the automation failed to intervene appropriately. Similarly, from this different perspective,

Huang et al. [219] encourage shared control as it enables “the human driver [...] to compensate for the

automation system’s degraded performance and to ensure the safety of the [...] system.”. This describes the

use case of shared control in exactly the opposite way. Overall, considering potential automation fail cases,

the minimal requirement should be the introduction of an emergency stop button for the remote operator

through which the vehicle can be brought to a safe stop at all times.

The workload in remote driving is generally high. As has been justified, uncoupled shared control is meant

to represent a fallback for the automated driving system in fail cases at the tactical level of the dynamic

driving task. Not representing a direct limitation of uncoupled shared control, it is noted that some fail cases

could also be addressed through remote assistance concepts. As the interaction in remote assistance is

not continuous, it is assumed that this imposes a lower cognitive workload on the remote operators. As this

needs to be studied, it will be noted as an item for future work in the outlook in the next chapter.

To summarize, although shared control has been presented as a teleoperation concept that holds great

promises, it makes certain assumptions, which potentially limit its applicability. For instance, it is assumed that

the perception of the automated driving system and the automation of the uncoupled shared control approach

are fully reliable. Only then, safety can be ensured. In addition, in remote assistance, there possibly exist

alternative solutions to resolve automated driving system fail cases at the tactical level of the dynamic driving

task. Finally, it has to be noted that certain challenges of remote driving, such as the complete connection

loss between the remote operator and the vehicle, will persist despite shared control. These will continue to

require a specific solution.

6.5 Regulation

In the summary of several acts on automated driving [93–95] in Subsection 1.2.3, regulation has been

introduced as a challenge of remote driving. In this section, the topic is revisited.

Two remote assistance concepts, which were described in Subsection 2.1.1, are deemed compliant. On the

one hand, remote clearance of maneuver proposals from the remote operator through the automated driving

system is described. This translates to the compliance of the collaborative path planning concept. On the

other hand, the proposal of a maneuver from the remote operator to the automated driving system is allowed

as well. In this case, the automated driving system should validate the proposed maneuver and only execute

it in case it is deemed feasible and safe. This means that the concept of path guidance is also compliant.

Given this, remote driving in the form of direct control is not permitted under current regulations. However,

based on the concepts and findings of the present work, shared control may qualify as a compliant remote

driving concept that holds the potential to meet the necessary safety requirements. From a regulatory

perspective, shared control can be interpreted as the remote operator proposing maneuvers at a higher

frequency. In the event that an unsafe control action is commanded, the shared control approach, as a part

of the automated driving system, can reject and safeguard against its execution.

Finally, within this context, it is important to acknowledge that the considerations for vehicle teleoperation

extend beyond regulatory aspects and encompass societal perspectives as well. The impact of shared control

on the acceptance of vehicle teleoperation remains an open question that warrants separate investigation. A

possible approach to explore this aspect could involve building upon the research conducted by Keller et

al. [220], who examined the acceptability of teleoperation among railway passengers.

81





7 Conclusion and Outlook

In the present work, vehicle teleoperation has been introduced as a fallback for highly-automated, driverless

vehicles that require remote support in fail cases at the tactical level of the dynamic driving task. While direct

control is a simple solution, it comes with inherent risks, which arise from different challenges such as latency,

reduced situational awareness, and unstable connectivity. For this purpose, uncoupled shared control has

been introduced as a remote driving concept that aims to safeguard against unsafe control actions from the

remote operator.

In the state of the art, an overview has been given of remote assistance and remote driving concepts. The

latter included shared control, which was introduced as the particular focus of the present work. Thereby,

it was derived that uncoupled shared control for the use case of obstacle avoidance is able to mitigate the

safety concerns of direct control under certain assumptions. For instance, shared control relies on a functional

perception of the automated driving system. Based on this, the first research question was derived, asking

what the effects of uncoupled shared control are in comparison to direct control as a remote driving concept.

Also, from the overview of uncoupled shared control design variants in the literature, the second research

question was derived, asking what the most suited uncoupled shared control design is for remote driving.

The derivation of research questions was followed by the presentation of the methodology to tackle them. First,

as it is not capable of keeping the vehicle safe in some scenarios, shared steering control has been excluded

in the present work. The other two uncoupled shared control design variants, namely SVC and SSVC, were

considered. For these, two design concepts were proposed and described. These made use of model-based

trajectory planning and model predictive control techniques as well as visual and haptic feedback in order to

communicate the intentions and interventions from the uncoupled shared control approaches to the remote

operator. The vehicle teleoperation system at the Institute of Automotive Technology and the integration of

the uncoupled shared control approaches therein were described. After this, a simulative validation in two

scenarios was presented, validating and comparing the characteristics of the two approaches in case of

dynamic and unsafe control actions from a simulated remote operator.

Finally, to evaluate the designs experimentally, an experimental user study was conducted with 32 participants.

Therein, to answer the first research question, direct control was compared against SVC and SSVC. The

results were multifaceted. First, they yielded that the choice of the control mode has no effect on the mean

cognitive workload. Second, contrary to what was originally hypothesized, the performance is not higher with

uncoupled shared control. Third, it was shown that safety increases with uncoupled shared control. In addition,

SVC and SSVC were compared in various metrics. In response to the second research question, the results

of, for example, controllability and user experience recommended that SVC is the most suited uncoupled

shared control design for remote driving. However, these results were accompanied by some limitations,

which were highlighted in the discussion. Proposing uncoupled shared control as a compliant maneuver

proposal concept for vehicle teleoperation, the discussion also included a follow-up on the regulatory issues

from the introduction.

Based on the present work, several points for future work can be been identified. In summary, these are

concerned with the reconsideration of the study design, improvements to the presented uncoupled shared

control designs as well as extensions to the shared control framework, and research on social matters.
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The study design used in the present work has been an approach to evaluate and compare the uncoupled

shared control designs in extreme conditions. In future work, different study setups should be considered.

For instance, actual scenarios should not require overly frequent overriding actions through the uncoupled

shared control design. Also, as discussed, the operationalization of safety could be different, with metrics

such as time-to-collision being calculated. Additionally, an objective measure of the controllability of the

teleoperation system would be valuable.

The presented uncoupled shared control designs have the potential for improvement in various ways. While

the following suggestions are not exhaustive, they offer a glimpse into possible future directions. One

recommendation is to address the conflict between the remote operator and the automation by preventing

SVC from automatically re-accelerating after a braking intervention. This has surprised some participants,

especially when they take turns. For the SSVC approach, it was suggested that the velocity should be

decreased if the system intervenes in the steering angle. This would help in stabilizing the vehicle after the

intervention. Moreover, the study results highlighted the importance of feedback for communication from

the automation to the remote operator in uncoupled shared control. Therefore, incorporating haptic pedals

may facilitate communication of intervention in the velocity control. Additionally, the haptic feedback on the

steering wheel can be predictive rather than purely reactive during an actual intervention. Study participants

also made various suggestions regarding visual feedback, such as improving clarity when the SVC is about

to stop the vehicle.

Additional technical refinements can be explored for uncoupled shared control. One of the primary areas

of focus should be on validating the uncoupled shared control approaches in the presence of dynamic

obstacles. It is anticipated that the operability of SVC would be significantly constrained as maintaining the

safety of the vehicle becomes more challenging while assuming hazardous steering actions from the remote

operator. Also, the shared control approaches can make use of more extensive models to predict the actions

of the remote operators. Furthermore, as highlighted in the introduction of the shared control use cases, the

potential of control resumption between the automation and the remote operator, and vice versa, motivate

further investigation. Performing the handover, while the vehicle is in motion, can substantially increase the

productivity of the teleoperation interaction.

Also, several greater extensions of the shared control framework are conceivable. For example, the uncoupled

shared control design could incorporate data from a remote operator monitoring system. This could be used

to respond when the remote operator becomes drowsy. Also on the subject of deployment, thought must

be given to how a remote operator desk for remote driving is integrated into a remote control center. In this

context, another user study should also be considered. In this, it would be valuable to teleoperate a full-size

vehicle in driving scenarios, which represent more likely fail cases for an automated driving system.

The presented study compared uncoupled shared control with direct control to determine the effects of

uncoupled shared control. However, there are still open questions regarding the comparison of uncoupled

shared control with other vehicle teleoperation concepts, such as collaborative path planning and path

guidance. These also address fail cases of an automated driving system at the tactical level of the dynamic

driving task, making use of a functional perception. Possibly, these concepts have a lower cognitive workload

for the remote operator but may lack the flexibility to respond quickly to dynamic traffic situations. In contrast,

uncoupled shared control may have an advantage in this regard. However, a targeted study is needed to

explore these comparisons in more detail.

Finally, there is a question about the societal acceptance of remote operation of automated vehicles. To

address this, surveys can be conducted to gather opinions on this matter before the technology is ready for

widespread use. It remains to be seen whether uncoupled shared control can help increase the acceptance

of remote driving or teleoperation more generally.
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Teleoperated Driving,“ in 2022 International Conference on Connected Vehicle and Expo (ICCVE),

2022, pp. 1–6. DOI: 10.1109/ICCVE52871.2022.9742859.

[199] S. Saparia, A. Schimpe and L. Ferranti, „Active Safety System for Semi-Autonomous Teleoperated

Vehicles,“ in 2021 IEEE Intelligent Vehicles Symposium Workshops (IV Workshops), 2021, pp. 141–

147. DOI: 10.1109/IVWorkshops54471.2021.9669239.

Journals, Conferences, Periodicals, Reports, Conference Proceedings and

Poster, etc.; not Scopus/Web of Science listed

[108] A. Schimpe, A. Pfadler and L. Montero Bayo, „Tele-operated Driving - Overview & Achievements,“

5GCroCo Web-Seminar, 2022. Available: https://5gcroco.eu/images/templates/rsvario/images/

5GCroCo_Webinar__ToD.pdf.

A. Schimpe, „Presentation on Open Source Software for Teleoperated Driving,“ 2022. Available:

https://mediatum.ub.tum.de/node?id=1693635.

xxi

https://doi.org/10.1109/SMC53654.2022.9945267
https://doi.org/10.1109/SMC53654.2022.9945081
https://doi.org/10.1109/ITSC45102.2020.9294702
https://doi.org/10.1109/IVWorkshops54471.2021.9669258
https://doi.org/10.1109/ICCVE52871.2022.9742859
https://doi.org/10.1109/IVWorkshops54471.2021.9669239
https://5gcroco.eu/images/templates/rsvario/images/5GCroCo_Webinar__ToD.pdf
https://5gcroco.eu/images/templates/rsvario/images/5GCroCo_Webinar__ToD.pdf
https://mediatum.ub.tum.de/node?id=1693635


Bibliography

Non-thesis-relevant publications; Scopus/Web of Science listed (peer-reviewed)

[8] K. Burnett, A. Schimpe, S. Samavi, M. Gridseth, C. W. Liu, Q. Li, Z. Kroeze and A. P. Schoellig,

„Building a Winning Self-Driving Car in Six Months,“ in 2019 International Conference on Robotics

and Automation (ICRA), 2019, pp. 9583–9589. DOI: 10.1109/ICRA.2019.8794029.

[56] A. Kousaridas, A. Schimpe, S. Euler, X. Vilajosana, M. Fallgren, G. Landi, F. Moscatelli, S. Barm-

pounakis, F. Vázquez-Gallego, R. Sedar, et al., „5G Cross-Border Operation for Connected and

Automated Mobility: Challenges and Solutions,“ Future Internet, vol. 12, no. 1, p. 5, 2019, DOI:

10.3390/fi12010005.

D. Hetzer, M. Muehleisen, A. Kousaridas, S. Barmpounakis, S. Wendt, K. Eckert, A. Schimpe, J.

Löfhede and J. Alonso-Zarate, „5G connected and automated driving: use cases, technologies and

trials in cross-border environments,“ EURASIP Journal on Wireless Communications and Networking,

vol. 2021, no. 1, p. 97, 2021, DOI: 10.1186/s13638-021-01976-6.

P. Kontopoulos, S. Barmpounakis, M. Muehleisen, F. Gardes, R. Sedar, F. Vazquez-Gallego, R.

Casellas, F. Moscatelli, X. Vilajosana, A. Schimpe, et al., „Service Performance Measurement

Methods for 5g Connected and Automated Mobility Use Cases,“ SSRN Electronic Journal, pp. 1–11,

2022, DOI: 10.2139/ssrn.4040705.

Thesis-relevant open-source software

[200] A. Schimpe, J. Feiler, S. Hoffmann and D. Majstorović. „GitHub | TUM FTM Teleoperated Driving
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A Appendix

A.1 Vehicle Parameters and Solver Settings

The parameters of the passenger vehicle are given as follows.

• Distance from center of mass to front axle: lf = 1.45 m

• Distance from center of mass to rear axle: lr = 1.56 m

• Maximum steering angle: δmax = 0.61 rad

• Distance from center of mass to front bumper: 2.41 m

• Distance from center of mass to rear bumper: 2.68 m

• Width from left to right edge: 2.18 m

The solver settings in the simulative validation are given as follows.

• Maximum number of SQP iterations: 15, tolerance for SQP convergence: 1e-2

• Maximum number of QP iterations: 100, tolerance for QP convergence: 1e-4

• HPIPM with partial_condensing_hpipm setting

The parameters of the 1:10-scale vehicle testbed are given as follows.

• Distance from center of mass to front axle: lf = 0.23 m

• Distance from center of mass to rear axle: lr = 0.10 m

• Maximum steering angle: δmax = 0.34 rad

• Distance from center of mass to front bumper: 0.36 m

• Distance from center of mass to rear bumper: 0.24 m

• Width from left to right edge: 0.30 m

The solver settings in the experimental user study are given as follows.

• Maximum number of SQP iterations: 3, tolerance for SQP convergence: 1e-2

• Maximum number of QP iterations: 80, tolerance for QP convergence: 1e-4

• HPIPM with partial_condensing_hpipm setting
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A.2 Additional Data and Test Results from User Study

In the following, additional data and test results from the experimental user are reported.

A.2.1 Learning Effects

In the following, additional data and test results for the learning effects from the user study are reported.

Controllability

The analyzed variables of the controllability per drive and test results for the assumptions of parametric tests

are given in Table A.1. The results of tests for statistically significant differences are given in Table A.2.

Table A.1: Variables and assumptions for parametric tests of the controllability per drive.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Controllability in first drive 3 3.19 No (p=0.0003, W=0.8454)

Yes (p=0.9061, F (2,93)=0.0987)Controllability in second drive 3.5 3.38 No (p=0.0010, W=0.8679)

Controllability in third drive 4 3.63 No (p=0.0008, W=0.8625)

Table A.2: Tests for statistically significant differences of the controllability between the drives.

Significantly different

Tested Modes (All three modes: Friedman’s ANOVA)

Controllability in first, second and third drive No (p=0.4600, χ2(2)=1.5532)

Mean Cognitive Workload

The mean cognitive workload per drive is shown in Figure A.1.
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Figure A.1: Mean cognitive workload per teleoperation drive, assessed through the NASA-TLX.
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Items of Cognitive Workload

The analyzed variables of the items of the cognitive workload per drive and test results for the assumptions of

parametric tests are given in Table A.3. The results of tests for significant differences are given in Table A.4.

Table A.3: Variables and assumptions for parametric tests of the items of the cognitive workload per drive.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Mental demand in first drive 75.0 68.4 Yes (p=0.0942, W=0.9435)

Yes (p=0.8969, F (2,93)=0.1089)Mental demand in second drive 65.0 64.2 Yes (p=0.1266, W=0.9480)

Mental demand in the third drive 57.5 57.3 Yes (p=0.0636, W=0.9375)

Physical demand in first drive 42.5 46.9 Yes (p=0.5822, W=0.9729)

Yes (p=0.3479, F (2,93)=1.0678)Physical demand in second drive 60.0 53.1 Yes (p=0.1202, W=0.9472)

Physical demand in third drive 50.0 47.3 Yes (p=0.5411, W=0.9715)

Temporal demand in first drive 70.0 67.0 Yes (p=0.0554, W=0.9354)

Yes (p=0.5788, F (2,93)=0.5501)Temporal demand in second drive 60.0 58.6 Yes (p=0.6038, W=0.9736)

Temporal demand in third drive 50.0 54.2 Yes (p=0.4116, W=0.9666)

Performance in first drive 40.0 43.1 Yes (p=0.2190, W=0.9564)

Yes (p=0.7917, F (2,93)=0.2341)Performance in second drive 52.5 52.5 Yes (p=0.3717, W=0.9649)

Performance in third drive 60.0 57.3 Yes (p=0.1543, W=0.9510)

Effort in first drive 70.0 65.9 No (p=0.0131, W=0.9126)

Yes (p=0.8847, F (2,93)=0.1227)Effort in second drive 60.0 61.7 Yes (p=0.4620, W=0.9686)

Effort in third drive 55.0 58.0 Yes (p=0.6071, W=0.9737)

Frustration in first drive 42.5 44.5 Yes (p=0.8993, W=0.9838)

Yes (p=0.6749, F (2,93)=0.3949)Frustration in second drive 37.5 39.1 Yes (p=0.4377, W=0.9677)

Frustration in third drive 35.0 32.8 Yes (p=0.0666, W=0.9382)

Table A.4: Tests for statistically significant differences of the items of the cognitive workload between the drives.

Significantly different

Tested Modes (All three drives: Friedman’s ANOVA, Pairwise: Wilcoxon signed-rank test)

Mental demand in first, second & third drive Yes (p=0.0416, χ2(2)=6.3590)

Mental demand in first & second drive No (p=0.6705, r=0.0752)

Mental demand in first & third drive Yes (p=0.0158, r=0.4266)

Mental demand in second & third drive No (p=0.0936, r=0.2964)

Physical demand in first, second & third drive No (p=0.0973, χ2(2)=4.6609)

Temporal demand in first, second & third drive Yes (p=0.0140, χ2(2)=8.5439)

Temporal demand in first & second drive Yes (p=0.0083, r=0.4668)

Temporal demand in first & third drive Yes (p=0.0052, r=0.4945)

Temporal demand in second & third drive No (p=0.2834, r=0.1896)

Performance in first, second & third drive Yes (p=0.0116, χ2(2)=8.9194)

Performance in first & second drive No (p=0.0818, r=0.3077)

Performance in first & third drive Yes (p=0.0028, r=0.5291)

Performance in second & third drive No (p=0.2802, r=0.1909)

Effort in first, second & third drive No (p=0.1821, χ2(2)=3.4068)

Frustration in first, second & third drive No (p=0.0546, χ2(2)=5.8167)
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A.2.2 Hypothesis 1: Cognitive Workload

The analyzed variables of the mean cognitive workload and test results for the assumptions of parametric

tests are given in Table A.5. The results of tests for statistically significant differences are given in Table A.6.

Table A.5: Variables and assumptions for parametric tests of the mean cognitive workload per control mode.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Mean cognitive workload with DC 54.1667 54.9219 Yes (p=0.6285, W=0.9744)

Yes (p=0.4337, F (2,93)=0.8430)Mean cognitive workload with SVC 48.7500 51.0417 Yes (p=0.4512, W=0.9682)

Mean cognitive workload with SSVC 55.4167 56.0677 Yes (p=0.5966, W=0.9734)

Table A.6: Tests for statistically significant differences of the mean cognitive workload between the control modes.

Significantly different

Tested Modes (All three modes: ANOVA)

Mean cognitive workload with DC, SVC & SSVC No (p=0.1240, F (2,93)=2.1592)

A.2.3 Hypothesis 2: Remote Operator Performance

The analyzed variables of the mean cognitive workload and test results for the assumptions of parametric

tests are given in Table A.7. The results of tests for statistically significant differences are given in Table A.8.

Table A.7: Variables and assumptions for parametric tests of the performance score per control mode.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Performance with DC 304.86 297.10 Yes (p=0.7714, W=0.9790)

No (p=0.0293, F (2,93)=3.6673)Performance with SVC 289.31 291.05 Yes (p=0.9548, W=0.9867)

Performance with SSVC 243.28 243.50 Yes (p=0.3413, W=0.9635)

Table A.8: Tests for statistically significant differences of the performance score between the control modes.

Significantly different

Tested Modes (All three modes: Friedman’s ANOVA, Pairwise: Wilcoxon signed-rank test)

Performance with DC, SVC & SSVC Yes (p=1.2e-5, χ2(2)=22.75)

Performance with DC & SVC No (p=0.6006, r=0.0926)

Performance with DC & SSVC Yes (p=1.4e-5, r=0.7669)

Performance with SVC & SSVC Yes (p=8.6e-6, r=0.7867)
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A.2.4 Hypothesis 3: Safety

The agreement of the study participants to the question, if the perceived safety increased with an uncoupled

shared control design of choice is shown in Figure A.2.
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Figure A.2: Agreement to an increased safety feeling with the uncoupled shared control design of choice.
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A.2.5 Comparison of SVC and SSVC

In this section of the appendix, additional data and test results for the comparison between SVC and SSVC

from the experimental user study, presented in Section 5.2, are reported.

Items of Cognitive Workload

The analyzed variables of the items of the cognitive workload per mode and test results for the assumptions

of parametric tests are given in Table A.9. The results of tests for statistically significant differences are given

in Table A.10.

Table A.9: Variables and assumptions for parametric tests of the items of the cognitive workload per control mode.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Mental demand with DC 67.5 63.5938 Yes (p=0.5232, W=0.9709)

Yes (p=0.2624, F (2,93)=1.3575)Mental demand with SVC 57.5 57.3438 Yes (p=0.9189, W=0.9847)

Mental demand with SSVC 70.0 69.0625 Yes (p=0.1025, W=0.9448)

Physical demand with DC 55.0 51.8750 Yes (p=0.5084, W=0.9703)

Yes (F (2,93)=0.4420, p=0.6441)Physical demand with SVC 45.0 45.7812 Yes (p=0.6410, W=0.9748)

Physical demand with SSVC 50.0 49.6875 Yes (p=0.2825, W=0.9604)

Temporal demand with DC 60.0 59.2188 Yes (p=0.3910, W=0.9658)

Yes (F (2,93)=0.7267, p=0.4863)Temporal demand with SVC 57.5 57.0312 Yes (p=0.8229, W=0.9808)

Temporal demand with SSVC 65.0 63.5938 Yes (p=0.1582, W=0.9514)

Performance with DC 60.0 58.7500 Yes (p=0.1044, W=0.9451)

Yes (F (2,93)=0.5420, p=0.5834)Performance with SVC 60.0 53.9062 Yes (p=0.7654, W=0.9788)

Performance with SSVC 40.0 40.3125 Yes (p=0.3383, W=0.9634)

Effort with DC 65.0 64.3750 No (p=0.0315, W=0.9266)

Yes (p=0.6929, F (2,93)=0.3684)Effort with SVC 60.0 57.6562 Yes (p=0.9343, W=0.9855)

Effort with SSVC 65.0 63.5938 Yes (p=0.6840, W=0.9762)

Frustration with DC 30.0 31.7188 Yes (p=0.4135, W=0.9667)

Yes (F (2,93)=1.1805, p=0.3117)Frustration with SVC 32.5 34.5312 No (p=0.0381, W=0.9296)

Frustration with SSVC 50.0 50.1562 Yes (p=0.8262, W=0.9809)

Table A.10: Tests for statistically significant differences of the items of the cognitive workload between the control

modes.

Significantly different

Tested Modes (All three modes: Friedman’s ANOVA, Pairwise: Wilcoxon signed-rank test)

Mental demand with DC, SVC & SSVC No (p=0.0890, χ2(2)=4.8376)

Physical demand with DC, SVC & SSVC No (p=0.4083, χ2(2)=1.7913)

Temporal demand with DC, SVC & SSVC No (p=0.4270, χ2(2)=1.7018)

Performance with DC, SVC & SSVC Yes (p=0.0009, χ2(2)=14.0484)

Performance with DC & SVC No (p=0.4425, r=0.1358)

Performance with DC & SSVC Yes (p=0.0001, r=0.6756)

Performance with SVC & SSVC Yes (p=0.0098, r=0.4568)

Effort with DC, SVC & SSVC No (p=0.0940, χ2(2)=4.7288)

Frustration with DC, SVC & SSVC Yes (p=0.0052, χ2(2)=10.5167)

Frustration with DC & SVC No (p=0.5708, r=0.1002)

Frustration with DC & SSVC Yes (p=0.0009, r=0.5885)

Frustration with SVC & SSVC Yes (p=0.0026, r=0.5322)
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Visual and Haptic Feedback

The ratings of the study participants on the helpfulness of the visual feedback with DC are shown in Figure A.3.
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Figure A.3: Rated helpfulness of the visual feedback with direct control.

Controllability

The analyzed variables of the controllability per mode and test results for the assumptions of parametric tests

are given in Table A.11. The results of tests for statistically significant differences are given in Table A.12.

Table A.11: Variables and assumptions for parametric tests of the controllability per control mode.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Controllability with DC 4 3.63 No (p=0.0002, W=0.8341)

Yes (p=0.6241, F (2,93)=0.4738)Controllability with SVC 4 3.81 No (p=0.0001, W=0.8264)

Controllability with SSVC 2 2.75 No (p=0.0012, W=0.8706)

Table A.12: Tests for statistically significant differences of the controllability between the control modes.

Significantly different

Tested Modes (All three modes: Friedman’s ANOVA, Pairwise: Wilcoxon signed-rank test)

Controllability with DC, SVC & SSVC Yes (p=4.2e-5, χ2(2)=20.1702)

Controllability with DC & SVC Yes (p=0.4420, r=0.1359

Controllability with DC & SSVC Yes (p=0.0005, r=0.6122)

Controllability with SVC & SSVC Yes (p=0.0003, r=0.6383)
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Pragmatic Quality of User Experience

The analyzed variables of the hedonic quality of the user experience per mode and test results for the

assumptions of parametric tests are given in Table A.13. The results of tests for statistically significant

differences are given in Table A.14.

Table A.13: Variables and assumptions for parametric tests of the pragmatic quality of the user experience per

uncoupled shared control design.

Tested Mode Median Mean Normal (Shapiro-Wilk test) Homogeneous (Levene test)

Efficiency with SVC 1.25 1.11 Yes (p=0.1033, W=0.9449)
Yes (p=0.9248, F (1,62)=0.0090)

Efficiency with SSVC 0.75 0.61 Yes (p=0.6594, W=0.9754)

Perspicuity with SVC 1.00 0.84 No (p=0.0314, W=0.9265)
Yes (p=0.0594, F (1,62)=3.6877)

Perspicuity with SSVC 0.63 0.51 No (p=0.0062, W=0.9001)

Dependability with SVC 1.75 1.34 No (p=0.0042, W=0.8933)
Yes (p=0.6899, F (1,62)=0.1607)

Dependability with SSVC -0.13 0.00 Yes (p=0.6012, W=0.9735)

Table A.14: Tests for statistically significant differences of the pragmatic quality of the user experience between the

uncoupled shared control designs.

Significantly different

Tested Modes (Wilcoxon signed-rank test)

Efficiency with SVC & SSVC Yes (p=0.0351, r=0.3725)

Perspicuity with SVC & SSVC Yes (p=0.0242, r=0.3983)

Dependability with SVC & SSVC Yes (p=5.7e-5, r=0.7117)

Preferred uncoupled shared control design

The agreement of the study participants to the question of which uncoupled shared control design is preferred

is shown in Figure A.4.
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Figure A.4: Agreement to preferred uncoupled shared control design.
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