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 Overview 

In 2001, it was predicted that by the year of 2030, a fully automated vehicle (also known as a 

self-driving car or an autonomous car) could be ready to be driven on the road (G. Walker, 

Stanton, & Young, 2001). Elon Musk, the chief executive officer of Tesla Motors, stated that 

his company might be able to get automated vehicles on the road earlier than 2030, but the 

government policies and human drivers might not be ready by then (A. Young, 2014).  

Having a fully automated vehicle, a human driver only decides on the final destination, and 

the automated vehicle will handle all the driving tasks and decisions. Therefore, human 

drivers have the freedom to do their own preferred activities and become passengers or 

occupants. In addition, the future of the interior of an automated vehicle is also envisioned to 

be like a living room or office on the move (Taub, 2017). Automakers apparently share the 

same visions as indicated by recent patents by Ford on the reconfigurable interior (Cuddihy et 

al., 2015) and entertainment systems inside an automated vehicle (Cuddihy & Rao, 2015). 

Mercedes-Benz launched its F015 model in 2016, an automated vehicle concept car 

(Mercedes-Benz, 2016) with a luxury lounge for its interior which is equipped with swivelling 

chairs to support socializing for all passengers, and for digital interactions, there are also six 

gesture and touch displays ready to be used. Therefore, having a fully automated vehicle with 

an interior with the likes of the office and/or living room will open up possibilities to the 

occupants to be engaged with the preferred non-driving related tasks such as reading, 

watching movies/television, and resting.  

There have been studies done on the activities that the passengers or occupants would like to 

do inside a moving automated vehicle. For example, Karlsson and Pettersson (2015) who 

used participatory design by cooperating with users early in the design process, found that the 

future occupants of an automated vehicle would like to focus on relaxation-, hobby-, and 

working-related activities inside the vehicle. Schoettle and Sivak (2014) also found similar 

findings from survey study with various respondents from different countries. 

However, engaging in a non-driving related task will make the occupants of the automated 

vehicle become unaware of the intentions of the vehicle with regards to navigation and unable 

to anticipate upcoming events (Diels, 2014; Diels & Bos, 2016). They will experience poor 

situation awareness as most if not all of the attention will be channeled to the non-driving 

related task. The concept of situation awareness has been thoroughly studied by Endsley 

(Endsley, 1995, 2015a; Wickens, 2008b). In order to gain situation awareness in a manually 

driven vehicle, drivers perceive and understand their surrounding and predict what will 

happen in the immediate future. For example, a human driver needs to understand his/her 

vehicle position with regards to other vehicles and predict the projected outcomes in order to 
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perform an overtaking or undertaking a corner. In higher automation, situation awareness is 

essential in matters such as tracking the progress of the vehicle (estimated time of arrivals, 

detours, delays, and so forth) (Terken et al., 2017). In the context of fully automated driving 

where humans are no longer driving and being the occupants, low situation awareness will 

make them become unprepared for the forces generated from the horizontal accelerations 

(e.g., acceleration, braking, and cornering) and become more susceptible to the development 

of motion sickness (Brainard & Greshaw, 2014; Diels & Bos, 2016; Sivak & Schoettle, 2015). 

To make matters worse, the unpredictable navigation of the fully automated vehicle in low-

frequency accelerations will greatly enhance the effects of motion sickness (Griffin & 

Newman, 2004a; Turner & Griffin, 1999b). 

Passengers in a moving vehicle are usually looking out of the window in order to check the 

vehicle’s trajectory in relation to their position. It was indeed found that passengers who 

could not see the road ahead suffered motion sickness three times more than those who were 

able to see the outside view of a moving vehicle (Turner & Griffin, 1999d). However, 

regularly checking the earth-fixed horizon through the vehicle’s window will likely interrupt 

the experience of performing the preferred non-driving related task. One of the promising 

ways to maintain a high level of situation awareness and reduce the likelihood of motion 

sickness inside a moving vehicle is through a peripheral information system or also known as 

an ambient display (Löcken et al., 2017). Peripheral information systems are defined as 

“aesthetically pleasing displays of information which sit on the periphery of a user’s 

attention” (Mankoff et al., 2003). This system is usually developed to assist the user in getting 

information that is relevant and important to them in an unobtrusive way. For example, in a 

study done using a boat simulator, Tal et al. (2012) used an artificial earth-fixed horizon to 

convey information regarding the movement of the boat to the occupants inside the cabin. 

They found that visual information even if it is a reproduction might help reduce the 

development of motion sickness of the occupants who have limited access to the outside 

view. Hanau and Popescu (2017) used a peripheral information system in the form of a 

moving object (either a moving ball or a set of text) placed in the periphery of the reading 

area, as acceleration cues for occupants who are performing a reading task inside a moving 

bus. Both of the peripheral information systems were meant to improve the occupants’ 

awareness regarding the accelerations of the bus and eliminate the development of motion 

sickness from the sensory conflict that arises from the difference between the observed 

acceleration and matching visuals. Results from their study indicated that the set of moving 

text reduced the level of occupants’ experienced motion sickness better compared to the 

moving ball.    

Hence, in this research, we are interested in finding ways to make sure the future users inside 

a travelling fully automated vehicle can happily perform their preferred non-driving related 

task. At the same time, they are able to have situation awareness regarding the vehicle’s 

navigation in order to reduce the occurrence of sensory conflict that contributes to the 

development of motion sickness. The scenario of focus is when the occupants are travelling 

inside an automated vehicle that is driving within the suburban setting. In this type of 
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environment, the geometrical landscapes of the roads are more likely to induce discomfort to 

the occupants than the ones found in the highways.  

1.1. Goal and Research Questions 

The research goal of this study is: 

Designing and studying means to enhance situation awareness regarding the 

navigational intention of the automated vehicle and mitigate motion sickness when 

the user/occupant of an automated vehicle is engaging in non-driving related tasks 

(i.e., watching a video/movie and reading) in fully automated driving. 

In order to achieve the aforementioned goal, we further break it down into several research 

questions: 

a) How to allow the occupants of a fully automated vehicle to engage in the non-

driving related task (e.g., watching a video/movie or reading) while still getting the 

information regarding the navigational intention of a fully automated vehicle? 

In order to let the occupants of a fully automated vehicle do their preferred non-

driving related task while retaining a high level of situational awareness regarding the 

navigational intention of the vehicle, and avoiding the development of motion 

sickness, parallel processing of information might be the solution. According to the 

Multiple Resource Theory (MRT), Wickens (2008b) recommended that a suitable 

modality (e.g., visual, haptic, auditory, and olfactory) has to be carefully chosen based 

on the available mental resources from performing the primary task. In the automotive 

domain, devices that allow for parallel processing of information are known as 

adaptive ambient displays (Löcken et al., 2017) or also termed as peripheral 

information systems, in this research. Hence, performing a non-driving related task 

will be the primary task while gaining the information from the peripheral information 

system will be the secondary or peripheral task. The implementation of suitable 

peripheral information systems will open up the possibilities of letting the future 

occupants of a fully automated vehicle stay engaged in their preferred activities inside 

a moving vehicle. At the same time, they are able to retain good situation awareness 

and avoid the development of motion sickness. In addition, we would also like to 

study what will happen to the occupants’ user experience. The proposed peripheral 

information system is deemed successful if it is able to achieve the aforementioned 

goal but also allow the occupants to be fully immersed, with minimal interruption, in 

performing the preferred non-driving related task.  

b) What will happen to the level of motion sickness and situation awareness of the 

occupants of an automated vehicle if they are engaging in a non-driving related task 

(e.g., watching a video/movie or reading) during the fully automated driving with 

and without the implementation of a peripheral information system?  
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First, it is not really known how a fully automated vehicle is going to drive. But 

fundamentally, a fully automated vehicle contains thousands of sensors, and the way 

the vehicle is going to drive is strictly based on optimized logic (based on algorithms 

that analyse the inputs from sensors). Since the occupants of a fully automated vehicle 

are no longer in command (no hands on the wheel, no feet on the pedals), and engage 

in a non-driving related task, the unpredictable changes in acceleration are predicted to 

induce mental and physical discomfort to them. Slater (1985) defined comfort as “a 

pleasant state of physical, physiological, and psychological harmony between a human 

and its environment” and is highly influenced by expectation from the user (Vink & 

Hallbeck, 2012). Comfort and discomfort can exist in both the mental and physical 

state of a user. In this thesis, we focus mostly on physical discomfort related to abrupt 

changes in acceleration that will lead to motion sickness. Humans are known to be 

prone to motion sickness when exposed to low-frequency horizontal (longitudinal and 

lateral) accelerations especially within the range of 0.1 - 0.5 Hz (Griffin & Newman, 

2004a; Turner & Griffin, 1999b). These kinds of low-frequency motions occur when a 

vehicle is being driven on a suburban environment with stop-and-go traffic, and when 

the geometry of the roadways is winding and curved. Therefore, it is interesting to 

discover what will happen to the level of situation awareness and motion sickness of 

an occupant of a fully automated vehicle when subjected to low-frequency motions 

while they are engaging in a non-driving related task such as reading and watching a 

video/movie. These conditions will be tested with and without the presence of the 

developed peripheral information system to see if changes occur in terms of the level 

situation awareness and motion sickness. 

 

c) If a peripheral information system was used to enhance the situation awareness and 

avoid the development of motion sickness, what will happen to the non-driving 

related task and user experience? 

 

An occupant who is engaging in his/her preferred non-driving related task will want to 

enjoy the activity while being adequately informed regarding the navigational 

intention of the vehicle. Therefore, we believe that a system which will be developed 

to overcome this challenge should also preserve the fulfilling experience of 

performing a non-driving related task when the vehicle is taking over the driving 

responsibility. The analysis of user experience in this study should look if the 

proposed system manages to provide the expected outcomes and also study the 

elements that need to be focused and improved in the next generation of the system.  

1.2. Approach 

In order to realize the research goal and answer the research questions, first, we need to 

develop a reliable and consistent automated car simulator on real roads, which provides 

a test setup for situation awareness and motion sickness related studies in automated driving. 
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In order to achieve that, several methodological research questions are formulated as shown 

below. Since a fully automated vehicle is not yet available and legal on the road, therefore, the 

consumers have not yet experienced being driven autonomously. In order to replicate 

automated driving, most studies implemented a driving simulator equipped with virtual 

simulations with different fidelity as a test platform. However, this kind of test setup lacks the 

inertial forces experienced in real roads driving (Baltodano, Sibi, Martelaro, Gowda, & Ju, 

2015). In this research, we are interested in studying the effects of motion sickness and lower 

situation awareness to the occupants in automated driving. Therefore, scenarios involving 

automated driving with the possibility of inducing motion sickness to the occupants needed to 

be realised and tested. Hence, in our view, scenarios using an instrumented car that will act as 

an automated car simulator on real roads are more realistic and will provide rich and practical 

data.  

a) How many types of driving style will an automated vehicle offer (e.g., comfort and 

sports driving style)? And, how will the future occupants of an automated vehicle 

respond when being driven by the different types of driving styles of an automated 

vehicle? 

 

b) If an instrumented car on real roads is to be implemented for situation awareness and 

motion sickness related studies, instead of using a static or moving-based simulator, 

how to measure the consistency of the “simulations” or “test rides” that will be 

produced for each participant/occupant in order to yield a reliable automated driving 

experience? 

 

c) How to make sure the measurements inside the test setup (automated car simulator on 

real roads) can be continuously and reliably done since the test setup will be dynamic 

and moving on real roads? 

 

1.3. Thesis Outline 

The primary motivation of this thesis is to study ways to enhance situation awareness 

regarding the navigational intention of the automated vehicle and mitigate motion sickness 

from developing when the occupant of an automated vehicle is engaging in non-driving 

related tasks. In addition, the means to achieve these goals preferably will not interrupt the 

performance or the experience of the occupant in performing the non-driving related task. 

This steers the work in the direction of ambient displays or peripheral information systems in 

tackling the aforementioned problem. 

The outline of this thesis is shown in Figure 1. The first part of the thesis (Part I, Chapter 1) 

aims at understanding the problems and opportunities that arise from the development of 

automated vehicles. First (Part I, Chapter 2), we formulate the interesting research questions 

that serve as the backbone of our research and also fulfil our ambitions as researchers. Then, 

we describe four key aspects that form the theoretical basis of the work presented in this 
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thesis. We begin with the explanation of automation and its taxonomy levels. Next, we 

explain the development of automated vehicles and the kind of activities that the occupants 

will perform inside the vehicle as envisioned by both the future users and automakers of the 

automated vehicle. Then, we show that engaging in a non-driving related task will lead to 

diminished situation awareness and increased susceptibility to motion sickness. Lastly, we 

describe peripheral vision and the potential of using peripheral information system in order to 

achieve the aforementioned goals.  

 

Figure 1: The outline of the thesis. 
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Since the driving style or the way an automated vehicle will drive is an important determinant 

of the forces generated from the horizontal accelerations, the next step is to investigate the 

driving style of automated vehicles. In the second part of the thesis (Part II), we present the 

development of driving styles of the automated vehicle and the on-road automated vehicle 

simulator (see Chapter 3). For the development of the driving styles of the automated vehicle, 

we present the study in three phases. First, we begin with the understanding of driving styles 

of human drivers and the associated personality traits. Then, we perform the classification of 

human drivers that was done based on the personality trait of sensation-seeking as a 

dimension. In the second phase, we propose three driving styles for an automated vehicle. 

Then, we perform a study with the proposed driving styles tested on real roads at three 

different points of interest with the assistance of a specially designed device. In the third 

phase, we present a study of the three proposed driving styles of an automated vehicle on 

participants (human drivers) who were first classified as either assertive or defensive drivers 

according to the sensation-seeking dimension. The proposed driving styles were tested in 

three situations such as accelerating when leaving a junction, decelerating when approaching 

an intersection, and undertaking a corner. In this particular study, we found that regardless of 

the type of driver (assertive or defensive), both of them prefer a more defensive driving style 

of an automated vehicle. For the development of the on-road automated vehicle simulator 

(Part II, Chapter 4), we established the Mobility Lab, an instrumented car that was developed 

to support automated vehicle research. Within this chapter, we present the system architecture 

of the Mobility Lab and also a validation study to check the ability of the Mobility Lab in 

performing an automated vehicle driving experience. Here, we show that our setup can 

produce high consistency test rides that simulate automated driving on real roads. 

In the third part of the thesis (Part III), we present two major studies that explore the 

possibilities of using prototypes of peripheral information systems in enhancing the situation 

awareness regarding the navigational intention of the vehicle and mitigate the development of 

motion sickness, especially when watching a video/movie and reading inside a moving 

automated vehicle. First, we explain the three main types of measurements that we applied in 

both of our studies. The measurements are Mobility Lab based measurement, participant-

based measurement, and prototype-based measurement (see Chapter 0). For the Mobility Lab 

based measurements, three measurements of interest were the dominant frequency of motion, 

the dosage of induced motion sickness, and a subjective rating regarding the simulated 

automated vehicle test ride. For the participant-based measurement, situation awareness and 

mental workload of the participant of the study were measured. The experienced motion 

sickness by the participant was also measured using both a self-rating questionnaire and a 

physiological measurement. In addition, user experience in interacting with the 

aforementioned prototypes was assessed as the prototype-based measurement. In the first 

study (see Chapter 6 - watching a video/movie in a moving automated vehicle), using our 

prototype, we found that situation awareness was quickly enhanced with only a slight trace of 

experienced motion sickness. In the second study (see Chapter 7), a different prototype was 
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developed to reduce the participant’s need to look outside while reading in a moving 

automated vehicle. We found that again situation awareness can be elevated, but the multi-

movements from the prototype presented in front of the participant might amplify the 

development of motion sickness. 

In the final part of the thesis (Part IV, Chapter 8), we summarize our contributions to the 

research area. First, from the second part of the study, we contribute to the development of a 

future driving style of the automated vehicle. We show in Chapter 3 that future automated 

vehicle users might want the vehicle to be driven in a more defensive manner compared to 

their own driving style. Next, we contribute another way to perform automated vehicle-related 

studies rather than using the common fixed/moving based simulator (see Chapter 4). We 

propose the use of an on-road automated vehicle simulator that provides richer and real 

experience, hence providing natural reactions from the participants of the study. Our proposed 

prototypes contribute to the design considerations of future interfaces inside the interior of an 

automated vehicle. Our proposed prototypes (see Chapter 6 and 7) may increase the situation 

awareness quickly in a more passive and unobtrusive way, but we believe active prevention 

may be required to mitigate the development of motion sickness completely.  
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 Theoretical Background 

2.1. Introduction 

Having a fully automated vehicle, a human driver only decides on the final destination, and 

the automated vehicle will handle all the driving tasks and decisions. Therefore, human 

drivers have the freedom to follow their own preferred activities and become passengers or 

occupants. Engaging in non-driving related tasks will make the occupants of the automated 

vehicle become unaware of the intentions of the vehicle with regards to navigation and unable 

to anticipate upcoming events. As most if not all of the attention will be channelled on the 

non-driving related tasks, they will experience lower situation awareness. This scenario will 

make the users of the automated vehicle become unprepared for the forces generated from the 

horizontal accelerations (e.g., acceleration, braking, and cornering).  

In this chapter, we describe four key aspects that form the theoretical basis of the work 

presented in this thesis (see Figure 2).  

 
Figure 2: Four key aspects of the theoretical framework. 

The chapter starts with the explanation of automation and its taxonomy levels. Next, we 

explain the development in regard to automated vehicles and the kind of activities that are 

envisioned by both the future users and automakers of the automated vehicle. Then, in the 

next two sub-chapters, we show that engaging in non-driving tasks will lead to diminished 

situation awareness and increased susceptibility to motion sickness. In the sub-chapter on 

motion sickness, we explain the sensory conflict theory, the calculation of Motion Sickness 
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Dose Value (MSDV), and also the common therapies to avoid motion sickness. In the last 

sub-chapter, we describe peripheral vision and the potential of using a peripheral information 

system in order to enhance situation awareness and lower the risk of getting motion sickness 

when engaging in non-driving tasks in fully automated driving.    

2.2. Automation 

In layman terms, automation is the transfer of a task from an operator to a system, which 

could be a machine, computer or tool. The level of contributions by the human operator varies 

depending on the level of sophistication of the systems. Parasuraman et al. (2000) defined 

automation as the replacement of a task which was formerly done by the human either in a 

full or limited mode. One of the earliest classifications of automation was done by Sheridan 

and Verplank (1978) based on functions and feedbacks. Ten levels of automation (LOA) were 

proposed by them, and a taxonomy was developed to differentiate the tasks and options of 

both the human operator and machine/computer. Endsley (1987) then developed a more 

concise and simple taxonomy of the levels of automation that categorized automation into 

manual control, decision support, consensual artificial intelligence, monitored artificial 

intelligence, and full automation.  

In the field of automotive, there are three taxonomies that are mostly used in defining the 

level of automation. First, there is the Society of Automotive Engineers’ (SAE) taxonomy of 

levels of automation that is based on the SAE J3016 standard (SAE, 2014, 2016). Secondly, 

the National Highway Traffic Safety Administration’s (NHTSA) taxonomy of levels of 

automation that was developed by the United States Department of Transportation (NTHSA, 

2013) and thirdly, Die Bundesanstalt für Straßenwesen (BASt) or the Germany Federal 

Highway Research Institute’s taxonomy of levels of automation that was first presented at a 

Transportation Research Board (TRB) workshop by Gasser and Westhoff (Gasser & 

Westhoff, 2012). Both BASt and NHTSA have five levels of automation whereas the SAE 

has six levels. In general, all of the levels of automation aim to describe and differentiate the 

duty or function of the driver and vehicle with respect to the system’s automation and driving 

tasks. This thesis will refer to SAE’s levels of automation throughout. Below is a brief 

description of each SAE’s level of automation.  

 Level 0 – No-Automation 

The human driver is in complete control of all aspects of the driving task at all times. 

The car might give warnings or provide a potential solution, but the decision-making 

is done entirely by the human driver. Hence it is the authority of the driver to 

manoeuvre the vehicle without any interference from the vehicle’s system.  

 Level 1 – Driver Assistance 

In this level of automation, some of the Advanced Driver Assistance Systems (ADAS) 

were introduced. An ADAS is a system that was introduced to increase safety, 
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efficiency, and comfort of the human driver in driving the vehicle. A car with Level 1 

automation may have one or more ADAS features, but only one feature is functioning 

at a time, and its functioning does not depend on another ADAS. One example of 

ADAS is Adaptive Cruise Control that was developed to accommodate long journeys 

by regulating the car’s speed and distance to leading vehicles based on the driver’s 

input.  

 Level 2 – Partial Automation 

In this level, at least two ADAS work in unison to assist the driver in managing the 

longitudinal and lateral control of driving. For instance, the combination of Adaptive 

Cruise Control and Lane Centering System would release the driver from continually 

pressing the accelerator and holding the steering wheel at the same time. Although the 

tasks of handling the steering wheel and accelerator have been taken over by the car’s 

system, monitoring the road ahead is still required from the human driver.  

 Level 3 – Conditional Automation 

In level 3, the car is able to drive itself but only within controlled environments where 

its system can handle. For example, the car can drive itself on the highways where the 

lanes are typically straight, and other vehicles are more coordinated compared to 

regular roads. Another example is within a parking lot where the speed limit is 

relatively low. At this level, the car could take over the driving task, and the driver 

will become a passenger. Nonetheless, there are circumstances where the vehicle 

cannot be driven in the automated mode for example during heavy snowing or without 

clear markings on the road. Therefore, the human driver might need to take-over the 

automation when requested by the system. Hence, the steering wheel should still be 

available but may be retracted when not in use to maximize the space for the driver 

and passengers.  

 Level 4 – High Automation 

In level 4, the car is able to drive itself in most traffic conditions with or without the 

presence of a human in the car. The human driver is no longer required to be available 

to take over the automation. Therefore, the human driver is free to do any preferred 

activities while travelling, such as reading books or working on a laptop. 

 Level 5 – Full Automation 

In level 5, the car is able to drive itself in all traffic conditions with or without the 

presence of a human in the car. In this level, devices to control the car such as the 

steering wheel, brake, and accelerator will be entirely eliminated and replaced with 

buttons/switches and touchscreens with simplified functions. The car’s users or 

someone related to the users (e.g., a mother who wants to send her kids to school or a 
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son who needs to send his disabled father to the weekly checkup at the hospital) could 

just set the final destination, and the vehicle will do all the driving-related tasks. 

2.2.1. Automated Vehicle  

In 2001, it was predicted that by the year of 2030, a fully automated vehicle (also known as a 

self-driving car or an autonomous car) could be ready to be driven on the road (G. Walker et 

al., 2001). Elon Musk stated that his company might be able to get fully automated vehicles 

on the road earlier than 2030, but the government policies and human drivers might not be 

ready by then (A. Young, 2014). Automakers such as General Motors, Ford, Honda, Toyota, 

Renault, Volvo, Hyundai, Daimler, Fiat-Chrysler, and BMW have presented their plans and 

set a different target to launch their own version of partially and fully automated vehicles (J. 

Walker, 2017). Honda and Toyota predicted that by the year of 2020 they could be able to 

make an automated vehicle for the highway-setting (SAE's Level 3), while their Germany 

(BMW) and United States (Ford) counterparts stated the same vision to be possible in the year 

of 2021.  

Apart from the automakers, governments have also announced their plans in making 

automated driving possible. In the US, the approval of Senate Bill no.1298 (California, 2012) 

in California has consequently been adopted by other states such as Nevada and Michigan, 

and this has enabled automakers to test their automated vehicle on the public roads 

(ERTRAC, 2015). In Asia, particularly in Singapore, the Land Transport Authority of 

Singapore (LTA) has initiated platforms for collaboration between public and industrial 

stakeholders. They were determined to be the first to launch driverless taxis before Uber 

(Abdullah, 2016). Japan has put the Olympic 2020 in Tokyo as a milestone to release their 

automated vehicle (Dokic, Muller, & Meyer, 2015). On the other side of the world, European 

countries such as France, Germany, Sweden, and the Netherlands are among the first to 

initiate support to the automated vehicle's development. The Netherlands, for example, 

through its Ministry of Infrastructure and Water Management (Rijkswaterstaat) held a 

seminar on a national level in the year of 2015 to gather governments sectors, private 

companies, and university researchers to lay out the foundation for automated driving (Alkim 

& Veenis, 2015). New legislation that was effective from July 1st, 2015 was passed by the 

Dutch government to allow the automated vehicle to be tested on a public road (ERTRAC, 

2015).   

To the automotive consumers, the development of automated vehicles showed more than just 

a glimpse of hope when Tesla offered its first automation called the "Autopilot" by the end of 

2014. The automated vehicle brings excitement and benefits that will shape the future of users 

and stakeholders in automotive. One of the significant advantages is in terms of road safety 

(Dokic et al., 2015; ERTRAC, 2015; Oonk & Svensson, 2013). Road accidents were found to 

occur primarily because of human errors. Hence, taking over driving from human drivers 

could reduce accidents as high as 90% (Arbib & Seba, 2017). In addition, the deployment of 

automated vehicles could also reduce traffic congestion on top of decreasing fuel 
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consumption and carbon emission (ERTRAC, 2015). Although a simulation study done by Le 

Vine et al. (2015) indicated that automated vehicles could also increase congestion by driving 

too efficient hence taking a long time to accelerate and decelerate. Another significant benefit 

is that automated vehicles can offer mobility for all, especially individuals who are not legally 

allowed or competent to drive a car such as elderly, children, and people with disabilities 

(Dokic et al., 2015). The next benefit would be that automation could make mobility more 

productive than just commuting. Since the human is no longer required to operate the vehicle, 

they can engage in non-driving related tasks that are deemed useful and practical inside the 

automated vehicle.  

2.2.2. Non-Driving Related Tasks in Fully Automated Driving  

Whatever happens to the exterior of the fully automated vehicle, its interior will undoubtedly 

need to be redesigned because the activities inside the fully automated vehicle will no longer 

be just driving. In fully automated driving, human drivers will no longer control the vehicle at 

the operational level but instead only at the “strategic level” according to Michon’s definition 

level of driving (Michon, 1985). Michon distinguished three levels of driving: operational, 

tactical, and strategic. The operational level involves control tasks like braking and 

accelerating. The tactical level requires planning and controlled actions like overtaking 

another car. The highest level is the strategic level concerning, for example, the route to be 

taken and the estimated time of arrival. Having a fully automated vehicle, a human driver 

only decides on the final destination, and the vehicle will handle all the driving tasks and 

decisions. In that sense, all the occupants of the fully automated vehicle will become the 

passengers or occupants of a transportation vehicle. 

Studies have been done on the activities of the passengers or occupants when riding public 

transportations such as trains. Some of the activities found to be popular among the 

passengers are sleeping, relaxing, watching/observing, reading, talking/discussing, using 

small electronic devices (e.g., tablet and smartphones), eating, drinking, and working/using 

large electronic devices (e.g., laptop) (Kamp, Kilincsoy, & Vink, 2011). In the automotive 

context, non-driving related activities or tasks are the actions performed by the driver and 

passengers or occupants when they are not required to operate the vehicle. Studies done with 

a semi-automated driving setup have revealed the drivers’ tendency to engage in non-driving 

related tasks such as using electronic handheld devices (Carsten, Lai, Barnard, Jamson, & 

Merat, 2012; Llaneras, Salinger, & Green, 2013). During fully automated driving, all the 

occupants of the car are expecting to do activities that are productive and joyful in order to fill 

in their journey time. Those activities might depend on the duration and motivation of the 

journey (Filo & Lubega, 2015; Jorlov, Bohman, & Larsson, 2017). The future of fully 

automated vehicles was also envisioned to be like a living room or office on the move (Taub, 

2017). Automakers apparently share the same visions as indicated by recent patents by Ford 

on the reconfigurable interior (Cuddihy et al., 2015) and entertainment systems (Cuddihy & 

Rao, 2015) inside a car in an automated mode. Mercedes-Benz launched its F015 in 2016, a 

fully automated concept car (Mercedes-Benz, 2016) with a luxury lounge for its interior with 
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swivelling chairs for supporting socializing for all passengers and for digital interactions there 

are also six gesture and touch displays ready to be used. The conceptual interior design and 

layout of future fully automated vehicles unleashed by companies like Rinspeed, Johnson 

Controls, IDEO, and Zoox also support the non-driving activities with the presence of 

equipment that allows for a productive and enjoyable journey to the destination. Other 

automakers are also backing up the idea of non-driving related activities in higher and fully 

automated driving and have released their versions of prototypes to the public (e.g., Nissan 

(Nuvu), Honda (CARpet) and Volkswagen (Trimaran)). As pointed out by Diels (2014), the 

interior of the fully automated vehicle will be redesigned and rebuilt with the aim of 

enhancing entertainment, work, and social experiences.  

Based on a survey study done by Schoettle and Sivak (2014) on respondents from China, 

India, Japan, US, UK, and Australia on what kind of activity one would like to do inside a 

fully automated vehicle, they found that roughly 50 to 60% of the respondents imagined 

themselves doing non-driving related tasks such as watching television/movies, socializing 

with other passengers, working, reading, and sleeping to fill in their journey time (see Table 

1). A similar finding was also reported by Kyriakidis, Happee, and De Winter (2015). 

Karlsson and Pettersson (2015) used participatory design by cooperating with future users 

early in the design process. They implemented two different methods in their study with 

drivers in Copenhagen, Denmark and Gothenburg, Sweden. The first method incorporated 

drawing and collaging, and the scenario was imagining a journey back home with a fully 

automated vehicle. The second method was done by setting up a future experience in fully 

automated driving by means of a simple prototype using drawn chalks on a parking lot.   

Table 1: Preferred non-driving related tasks indicated by the future users of a fully automated vehicle found in 

three different studies. 

Study Method Preferred non-driving related task  

(Schoettle & 

Sivak, 2014)  

Online survey United States – reading, texting, resting, watching television/movies  

United Kingdom – reading, sleeping, texting, and working 

Japan – sleeping, texting, watching television/movie, and reading 

India – working, texting, watching television/movie, and reading 

China – texting, watching television/movie, sleeping, and reading 

Australia – texting, sleeping, reading, and watching television/movie 

 

(Kyriakidis et 

al., 2015) 

Online survey Listening to the radio, phoning, eating, observing, reading, watching a 

movie, and resting  

(Karlsson & 

Pettersson, 

2015) 

Method A: 

Drawing and 

collaging 

Relaxation, working, sleeping, reading, socializing, eating, tending to 

children, drinking alcohol, and video entertainment 

Method B: 

Enactment of 

expected 

activities 

Relaxation, working, sleeping, reading, video entertainment, playing 

games, socializing, and using social media 
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2.2.3. Synopsis  

A fully automated vehicle offers many positive propositions and the most appealing to the 

human drivers and users is the freedom from driving activities and the ability to engage in 

their preferred non-driving related tasks. Unfortunately, engaging in the aforementioned non-

driving related tasks will make the drivers or occupants of a fully automated vehicle become 

unaware of the intention of the vehicle with regard to its navigation and therefore unable to 

anticipate upcoming events (Diels, 2014; Diels & Bos, 2016). Most, if not all, of the attention 

will be channelled to performing non-driving related tasks. Hence, the drivers or occupants 

will be projected to have lower situation awareness which makes them vulnerable and 

unprepared to the upcoming changes in the accelerations (e.g., accelerating, braking, and 

cornering). In addition, this would cause the drivers or occupants of the fully automated 

vehicle to become more susceptible to motion sickness.  

2.3. Situation Awareness 

Situation awareness is a cognitive and hierarchal concept that describes how an individual, 

group, or system develops and sustains awareness in a specified period of time. The most 

used and widely accepted model was from Endsley in 1995 (see Figure 3). Although there is 

an on-going discussion on the theory and measurement of situation awareness (Dekker, 

Hummerdal, & Smith, 2010; Wickens, 2008b), a lot of its weaknesses (i.e., complexity and 

vague definitions) have been recently addressed (Endsley, 2015b). The concept of situation 

awareness has been researched within the field of land and air transportation, military, oil 

exploration, mining, and healthcare among others and especially on safety-related tasks 

(Endsley, 2015a; Salmon & Stanton, 2013).  

Endsley (1995a) states that the first level of situation awareness concerns the perception of 

elements in the environment. She further states that the first step in gaining situation 

awareness is the awareness and perception of the status, attributes, and dynamics of relevant 

entities in the surrounding environment. For instance, a car driver needs to know the 

dynamics data of his/her vehicle such as the driving speed and following distance. In addition, 

s/he also needs to perceive the surrounding objects (e.g., other vehicles on the road and other 

road users) and their attributes to his/her situation. The second level is the comprehension of 

the current situation. Knowledge gained from the first level, the unconnected information, is 

then combined together to form the second level, in which a holistic representation of the 

current situation is composed (Endsley, 1995). The third level is the projection of future 

status, and it is the highest level of situation awareness. It is the ability to anticipate the future 

situation, when and how a circumstance will be unfolded, based on the realization of the 

lower levels (i.e., perception and comprehension)(Wickens, 2008b). Situation awareness can 

consequently influence the decision-making process and hence the performance of the 

actions. Situation awareness can be affected by individual factors such as the goals and 

preconceptions of that particular situation. In addition, the formation of situation awareness 

varies among individuals as human’s information-processing capability is primarily 



18 

 

influenced by his/her innate abilities, training, and experience with the system (Endsley, 

1995). On the other hand, situation awareness is also influenced by the tasks and systems 

itself. Endsley (1995a) states that system capability, interface design, automation, complexity, 

and workload will largely influence a person’s level of situation awareness. 

 

Figure 3: Situation awareness model in dynamic decision-making (Source: (Endsley, 1995)). 

Poor situation awareness has been identified as the leading cause in instances such as the 

infamous Northeast blackout of 2003 in the United States (Connors, Endsley, & Jones, 2007) 

and the crash of American Airlines flight 965 on the mountains of Cali, Columbia (Endsley & 

Strauch, 1997). Lack of situation awareness gained from poor display systems in the power 

grid control room was the reason for the Northeast blackout while a dissonant set of 

information barring the pilots from getting global situation awareness was the reason behind 

the air crash of flight 965. Salmon and Stanton (2013) pointed out that many types of research 

are either focusing on offering new theoretical models or examining and measuring the 

existing models, alas the implementation of situation awareness in early designing processes 

is minimal. It seems that only after a system is fully developed, the situation awareness of the 

system will be tested, whereas it is better if situation awareness was explicitly reflected during 

the early design phase. Ideally, the implementation of situation awareness theory should be 

done in the early stages to allow for any adjustments and iterations to be made. The argument 

was that situation awareness is hard to measure as it is an internalized mental concept and 

when it is measured the accuracy could be argued (Endsley & Jones, 2004a; Salmon & 
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Stanton, 2013). Therefore, designers are less interested in considering situation awareness as a 

crucial element in designing a system or product.  

2.3.1. Situation Awareness in Automated Driving 

A human driver might have the luxury of not manually driving a car in partially and/or fully 

automated mode, but situation awareness is still crucial in the automotive context (Terken et 

al., 2017). In a partially automated vehicle, lower situation awareness has been associated 

with an out-of-the-loop dilemma. Out-of-the-loop is the inability to detect system errors and 

to take over the task manually if the automation fails (Endsley & Kiris, 1995). It happens 

because the changing role of the driver from being active to a passive information processor 

has consequently lowered his/her situation awareness. The matter is worse when the driver is 

engaging in a task other than driving or monitoring the automation. A meta-analysis done by 

de Winter et al. (2014) showed that drivers who are engaged in non-driving related tasks 

when driving in highly automated settings have a lower situation awareness compared to 

drivers who drive manually. The same result was found when a similar study was done on a 

driving simulator (Strand, Nilsson, Karlsson, & Nilsson, 2014).  

Low situation awareness has been shown to increase the take-over time (time to take over 

control when the automation fails to handle a specific situation or reaches its boundaries in 

automated driving especially in Level 3 automation of SAE) (Rudin-Brown & Parker, 2004). 

On the other hand, it was also found that for a shorter take over time, situation awareness was 

compensated with lousy decision-making and bad quality of reactions (Gold, Dambock, 

Lorenz, & Bengler, 2013). For example, a driver who is engaged in a non-driving related task 

might not be aware that the partially and/or fully automated vehicle is driving in a situation 

where it is not equipped to (i.e., driving in a foggy or snowing condition), and therefore might 

not be ready when the automation fails and control needs to be returned to a human operator. 

On the other hand, high situation awareness in highly automated driving also has a positive 

impact on the trust and acceptance of autonomous technology (Beller, Heesen, & Vollrath, 

2013).  

In addition, it was found that motion sickness can quickly develop with poor and low situation 

awareness. For example, visual information about artificial earth-reference has been shown to 

increase anticipation and hence situation awareness, and as a result, lower motion sickness 

was reported (Bos, Houben, & Lindenberg, 2012; Tal et al., 2012). Increased situation 

awareness about the dynamic information of the vehicle with regard to the earth as a reference 

reduced the mismatch between the human senses (i.e., visual and vestibular system). 

Furthermore, when a human has high situation awareness and is able to anticipate the 

automated vehicle’s trajectory, s/he will be able to prevent involuntary movement of his/her 

body and hence to prevent motion sickness from developing. It is known that motion sickness 

is developed because of the involuntary movement of the head where the vestibular system is 

located (Carriot, Brooks, & Cullen, 2013).  
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2.3.2. Synopsis  

Situation awareness is an important cognitive concept that is usually associated with safety-

related tasks. Poor situation awareness has been shown in the past to be detrimental. Within 

the context of automated driving, poor situation awareness will lead to the out-of-the-loop 

dilemma that makes the drivers or occupants unaware of their surroundings. This will make 

the drivers or occupants of the fully automated vehicle to be more susceptible to the 

development of motion sickness since they are unprepared for the changes in the accelerations 

of the vehicle.  

2.4. Motion Sickness 

Two-thirds of all people have experienced motion sickness in some part of their lives (Reason 

& Brand, 1975). People only vary in terms of the kind of motion that gets them sick, and 

almost nobody is immune to motion sickness (Eden & Zuk, 1995). It is a phenomenon that 

first arose when human started travelling using other than his two feet. Whether riding a 

camel, ship, space shuttle, or simulator, motion sickness may develop and usually leaves an 

unpleasant experience. Physical symptoms like paleness, vomiting (gastrointestinal-related), 

and sweating (peripheral-related) typically occur when one is suffering from motion sickness. 

In addition, subjective symptoms like stomach discomfort, queasiness, and central-related 

symptoms (i.e., headache and drowsiness) are also usually reported (Oman, 1998). These 

symptoms can occur as soon as a few minutes after experiencing the motion and can last for 

several hours after the motion is gone (Brainard & Greshaw, 2014). Both Reason and Brand 

(1975) and Bos, MacKinnon, and Patterson (2005) stated that symptoms such as dizziness, 

cold sweating, and stomach discomfort appear first before nausea starts to overwhelm. 

However, Shupak and Gordon (2006) believed that the symptoms typically start with upper 

abdomen discomfort and are then followed by nausea and increment in sickness. 

Simultaneously, paleness in the face may become evident along with cold sweating, salivation 

changes, and when it becomes worse, the dizziness and vomiting follow. Another less 

reported symptom is sopite-related syndrome (Lackner, 2014; Lawson & Mead, 1998). It 

includes drowsiness, fatigue, and mood changes which can last hours after experiencing the 

motion.  

Susceptibility to motion sickness is different among individuals (Money, 1970). Toddlers who 

are under two years old are immune or rarely get motion sick while between the ages of 3 to 

12, the susceptibility to get motion sickness is higher and surprisingly declines after that 

(Johnson & Jongkees, 1974). Around the age of 50, the susceptibility to motion sickness is 

likely to decrease (Golding, 2006b). In terms of gender, women are more prone to motion 

sickness compared to men, about 5 to 3 ratio (Lawther & Griffin, 1988a) especially during 

menstruation period (Grunfeld & Gresty, 1998) and the illness peaks when they are about 11 

years old (Bos, Damala, Lewis, Ganguly, & Turan, 2007). People who suffer a migraine have 

50% chances of getting motion sickness (D. Marcus, Furman, & Balaban, 2005). In a mass-

scale study of genes from more than 80,000 individual data, there are strong relationships 
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found between genes in the function of balance, eye, and ear development with self-reported 

susceptibility to motion sickness (Hromatka et al., 2015). In terms of ethnicity, it was also 

found that Chinese people are more likely to get motion sickness compared to Caucasians 

(Stern, Hu, LeBlanc, & Koch, 1993).  

Intake of alcoholic drinks has been shown to influence the development of motion sickness, 

as found in a survey study done on more than 20 000 passengers of sea transportation 

(Lawther & Griffin, 1988a). Another survey study also found that passengers who can put 

themselves in a supine position (lying down) can significantly reduce the risk of getting 

motion sickness in a moving ship (Gahlinger, 2000). On the other hand, mental distraction 

was found to have an influence on motion sickness as shown in the study done by Bos (2015). 

They found that people who were mentally distracted such as by performing a memorizing 

task indicated less motion sickness compared to those who did not perform any mentally 

distracting activity.  

2.4.1. The Sensory Conflict Theory 

The most used and accepted theory in explaining motion sickness is the sensory conflict 

theory, which was first introduced by Reason and Brand in 1975 (see Figure 4). Three most 

important human senses are incorporated together in developing the awareness of motion 

presented. First, there is the vestibular system, that consists of semi-circular canals and 

otoliths (see Figure 5). The function of the former is to detect the rotational movements while 

the purpose of the latter is to identify the translational movements. The vestibular system 

critically maintains the balance and spatial orientation and stabilizes the vision through 

vestibular-ocular reflexes. It is a crucial component in determining motion sickness. In an 

experiment done by Kennedy et al. (1968), they found that patients with a dysfunctional 

vestibular system did not suffer from motion sickness. Secondly, the somatosensory 

(proprioceptor) system, that has the role of recording the pressure, tension, and muscle 

contraction caused by gravity and inertia (Henriksson, Pfaltz, Torok, & Rubin, 1972). Thirdly, 

the visual system, which captures all the movement relative to the human body and develops a 

perception of the speed and directions.  

All the signals from the three aforementioned systems (i.e., vestibular, somatosensory, and 

visual system) will be transmitted to the Central Nervous System (CNS) mainly in the 

cerebellum where they will be interpreted (Förstberg, 2000) and compared to the “internal 

model” (Zhang et al., 2015) that is stored in the human’s memory. Sensory conflict theory 

postulates that there are two components including a network of sensory inputs that integrate 

current experienced signals and an “internal model” that compares the current experienced 

signals with what is stored or experienced before. It is supported by the previous work of 

Prothero (1998) known as “rest frame hypothesis” in which he explained motion sickness in 

terms of the perception of space. Prothero (1998) explained that the human brain creates a 

“rest frame” in which the brain will look for something that is stationary to be the reference 

point, and if the brain finds any motion, a mental comparison to this frame will be made. 
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Hence, any conflicts that occur will lead to motion sickness. Therefore, a human needs to 

have a reference frame in which s/he can associate any movements that would deviate from 

this frame. For example, sitting in a car which is parked parallel to another car in a parking 

area, when the car next to you is reversing, and if you used that particular car as a reference 

point, you would feel that you are the one that is moving and sudden action like hardly 

pressing the brake (because you thought that your car had moved uncontrollably) is likely to 

happen. Recent studies suggested that the hippocampus and the vestibular cortex, the two 

areas of the brain that are related to orientation and motion perception, could be the location 

of where the “internal model” is stored (Cullen, 2012; Oman & Cullen, 2014).  

 
Figure 4: Sensory conflict theory in motion sickness (Adapted from: (Griffin, 1990; Zhang et al., 2015)). 

 

 
Figure 5: A vestibular system in the inner ear (Source: neuroscientificallychallenged.com). 
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Interestingly, the sensory conflict will only occur when the human is acting in a passive or 

involuntary movement instead of in an active movement as explained by Carriot et al. (2013). 

The vestibular and cerebellar neurons only reacted in passive head motions but not in active 

head motions. Carriot et al. (2013) did the experiments on primates and found the difference 

in passive stimulation (exafference – stimulation as a result of factors external to oneself) and 

active stimulation (reafference – stimulation as a result of the movement of one’s own body) 

in motion sickness.  

 

There are two primary situations that contribute to motion sickness development, one is when 

motion is detected by the visual system but not by the vestibular and somatosensory system, and the 

other is when motion is detected by the vestibular and somatosensory system but not by the visual 

system. In both situations, the “internal model” plays a vital role in determining if one would get 

motion sickness. In the case of a fixed-based simulator or watching a 3D movie, the motion is 

seen by the visual system but not felt by the vestibular and somatosensory system. Therefore 

from the previously stored memories in the internal model, one’s brain expects to get some 

cues of motion when seeing motion on the screen. This might be the reason why humans with 

less experience in real driving are less susceptible to motion sickness in a motion simulator 

since their internal model is relatively different compared to the participants with more years 

in driving experiences (McGuinness, Bouwman, & Forbes, 1981). On the other hand, when 

the motions are detected by the vestibular and somatosensory system but are not seen by the 

visual system, for example riding a ferry or boat without any window or reading a book inside 

a car will cause more motion to be felt by the vestibular and somatosensory systems than it is 

seen on the visual system (see Figure 6).  

 
Figure 6: As a car turns at a junction, the driver looks on the road and is aware of his/her surroundings. The 

driver’s internal model expects the driver to feel the motion when the car is turning, and it is confirmed by what 

is sensed by the driver’s visual, vestibular, and somatosensory system. On the other hand, the passenger who is 

reading a book or watching a tablet will experience the sensory conflict. It is because his/her visual system is not 

detecting any motion but his/her vestibular and somatosensory systems are sensing changes in motion, and 

his/her internal model expects the visual system to see the event that confirms the felt changes.  
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Another theory of motion sickness is called postural instability theory (Riccio & Stoffregen, 

1991). In their theory, they proposed that motion sickness happens because of the lack of 

anticipation and reactions required when a new situation is presenting new types of motion. In 

other words, a human who does not possess effective postural controls when exposed to the 

unnatural motion will get motion sickness. This theory explains why humans are able to adapt 

to motion sickness over time as they gain new experiences after enduring the motions. In a 

comparison experiment done by Warwick-Evans, Symons, Fitch, and Burrows in 1998, they 

designed experiments to evaluate both the sensory conflict and postural instability theory. 

They found that with respect to time to report the first syndrome, there are significant effects 

in the position of the subjects. It appears that in the position of lying down, motion sickness 

seems to appear sooner and this result is against the proposition of postural instability theory 

(Warwick-Evans et al., 1998). Some researchers were unconvinced  with the idea that postural 

stability theory is necessary for explaining the development of motion sickness (Bos, 2011a; 

Bos & Bles, 2002). For example, mental distraction is known to be able to reduce motion 

sickness, and it cannot be explained by the postural stability theory (Bos, 2015). Although the 

sensory conflict and postural instability theories offer different explanations for the 

development of motion sickness, both of these theories do have a similarity. Beck (2015) 

concluded that both of these theories are related to a disagreement between expectations and 

reality, between what the human body had experienced and what the human body is 

experiencing at that particular situation. 

2.4.2. Motion Sickness Dose Value (MSDV) 

While travelling inside a vehicle, a human body is exposed to vibrations from the three 

translational and three rotational accelerations. The translational accelerations are longitudinal 

(x-axis), lateral (y-axis), and vertical (z-axis) while the rotational accelerations are known as 

the roll (rotation around the x-axis), the pitch (rotation around the y-axis), and the yaw 

(rotation around the z-axis) (see Figure 7). The earliest characterization of motion in relation 

to motion sickness was done by O’Hanlon and McCauley (1974). They found that motion 

with frequencies around 0.2 Hz was the most provoking in the development of motion 

sickness. Later work also confirmed that longitudinal and lateral motions with frequencies 

below 0.5 Hz and peaking at around 0.2 Hz are highly correlated with motion sickness 

(Donohew and Griffin, 2004; Golding et al., 2001; Lawther and Griffin, 1987; Turner and 

Griffin, 1999a). In 1988, based on a laboratory study on vessels, Lawther and Griffin defined 

the frequency-weighting curve for vomiting on human test subjects. The International 

Standard Organization (ISO) adopted the frequency-weighing curve and termed it as what 

now is known as wf (ISO, 1997). Based on the frequency-weighing curve, the Motion 

Sickness Dose Value (MSDV) was formed. The equation of MSDV is shown in Equation (1).  

 

𝑀𝑆𝐷𝑉 =  √∫ [𝑎𝑤(𝑡)]2 𝑑𝑡
𝑇

0

 (1) 
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Where aw is the root mean square of the acceleration that has been weighted with frequency-

weighing (wf) and T is the exposure period to the motion. MSDV can be calculated 

individually in each of the three axes (x-, y-, and z-axis). Therefore, MSDV incorporates 

acceleration intensity, acceleration exposure time and its direction. Since the MSDV is the 

value of integration over a period of time, one of its weaknesses is that it does not take into 

account the adaptation and habituation effect of motion sickness. In addition, frequency-

weighing (wf) was initially developed for weighing the vertical acceleration whereas the 

human body is susceptible to low frequency (below 0.5 Hz) longitudinal and lateral 

accelerations (ISO, 1997; Turner and Griffin, 1999a). It is because the frequency-weighing 

(wf)  only starts at value 0.08 Hz whereas the frequencies below that are also associated with 

motion sickness (Griffin and Newman, 2004a). Hence, MSDV underestimates a little in terms 

of measuring the dosage of motion sickness produced by a particular motion, but it is much 

easier to apply compared to another advanced model that contains the correction such as the 

one from Oman (1990). 

 

 
Figure 7: The general direction of accelerations (International Organization for Standardization, 2011). 

 

Calculation of MSDV starts with gathering the acceleration data from the accelerometer. The 

Savitsky-Golay filter can be used to filter out the noise from the raw accelerations (Li, Chen, 

& Xu, 2013). It is a digital filter that can be implemented in a set of digital data points in 

order to smoothen the data, that is, to improve the signal-to-noise ratio without profoundly 

distorting the signal. It replaces each individual value of a channel by weighted arithmetic 

mean value from the actual value and a specified number of neighbour values. The Savitsky-

Golay filter smoothens the signals by a piecewise adjustment of a polynomial function 

(Schafer, 2011). In order to obtain the MSDVs, the filtered accelerations are first weighted 

using the frequency-weighted accelerations. Then, the root means square (RMS) values are 

calculated and then squared according to Equation (1). Then, the weighted RMSs are squared 

and integrated with respect to the exposure time. The same calculation can be performed on 

the longitudinal, lateral, and vertical acceleration in order to obtain the MSDVx, MSDVy, and 

MSDVz, respectively. 
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2.4.3. Motion Sickness in Fully Automated Driving 

Having a fully automated vehicle, a human driver only decides on the final destination, and 

the car will handle all the driving tasks and decisions. Therefore, human drivers do not have 

to drive, and they have the freedom to engage in their own preferred activities. Alas, it is 

predicted that motion sickness is likely to occur in fully automated driving because of three 

factors.  

First, the driver will have a changing role, from an active driver to a passive passenger (Diels 

& Bos, 2016; Diels, Bos, Hottelart, & Reilhac, 2016; Wada, 2016). The future driver of a 

fully automated vehicle will no longer have the authority to decide how the car will be driven. 

This driving task will be taken over by the automation and therefore the human driver, like 

any other passengers or occupants, has less control over the motion produced by the 

movement of the vehicle (Rolnick & Lubow, 1991). A driver is known to tilt his/her head into 

the corner while passengers or occupants are found to do the opposite as a result of centrifugal 

force (Wada, Konno, Fujisawa, & Doi, 2012; Wada & Yoshida, 2016; Zikovitz & Harris, 

1999). Hence, this involuntary movement will activate the firing of cerebellar neurons which 

induce motion sickness to develop (Carriot et al., 2013). In addition, the automation itself can 

also contribute to motion sickness. It is not yet known how the fully automated vehicle is 

going to drive. But it is known that human drivers would like their fully automated vehicle to 

be operated in a more “defensive” mode (Basu, Yang, Hungerman, Singhal, & Dragan, 2017; 

Yusof et al., 2016). A more aggressive or unanticipated way of driving has been found to 

exacerbate the development of motion sickness (Turner and Griffin, 1999a). Furthermore, 

motion sickness could quickly develop within the suburban roads compared to the highway 

where less physical “disturbances” are anticipated and therefore less involuntary movement. 

In the suburban road, abrupt changes in longitudinal and lateral accelerations are likely to 

occur because of the geometrical landscape of the road such as roundabouts, junctions, and 

small-radius corners. The geometry of the suburban roads would likely produce low-

frequency motions which are known to be the crucial element in the development of motion 

sickness in travelling vehicles (Donohew and Griffin, 2004; Golding et al., 2001; Griffin and 

Newman, 2004a; Lawther and Griffin, 1987; Turner and Griffin, 1999a).  

Secondly, occupants are likely to engage in non-driving related tasks to make fully automated 

driving more productive and meaningful (Diels & Bos, 2016; Diels et al., 2016; Wada, 2016). 

Future users of a fully automated vehicle are anticipated to indulge in activities that suit them 

best to make use of the travelling time. As shown in Table 1, they would like to do hobby-, 

work-, and relaxation-related activities. Unfortunately, taking their eyes off the road creates a 

sensory mismatch as what is seen by the eyes is incongruent with what is felt by the vestibular 

system (as illustrated in Figure 6). It has been shown that reading and watching videos inside 

a moving vehicle is a recipe for emesis to develop. Schoettle and Sivak (2009) in their survey 

with 136 adults and 32 children, regarding the incidence and severity of motion sickness 

experienced while viewing video and reading in a moving vehicle, found that reading is worse 

compared to viewing a video. For video viewing, motion sickness is less likely to occur for 
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children than for adults, and when the symptoms occur, it is more severe in adults than in 

children. Another survey study was done by Perrin et al. (2013) on 85 rally car’s co-drivers 

found that they were experiencing higher motion sickness when reading a book in a car than 

reading the maps while being exposed to various accelerations within the race. Morimoto et 

al. (2008) and Isu et al. (2014) found that video watching is three times worse than doing 

nothing inside a moving vehicle but about a quarter less likely to induce motion sickness 

compared to reading. 

Thirdly, the arrangement of the seats inside the fully automated vehicle may be 

unconventional and task-based but is predicted to intensify the motion sickness development 

(Diels, 2014; Diels & Bos, 2016; Diels et al., 2016). In the current setting inside a car, seats 

are designed to face in the forward direction. In order to facilitate socializing, a face-to-face 

seating arrangement is designed, as can be found inside typical trains throughout European 

countries. A prototype of a highly automated vehicle, F150, from Mercedes has two front 

seats that can be swivelled 180° to promote quality and productive journey. While another 

futuristic design from Rinspeed’s XchangeE showed two fronts seats that can be turned 

around and inclined into a position where the user can watch a video display located at the 

rear side of the vehicle (de Paula, 2014). In truth, facing rearward would only confuse the 

vestibular system and increase the likelihood of mismatch between the sensory inputs. In 

addition, by facing towards the opposite direction of the longitudinal motion of the vehicle, 

the forward path is no longer accessible. On the other hand, by facing forward and looking 

outside of a moving vehicle, one can see and get the gist of the trajectory of the incoming path 

and hence the future motion can be predicted (Bos et al., 2005). 

2.4.4. Preventions and Treatments of Motion Sickness 

The best way to prevent motion sickness from developing is to escape from the motion itself 

(Mansfield, 2005; Schmal, 2013). But most of the times, it is not possible especially when the 

person is travelling in a moving vehicle. There are four possible approaches that can be done 

to prevent motion sickness which are behavioural interventions, adaptation, prescription 

medications, and a few alternative treatments. A substantial placebo effect was also found in 

controlled studies on alternative treatments, prescription medications, adaptation, and 

behavioural intervention on motion sickness (Brainard & Greshaw, 2014; Horing et al., 2013). 

It was also shown before by Eden and Zuk (1995), that self-fulfilling prophecy was found to 

be an essential factor in making a person less susceptible to motion sickness.  

2.4.4.1 Behavioural Intervention 

In using behavioural intervention to prevent motion sickness from developing, a person 

should avoid excessive head movement since the vestibular system is located inside the head. 

This can be achieved by using a headrest like in an aeroplane (Money, 1970) or a bucket seat 

with a head restraint in a racing car. A person who wants to avoid motion sickness can also 

try to find a seat or location that minimizes motion. For example, one should aim for the 

lower deck of buses and trains instead of the upper deck, the centre of the ships, and the area 
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close to the wings of aeroplanes, to minimize the amount of rotation and vertical motion being 

felt (Shupak & Gordon, 2006). Apart from a location that minimizes the motion being sensed, 

an area that maximizes the view of the route in front of the vehicle should always be preferred 

like the front passenger seat of a car (Turner & Griffin, 1999) or facing the waves inside a 

boat (Shupak & Gordon, 2006). When possible, motion sickness can also be prevented by 

avoiding the winding roads with many turns, and ups and downs as well as avoiding travelling 

in turbulent conditions like for example during the rough waves in the sea (Brainard & 

Greshaw, 2014). Therefore, facing sideways and backwards in a vehicle is not preferred in 

avoiding motion sickness since it will send uncorrelated visual information to the brain 

(Griffin & Newman, 2004b). Another way to prevent motion sickness from developing is to 

synchronize the eyes with the motion by viewing the true horizon (Bos et al., 2005; Shupak & 

Gordon, 2006; Tal et al., 2012; Turner & Griffin, 1999). Hence, a person is suggested to look 

outside the vehicle and focus on the far point on the horizon and therefore doing tasks such as 

reading and watching a video/movie should be avoided. Actively synchronizing one’s body 

with the exposed motion could be performed to prevent motion sickness. This is done 

naturally by being the car driver (Rolnick & Lubow, 1991). When being the passenger, one 

can tilt one’s head into the direction of the vehicle (against the centrifugal acceleration) since 

this method has proven to be able to lessen motion sickness (Wada et al., 2012; Wada & 

Yoshida, 2016). Sources of physical, mental, and emotional discomfort have to be reduced to 

prevent motion sickness. Consumption of high-fat and alcoholic drinks should be avoided 

before travelling (Brainard & Greshaw, 2014). Instead, it is better to travel not on an empty 

stomach but filled with light, low-fat, and low-acid food (Shupak & Gordon, 2006).  

2.4.4.2 Adaptation 

The other method of preventing motion sickness is to try to adapt to the exposed motion. 

Claimed to be the most effective treatment for motion sickness, adaptation can be made by 

exposing a person to repeated or continuous exposure to motion (Golding & Gresty, 2015; 

Schmal, 2013). Study with military pilots has found a high rate of success (85%) by using 

adaptation to motion (Lucertini, Verde, & Trivelloni, 2013). In the military, such a program is 

called “motion sickness desensitisation” and is usually performed on their pilots to prevent 

motion sickness from developing when operating the fighter aircrafts. While the success rate 

is high, the process is time-consuming since it takes weeks to be done (Golding, 2006). The 

twist is that the adaptation is usually specific to the particular motion that is being felt by the 

body. Hence, going through an entirely different kind of motion may still induce sickness in 

that person. It is why sailors who were already adapted to travelling in a large vessel may 

develop motion sickness when later using a small boat (Bles, Bos, de Graaf, Groen, & 

Wertheim, 1998; McIntosh, 1998). Even changing the orientation such as from laying down 

to standing will require a new adaptation (Bles et al., 1998). It is because the vestibular 

system perceives two different sets of motion since its orientation in these two positions (i.e., 

laying down and standing) is different from each other. In addition, when exposed to a 

movement, a gradual increase in the amount of motion is preferable since it will generate 

fewer symptoms compared to an abrupt exposure at the beginning (Brainard & Greshaw, 
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2014; Ruckenstein & Harrison, 1991). While ‘adaptation’ is a weakened response to motion 

sickness when exposed to a certain motion, the decrease in neural activity from the repeated 

motion is called ‘habituation’ (Schmal, 2013).  

2.4.4.3 Medication 

Today, there are at least nine different kinds of medication that can be used to prevent motion 

sickness from developing (Zhang et al., 2015). Since vestibular stimulation is the crucial 

element in the development of motion sickness, all the medications for motion sickness are 

expected to have a particular kind of vestibular-suppressant effect (Shupak & Gordon, 2006). 

The two most popular and useful prescribed drugs for motion sickness are anticholinergics 

and antihistamines (Zhang et al., 2015).  

Examples of anticholinergics are Scopolamine, and Zamifenacin, which are to be taken before 

the travelling and depending on the dosage can be effective from 6 to 72 hours (Golding & 

Stott, 1997; Spinks & Wasiak, 2011). Scopolamine is usually used to combat airsickness and 

seasickness, comes as a transdermal patch (consistent serum level and more extended usage), 

nasal spray, and also as a tablet. For antihistamines, Cinnarizine, Promethazine, and 

Dimenhydrinate are examples of over-the-counter medications. Both Cinnarizine and 

Dimenhydrinate can be taken by both adults and children (older than 12 years old), while 

Promethazine can only be taken by the adults. Antihistamines were found to be effective in 

treating 70% of motion sickness cases (Wood, Kennedy, Graybiel, Trumbull, & Wherry, 

1966). Taking any of the antihistamines and anticholinergics comes with side effects. 

Ironically, drowsiness is the most common side effect for antihistamines (Brainard & 

Greshaw, 2014; Schmal, 2013) while for anticholinergics, typical side effects are dried eyes 

and mouth and less drowsiness if compared to antihistamines (Brainard & Greshaw, 2014).  

2.4.4.4 Alternative Therapies 

Ginger is one of the most suggested alternative solutions in preventing motion sickness. 

Nonetheless, a controlled study with sailors when they were sailing found no statistically 

significant effect between the controlled and conditioned subjects (Grøntved, Brask, 

Kambskard, & Hentzer, 1988). Later, a meta-analysis study has also indicated the same 

consensus (Chrubasik, Pittler, & Roufogalis, 2005).  

Acupressure Point 6 (P6) or also known as Nei Guan is another alternative solution in 

combating motion sickness. P6 is located around 5 cm from under the wrist. It has been 

shown that the stimulation of P6 manages to alleviate nausea and vomiting for pregnant 

women (Werntoft & Dykes, 2001) and post-operative patients (Alkaissi, Ledin, Odkvist, & 

Kalman, 2005; Nunley, Wakim, & Guinn, 2008).  
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2.4.5. Synopsis  

In the coming age of fully automated driving, drivers or occupants who are engaging in the 

non-driving related task will be experiencing lower situation awareness and become more 

susceptible to motion sickness. To make matters worse, travelling in a fully automated vehicle 

would also expose the drivers or occupants to low-frequency accelerations that are known to 

amplify the experienced motion sickness.  

The possible preventions and treatment of motion sickness were explained. But most of the 

described therapies are either not practical or will degrade the experience when engaging in 

the non-driving related tasks in fully automated driving. It is even a critical issue of safety 

when the user of an automated vehicle is experiencing drowsiness from the medication to 

counteract motion sickness and is required to take over control of the vehicle up to the level 4 

of SAE automation. Therefore, it is ideal to keep informing the drivers or occupants regarding 

the information that will improve their situation awareness and lower the risk of getting 

motion sickness but at the same time allow them to indulge in their preferred activities. One 

way to deliver the aforementioned information is in the periphery of the attention of the 

drivers or occupants by using a peripheral information system, also known as an adaptive 

ambient display (Löcken et al., 2017). 

In the next section, we will first introduce the concept of the peripheral information system. 

Then, we will explain the importance of peripheral vision in everyday applications in general. 

After that, the explanation will be focused on the importance of peripheral vision specifically 

in driving and how peripheral information systems have been used to assist the drivers in 

lower automation in the past studies. 

2.5. Peripheral Information System 

For a human, there are two fields of view which are central (foveal and parafoveal) and 

peripheral vision (see Figure 8). When a human sees an object, the process begins with the 

cornea, and then the lens will focus the light into the retina.  

 
Figure 8: Visual fields of a human (Source: (Virginia Department of Motor Vehicles, 2015)). 
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The differences between central and peripheral vision are mainly because of the elements 

called the photoreceptor cells on the retina as shown in Figure 9. The foveal area, having the 

highest resolution only consists of the elements called cones. Meanwhile, the parafoveal is the 

area just outside the foveal vision. The area beyond the parafoveal is commonly referred to as 

the peripheral area. The peripheral area is mostly packed with elements called rods (see 

Figure 9). The cones perceive colours information while the rods are sensitive to illumination 

and motion but not to colours. An experiment by Larson and Loschky (2009) studied the 

importance of peripheral vision in  getting the idea of a scene. In their experiment, photos 

from inside the house with a different setting like in the kitchen and living rooms were shown 

to the participants of the experiment. In some of the photos, the central parts were obscured 

while in some of the other photos, the outside parts were obscured and all these photos were 

grey in the filter. In their study, they found that when the central part of the photo is obscured, 

participants were still able to locate or identify the setting of the photo. On the other hand, 

when the outside or peripheral parts of the photos were absence, the participants found it hard 

to identify the location where the photos were taken. 

 
Figure 9: Simplified schematic of a human eye (Source: simplebiology.com). 

2.5.1. Peripheral Vision 

Bayle et al. (2009) studied the effects of unconscious peripheral vision in the human brain 

specifically the amygdala.  They found that the amygdala takes a shorter time to react when 

scary or fearful images were shown in the peripheral vision compared to when displayed in 

the central vision. In details, it took about 80 milliseconds when the images were placed in 

peripheral vision and around 140 to 190 milliseconds for a central vision for a human to react 

to those images. This is the reason why our ancestors could survive from being attacked by 

wild animals while focusing on the primary tasks like sharpening the tools or hunting smaller 

animals (Weinschenk, 2011). In driving, it is found that the frequency of detecting peripheral 

visual objects decreases as the cognitive demand of the central vision is increased (Crundall, 

Underwood, & Chapman, 1999).  

Peripheral vision is an essential element in everyday applications and possibly without people 

actually realizing its importance. As elaborated above, peripheral vision is needed to get the 

essence of what we see and position ourselves in this world in addition to detecting the 
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motion within our field of view. In sports, for example, basketball and football where the 

athletes have to defend and attack during the game, the usage of peripheral vision could 

enhance and broaden the situation awareness at a time. The athletes who use peripheral vision 

and not only central vision could cover a large field of view and can better anticipate the 

approaching opponent players and could “see” the open team player to pass the ball. Figure 

10 shows the example of implementation of peripheral vision in defending in soccer/football 

game. By looking in the direction in between the two opposing players, the red-shirted 

defender can track both the opponent player with the ball and the other opponent player that 

he was defending.  

 

 

Figure 10: Using peripheral vision in defending in a football game (Source: insideyouthsports.org). 

Another example is in car racing where the driver is looking and focusing on the place or area 

where s/he is attempting to go (e.g., finishing lines and a spot in front of the opponent’s car) 

rather than looking at the back bumper of the opponent’s car (see Figure 11). Nevertheless, by 

keeping the opponent’s car within the peripheral view of the driver, s/he could overtake the 

opponent’s car without colliding with each other since s/he is aware of the location of his or 

her car relative to the opponent’s car. Other examples are performers such as jugglers and 

dancers who maintain peripheral vision in managing their performance. One might wonder 

how a juggler could efficiently juggle because s/he needs to control both right and left hands 

while looking at the different balls and all of these actions have to be done all at once. By 

practising and implementing the peripheral vision, one can manage this situation. 
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Figure 11: Using peripheral vision in car racing sport (Source: iracing.com). 

2.5.2. Peripheral Information System in Driving 

As mentioned by the Virginia Department of Motor Vehicles (2015), 90% of driving task 

involves vision as a primary task (see Table 2). In driving, the visual system is crucial in the 

task of maintaining the longitudinal and lateral control in addition to positioning oneself 

relative to other road users (e.g., by avoiding hitting the side pavement or the moving car next 

to us, see Figure 12) (Summala, Nieminen, & Punto, 1996). Studies of the movement of the 

eyes when driving discovered that drivers with little experience use more focal vision to do 

lane-keeping, but over the time and more practice, they learn to manage the task by using 

peripheral vision (Mourant & Rockwell, 1970; Summala et al., 1996).  

Table 2: Differences between central and peripheral functions in driving task (Source: (Virginia Department of 

Motor Vehicles, 2015)). 

Vision Functions 

Foveal vision  Targeting ahead 

Creating visual lead 

Assessment of signs and signals 

 

Parafoveal vision  Positioning vehicle location on the road 

Looking at the track of travel 

Observing line of sight to the target zone 

 

Peripheral vision Motion changes 

 



34 

 

 

Figure 12: Peripheral and central (foveal and parafoveal) visions in driving (Adapted from: iracing.com). 

Since the central (foveal and parafoveal) vision is mostly utilized for driving-related tasks 

(see Table 2), peripheral information systems were introduced in order not to distract the 

driver from their primary task, but to adequately inform the drivers when required. For 

example, when driving in partial automation mode, the peripheral information systems have 

been used to assist the human driver in navigating the vehicle (Matviienko, Löcken, El Ali, 

Heuten, & Boll, 2016), in anticipating events that require reduced speed (Laquai, Chowanetz, 

& Rigoll, 2011), in supporting lane changing decision (Löcken, Heuten, & Boll, 2015; 

Löcken, Müller, Heuten, & Boll, 2015), in giving feedback about perception of speed 

(Meschtscherjakov, Döttlinger, Rödel, & Tscheligi, 2015), and in providing communication 

between passenger and driver (Trösterer, Wuchse, Döttlinger, Meschtscherjakov, & Tscheligi, 

2015). 

In the fully automated driving context, parallel processing of information is likely to be 

essential in order to perform a non-driving related task (e.g., reading, watching a video/movie, 

socializing, and etc.) and at the same time receiving information that specifically would help 

to enhance situation awareness and therefore contribute to avoid motion sickness from 

developing. Therefore, the allocation of attention needs to be wisely managed since it is a 

limited resource. From Multiple Resource Theory (MRT), Wickens (2008b) suggested that a 

suitable modality (e.g., visual, haptic, auditory, and olfactory) has to be selected based on the 

mental resources that are available. One of the modalities that can be both aesthetic and 

informative is a visual display that is placed in the peripheral visual field. In addition, being 

positioned within the peripheral area of a human vision, the information presented is 

processed in the periphery of the attention. In the automotive domain, the peripheral 

information system is also termed as an adaptive ambient display (Löcken et al., 2017) 

For example, in terms of visual modality, Hanau and Popescu (2017) investigated the use of 

visual signals as acceleration cues in reducing motion sickness experienced by twenty bus 
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passengers who were reading using phones or tablets. Three specific signals were designed to 

provide indications in regards to the vehicle’s acceleration and deceleration (both longitudinal 

and lateral). They found that the participants with the Inertia Text, (a set of texts that moved 

proportionally with the vehicle’s acceleration) for acceleration cue, experienced less motion 

sickness when compared to the participants who went through a condition with Gizmo ball (a 

ball that moved proportionally with the vehicle’s acceleration) as acceleration cue and no cue 

at all. The participants who experienced the Gizmo ball as acceleration cue indicated the 

highest level of motion sickness. 

In a study within a fully automated driving context, a peripheral information system known as 

the proximal light display was implemented as a wearable device. The peripheral information 

system was designed to increase the situation awareness when the occupants of the vehicle 

were not paying attention to the road and focusing on reading as the non-driving related task 

(van Veen, Karjanto, & Terken, 2017). They found that although the situation awareness was 

improved without the need to observe the environment outside the vehicle, the proximal light 

display distracted the occupants from enjoying their non-driving related task (i.e., reading).   

2.5.3. Synopsis  

Human has a central and peripheral vision, and each one has its own functions and 

limitations. In everyday activities, it has been shown that peripheral vision is able to increase 

the productivity and efficiency of a certain task. In lower levels of automated driving, the 

utilization of peripheral information systems has been proven to be beneficial as has been 

shown in the literature studies. Therefore, peripheral information systems offer a potential 

solution for fully automated driving especially in enhancing situation awareness and 

mitigating motion sickness when engaging in non-driving related tasks.  

2.6. Chapter Summary 

In this chapter, we provided a background on the fundamental concepts of this thesis. The 

chapter started with the introduction of automation in general and the future of the automated 

vehicle from different perspectives (i.e., users, automakers, and government agencies). It was 

found that both the users and automakers envision non-driving related tasks to be practical 

and productive activities in fully automated driving.  

Next, the concept of situation awareness was explained, and how it will affect the drivers and 

occupants in fully automated driving. The engagement in the non-driving related task will 

lower the drivers and occupants’ situation awareness and will make them more susceptible to 

motion sickness. 

Then, we explained the concept of motion sickness from a theoretical point of view. Next, the 

method to estimate the Motion Sickness Dose Value (MSDV) was described. MSDV is 

important in order to show the type of motion that is essential in developing motion sickness. 

After that, the possible preventions and treatment of motion sickness were explained. But 
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most of the described therapies are either not practical or will degrade the experience when 

engaging in non-driving related tasks in fully automated driving. 

Lastly, we described the use of peripheral information systems by first explaining the human 

visual system and specifically the peripheral vision area. Then we explained the importance of 

peripheral vision and how it can be used within the context of automated driving to enhance 

the situation awareness and lower the risk of getting motion sickness.   

In the next two chapters (Chapter 3 and 4), we will explain how we developed our studies in 

terms of experimental setup and equipment. First, we describe the proposed driving style for 

the fully automated vehicle for the human driver and occupants. Then, in Chapter 4, we 

explain the development of the on-road simulator of a fully automated vehicle. 
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Part II: Development of Fully 

Automated Vehicle Driving Styles 

and On-Road Simulator 
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 Development of Driving Style for Fully 

Automated Vehicles 

3.1. Introduction 

The primary objectives of our studies are delivering situation awareness with regards to the 

road network (e.g., the geometry of the roads and vehicle navigation) and mitigating motion 

sickness when engaging in non-driving related tasks in fully automated driving. In order to 

achieve the aforementioned objectives, first, we need to know how a fully automated vehicle 

is going to drive and how the occupants of the vehicle perceive the scenarios such as when the 

vehicle is accelerating, decelerating, and cornering. In this chapter, we present a study 

concerning the driving style for fully automated vehicles in three phases (see Figure 13).  

 

Figure 13: Phases of the study of the driving style of a fully automated vehicle. 
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The first phase began with understanding the driving styles of human drivers and the 

associated personality traits. Driving style classification from three different studies (Israel, 

Netherlands, and Malaysia) but using the same set of questionnaires (Multidimensional 

Driving Style Inventory (MDSI)) was compared and discussed. Then, the classification of 

human drivers was done based on the related personality trait as a dimension. 

In the second phase, three parameters were selected which are the longitudinal acceleration, 

longitudinal deceleration, and lateral acceleration. We proposed three driving styles for a fully 

automated vehicle based on the range of the accelerations for each parameter. The proposed 

driving styles were based on data about the typical driving styles of human drivers and also a 

typical driving style of a train. Then, the defined driving styles were tested on a real road at 

three different points of interest with the assistance of a specially designed device called 

Automatic Acceleration and Data Controller (AUTOAccD).  

In the third phase, we tested the three proposed driving styles of a fully automated vehicle on 

human drivers who were first classified as either assertive or defensive drivers according to 

the sensation-seeking dimension. The proposed driving styles were then tested on three 

different points of interest. The points of interest are accelerating when leaving a junction 

(longitudinal acceleration), decelerating when approaching an intersection (longitudinal 

deceleration), and undertaking a corner (lateral acceleration).  

3.2. Driving Styles of Human Drivers 

In fully automated driving, human drivers will become passengers since automation will take 

over the driving-related tasks. Therefore, future users of fully automated vehicles are only 

expected to decide where they want to go, select the destination, and let the fully automated 

vehicle do the rest, from driving, choosing the best route, to dealing with other road users. A 

fully automated vehicle primarily contains thousands of sensors, and the way the vehicle is 

driving is strictly based on optimized logic. In that sense, a fully automated vehicle is 

expected to operate in a manner that promotes safety, reliability, and efficiency to its 

occupants. 

In contrast, human drivers usually weigh the risks and benefits when driving. Thus they will 

accept a certain level of risk which they actively target (target risk), according to the Risk 

Homeostasis Theory developed by Wilde (1982). Furthermore, according to Summala (2007) 

and Vaa (2007), the human driver drives a car in a “satisficing” manner where safety, motives 

(Summala, 2007), emotions (Vaa, 2007), and personality traits (Vaa, 2014) are among others 

strong driving factors. When driving a car, human drivers tend to achieve the “targeted 

feeling” or “best feeling” that is depending on the situation and motivation. For example, 

running late for an interview could be compensated by speeding up as one will gain more time 

although it would risk the driver of getting a speeding ticket and higher chances of getting 

into a traffic accident. On the other hand, a fully automated vehicle would probably not accept 

the risk of getting a fine or drive dangerously just to arrive at the desired destination on time. 

A fully automated vehicle is believed to be operating in an “optimized” manner where 
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depending on the situations, the car will prioritize safety and efficiency by choosing the 

suitable speed, distance between cars, fuel consumption while maintaining the physical 

comfort of the driver, and abiding the traffic laws above all. The difference in driving styles in 

view of the goal of the mobility (“satisficing” vs. “optimized”) is predicted to cause 

discomfort to the occupants of an automated vehicle.  

In order to understand the driving style of a human driver, self-report questionnaires can be 

used. For example, the Driving Style Questionnaire (DSQ) developed by French et al. (1993), 

the Driving Behaviour Inventory (DBI) by Gulian et al. (1989), and the Driver Behaviour 

Questionnaire (DBQ) by Reason et al. (1990). These different driving style questionnaires are 

looking at different aspects of driving such as stress, aggression, and alertness in driving for 

DBI, risky behaviours related to accidents for DSQ and errors made while driving for DBQ. 

Since there are different driving styles questionnaires that tap into different dimensions, 

Taubman-Ben-Ari et al. (2004) defined four major domains of driving styles based on the 

previous studies (see Table 3). 

Table 3: Past studies with driving style domain and the related Multidimensional Driving Style Inventory 

(MDSI) factors (Adapted from: Taubman-Ben-Ari et al. (2004)). 

Past studies Driving style domain Related MDSI factors  

(French et al., 1993; J. Reason et al., 1990) Reckless and careless  Risky and high-velocity  

(Arnett, Offer, & Fine, 1997; Donovan, 

Umlauf, & Salzberg, 1988) 

Angry and hostile  Angry 

(French et al., 1993; Harré, 2000) Patient and careful  Careful and Patient 

(Gulian et al., 1989) Anxious  Anxious, dissociative, and distress-

reduction 

 

Taubman-Ben-Ari et al. (2004) then developed the Multidimensional Driving Style Inventory 

(MDSI) which is a self-report questionnaire that assesses individual driving styles with 

regards to the four aforementioned domains (i.e., reckless and careless, anxious, angry and 

hostile, and  patient and careful). A validation study of the MDSI was done with 328 (220 

women and 108 men) drivers from Israel and using the Varimax loading factor analysis, and 

they found eight major factors. They found two factors (risky and high-velocity) to be related 

to the reckless and careless domain of driving style, three factors (anxious, dissociative and 

distress-reduction) related to anxious domain, one factor (angry) related to angry and hostile 

domain, and two factors (careful and patient) related to patient and careful domain (see Table 

3). 

The MDSI was further validated by van Huysduynen et al. (2015) for drivers in Belgium and 

Netherlands and later by Karjanto et al. (2017a) for Malaysian drivers. The former found six 

types of driving styles in Belgium and the Netherlands while the latter found four types of 

driving styles in Malaysia (see Table 4).  
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Table 4: Comparison of human driving styles found in three different studies using the Multidimensional 

Driving Style Inventory (MDSI) questionnaire. 

 Israel 

(Taubman-Ben-Ari et al., 2004) 
Belgium & Netherlands 

(Hooft van Huysduynen et al., 2015) 
Malaysia 

(Karjanto, Md. Yusof, 

Terken, Hassan, et al., 

2017) 

D
ri

v
in

g
 S

ty
le

 

Careful Careful Careful 

Risky Risky Risky 

Angry Angry Angry 

Anxious Anxious Anxious-Dissociative 

Dissociative Dissociative  

Distress-Reduction Distress-Reduction  

High-velocity   

Patient   

 

In addition, personality traits were found to have an essential role in determining the type of 

driver (Taubman-Ben-Ari & Yehiel, 2012; Vaa, 2014). Personality traits were hypothesized to 

be the root or the cause of why one is behaving in a certain way on the road. Driving styles 

are related to personality traits such as self-esteem, need for control, extraversion and 

sensation-seeking (Taubman-Ben-Ari et al., 2004). Summala (2007) and Vaa (2014) also 

found that some drivers like the sensations of speeding and accelerating, driving with very 

close distance to the preceding vehicle, and being competitive on the roads. Taubman-Ben-

Ari et al. (2004) found correlations between certain driving styles and the personality trait of 

sensation-seeking, which was assessed using the questionnaire developed by Zuckerman et al. 

(1993). They found that high sensation-seeking scorers tended to be drivers with risky and 

high-velocity driving styles while low sensation-seeking scorers tended to be drivers with a 

careful driving style. Karjanto et al. (2017a) also found a positive and highly significant 

association between sensation-seeking and a risky driving style. The correlation showed that 

drivers who score high for sensation-seeking have a higher tendency to be a risky driver. This 

result is in line with the previous studies as reported by Taubman-Ben-Ari et al. (2004) and 

Jonah (1997) who also found the same relationship between risky driving style and sensation-

seeking. In another study, Lajunen and Summala (1997) found a positive correlation between 

sensation-seeking and maximum speed and also acceleration. 

 

Therefore, if the driving style of human drivers is influenced by the personality trait of 

sensation-seeking as a dimension, we can classify high sensation-seeking drivers as assertive 

drivers. Here,  “assertive” is defined in terms of a tendency to drive at or above the designated 

speed limit (Dahlen, Martin, Ragan, & Kuhlman, 2005) and like to pursue the experience or 

sensation of high accelerations during driving. The assertive driving style is hypothesized to 

be preferred by a higher sensation-seeking personality. Conversely, low sensation-seeking 

drivers can be characterized as defensive drivers, who show less risky driving behaviour (see 

Figure 14).  
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Figure 14: Classification of human driving style. 

3.2.1. Synopsis 

The same questionnaire (MDSI) was used in three different studies involving drivers from 

Israel, Malaysia, and the Netherlands, but the set of driving styles found was not identical in 

those the three different studies. Nonetheless, four similar domains of driving styles were 

found in each of the studies (see Table 3).  

As a fully automated vehicle comprises of thousands of sensors, the way the vehicle is driving 

is strictly based on algorithms that analyse the inputs from sensors. In contrast, human drivers 

are driving based on their “targeted feeling” and are heavily influenced by their own 

personality traits (Summala, 2007; Vaa, 2014). Thus, driving styles vary across human drivers 

and therefore more than one driving style for a fully automated vehicle may be required 

(Kuderer, Gulati, & Burgard, 2015).  

As a result, the classification of human driving styles was based on the dimension of the 

personality trait of sensation-seeking where at one end of the scale, assertive drivers prefer 

high acceleration; at the opposite end, the defensive drivers who prefer low acceleration (see 

Figure 14). 

3.3. Proposed Fully Automated Driving Style 

In order for a fully automated vehicle to be an optimized driver, without sacrificing comfort, 

and enable activities other than driving for the users or occupants inside a fully automated 

vehicle, it was suggested that the vehicle should accelerate and decelerate slower than the 

typical human-driven car and about the same as the Light Rail Transit (LRT) or train (Le Vine 

et al., 2015). The LRT system could be used as guideline such that the ways the system 

accelerates and decelerates in the longitudinal and lateral direction are within the acceptable 

level of comfort for the passengers. Activities such as drinking and eating without spilling, 

and working or playing with electronic devices are possible inside an LRT or train without 

experiencing physical discomfort like motion sickness. These activities are made possible 

since the induced forces felt by the users or occupants inside the LRT are minimized 

(maximum longitudinal acceleration and deceleration at 1.34 ms-2 and maximum lateral 

acceleration at 1.47 ms-2, see Table 5). In addition, the experience of riding an LRT is likely to 

be the benchmark used by the automotive players for their future development of the fully 

automated vehicle. It is because the LRT has been proven to be one of the best options for the 

user or occupant to conduct activities while travelling in a moving vehicle (Le Vine et al., 

2015). On the same hand, future users of a fully automated vehicle who have had the 
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experience travelling by train or LRT may imagine the same scenarios are possible inside a 

fully automated vehicle as this new technology will also offer the kind of travelling without 

the need to drive.  

Table 5: Longitudinal and lateral accelerations and decelerations for light rail transit (LRT) and human-driven 

cars (Adapted from: Bogdanović and Ruškić, 2013; El-Shawarby et al., 2007; Hugemann and Nickel, 2003; 

Parsons Brinckerhoff Team, 2004; TCRP, 2012). 

Type of acceleration Light Rail Transit 

(LRT) 

Typical human-driven 

car 

The upper limit in a  

human-driven car 

Longitudinal acceleration 
0.0 to 1.34 ms-2 

(0.0 to 0.14 g) 

1.34 to 2.47 ms-2 

(0.14 to 0.25 g) 

2.47 to 4.86 ms-2 

(0.25 to 0.50 g) 

Longitudinal deceleration 
0.0 to - 1.34 ms-2 

(0.0 to - 0.14 g) 

- 1.34 to - 3.47 ms-2 

(- 0.14 to - 0.33 g) 

- 3.27 to - 7.47 ms-2 

(- 0.33 to - 0.76 g) 

Lateral acceleration 
0.0 to 1.47 ms-2 

(0.0 to 0.15 g) 

1.47 to 4.10 ms-2 

(0.15 to 0.42 g) 

4.10 to 5.30 ms-2 

(0.42 to 0.54 g) 

 

For a typical human-driven car, human drivers usually accelerate around 0.79 to 4.86 ms-2 

after leaving a junction or signalized intersection as stated in the work of Bogdanović and 

Ruškić (2013) (see Table 5). They studied the various accelerations of cars, using digital 

cameras and programming, starting from the stop line at a juncture with traffic lights for ten 

intersections in a town’s area. For the deceleration when approaching a junction or signalized 

intersection, El-Shawarby et al. (2007) found that with 821 events, the range was between 

1.51 ms-2  to 7.47 ms-2 (see Table 5). The study was done with 60 participants in an enclosed 

area where it was safe to conduct the experiment. On the other hand, for the lateral 

accelerations, the ranges are influenced by the radius of the corner or roundabout on which 

the human-driven car is travelling (Hugemann & Nickel, 2003). Hugemann and Nickel (2003) 

revealed that drivers usually produce smaller lateral accelerations with smaller cornering radii 

while, in contrast, higher radii are usually associated with higher lateral accelerations. For a 

sharp turn or corner with a radius in between 20 to 40 meters, the 10th, 50th and 90th percentile 

of the lateral acceleration found was 3.1 ms-2, 4.1 ms-2, and 5.3 ms-2, respectively (see Table 5). 

In Table 5, we tabulated both driving styles of an LRT and human-driven car for longitudinal 

acceleration, longitudinal deceleration, and lateral acceleration. For the human-driven car, all 

accelerations were presented in the range of typical way of driving and in the “upper limit” or 

extreme way of driving. 

In the previous section (see Section 3.2), human drivers were classified to either drive with 

defensive or assertive driving style, therefore in this section, the corresponding defensive and 

assertive driving style for a fully automated vehicle will be introduced. The corresponding 

defensive and assertive driving style for a fully automated vehicle are defined in order to 

study the acceptance of human drivers when they are driven by their own driving styles in 

fully automated mode. In addition, an LRT-based driving style for a fully automated vehicle 

will also be defined since it has been shown that the way LRT is driven allows its occupants 

to perform a secondary task (i.e., non-driving related task). Therefore, three types of driving 
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style namely LRT, defensive, and assertive driving styles of a fully automated vehicle will be 

defined and studied.  

Figure 15 presents the ranges of lateral acceleration, longitudinal acceleration, and 

longitudinal deceleration to be implemented in order to simulate the LRT, defensive, and 

assertive driving styles of a fully automated vehicle. The driving styles of a fully automated 

vehicle were selected at around the mean value of the ranges of the particular acceleration. 

These ranges are based on the data from the LRT and typical human-driven cars as reported in 

previous works (Bogdanović & Ruškić, 2013; El-Shawarby et al., 2007; Hugemann & Nickel, 

2003; Le Vine et al., 2015; TCRP, 2012). 

For the intended longitudinal acceleration and deceleration, the required time to achieve the 

targeted speed was tabulated in Table 6. For the longitudinal acceleration, the fully automated 

vehicle accelerates from 0 to 30 km/h while for the longitudinal deceleration, the fully 

automated vehicle decelerates from 30 to 0 km/h. The targeted speed (the final speed in 

simulating acceleration or the beginning speed in simulating deceleration) determines the 

required time to achieve the intended accelerations or decelerations. 

 
Figure 15: The ranges of lateral and longitudinal accelerations and deceleration for the defensive and assertive 

driving style of a fully automated vehicle (Source: (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017)). 
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Table 6: Required time to accelerate (from 0 to 30 km/h ) or decelerate (from 30 to 0 km/h) in order to generate 

the intended longitudinal acceleration or deceleration. 

Driving style of fully 

automated vehicle 

Type of acceleration 

(Straight lane approaching and leaving a 

junction) 

Required time to 

accelerate/decelerate (s)  

LRT 

Longitudinal acceleration 

(0.14 g or 1.34 ms-2) 
6.2 

Longitudinal deceleration 

(- 0.14 g or -1.34 ms-2) 
6.2 

Defensive 

Longitudinal acceleration 

(0.20 g or 2.47 ms-2) 
3.4 

Longitudinal deceleration 

(- 0.26 g or -3.27 ms-2) 
2.5 

Assertive 
Longitudinal acceleration 

(0.38 g or 4.86 m/s2) 
1.7 

 
Longitudinal deceleration 

(- 0.55 g or -7.47 ms-2) 
1.1 

For the lateral acceleration, the centrifugal acceleration that pushes the vehicle to the outward 

of the curve during a cornering process was determined. The centrifugal acceleration (ac) 

formulation is shown in Equation (2) below (H. Young, Freedman, & Ford, 2016): 

 
𝑎𝑐 =

𝑣2

𝑟
 (2) 

 

Where v and r represent the travelling speed in the corner and radius of the cornering, 

respectively. In order to achieve the intended lateral accelerations as has been shown in Figure 

15, the speed has to be determined based on the parameters depicted in Table 7 below.  

 

Table 7: Required speed in order to generate lateral acceleration during cornering. 

Driving style of fully 

automated vehicle  

Lateral acceleration 

during cornering 

Speed 

(km/h) 

LRT 0.15 g or 1.47 ms-2 17.24 

Defensive  0.29 g or 2.84 ms-2 23.97 

Assertive 0.48 g or 4.70 ms-2 30.85 

The cornering radius = 15.60 m 

3.3.1. Validation study 

A validation study was carried out to see whether the intended driving styles for fully 

automated vehicles could be simulated adequately. The study was done with two designated 

drivers (driver A and B) who attempted to simulate the three driving styles over a total of 90 

test rides. Each driver simulated five test rides per each driving style (LRT, defensive, and 

assertive) at three events (longitudinal acceleration, longitudinal deceleration, and lateral 

acceleration) for the intended accelerations (based on Figure 15). The simulations or test rides 

were performed with the assistance of a device called Automatic Acceleration and Data 
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Controller (AUTOAccD). The outcomes of the test ride with the AUTOAccD from the two 

designated drivers were tabulated and compared. 

3.3.2. Methodology 

An Audi A3 was used as the testing vehicle for this experiment (see Figure 16), provided by 

the Automotive Lab, Eindhoven University of Technology. The experimental investigation 

was carried out based on two different urban road profiles consisting of a junction (to access 

longitudinal accelerations and decelerations), and a corner (to access lateral accelerations). 

The route was located within the private compound of the Eindhoven University of 

Technology, Eindhoven, Netherlands.  

 

Figure 16: Testing vehicle - Audi A3. 

A dedicated device, the Automatic Acceleration and Data Controller (AUTOAccD), was 

developed explicitly with dual capabilities: to assist the designated driver in driving according 

to the defined acceleration condition and also to act as an instrumented processor to measure 

and collect the vehicle dynamics data. The AUTOAccD consists of an On-Board Diagnostic 

II (OBD-II) adapter that is connected to the Arduino board and Liquid Crystal Display (LCD) 

(See Figure 17). OBD is an automotive term referring to a vehicle's self-diagnostic and is able 

to monitor real-time engine parameters such as speed, fuel consumption, and transmission of 

a vehicle. The AUTOAccD was developed based on the data logger kit from Freematics 

(Huang, 2014) which comprised of Global Positioning System (GPS) receiver, triple-axis 

micro-electro-mechanical systems accelerometers, and gyro meters. In addition, a data logger 

was connected to a live display in the form of the LCD screen. All the measured and collected 

data were stored in a micro memory card for later analysis.  



48 

 

    
(a)             (b) 

Figure 17: (a) The position of the AUTOAccD in the testing vehicle; and (b) the placement of the data logger 

and OBD in the testing vehicle (Source: (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017)). 

The display was designed to assist the designated driver in maintaining a particular driving 

style by showing the specific ranges of lateral and longitudinal forces during the experiment. 

The display served as an assistance device to the driver, in order to achieve the required 

acceleration at the specific location. There are three colours available to indicate the 

instantaneous driving style, in which LRT is indicated by the purple colour while defensive 

and assertive are shown by the green and red colours, respectively. In addition, there are two 

axes on which the vertical axis represents the longitudinal direction (upward movements 

indicates the positive direction and vice versa) while the horizontal axis represents the lateral 

direction (rightward movements indicates the positive direction and vice versa). Figure 18 

showed an example of the display when the car was driven in a defensive and assertive mode 

in the positive lateral direction. 

    
(a)           (b) 

Figure 18:  AUTOAccD display showing the vehicle was driven by (a) a defensive driving style in the positive 

lateral direction, and (b) an assertive driving style in the positive lateral direction. 
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In simulating the longitudinal acceleration event, the testing car was accelerating in one 

smooth motion where there was no jerking (deviation of the acceleration) or any other traffic 

that would impede the acceleration process. In addition, in order to successfully realize larger 

acceleration forces, especially for the assertive driving style, the accelerations must be done 

preferably with lower transmission such as the first gear. 

In simulating the longitudinal deceleration, the drivers were instructed to decelerate, from a 

designated speed of 30 km/h, by adjusting the braking force according to the guides as shown 

on the AUTOAccD. However, in general, the deceleration is more difficult to generate 

compared to the acceleration. One of the reasons was that the drivers had to control both the 

clutch and brake pedal in order to achieve the desired deceleration rate and making sure the 

engine would not stall whereas, in the accelerations, the drivers only need to control the 

accelerator or gas throttle. 

For the simulation of the lateral acceleration, it was crucial that the radius of the cornering 

was maintained to be as constant as possible. By referring back to Equation (2), it is clear that 

both speed and radius of the cornering are playing a significant role in determining the 

induced lateral acceleration (Reymond, Kemeny, Droulez, & Berthoz, 2001). 

3.3.3. Results and Discussion  

As regards the simulations of longitudinal acceleration done using the LRT driving style, both 

drivers did not manage to realize the accelerations within the desired range (see Table 8). The 

means of the two drivers were quite far apart, and the standard deviation indicated that they 

were very consistent in simulating this driving style. For the defensive and assertive driving 

styles, both of the drivers had fluctuating accelerations and were less consistent compared to 

when simulating the LRT driving style. Nonetheless, the means for both drivers in simulating 

the last two driving styles were much closer to the intended accelerations. For the defensive 

driving style, out of ten trials altogether, three of the accelerations fell outside of the desired 

range, whereas, for the assertive driving style, all the simulated accelerations were within the 

intended range. For the event of simulating longitudinal acceleration, it can be said that the 

driving style with lower acceleration was harder to be simulated (i.e., LRT driving style) 

compared to the driving style with higher acceleration (i.e., assertive driving style). However, 

the higher acceleration (i.e., assertive driving style) was harder to be consistently managed by 

both of the drivers.  

Table 8: Mean and standard deviation (SD) of the three simulated driving styles for longitudinal accelerations 

(acc.) for each driver, ntrial = 5 (Source: (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017)). 

Driver 

LRT driving style 

(Targeted acc. = 0.14 g) 
Defensive driving style 

(Targeted acc. = 0.20 g) 
Assertive driving style 

(Targeted acc. = 0.38 g) 

Mean (g) SD Mean (g) SD Mean (g) SD 

A 0.11 0.01 0.19 0.06 0.42 0.08 

B 0.06 0.03 0.25 0.05 0.40 0.06 
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For the event of the straight lane approaching the junction, the longitudinal decelerations 

simulated by the two designated drivers are presented in Table 9. For this event, both drivers 

showed high consistency in simulating the accelerations although driver B actually did not 

manage to register any acceleration within the desired LRT range, whereas, for the defensive 

and assertive driving style, much higher variances were produced by both of the drivers. In 

addition, the attempted decelerations generally deviated quite far from the intended means. 

For the assertive driving style, all the simulated decelerations were within the intended range, 

while for the defensive driving style, both of the drivers registered half of the trials outside the 

proposed range. For the event of simulating longitudinal deceleration, the generated 

accelerations were always much lower or higher than the targeted ones. For this event, the 

drivers were instructed to decelerate, from the speed of 30 km/h to 0 km/h, by adjusting the 

braking force according to the interactive display shown on the AUTOAccD. In general, by 

referring to Table 8 and Table 9, the simulations of longitudinal deceleration were harder to 

be generated when compared to the simulations of longitudinal acceleration.  

Table 9: Means and standard deviations (SD) of the three simulated driving styles for longitudinal decelerations 

(acc.) for each driver, ntrial = 5 (Source: (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017)). 

Driver 

LRT driving style 

(Targeted acc. = - 0.14 g) 
Defensive driving style 

(Targeted acc. = - 0.26 g) 
Assertive driving style 

(Targeted acc. = - 0.55 g) 

Mean (g) SD Mean (g) SD Mean (g) SD 

A - 0.13 0.01 - 0.31 0.04 - 0.47 0.07 

B - 0.17 0.02 - 0.33 0.05 - 0.49 0.06 

 

For the cornering, the lateral accelerations simulated by the two designated drivers using three 

driving styles are shown in Table 10. In the simulation of the LRT driving style, driver B had 

better consistencies compared to driver A as lower standard deviation was registered. For the 

defensive driving style, in which both drivers achieved mean values that are higher than the 

intended one, both of the drivers registered good consistencies with a standard deviation of 

0.03 each. Whereas for the simulation of assertive driving style, there were fluctuations in the 

simulated accelerations, as in this driving style the drivers had to generate accelerations that 

are above the average of typical human driving style. However, out of the combined ten trials 

from the two drivers, only once a simulated acceleration fell outside the lower limit of the 

intended assertive range. 

Table 10. Means and standard deviations (SD) of the three simulated driving styles for lateral accelerations (acc.) 

for each driver, ntrial = 5 (Source: (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017)). 

Driver 

LRT driving style 

(Targeted acc. = 0.15 g) 
Defensive driving style 

(Targeted acc. = 0.29 g) 
Assertive driving style 

(Targeted acc. = 0.48 g) 

Mean (g) SD Mean (g) SD Mean (g) SD 

A 0.12 0.06 0.30 0.03 0.47 0.11 

B 0.12 0.02 0.32 0.03 0.46 0.14 

 

In simulating the lateral accelerations, it was crucial that the radius of the cornering was 

maintained to be as constant as possible. By referring back to Equation (2), it is clear that both 

velocity and radius of the cornering are playing a significant role in determining the induced 

lateral acceleration (Reymond et al., 2001). In this study, the roads which have been used do 
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not have any road markings on the surface, and therefore, both of the drivers would try to 

undertake the cornering by making sure the car was always approximately travelling in the 

middle of the road. For more accurate results in cornering, a clearer and more accurate 

guideline should be developed such as line marking on the road surface where the drivers can 

align themselves to make sure that for each trial, the radius of the travelling car in the corner 

stays almost the same every single time (Charlton, 2007). 

3.3.4. Synopsis 

In this experiment, we proposed three types of driving styles for a fully automated vehicle. 

The three driving styles were successfully tested on three events which were the longitudinal 

acceleration, longitudinal deceleration, and lateral acceleration. AUTOAccD interactively 

shows and clusters the live acceleration data so that the drivers can adjust the throttle position 

and speed in order to get the required simulations. In addition, AUTOAccD also acted as a 

data logger that measures and stores various data for further analysis.  

In conclusion, the three proposed driving styles can be satisfactorily realized by the two 

designated drivers. In terms of a comparison between the two drivers, the difference is 

minimal. Most of the generated acceleration data have small standard deviations and are close 

to the intended means. In addition, both drivers managed to simulate accelerations within the 

intended ranges. By comparing the three proposed driving styles, the assertive driving styles 

were the hardest to simulate regardless of the road profiles. It is evidenced by the higher 

standard deviation values for assertive driving styles compared to the other two driving styles. 

For the defensive driving styles, in general, although low deviations were recorded, the 

average means for the simulated accelerations are usually higher than the intended ones. For 

the LRT driving styles, both means and standard deviations for the simulated accelerations 

indicated variations between the two drivers.  

3.4. Preferred Fully-Automated Driving Style 

A study was designed to explore the preferences of future driver or occupants on the 

previously proposed driving styles of a fully automated vehicle. The driving styles focused on 

the accelerations in two directions (longitudinal and lateral). In addition, the LRT driving 

style was also considered as a projected driving style of a fully automated vehicle and 

therefore was also explored in this study. In this study, we hypothesized that human drivers 

prefer their own driving style to be the preferred driving style of their fully automated vehicle 

(see Table 11). In addition, it was hypothesized that both types of driver (assertive and 

defensive) do not prefer the introduced LRT driving style due to its very defensive nature.  

Table 11: Proposed hypotheses of the driving styles preferences. 

 Assertive human driver Defensive human driver 

Assertive driving style of a fully automated vehicle  

Defensive driving style of a fully automated vehicle 

LRT driving style of a fully automated vehicle 

Prefer Not Prefer 

Not Prefer Prefer 

Not Prefer Not Prefer 
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3.4.1. Methodology 

In this study, an Audi A3 (see Figure 16) was used along with two experimenters using a 

Wizard-of-Oz technique.  The technique was inspired by the method developed by Baltodano 

et al. (2015). One experimenter acted as a driving wizard whose task is to simulate the three 

proposed driving styles of a fully automated vehicle (see Figure 15). The driving wizard was 

assisted with a specially developed device known as AUTOAccD as has been mentioned in 

the previous section. The other experimenter guided the experiment and handled the 

questionnaires to be answered by the participants during the experiment. 

Twelve participants, aged between 24 and 39 years old (mean = 29.6, SD = 4.0), with a valid 

driving license, participated in this study. On the basis of impulse sensation-seeking (ImpSS) 

questionnaire developed by Zuckerman et al. (1993), drivers were categorized into assertive 

and defensive drivers. ImpSS assesses a general need for thrills and sensation and consists of 

19 true-false items with 1 point per item. In this study, drivers who were sensation-seekers 

(score between 10 and 19) were categorized as assertive drivers (n = 6 participants), and the 

drivers who were the opposite (score between 0 and 9) were categorized as defensive drivers 

(n = 6 participants). 

The study was done on a real road where the Dutch traffic laws apply. The route included 

three points of interest (POI). At POI A, the vehicle left a junction while at POI B the vehicle 

approached a junction. POI A and B were designed to induce longitudinal acceleration and 

deceleration, respectively. At POI C, the vehicle rounded a corner inducing a lateral 

acceleration. A within-subject design was applied in which participants were exposed to three 

different driving styles at each of the POI (see Table 11). To balance carry-over effects, the 

order of simulated driving styles was pseudo-randomized for all participants, so that all orders 

occurred equally often. While being driven around, the participants were asked to just sit back 

and fully experience the accelerations being induced.  

In total, five different scales labelled R1, R2, R3, R4, and R5, were used in this study to elicit 

the participants’ opinion at each of the POI (see Appendix 1). R1, R2, and R3 asked for 

judgements about the driving behaviour in terms of comfort, pleasantness, and safety, 

respectively. R4 was used to check the comparison between the driving styles of the fully 

automated vehicle and the participant’s driving style while R5 asked for judgments about the 

magnitude of the acceleration. All questionnaires consisted of five-point Likert scales with R1 

1 = ‘very comfortable’ and 5 = ‘very uncomfortable’, R2 1 = ‘very pleasant’ and 5 = ‘very 

unpleasant’, R3 1 = ‘very safe’ and 5 = ‘very dangerous’, R4 1 = ‘very true of me’ and 5 = 

‘very untrue of me’, and R5 1 = ‘the force is much too high’ and 5 = ‘the force is much too 

low’. 

In order to test the hypotheses (shown in Table 11), Friedman’s tests were used to compare 

the evaluations given by the participants. If statistical significance was found from the 

Friedman’s test, post-hoc analyses in the form of the Wilcoxon signed-rank tests were 

conducted with the application of Bonferroni correction of pcrit < 0.017 (Field, 2009).  
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3.4.2. Results and Discussion 

Table 12 shows the results at POI A where the participants were subjected to a fully 

automated vehicle accelerated with three different driving styles after leaving a junction. The 

assertive drivers indicated positive reactions to both defensive and LRT driving style of a 

fully automated vehicle compared to the assertive driving style of a fully automated vehicle, 

although no statistical significance was found. The defensive drivers were also found to give 

positive responses to both defensive and LRT driving style of a fully automated vehicle as 

indicated by significant statistical effects.  

Table 12: Ratings (R) of driving styles (DS) and results of statistical analyses at POI A - accelerating after 

leaving a junction, (1 = positive, 5 = negative) (Source: (Yusof et al., 2016)). 

R DS of Human 

Driver 

DS of Fully 

Automated 

Vehicle 

Median Friedman’s 

Test 

Wilcoxon Signed Rank Test 

1
. 

C
o

m
fo

rt
 

A 

A 4.0 
χ2(2) = 2.22,  

p = 0.331 
- D 3.0 

LRT 2.5 

D 

A 4.0 

χ2(2) = 10.18,  

p = 0.006** 

A 

D 
z = -2.22, r = -0.64,  p = 0.016* 

D 2.0 
A 

LRT 
z = - 2.21, r = - 0.64,  p = 0.016* 

LRT 2.0 
D 

LRT 
z = - 0.38, r = - 0.11, p = 0.500 

2
. 

P
le

a
sa

n
tn

es
s 

A 

A 4.0 
χ2(2) = 4.10,  

p = 0.129 
- D 1.5 

LRT 2.5 

D 

A 4.0 

χ2(2) = 10.38,  

p = 0.006** 

A 

D 
z = - 2.23, r = - 0.64, p = 0.016* 

D 2.0 
A 

LRT 
z = - 2.26, r = - 0.65, p = 0.016*  

LRT 2.0 
D 

LRT 
z = - 0.58, r = - 0.17,  p = 0.375  

3
. 

S
a

fe
ty

 

A 

A 3.5 
χ2(2) = 4.57,  

p = 0.102 
- D 2.0 

LRT 1.5 

D 

A 4.0 

χ2(2) = 10.17,  

p = 0.006** 

A 

D 
z = - 2.26, r = - 0.65, p = 0.016* 

D 2.0 
A 

LRT 
z = - 2.25, r = - 0.65, p = 0.016* 

LRT 1.5 
D 

LRT 
z = - 1.34, r = - 0.39, p = 0.188 

* Indicates significant effect (p < 0.017) 
** Indicates highly significant effect (p < 0.01 with pcrit < 0.05) 

 

Table 13 shows the results at POI B where the participants were subjected to a fully 

automated vehicle decelerated with three different driving styles when approaching a 

junction. The same pattern was found as was with the POI A where both assertive and 

defensive human drivers showed better appreciation to the defensive and LRT driving style of 
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a fully automated vehicle. It can be said that, when decelerating or braking with the assertive 

driving style of a fully automated vehicle, both types of drivers (participants) felt less 

comfortable, pleasant and safe compared to the other two proposed driving styles. 

Table 13: Ratings (R) of driving styles (DS) and results of statistical analyses at POI B - decelerating when 

approaching a junction, (1 = positive, 5 = negative) (Source: (Yusof et al., 2016)). 

R DS of Human 

Driver 

DS of Fully 

Automated 

Vehicle 

Median Friedman’s 

Test 

 Wilcoxon Signed Rank Test 

1
. 

C
o

m
fo

rt
 

A 

A 4.0 

χ2(2) = 8.27, 

 p = 0.016* 

A 

D 
z = - 2.22, r = - 0.64, p = 0.016*  

D 2.0 
A 

LRT 
z = - 2.12, r = - 0.61,  p = 0.031 

LRT 1.0 
D 

LRT 
z = - 0.28, r = - 0.08, p = 0.500 

D 

A 4.0 

χ2(2) = 6.10,  

p = 0.047* 

A 

D 
z = - 2.07, r = - 0.60, p = 0.031  

D 2.0 
A 

LRT 
z = - 1.83, r = - 0.53, p = 0.063 

LRT 2.0 
D 

LRT 
z = - 0.41, r = - 0.12, p = 0.406 

2
. 

P
le

a
sa

n
tn

es
s 

A 

A 4.0 

χ2(2) = 7.18, 

 p = 0.028* 

A 

D 
z = - 2.12, r = - 0.61, p = 0.031 

D 3.0 
A 

LRT 
z = - 2.06, r = - 0.59, p = 0.031  

LRT 1.0 
D 

LRT 
z = - 1.22, r = - 0.35, p = 0.188  

D 

A 4.0 

χ2(2) = 8.40,  

p = 0.015* 

A 

D 
z = - 2.00, r = - 0.58, p = 0.063  

D 2.0 
A 

LRT 
z = - 2.32, r = - 0.64, p = 0.016* 

LRT 2.0 
D 

LRT 
z = - 1.13, r = - 0.33, p = 0.250  

3
. 

S
a

fe
ty

 

A 

A 3.5 

χ2(2) = 10.30, 

 p = 0.006** 

A 

D 
z = - 2.04, r = - 0.59, p = 0.031 

D 2.0 
A 

LRT 
z = - 2.23, r = - 0.64, p = 0.016*  

LRT 1.0 
D 

LRT 
z = - 1.73, r = - 0.50, p = 0.125  

D 

A 3.5 

χ2(2) = 6.91,  

p = 0.032* 

A 

D 
z = - 2.27, r = - 0.58, p = 0.016*  

D 2.0 
A 

LRT 
z = - 1.84, r = - 0.53, p = 0.063 

LRT 2.0 
D 

LRT 
z = - 0.33, r = - 0.10, p = 0.500  

* Indicates significant effect (p < 0.017) 
** Indicates highly significant effect (p < 0.01 with pcrit < 0.05) 

 

For POI C, as shown in Table 14, smaller differences were found in regards to the 

appreciation of different driving styles of a fully automated vehicle. In terms of comfort, the 
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trend of positive response towards defensive and LRT driving styles of a fully automated 

vehicle, as has been seen in the other POIs, can still be found. On the other hand, there was no 

statistical significance found for pleasantness regardless of the driving styles of  a fully 

automated vehicle. In terms of safety, assertive drivers showed no statistical significance in 

the post-hoc analyses between the exposed driving styles while for the defensive drivers there 

was a significant difference between the assertive and LRT driving style of a fully automated 

vehicle. 

Table 14: Ratings (R) of driving styles (DS) and results of statistical analyses at POI C - undertaking a corner, (1 

= positive, 5 = negative) (Source: (Yusof et al., 2016)). 

R DS of Human 

Driver 

DS of Fully 

Automated 

Vehicle 

Median Friedman’s 

Test 

Wilcoxon Signed Rank Test 

1
. 

C
o

m
fo

rt
 

A 

A 3.5 

χ2(2) = 10.18,  

p = 0.006** 

A 

D 

z = - 2.33, r = - 0.67,  

p = 0.016* 

D 1.5 
A 

LRT 

z = - 2.23, r = - 0.64,  

p = 0.016*  

LRT 1.0 
D 

LRT 

z = - 1.00, r = - 0.29,  

p = 0.312 

D 

A 3.0 

χ2(2) = 10.30, 

p = 0.006** 

A 

D 

z = - 2.07, r = - 0.60,  

p = 0.031*  

D 2.0 
A 

LRT 

z = - 2.27, r = - 0.66,  

p = 0.016* 

LRT 2.0 
D 

LRT 

z = - 1.73, r = - 0.50,  

p = 0.125 

2
.P

le
a

sa
n

tn
es

s 

A 

A 3.0 
χ2(2) = 4.67,  

p = 0.097 
- D 2.0 

LRT 2.0 

D 

A 3.0 
χ2(2) = 4.11,  

p = 0.128 
- D 2.5 

LRT 2.0 

3
. 

S
a

fe
ty

 

A 

A 2.5 

χ2(2) = 7.63, 

 p = 0.022* 

A 

D 

z = - 2.06, r = - 0.59,  

p = 0.031 

D 2.0 
A 

LRT 

z = - 1.84, r = - 0.64,  

p = 0.063 

LRT 2.0 
D 

LRT 

z = - 0.00, r = - 0.00,  

p = 0.750 

D 

A 3.0 

χ2(2) = 10.30,  

p = 0.006* 

A 

D 

z = - 2.07, r = 0.60,  

p = 0.031 

D 2.0 
A 

LRT 

z = - 2.23, r = - 0.64,  

p = 0.016* 

LRT 1.5 
D 

LRT 

z = - 1.73, r = -0.50,  

p = 0.125 

* Indicates significant effect (p < 0.017) 
** Indicates highly significant effect (p < 0.01 with pcrit < 0.05) 
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The last two questions answered by the participants asked about the comparison between the 

simulated driving styles of a fully automated vehicle (R4) and the participants’ driving style 

and for judgments about the magnitude of the simulated longitudinal and lateral accelerations 

(R5). There are three graphs (see Figure 19, Figure 20, and Figure 21) that illustrate the 

results of R4 and R5. For the three graphs, the x-axis indicates the acceleration magnitude (g) 

and the y-axis shows the type of participants (no.1 to no. 6 are assertive drivers while no.7 to 

no. 12 are defensive drivers). The values along the x-axis were the actual accelerations that 

were generated by the driving wizard.  

For POI A, longitudinal acceleration leaving a junction, almost all the participants stated that 

the presented assertive driving style of a fully automated vehicle was too aggressive while the 

LRT driving style of a fully automated vehicle was too cautious. On the other hand, nearly all 

of them agreed that the defensive driving style of a fully automated vehicle was just right. 

Another trend that can be deduced is that the perceptions were different depending on whether 

the participants were answering the questionnaire as a driver or as a passenger. Looking at 

participant no. 2 and 3 (see Figure 19), they indicated that they agreed that the presented 

acceleration (assertive driving style) was similar to their own driving style, but when they 

were the passengers exposed to the same acceleration, they believed that it was too 

aggressive.  

 

 

Figure 19: Self-reflection of the participants’ driving style with the three proposed driving styles of a fully 

automated vehicle at POI A (accelerating after leaving a junction). Participants no. 1 to 6 are assertive drivers 

and participants no. 7 to 12 are defensive drivers (Source: (Yusof et al., 2016)). 
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For POI B (refer to Figure 20), longitudinal deceleration when approaching a junction, a 

similar trend was found that the assertive driving of a fully automated vehicle style was too 

aggressive. All of the participants agreed that the deceleration of the assertive driving style 

should be lowered. The majority of the participants preferred the LRT and defensive driving 

style of a fully automated vehicle that was presented. Furthermore, with the exception of 

participant no. 5 and 8 who showed a preference for the LRT driving style of a fully 

automated vehicle when decelerating, most participants reflected that their own driving style 

was similar to the simulated defensive driving style of a fully automated vehicle. 

 

 
Figure 20: Self-reflection of the participants’ driving style with the three proposed driving styles of a fully 

automated vehicle at POI B (decelerating when approaching a junction). Participants no. 1 to 6 are assertive 

drivers and participants no. 7 to 12 are defensive drivers (Source: (Yusof et al., 2016)). 

For POI C (refer to Figure 21), lateral acceleration when undertaking a corner, a similar trend 

was found that the assertive driving of a fully automated vehicle style was too strong, even 

though four test rides were simulated on the upper-end of the defensive driving style of a fully 

automated vehicle. For the defensive driving style, two participants (both are defensive 

drivers) thought the lateral force should be lowered when their role was as a passenger, and 

two participants (one defensive and one assertive driver) were neutral in regard to the 

generated acceleration. For the LRT driving style of a fully automated vehicle, one participant 

(no. 8) wanted the force to be lowered while four participants (no. 1, 2, 5, and 9) wanted it to 

be increased. In terms of similarity to their own driving style, eight out of twelve participants 

agreed that the lateral acceleration with the defensive driving style was similar to their driving 

style. 
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Figure 21: Self-reflection of the participants’ driving style with the three proposed driving styles of a fully 

automated vehicle at POI C (undertaking a corner). Participants no. 1 to 6 are assertive drivers and participants 

no. 7 to 12 are defensive drivers (Source: (Yusof et al., 2016)). 

3.4.3. Synopsis 

The subjective ratings (R1, R2, and R3) showed a consistent pattern. Both types of 

participants, assertive and defensive drivers, rated the comfort, pleasantness, and safety of the 

defensive and LRT driving style more positive than of the assertive driving style of a fully 

automated vehicle. However, the associated comparisons were not always significant, since 

the use of Bonferroni correction made the statistical tests a bit conservative (pcrit < 0.017). If 

such strict correction had not been applied, the results would otherwise show significant 

differences between assertive and defensive driving style, and between assertive and LRT 

driving style. 

Regardless of the type of driving style the participants have, from this study, they indicated 

that they would prefer the generated accelerations by a fully automated vehicle to be in the 

range of defensive driving style. Hence, in the current study, there are no notable differences 

between assertive and defensive drivers. While it was found before that sensation-seeking and 

accelerations are highly correlated when people drive themselves (Lajunen & Summala, 

1997), the current finding contradicts our hypothesis that people prefer a driving style for a 

fully automated vehicle that matches their own driving style. 



59 

 

As a final remark for this study, the proposed assertive driving style for a fully automated 

vehicle might be too high or aggressive to all the participants. A lower assertive driving style 

setting might produce a different trend. Nonetheless, both types of participants showed strong 

acceptance towards the proposed defensive driving style of a fully automated vehicle. 

However, it cannot be ruled out that the ranges for the assertive driving style were not 

adequately defined. The finding that the assertive driving style of a fully automated vehicle 

does not match the participants’ own driving style may be related to the possibility that 

driving style also depends on the context and motive of why one is driving or travelling 

(Summala, 2007). For instance, in some situations drivers of a fully automated vehicle may 

choose a more comfortable and defensive setting as they wish to utilize their time for 

secondary or non-driving related tasks inside the fully automated vehicle, while in other 

situations they may select the assertive driving style when they want to have a thrilling 

driving experience or are late for a meeting or an interview and are willing to sacrifice the 

physical comfort. Alternatively, another explanation might come from the selection of the 

participants within this study. The classification of the assertive drivers was based on their 

score for the sensation-seeking scale of Zuckerman et al. (1993). Hence, the six “assertive” 

drivers who took part in this study may not have been really assertive. In fact, this explanation 

is consistent with the pattern of responses for R4, where participants indicated how much the 

driving style of the simulated fully automated vehicle matched their own driving style. Here, 

both “assertive” and “defensive” participants indicated mostly that their driving style 

resembled the defensive driving style. Therefore, there is a possibility that in this study, we 

did not find “real” assertive drivers who drive assertively when they are driving. On the other 

hand, the participants might also be relating all the proposed driving styles of fully automated 

vehicle somehow to themselves in certain situations or scenarios when answering question 

R4. For example, participant no.3 in Figure 19 and participant no.7 and no.8 in Figure 21 

indicated that all the proposed driving styles somehow relate to their way of driving. 

3.5. Chapter Summary 

The focus of the development for future automobiles should not be put solely on the 

technology but also on the behaviour or manners of the fully automated vehicle on the road 

(Sikkenk & Terken, 2015). As mentioned by Dudley (2015), who had the chance to 

experience riding in Google’s automated vehicle, he mentioned that the riding was like the 

experience in one of those amusement park rides where you just sit and go along with the 

ride. There is nothing one can do other than sit and observe.  

In Section 3.2, previous studies were summarized that driving styles of human drivers are 

multi-dimensional and heavily associated with personality traits (Hooft van Huysduynen et 

al., 2015; Karjanto, Md. Yusof, Terken, Hassan, et al., 2017; Taubman-Ben-Ari et al., 2004; 

Taubman-Ben-Ari & Yehiel, 2012). Therefore, the classification of human drivers was done 

based on that understanding. The personality trait of sensation-seeking was selected as a 

dimension since the perception and preference towards fully automated vehicle’s way of 

driving are very important. It is crucial because we are interested in studying user (driver and 
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occupants) experience when they are engaging in the non-driving related task while being 

driven in a fully automated mode.  

In Section 3.3, we proposed three driving styles (LRT, defensive, and assertive driving styles) 

for a fully automated vehicle. Then, we tested them with the help of a specially designed 

device called AUTOAccD and found high consistencies in the on-road test rides with two 

designated drivers. 

In Section 3.4, we found that both types of human drivers (assertive and defensive) preferred 

the defensive driving style of a fully automated vehicle. This is aligned with recent work from 

Basu et al. (2017), who found that generally all drivers like a fully automated vehicle to be 

driven in a significantly more defensive manner than their own driving style. Nonetheless, 

there were possibilities that the ranges for assertive driving style were not adequately defined 

as well as the six “assertive” drivers who participated in this study may not be really assertive.  

In the next chapter, we will explain the development of the Mobility Lab, an on-road 

automated vehicle simulator. The Mobility Lab was operating using the findings found in this 

chapter, specifically the proposed defensive driving styles of a fully automated vehicle. 
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 Mobility Lab: On-Road Fully Automated Vehicle 

Simulator 

4.1. Introduction 

This chapter presents the development of the Mobility Lab, an instrumented car that was 

developed to support research in fully automated driving. The Mobility Lab was established 

as a platform to specifically investigate the effects of interventions that aim to enhance 

situation awareness and mitigate expected motion sickness. These scenarios occur when 

occupants of automated vehicles are exposed to accelerations (i.e., longitudinal and lateral) 

while being engaged in non-driving related activities. There are five main aspects which will 

be explained in this chapter (see Figure 22). 

 

Figure 22: Five main aspects in the development of the Mobility Lab. 

First, the chapter begins with a general overview of the Mobility Lab and the description of its 

interior and exterior. Then, the system architecture of the vehicle which consists of four 

important systems is explained. The system architecture includes the data acquisition system, 

the sensor system, the global positioning system, and the monitoring system.  

Afterwards, the next two sections explain the power management system and the driving style 

of the Mobility Lab. The power management system describes how to power up the 

equipment and devices used inside the Mobility Lab. The driving style of the Mobility Lab 

was implemented based on the results gained from Chapter 3. 

Lastly, a validation study, the aim of which is to validate the ability of the Mobility Lab to 

simulate a defensive automated driving style on a consistent basis, is presented. The dose of 
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motion sickness being generated when the Mobility Lab was driven with the defensive 

automated driving style on the selected route by the two designated drivers was also 

calculated and compared for consistency 

4.2. Overview of the Mobility Lab 

4.2.1. Interior Overview of the Mobility Lab  

The design of the Mobility Lab is motivated by the need to simulate the automated driving 

experience. We found that a suitable vehicle to be used is a minivan or large multi-purpose 

vehicle as three rows of seats are required. The idea is as follows; first row seats are for the 

designated driver and operator of the experiment, while the second-row seats will be taken out 

to make room for the placement of a table and a display monitor, which will be explained 

later (see Figure 23 for a general overview of the Mobility Lab’s interior layout). A separator 

was built between first and second-row seats to separate the experimenters and participants. A 

display monitor, the functions of which are to show a video or movie and to display live 

windshield-view sharing what the driver sees, was mounted on the separator. The third-row 

seats can support up to two participants, depending on the requirements and conditions of 

future studies. Moreover, single or split seats in the third row are preferable to allow the 

participants to feel at ease (just like separate seats for the driver and navigator at the first 

row). A safety belt attached to the seat rather than the body of the car is preferred on top of 

adjustable seats and a flexible seating layout (see Figure 24). Taking all that into 

consideration, Renault Espace IV is one of the cars that offer this kind of seat arrangement, 

and because of its smart railing system, a rearward seating is also possible and safe (see 

Figure 24). 

 

Figure 23: Mobility Lab interior layout (Source: (Karjanto, Yusof, et al., 2018)). 
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Figure 24: Renault Espace railing system and its seat belt configuration. 

Figure 25 illustrates some of the variety of setup inside the Mobility Lab for fully automated 

driving studies. All the variations are possible with the existing railing system that allows the 

facing forward and backwards as well as a supine position. In addition, since the seat belt is 

attached to the seat rather than to the body of the car, safety will not be an issue as regardless 

of the positioning of the seat, the seat belt will follow. One of the seats has been modified into 

a table where a device such as a laptop or a tablet can be placed. Apart from showing a video 

like in Figure 25(a) and Figure 25(b), the display system is also connected to a live feed 

camera and hence has the ability to project the front windshield view of the road as shown in 

Figure 25(d). 

 
(a)     (b)         (c) 

 
(d)     (e)        (f) 

Figure 25: Several setup variations in Mobility Lab; (a) Upright sitting and watching a video; (b) Supine and 

watching a video; (c) Socializing with one passenger facing backwards, and the other facing forward; (d) 

Watching a video on a laptop while the display acts as the front windshield (showing the incoming road); (e) 

Opaque windows (no outside view); and (f) Transparent window (normal view) (Source: (Karjanto, Yusof, et al., 

2018)). 



64 

 

The windows of the Mobility Lab can be set as opaque or transparent as shown in Figure 

25(e) and Figure 25(f), respectively. The opaque-window setup can be employed to study the 

effects of modalities (e.g., visual, haptic and/or auditory) in enhancing situation awareness, 

mitigating motion sickness, or studying the development of an artificial horizon inside a 

vehicle as suggested by previous work (Diels & Bos, 2015, 2016; Wada, 2016). The idea of 

eliminating the outside view is to minimize the ceiling effect that might occur as participants 

might frequently switch between focusing on non-driving related tasks and looking outside 

the window in order to gather information. If that is the case, the real effects of independent 

variables are harder to be measured, and likeliness of misinterpretation may happen. In 

addition, in the opaque-window setup, it is assumed that when drivers/occupants are fully 

engaged in the non-driving related task, they will become unaware of what is happening 

outside. Hence, with opaque-window, the absence of distraction or cues from outside may 

ensure the validity of measurement in a way that the reaction from participants is purely 

induced by the controlled variables coming from the Mobility Lab. On the other hand, the 

transparent-window setup (see Figure 25(f)) provides a realistic setting very similar to the 

current and projected automated vehicle’s interior based on some of the concept cars released 

by the automakers (Simpson, 2017). Therefore, real reaction and interaction can be studied 

from the most realistic setup although extracting data from an uncontrolled setting might be a 

challenge. Nevertheless, some even argued about the requirement for windows on a fully 

automated vehicle because of safety concern (Wayner, 2015) and practicality point of view 

(Hamill, 2015). 

4.2.2. Exterior Overview of the Mobility Lab  

The Mobility Lab was equipped with a look-alike LIDAR (Light Detection and Ranging) 

device on the top of the vehicle (see Figure 26).  

 

Figure 26: Mobility Lab’s exterior with a look-alike LIDAR on the roof. 
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LIDAR is a laser sensor that rotates 360 degrees to scan and record the surrounding objects. 

The placement of LIDAR on our Mobility Lab is to convince the participants who participate 

in our experiments that the Mobility Lab is indeed a fully automated vehicle. As seen on the 

mass and social media, LIDAR is heavily associated with a fully automated vehicle as shown 

on the Uber’s and Google’s version of the car. Our look-alike LIDAR was drawn using 

Solidworks (Solidworks, 2017), a computer-aided design software from Dassault Systemes. 

Then, it was 3D printed using Fused Deposition Modelling technique, and later a 12 volts 

motor was used to produce the rotating mechanism. 

4.3. System Architecture  

The system architecture of the Mobility Lab can be divided into four sub-systems which are 

the Data Acquisition System (DAQ), a Global Positioning System (GPS), sensors system, and 

monitoring system as illustrated in Figure 27. 

.  

Figure 27: System architecture of data measurement for Mobility Lab. 

4.3.1. Data Acquisition System (DAQ) 

One important aspect within the scope of the planned studies is to synchronize readings from 

all the sensors and measurement devices. All data should have a consistent time stamp with 

automatic data logging for post-experiment analysis. In addition, the recorded data should be 

able to be viewed and monitored by the experimenter in real-time (see Figure 28).  

National Instrument compactRIO-9030 (cRIO 9030; NI, 2017a) data acquisition system 

(DAQ) was implemented in this study because of its ability to run re-configurable Field-

Programmable Gate Array (FPGA) programs on a Real-Time (RT) processor. The 

programming of both FPGA and RT, as well as the block diagrams that were used for the 
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measurements inside the Mobility Lab, can be accessed in Appendix 2. In addition, cRIO 

9030 is a rugged industrial-grade DAQ that can withstand up to five (5) g in vibration and 

therefore is suitable to be used within an instrumented car on a real road condition. The 

current setup of cRIO 9030 consists of two modules, NI 9041 (NI, 2015) and NI 9205 (NI, 

2008). NI 9041 is a digital input/output module, and any devices with a digital output can be 

implemented. NI 9205 is an analog input module that has a sampling rate as high as 250 kHz 

and has 32 input channels. 

In addition to cRIO 9030, the DAQ system consists of a host computer in which the 

experimenter can monitor the recorded measurements on its screen. In addition, the 

computer’s time was used as central synchronization for all the other sub-systems in Mobility 

Lab. All the recorded measurements will be saved to the host computer for further analysis.  

 
Figure 28: Real-time monitoring of data and participant using LabVIEW software. 

4.3.2. Sensor System  

In our Mobility Lab’s sensor system, there is one sensor with digital output and four sensors 

with analog output.   

A two-buttons clicker with digital output was developed for the experiment inside the 

Mobility Lab (See Figure 29). When a stimulus was presented, the participant was required to 

push one of the two buttons to indicate her/his awareness of the situation. Each time the 

participant pushed a button, a digital signal (powered by two 1.5 V batteries) was generated 

and transmitted to the DAQ through a NI 9401 digital input/output (I/O) module. Apart from 

knowing if the participant was indicating the correct situation, reaction time can also be 

measured. The reaction time is the time taken for the clicker to be pushed by the participant 
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after certain stimuli were given. The reaction time is needed to measure the attentiveness of 

the participant regarding the given situation.  

   
 

Figure 29: A digital clicker used in the Mobility Lab. 

The sensors that produce an analog output are connected to the NI9205 module. In our 

Mobility Lab, we used four sensors which are two accelerometers, pulse sensors in the form 

of photoplethysmograph (PPG) or electrocardiogram (ECG).   

The accelerometer used in the development of Mobility Lab is an ADXL335 (ANALOG, 

2009) which is a small, cost-efficient, and low power 3-axis accelerometer that produces 

analog voltage outputs. One of the accelerometers is attached close to the centre of gravity of 

the instrumented car and also to the participant’s feet (See Figure 23 and Figure 30). The 

other accelerometer is sewn onto a headband and made wearable to the participant. 

 

Figure 30: ADXL335 accelerometer used for Mobility Lab. 

ADXL335 can measure up to ± 3 g for both the static (i.e., gravity) and dynamic accelerations 

(i.e., motion) in the triaxial directions. This device has frequency responses/outputs up to 

1600 Hz in both in x- and y-axis and up to 550 Hz in the z-axis (ANALOG, 2009). ADXL335 

has been used in many fields of research such as sensing motion from human users (Hollocher 

et al., 2009) and also measuring forces from vehicles (Bergeron & Baddour, 2011; Giuliano, 

Marsic, & Zhu, 2012). A pulse sensor was utilized to measure the heart rate of the 
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participants. The interpretation of the pulse wave signals is known as photoplethysmogram 

(PPG). An amped pulse sensor (Electronics, 2018) was implemented in this study and was 

placed on the index finger on the less-dominant hand of the user (See Figure 31). In the later 

study, the implementation of electrocardiogram (ECG) was also done in order to measure the 

heart rate variability of the participant. The ECG sensor used in our study is AD8232 

(ANALOG, 2012). The ECG sensor is used together with an optocoupler (Broadcom, 2017) 

to provide isolation of the voltage between the participant and the electrical device. An 

optocoupler transforms an electrical signal to an optical signal using Light Emitting Diode 

(LED) across an air gap between two elements of a circuit. Therefore, the optocouplers 

protect the participants and also the experimenter from unnecessary noise and electrical 

grounding (see Figure 54).  

   

Figure 31: A PPG attached to the left index finger 

4.3.3. Global Positioning System (GPS) 

A Global Positioning System (GPS) receiver was implemented inside the Mobility Lab (See 

Figure 23 and Figure 32).   

 

Figure 32: Global Positioning System (GPS) receiver used in the Mobility Lab. 

The primary objective of the GPS receiver implementation is to get an estimated location 

when a particular measurement is taken. The model used is an Ultimate GPS Breakout 

(GlobalTop, 2011), consisting of a chipset that can provide up to 10 Hz update rate. With an 
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active/external antenna, it can provide sensitivity up to -165 dBm and requires only 5V input 

and with 20mA current draw. In addition, the speed of the car is gained and measured using 

this GPS system. 

4.3.4. Monitoring System  

The monitoring system inside the Mobility Lab consists of two cameras. One of the cameras 

is the observation camera (See Figure 33) that actually is a high definition web camera (c920; 

Logitech, 2018). The implementation of this camera is to record all the activities and 

behaviours of the participants during the experiment or specifically when stimuli were 

presented. The experimenter is also using this camera to monitor the participant on a real-time 

basis during the experiment (see Figure 28). 

The other camera is an eye-gazing camera (B5T-007001-010; OMRON, 2016) (See Figure 

33). This camera is specifically used to record the eye-gazing of the participants. The camera 

can also detect hands and faces in addition to estimate the eye-gazing and eye-blinking of a 

person.  

 

Figure 33: Location of observation and eye-gazing camera in the interior of the Mobility Lab. 

4.4. Power Management System  

The nature of the projected experiments which will be done on a real road requires the 

Mobility Lab to be independent in terms of power supply. The Mobility Lab thus requires 

having two separate sources of energy. One is to power up the car's system while the other is 

to power up the Mobility Lab with 220 - 240 V of alternating current for the equipment inside 

the Mobility Lab, ranging from the data acquisition system, the sensors, the cameras, the 

display devices to electrical devices for the wizard and experimenter, and participants usage. 

Rather than depending on the vehicle’s primary battery, a secondary battery was installed in 

order not to drain the primary battery (see Figure 34). The secondary battery was charged 
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automatically by the car’s alternator using a battery separator that is automatically controlled 

by a microprocessor. The battery separator allows parallel charging of both batteries when the 

Mobility Lab’s engine is switched on.    

 

Figure 34: Power management system of the Mobility Lab. 

4.5. Mobility Lab’s Driving Style 

The automated driving experience of the Mobility Lab was executed using the method Wizard 

of Oz and was inspired by the work of Baltodano, Sibi, Martelaro, Gowda, and Ju (2015). 

Two operators were operating the Mobility Lab; one was called the driving wizard, and the 

other was the experimenter. The task of the driving wizard was to simulate fully-automated 

driving as if it would be produced in a real fully automated vehicle. Using the AUTOAccD, 

which was placed on the top left side on the windshield (see Figure 35), a driving style can be 

consistently controlled as different driving styles will provide higher dispersion in the 

horizontal accelerations as found in a study done by  eight drivers using the same car (Griffin 

& Newman, 2004a).  

 

Figure 35: The driving wizard’s view with AUTOAccD on the top left side of the windshield. 
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This AUTOAccD was a modified version from the previously used AUTOAccD in the earlier 

study (see Section 3.3). The newest version of the AUTOAccD has its own accelerometer that 

was attached to Mobility Lab’s floor and located approximately at the centre of gravity of the 

vehicle (see Figure 23).  

Based on findings from our earlier study (see Section 3.4), regardless of the driving styles a 

person has, one is more likely to accept the more defensive automated driving style in full-

automated driving/riding experience. A similar study using a simulator also found a 

comparable result (Basu et al., 2017). For the Mobility Lab, the defensive automated driving 

style settings were implemented based on Karjanto et al. (2017b), on which the lateral 

acceleration was aimed to be at around 0.29 g or 2.84 ms-2. In addition, the driving wizard 

drove the Mobility Lab with a constant rate of acceleration and deceleration to mimic a 

driving style of a real fully automated vehicle (Baltodano et al., 2015).  

4.6. Validation Study 

A study with the aim to validate the capability of the Mobility Lab in simulating the defensive 

automated driving on a consistent basis was performed by two designated drivers. In addition, 

the dose of motion sickness was calculated to check the severity of motion sickness being 

produced by both the defensive automated driving style and the route being selected. 

In this study, two designated drivers (termed as driving wizards) conducted a total of 46 

simulations of automated driving or test rides. All the test runs were done within the 

Eindhoven University of Technology’s compound on which the speed limit is 30 km/h. The 

two driving wizards were not specially trained drivers but rather two regular drivers with 

more than ten years of driving experience. For the route being used in this study, there were 

altogether 18 turnings/corners with a cornering radius ranging from 6.0 to 17.6 meters (Mean 

= 11.1, SD = 4.1) and consisting of ten turnings/corners to the right and eight turnings/corners 

to the left. All the simulations were only done after typical office hours (after 6 pm and 

onwards) and on weekends to minimize the disturbance in longitudinal directions (frequent 

accelerating and braking) due to the presence of other traffic users.   

 

4.6.1. Methodology 

The raw acceleration data signal from the ADXL335 accelerometer was first imported into 

National Instruments DIAdem software (NI, 2018) and converted from analog voltage input 

into calibrated acceleration value. Then, the Savitsky-Golay filter with a window length of 24 

and 5th polynomial order was implemented to reduce signal noise while maintaining the shape 

and height of waveform peaks (NI, 2017b). Then, the de-noised acceleration data were 

converted into power spectral density (PSD) using Fast Fourier Transform (FFT) with 

Hanning windows function, and periodic corrections setting was used to improve the accuracy 

of greatest amplitude. In addition, the de-noised accelerations were also converted into 

frequency-weighted acceleration (Wf ), and the final values of Motion Sickness Dose Value 
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(MSDV) in tri-axial directions were calculated using National Instruments DIAdem software 

(NI, 2018). 

 

4.6.2. Results and Discussion 

The mean distributions of all accelerations in the tri-axial directions across the frequency 

spectrum for the two driving wizards were tabulated as a function of power spectral density 

(PSD) (see Figure 36). It can be seen that both driving wizards produced almost identical 

distributions in the tri-axial directions. Dominant low-frequency motions (lower than 0.50 Hz 

and especially around 0.25 Hz) have been shown in the past studies to be highly correlated 

with motion sickness (Donohew and Griffin, 2004; Lawther and Griffin, 1987; Turner and 

Griffin, 1999b). In this study, for the longitudinal (x-axis) and lateral (y-axis), the dominant 

frequencies were both lower than 0.25 Hz. Furthermore, the highest peak of the acceleration 

in the y-direction (lateral) was almost ten times larger compared to the highest peak in the x-

direction. The differences between longitudinal and lateral amplitudes were anticipated as this 

study focused on simulating a defensive automated vehicle driving style based on the 

previously found settings (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017; Yusof et 

al., 2016). In this study, the desired range of lateral acceleration is between 0.15 to 0.42 g, 

while the longitudinal acceleration was kept to a minimum. Furthermore, by visually 

inspecting both longitudinal and lateral directions in Figure 36, there are several overlapped 

peaks of acceleration at different frequencies from the two driving wizards, indicating that 

both drivers produced almost identical accelerations at the same frequencies. Therefore, both 

driving wizards managed to drive at an about similar pace, entering a corner at nearly the 

same time and exerting almost the same lateral acceleration at every corner.  

 

For the vertical acceleration (z-axis), high-frequency ranges of motions (peak at around 1 to 2 

Hz) were produced but only with small amplitudes. The reason was that the routes were made 

out of cobblestone and therefore both driving wizards yielded high-frequency spectrums of 

motions. High-frequency motions in the z-direction are associated with discomfort as they 

would disturb human postures but are not a factor contributing to motion sickness 

development (Griffin and Newman, 2004a). Vertical-direction comfort assessment is usually 

conducted using Vibration Dose Value (VDV) in which the fourth power analysis is used 

instead of second power as is used in motion sickness dose value (MSDV; ISO, 1997). In a 

study by Turner, and Griffin (1999), motions produced by five different buses on the road 

(ranging from the highway to cross-country road) were measured, and the recorded amplitude 

was between 0.1 and 0.4 ms-4Hz-1 while in this study the recorded values were only up to 0.25 

ms-4Hz-1 (see Figure 36).  

Based on the PSD results, only the longitudinal (x-direction) and lateral (y-direction) 

acceleration were further analyzed using Motion Sickness Dose Value (MSDV) technique 

(see Section 2.4.2) due to the fact that motion sickness only occurs at low-frequency 

horizontal oscillations (ISO, 1997; Turner and Griffin, 1999b). 
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Figure 36: Mean acceleration power spectral densities in triaxial directions for the two driving wizards 

(Source: (Karjanto, Yusof, et al., 2018)).  

 

The MSDVs for x- and y-directions for both driving wizards were calculated from the 

frequency-weighted accelerations (Wf) as shown in Table 15. Each of the driving wizards 

performed 23 simulations, which were averaged into a single projection in each axis as 

reflected in Figure 37. Both driving wizards completed the journeys at almost the same 

duration with each coefficient of variance at around 2%. The coefficients of variance for 

lateral MSDVy for both driving wizards were at around 15% and are three times higher 

compared to the study of one driver who drove a car for 40 times done by Griffin and 

Newman (2004). It should be noted here that compared to their result from 30-minute 

simulations, this particular study only lasted for about 9 to 10 minutes for each simulation. 

Table 15: Mean, standard deviation (SD), and coefficient of variation (CoV) for exposure time and MSDV in 

both longitudinal (x-axis) and lateral (y-axis) direction for the two driving wizards (Source: (Karjanto, Yusof, et 

al., 2018)). 

 

On the other hand, the coefficient of variance was greater for driving wizard 2 compared to 

driving wizard 1 in terms of MSDVx (see Figure 37). Griffin and Newman (2004a) in their 

study with 8 drivers also found that there were variations between the different drivers that 

may be attributed to different driving styles. This can be seen clearly from Figure 37 that 

Driving wizard 
Driving Time (s) MSDVx (ms-1.5) MSDVy (ms-1.5) 

Mean SD  CoV Mean SD CoV  Mean SD CoV  

1 544.09 11.48 2.11% 2.27 0.35 15.48% 6.68 0.99 14.82% 

2 534.04 11.72 2.19% 2.47 0.23 9.34% 7.29 1.16 15.89% 
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although both driving wizards simulated the intended automated defensive driving style, the 

mean squared of MSDVx and MSDVy for driving wizard 2 were higher than driving wizard 1. 

In addition, when inspected visually in Figure 37, the squared MSDVy result indicates a linear 

relationship with respect to the exposure time. In addition, the gained squared of MSDVy is 

comparable to the study of Griffin and Newman (2004a). Both the current and Griffin and 

Newman (2004a) studies had a similar condition in which the drivers drove a suburban-type 

of the route with corners and junctions. However, in the current study, the focus of the setup 

was limited and specified to automated defensive driving style with finite settings as defined 

by Karjanto et al. (2017), while in their study there was no specific setting of driving and they 

only defined it as “normal manner” of driving style. Since the development of the Mobility 

Lab is focusing on the user experience in the fully automated vehicle, the mean value of the 

MSDVy at both 6.68 and 7.29 ms-1.5 (see Table 15) indicates sufficient dosage to get people to 

experience motion sickness. The MSDVy generated in this study was similar to the one from 

Griffin and Newman (2004b) with an obstructed outside view for study setting. For the 30 

minutes duration, they recorded a value of 16.0 ms-1.5 for MSDVy. In the current study with 9 

to 10 minutes duration, the generated MSDVy was already at 6.68 to 7.29 ms-1.5 (categorized 

as mild motion sickness). It could be simply increased, if required, by elongating the exposure 

time. 

 
Figure 37: Averaged MSDV with frequency-weighted acceleration in the longitudinal (x-axis) and lateral (y-

axis) direction for the two driving wizards (Source: (Karjanto, Yusof, et al., 2018)). 
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4.6.3. Synopsis 

The validation study indicated that consistency in producing a simulated automated driving by 

the designated driving wizards could be achieved in order to perform repeatable simulations 

or test rides on the real roads. It was also shown that the participants could experience mild 

motion sickness with the current setup and selected route. Mild motion sickness is an 

appropriate dosage to be implemented in an experiment involving human users especially if 

the design of the study includes a within-subject design. Indeed, as susceptibility to motion 

sickness is different among individuals, a within-subject design is deemed desirable when 

designing experiments relating to motion sickness (Isu et al., 2014). In addition, in this study, 

it was shown that, when the Mobility Lab was driven in an urban area with a lot of corners 

and junctions, a natural setting in European cities where the speed limits are either 30 km/h or 

50 km/h, it only took about nine minutes to realize a dose of motion sickness that might 

induce mild motion sickness in participants.  

4.7. Chapter Summary 

In this chapter, we explained the development of the Mobility Lab. First, we described the 

versatility of the interior setting by which a variety of scenarios can be studied (e.g., engaging 

in non-driving related tasks and unconventional seating arrangement) while simultaneously a 

range of measurements can be performed. The variety of setups can be done without 

compromising the safety of the participants and at the same time can be done on real roads. In 

terms of the physical appearance, the Mobility Lab was equipped with a look-alike LIDAR to 

replicate a typical appearance of a fully automated vehicle. For the data measurement and 

acquisition, the Data Acquisition System (DAQ) that is coupled to analog and digital modules 

will allow for connections with different sensors such as an accelerometer, Global Positioning 

System (GPS), pulse sensors, and electrocardiogram (ECG) among others. In addition, DAQ 

has the ability to synchronize all the collected measurements so that human reactions can be 

accurately analyzed.  

In addition, the Mobility Lab has been proven to be able to produce consistency in performing 

repeatable test rides on the real road. Also, it was shown that appropriate mild motion 

sickness dosage could be replicated in order to conduct motion sickness-related experiments. 

The effects of motion sickness have been demonstrated in past study (Colwell, 2000) that it 

would affect the performance of the operators. In the context of the fully automated driving, 

studies have to be done to predict the effects and consequences on the users’ experience. 

Examples of future studies that can be performed using the Mobility Lab are studies that 

focus on user interactions and experiences. For example, a study that looks at the effects of 

interaction between passengers or occupants when socializing or interacting with new 

interfaces inside a fully automated vehicle. In addition, the impact of engaging in non-driving 

related tasks (e.g., reading, watching videos, sleeping, and working) while being exposed to 

acceleration can be studied in order to assess the user experiences especially on comfort in 

general, and specifically on motion sickness.  
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Part III: Peripheral Visual 

Information System in Fully 

Automated Vehicle 
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 Measurements used in the Experiments with 

Peripheral Information System (Visual) 

This chapter explains the three main types of measurements that were used in our studies (See 

Figure 38). The three main types of measurements are Mobility Lab-based, participant-based, 

and prototype-based. 

 

Figure 38: Three main types of measurements in our studies.  

For the Mobility Lab-based measures, three measurements of interests were the dominant 

frequency of accelerations, the dosage of induced motion sickness, and a subjective rating of 

the simulated test drive. For the participant-based measures, situation awareness of the 

participant was measured using a self-rating questionnaire known as Situation Awareness 

Rating Technique (SART), mental workload was measured using Rating Scale Mental Effort 

(RSME), and motion sickness was measured using both a self-rating questionnaire known as 

Motion Sickness Assessment Questionnaire (MSAQ) and a physiological measurement. In 

our studies, which we present in the next two chapters, we developed a specially designed 

prototype the function of which is to increase situation awareness and mitigate motion 

sickness of occupants who are engaging in non-driving related tasks inside a moving 

automated vehicle. Therefore, user experience in interacting with those prototypes was 

assessed using the User Experience Questionnaire (UEQ) as the prototype-based measure.  
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5.1. Mobility Lab-Based Measurement 

Mobility Lab-based measurements were implemented to quantify the consistency of the 

automated driving simulations or also termed as the test rides, generated by the driving wizard 

using the Mobility Lab and thus experienced by each of the participants. The distributions of 

the accelerations across the frequency spectrum for all the test rides were plotted as Power 

Spectral Density (PSD). It is important for us to know the dominant frequency of the test rides 

as oscillations within land vehicles below 0.5 Hz are considered as low frequency motion 

which directly contribute to the development of motion sickness (Donohew and Griffin, 2004; 

Golding et al., 2001; Griffin and Newman, 2004a; Lawther and Griffin, 1987; Mark Turner 

and Griffin, 1999a).  

The International Organization for Standardization (ISO) specifies a method for evaluating 

the dose of motion sickness from the acceleration. The method is known as motion sickness 

dose value (MSDV; ISO, 1997) (see Section 2.4.2 for a detailed explanation). In our studies, 

we used MSDVs that were calculated in the tri-axial direction to quantify the dosage of 

motion sickness that was generated from the automated driving sessions.  

In addition, for the Mobility Labs-based measurement, there was also a question asking about 

the Automated Driving Test ride Quality (ADTQ, see Appendix 10) experienced by the 

participant. The question involved a 10-point Likert scale (1 = very unrealistic, 10 = very 

realistic).  

5.2. Participant-Based Measurement 

The participant-based measurements concerned the dependent variables of the studies. There 

are four measurements that were acquired from the participants in our studies. The four 

measurements will be discussed in detail in the next four sections.  

5.2.1. Situation Awareness Measurement 

Valid and reliable methods are necessary in order to effectively measure a human’s level of 

situation awareness when they are using and interacting with a system. Inputs from the 

measurement of situation awareness can be used to feed the iterative design process and 

improve situation awareness as a whole. According to Endsley and Jones (2004), the 

measurement of situation awareness can be done either as a direct or indirect analysis (see 

Figure 39). Indirect measurements of situation awareness can be done by measuring the 

processes, behaviours, or performance outcomes and drawing inferences about situation 

awareness. Examples of process measurements are verbal practices (i.e., “think out loud”) and 

psychophysiological measures (i.e., eye movements). A behavioural response, for example, 

the expected behaviour in a particular circumstance, is usually analyzed in the indirect 

measurement of situation awareness. For the measurement of performance, the foundation 

was laid on the belief that an excellent situation awareness will yield excellent performance. 

Examples are time to accomplish the task and number of successful attempts at completing 
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the mission. In general, the inferring technique may not reflect and give a complete picture of 

the real situation awareness, and therefore direct measure is usually preferable (Endsley & 

Jones, 2004a). 

 

Figure 39: Situation awareness measurement approaches (Source: Endsley and Garland (2000)). 

Direct measurement of situation awareness is an approach to measure one’s situation 

awareness by either subjective or objective analysis. The subjective approach to direct 

measurement of situation awareness is based on the subject’s evaluation of her/his situation 

awareness or also known as self-rating technique (Salmon, Stanton, Walker, & Green, 2006). 

This technique is easy to implement, requires little training, and can be done in the post-

experiment phase. The subjective evaluation of situation awareness can also be based on an 

observation of an expert of that particular situation (Endsley & Jones, 2004a). Some examples 

of subjective measurements of situation awareness are the Situation Awareness Rating 

Technique (SART), the Situation Awareness Rating Scale (SARS), and the Subjective 

Workload Dominance (SWORD). Objective measurement of situation awareness tries to 

assess direct situation awareness from the response of the subject. For example, a freeze probe 

technique involves suddenly stopping or “freezing” the situation and probing the current 

situation. The most used and validated freeze probe technique is the Situation Awareness 

Global Assessment Technique (SAGAT; Salmon et al., 2006). This technique has been tested 

in many fields but has one major disadvantage which is that it requires the situation to be 

“paused” or momentarily frozen. This test can be easily performed in a simulator study, but it 

is almost impossible to implement in an on-field study. 

The situation awareness measurement used in this research is known as the Situation 

Awareness Rating Technique (SART) developed by Taylor (1990) (see Appendix 3). In our 

studies, SART was used to measure the participants’ situation awareness with regards to the 

future navigational actions of the fully automated vehicle, particularly when they were 

engaging in non-driving related activities (e.g., reading, watching movies/television). SART 

was also implemented in our studies because it can be evaluated without the need to “freeze” 

the situation. It is essential since the core of our studies consisted of simulating automated 
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driving by using the instrumented vehicle (Mobility Lab) on a real road with real traffic users. 

Therefore, a safe and practical measurement of situation awareness like SART was required.  

SART was first used in the field of aviation but has been used in various other domains too. 

SART consists of ten items of self-rating measurement on a seven-point rating scale (1 = low, 

7 = high). The ten items can also be arranged into three constructs on which one can assess 

the “demand”, “supply”, and “understanding” construct of the situation (Situation awareness 

= Understanding – (Demand – Supply)). The “demand” component consists of questions 

measuring the complexity of the situation. The “Supply” component involves questions 

measuring arousal, spare mental capacity, concentration, and division of attention. The 

“understanding” component measures the quality, quantity, and familiarity with the 

information. A low score indicates low situation awareness and a high score indicates high 

situation awareness regarding the situation being assessed. SART measures situation 

awareness of the participants typically in a post-experiment/test phase.  

One of the focuses of our research was to study the effects of intervention means, in the form 

of prototypes, in increasing situation awareness of a participant inside a moving automated 

vehicle without degrading the performance of the non-driving related activities. The 

implementation of SART that includes the assessment of “demand”, “supply”, and 

“understanding” construct allows us to evaluate the effectiveness of the prototype being 

developed and tested in greater depth. For example, a higher score in “supply” construct may 

indicate that the developed prototype is able to deliver information that increases the situation 

awareness in that particular context.  

One controversy in the application of SART is about the inclusion of the item that concerns 

workload (Endsley & Jones, 2004a; Strater, Endsley, Pleban, & Mathhews, 2001) although it 

is argued that workload is actually an important part of the situation awareness (Taylor, 

1990). Therefore, it is suggested that SART is applied within a situation with a high workload 

like for example the situation that requires monitoring dual tasks, and that measurement 

involving a low workload, for example, driving in a clear highway is not suitable for 

application of SART (Endsley & Jones, 2004a). 

5.2.2. Mental Workload Measurement 

In our study, the mental workload was evaluated using the one-dimensional rating scale 

mental effort (RSME) which was developed by Zijlstra (1993) (see Appendix 5). Using the 

RSME, the participant needs to indicate the invested effort in getting the information 

regarding automated driving while performing non-driving related tasks (e.g., watching 

movies/television or reading). The RSME is represented by a 150 mm line where particular 

points on the line are labelled ranging from absolutely no effort to extreme effort (see 

Appendix 5).  
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5.2.3. Motion Sickness Measurement – Self-Rating Questionnaire 

The susceptibility to motion sickness can be measured using self-rating questionnaires such as 

the Pensacola Motion History Questionnaire (PMHQ; R. Kennedy, 1975; R. Kennedy, 

Fowlkes, Berbaum, & Lilienthal, 1992) and the Motion Sickness Susceptibility Questionnaire 

(MSSQ; Golding, 1998, 2006b). In our studies, we used the short version of MSSQ to check 

our participants’ level of susceptibility to motion sickness (see Appendix 6). MSSQ asks 

about the previous sickness occurrences, resulting in a single percentile score that indicates 

the person’s susceptibility to motion sickness. MSSQ was first created by Reason in 1968 and 

then was further expanded by Reason and Brand in 1975. MSSQ evaluates the individual 

reported motion sickness during childhood and adulthood in nauseogenic settings such as 

when riding a bus and merry-go-round on 54 questions. Later, the questionnaire was 

simplified into 18 questions by Golding (1998) and was known as the short version of MSSQ. 

The short version of MSSQ was validated to maintain a high correlation with the earlier and 

longer version of MSSQ by Reason and Brand (Golding, 2006b). More recently, a validation 

study by Lamb and Kwok (2015) with more than 1700 samples found similar trends as earlier 

such as that women are more prone to motion sickness than men, and that people older than 

65 years old report less motion sickness than their younger counterparts.    

 

On the other hand, the severity of the experienced motion sickness by the participants can be 

diagnosed using questionnaires such as Pensacola Diagnostic Index (PDI), Muth Rating 

Scale, Misery Scale (MISC), and Motion sickness Assessment Questionnaire (MSAQ) (see 

Table 16).  

Table 16: Examples of subjective measurements of motion sickness. 

Subj. measurement Purpose Reference  

Pensacola Diagnostic 

Index (PDI) 

Evaluating the experienced motion sickness symptoms 

including vomiting, nausea, headache, drowsiness, 

salivation, pallor, and cold sweating.  

(Graybiel et al., 1968) 

Muth Rating Scale Rating the characteristics of nausea depending on 

individuals and situations. The questionnaire consists 

of three constructs which are somatic, emotional 

distress, and gastrointestinal. 

(Muth, Stern, Thayer, 

& Koch, 1996) 

Misery Scale (MISC) Rating the experienced motion sickness using a 

unidirectional 11-point scale. Covers symptoms such as 

discomfort, dizziness, headache, stomach-ache, 

sweating, blurred vision, yawning, burping tiredness, 

salivation, nausea, and vomiting.  

(Wertheim, Bos, & 

Krul, 2001) 

Motion Sickness 

Assessment 

Questionnaire (MSAQ) 

Evaluating the experienced motion sickness on four 

symptom-related constructs namely gastrointestinal, 

sopite, peripheral, and central.  

(Gianaros, Muth, 

Mordkoff, Levine, & 

Stern, 2001) 
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MSAQ was developed by Gianaros et al. (2001), and it comprises of 16 questions on a 9-point 

scale (1= not at all, 9 = severely) (see Appendix 7). The 16 questions can be grouped into 

four constructs which are gastrointestinal-, central-, peripheral-, and sopite-related symptoms 

of motion sickness. MSAQ can be presented on a single cumulative score and also as four 

sub-scores for each of its constructs. Gianaros et al. (2001) argued that other questionnaires 

on motion sickness, such as the PDI, were constructed in a one-dimensional continuum 

whereas MSAQ was constructed with multi-dimensional constructs.  

 

5.2.4. Motion Sickness Measurement – Physiological Measurement 

Different kinds of physiological measurements have been used in the past to investigate the 

severity of motion sickness experienced by a human. For instance, the measurement of 

changes in skin resistance (Cowings, Naifeh, & Toscano, 1990; Cowings, Suter, Toscano, 

Kamiya, & Naifeh, 1986) and the secretions of saliva (Gordon et al., 1994) can be used to 

access the level of motion sickness. In our studies, we quantified the motion sickness through 

the heart rate measured using a photoplethysmogram (PPG) and heart rate variability 

measured using an electrocardiogram (ECG) sensor. Recent studies have also shown that a 

PPG measurement could also be used to gain heart rate variability (Gil et al., 2010; Pinheiro 

et al., 2016; Selvaraj, Jaryal, Santhosh, Deepak, & Anand, 2008). Heart rate is usually 

measured in terms of beats per minute (BPM). Previous studies found positive correlations 

between heart rate and subjective ratings of motion sickness ranging from 77 BPM (mild 

motion sickness) to 87 BPM (severe motion sickness) (Cowings et al., 1990; Holmes & 

Griffin, 2001; Hu, Grant, Stern, & Koch, 1991; Stout, Toscano, & Cowings, 1995).  

However, the increment or decrement of heart rate does not indicate the regulations that occur 

in the human autonomic nervous system namely its subdivisions the sympathetic and 

parasympathetic nervous systems. The sympathetic nervous system is responsible for 

preparing the body for a stressful condition which is sometimes termed “fight or flight”. For 

example, the sympathetic nervous system helps the heart to work in a stressful condition by 

increasing the cardiac output. The parasympathetic nervous system is responsible for bringing 

the body to a relaxation state or sometimes known as “rest or digest”. In general, the 

sympathetic and parasympathetic nervous systems are affecting each other when operating 

(Muth, 2006). In addition, both the sympathetic and parasympathetic nervous systems can 

also co-activate and co-deactivate (Berntson, Cacioppo, & Quigley, 1991). Parasympathetic 

nervous system withdrawal indicates the development of motion sickness (Chin-Teng Lin, 

Chun-Ling Lin, Tzai-Wen Chiu, Jeng-Ren Duann, & Tzyy-Ping Jung, 2011; Cowings et al., 

1986; Hu et al., 1991; LaCount et al., 2009). The withdrawal shows a response in preparation 

for a defensive stance or escapes from a potential threat such as motion sickness (Muth, 

2006). When motion sickness occurs, the stomach’s activities (gastrointestinal) (refer to 

Figure 4) will shut down, and the flow of the blood will be directed to the other parts of the 

body (i.e., heart) in accordance with the “flight or fight” response. The digestion processes 

(gastrointestinal) will be paused until the threat is no longer present (Muth, 2006).  
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The regulations of the autonomic events by both the sympathetic and parasympathetic 

nervous system can be quantified using the time- and frequency-domain analysis of ECG 

data. In the recording of ECG, a QRS complex comprises of a Q wave which is a downward 

deflection followed by an R wave which is an upward deflection and then another downward 

deflection which is the S wave (see Figure 40).  

 

Figure 40: QRS complex and RR interval in ECG recording. 

The distance between the two successive R waves is known as the RR interval. In terms of 

time-domain analysis, the Root Mean Square of Successive Differences (RMSSD; Thayer & 

Lane, 2000) and Percentage of Successive Normal Sinus RR Intervals more than 50 ms 

(pNN50; Shaffer, McCraty, & Zerr, 2014) are usually used to indicate the parasympathetic 

nervous system’s activity or also termed as the vagal tone (see Figure 41). RMSSD is claimed 

to be the best parasympathetic nervous system’s cue as it is free from the influence of human 

respiratory activity (Hill & Siebenbrock, 2009; Laborde, Mosley, & Thayer, 2017). 

In the frequency-domain analysis, the ECG signal is first transformed into different bands 

using either Fast Fourier Transform (FFT), which is the most used and popular, or the newer 

autoregressive modelling (AR) (Laborde et al., 2017). There are usually three bands of 

interest in the heart rate variability. The very-low-frequency (VLF) band ranges from 0.0033 

to 0.04 Hz, and it indicates the long-term regulation mechanism and thermoregulation 

activities (Camm et al., 1996). The low-frequency (LF) band ranges from 0.04 to 0.15 Hz 

while the high-frequency (HF) is between 0.15 to 0.40 Hz (Camm et al., 1996). The HF band 

is associated with parasympathetic nervous system’s activities or vagal tone, and the LF band 

is associated with the mixture of the sympathetic and parasympathetic nervous system’s 

activities (Camm et al., 1996; Laborde et al., 2017). The ratio of LF over HF is also known as 

an indication of a mix of the reaction of the sympathetic and parasympathetic nervous 

system’s activities. Although there is a long understanding that considers the LF/HF ratio as 

the balance between the sympathetic and parasympathetic nervous system as shown by 65% 
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of all the HRV published papers (Heathers, 2014), cardiologists found that the relationship 

between the two is not as linear and reciprocal as thought (Billman, 2013).  

 
Figure 41: Relationship between motion sickness and heart rate variability (HRV).   

The reasons for using the heart rate and/or heart rate variability to measure motion sickness in 

our study are twofold. First, its ability to obtain a continuous (Alexandros & Michalis, 2013) 

recording of one’s physiological state and allow the experiment to be done without the need 

to stop and collect the data. Secondly, heart rate and heart rate variability offer a quantitative 

view of the measurement of motion sickness. Heart rate and heart rate variability 

measurements can be analysed together with the subjective measurement of motion sickness 

for a complete understanding of what really happened during the presence of motion sickness. 

5.3. Prototype-Based Measure 

In our studies, the experience of the participants in interacting with the prototype was 

measured using User Experience Questionnaire (UEQ) (see Appendix 8). UEQ was 

constructed and validated by Laugwitz et al. (2008). UEQ has 26 items that cover the 

constructs of attractiveness, perspicuity, efficiency, dependability, stimulation, and novelty. In 

detail, the attractiveness-construct assesses the impression of the prototype, the perspicuity-

construct assesses the familiarity with the prototype, the efficiency-construct assesses the 

required effort to use the prototype, the dependability-construct assesses the interaction with 

the prototype, the stimulation-construct assesses the motivation level to use the prototype, and 

the novelty-construct assesses the interest of the users towards the prototype. 

The research objective of the UEQ within this study was twofold. One was to check if the 

specially designed prototype provided a satisfactory user experience in terms of expectations 

while the other was to investigate which elements needed to be improved in order to fulfill the 

users’ needs in that particular context (Schrepp, Hinderks, & Thomaschewski, 2014).  
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5.4. Chapter Summary 

In this chapter, we explained the three main types of measurements that we used in our 

studies. To summarize, the measurements are Mobility Lab-based, participant-based, and 

prototype-based. The Mobility Lab-based measurements were used to check the consistency 

of the automated driving sessions/test rides generated by the driving wizard. The consistency 

was checked according to the generated power spectral density (PSD) in terms of dominant 

frequency, the calculated dosage of motion sickness from the Motion Sickness Dose Values 

(MSDVs), and also the subjective assessment from the participants who experienced the fully 

automated driving sessions/test rides. The participant-based measurements were used to 

assess the level of situation awareness, mental workload, and motion sickness of the 

participants of the studies. Both situation awareness and mental workload were assessed using 

a self-rating questionnaire while motion sickness was measured by both a self-rating 

questionnaire and a physiological measurement (either using a photoplethysmogram (PPG) 

for heart rate or an electrocardiogram (ECG) for heart rate variability). The prototype-based 

measurement was used to check the experience of the users (participants of our studies) when 

using the specially developed prototype while performing non-driving related tasks in fully 

automated driving.   

In the next two chapters (Chapter 6 and 7), we present the two studies that examine the effect 

of specially designed prototypes (peripheral information system) on motion sickness, situation 

awareness, and mental workload of the users when engaging in non-driving related tasks (i.e., 

watching a video/movie and reading) in fully automated driving.  
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 Watching a Video/Movie in a Fully Automated 

Driving with Peripheral Visual Feedforward 

System (PVFS) 

6.1. Introduction 

The primary objective of this study was to investigate if the peripheral information helps to 

protect the users or occupants of the fully automated vehicle from getting motion sick. A 

prototype called Peripheral Visual Feedforward System (PVFS) was developed to provide 

information about the upcoming actions of the fully automated vehicle when approaching a 

junction or corner. That information was abstracted into light movement and presented in the 

periphery of the attention through the PVFS. It was hypothesized that the gained information 

from the PFVS changes the situation awareness regarding the future direction of the fully 

automated vehicle and also changes the level of motion sickness experienced by the 

occupants of the fully automated vehicle. In addition, it was hypothesized that the given 

peripheral light information does not change the workload of the primary task of the 

occupants of the fully automated vehicle, in our case “watching a video”. The study was 

performed on an instrumented car that behaves like a real fully automated vehicle on the real 

road. Since this was not a driving simulator study, analyses of consistency of the test rides 

were also conducted. Afterwards, situation awareness, motion sickness, and workload were 

analyzed. User experience in interacting with the PVFS was also assessed.  

6.2. Methodology 

6.2.1. Experiment Design 

A within-subjects design was implemented, as recommended by experts in heart rate related 

research (Laborde et al., 2017; Quintana & Heathers, 2014). The independent variable was the 

study condition while the dependent variables were motion sickness, situation awareness, and 

mental workload. In this study, all the participants had to go through two conditions. One 

condition was without the PVFS and was termed the control-condition, and the other 

condition was with the PVFS and was termed the test-condition. The order of conditions was 

counterbalanced to control carry-over effects. Conditions were executed at least three days 

apart to make sure that if motion sickness occurred within the first condition, it would not 

affect the result in the second condition. All the test rides were performed on the Eindhoven 

University of Technology’s campus roads where Dutch traffic laws and regulations apply (see 

Figure 42).  
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Figure 42: Experiment’s route with the numbers depicts the sequence of the corners, and the arrows represent the 

direction of the corners.  

In our experiment, only the lateral accelerations (y-axis) were manipulated while the 

longitudinal accelerations (x-axis) were kept to a minimum. The experiments were only 

performed after regular office hours (after 5:30 pm) and during weekends, so that other traffic 

would only have a minimal influence on the longitudinal accelerations and decelerations of 

these test rides. 

6.2.2. Equipment – Mobility Lab 

The Mobility Lab (Karjanto, Yusof, et al., 2018) was employed as an on-road automated 

vehicle simulator to provide a fully automated driving experience (refer to Chapter 3 and 4). 

The method used in operating the Mobility Lab is known as the Wizard of Oz, and our 

approach was particularly inspired by the work of Baltodano et al. (2015). A 42-inch 

television display was placed on a wall partition that separates operators of the Mobility Lab 

and the participants. A television display was used as it is projected to be one of the main 

entertainment systems inside a fully automated vehicle as shown by the recent patent by Ford 

(Cuddihy & Rao, 2015). Inside the Mobility Lab, the television display was located about 1.2 

m in front of the passengers. For this particular study, to avoid saccadic eye movements that 

can lead to eye strain, a smaller video size of about 24-inch (aspect ratio of 16:9) was 

displayed on TV, with black colour of the rest background of the TV display (Boothroyd, 

2008; Knoche, 2010). 
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The automated driving test ride was realized based on the setup from the previous studies in 

which a setting called defensive automated driving style was implemented (Karjanto, Md. 

Yusof, Terken, Delbressine, et al., 2017; Yusof et al., 2016)(see Chapter 3). The driving speed 

was set at 30 km/h, and the lateral acceleration generated at the turning/cornering was aimed 

to be about 0.29 g or 2.84 ms-2. This was based on previous findings, that regardless of the 

type of driver or driving style, most people prefer the fully automated vehicle to be driven in a 

more defensive driving style (Basu et al., 2017; Yusof et al., 2016). The windows of the 

Mobility Lab were made opaque in order to make sure information regarding upcoming 

corners and junctions comes only from the PVFS. In addition, it was assumed that when the 

passengers were engaged in the non-driving tasks, they would mainly focus on their tasks and 

become visually unaware of what was happening outside the vehicle.     

6.2.3. Equipment – Peripheral Visual Feedforward System (PVFS) 

The PVFS was designed based on the previous guidelines in developing a peripheral 

information system (Matthews, Dey, Mankoff, Carter, & Rattenbury, 2004; Pousman & 

Stasko, 2006). The information regarding the intention of the fully automated vehicle was 

abstracted into light movement (see Figure 43).     

 
(a)             (b) 

Figure 43: Peripheral visual feedforward system (PVFS): (a) Positioning inside the Mobility Lab; (b) Light 

moving from bottom to top on the right side to indicate that the fully automated vehicle is about to turn to the 

right (Source: (Karjanto, Md. Yusof, Wang, et al., 2018)). 

The light seen by the passengers was also diffused so that the participants can still do their 

task but manage to digest the given information at the same time. The PVFS consists of two 

displays, right and left, and each display consists of 32 LED lights diffused on a customized 

3D-printed cover. The left display will light up to indicate the intention of the automated 

vehicle to perform a leftward turn, and the right display will do the same for the rightward 

turn. Diffusing the lights was also applied rather than direct flashing as this would create 
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unwanted effects of disruptions and would degrade the experience of the primary task (i.e., 

watching video) as well as creating an attention-grabbing effect (Endsley & Jones, 2004b). 

Blue lights were selected based on findings from earlier research inside a flight cockpit in a 

study with pilots, showing that blue can be efficiently discriminated in the periphery 

(Ancman, 1991). The PVFS was placed on the left and right of the television display with an 

angle of 140° measured from the front surface of the television display. Hence, the participant 

does not need moving their head in the direction of the PVFS when watching the video on the 

television display. The design of PVFS was chosen based on pre-test with users and small 

interviews with six participants. In addition, the PVFS was developed based on the 

understanding of the human peripheral vision ability. The peripheral area of the human retina 

is mostly packed with receptors which are sensitive to illumination and motion but not to 

colours (rods). Therefore, the PVFS was designed to be operating based on the movement of 

the lights from the diffused LEDs (see Figure 43). The LEDs moved from the bottom to the 

top of the PVFS in order to notify the occupant of the fully automated vehicle that the vehicle 

was about to turn to the right or left (see Figure 43). The PVFS moved at a speed of 50 

cm/second, and eight LEDs were active and moved together at a time. The signal was given 

three seconds prior to the corner/turning (lateral acceleration started to be generated) and 

ended when the fully automated vehicle began to turn/corner. The illumination of the light 

signal could be clearly seen by the participants who sat approximately 1.2 meters from where 

the PVFS was located, and the viewing angle from the centre of the screen to either left or 

right panel was approximately 30°. The PVFS was activated by the experimenter who was 

assisted by unique marks placed on the side of the road signalling the distance to the corner. 

6.2.4. Participants 

Twenty participants (13 male and 7 female) aged between 18 and 33 years old (Mean = 26.2, 

SD = 4.8) took part in this study. Stratified sampling was implemented based on the short 

version of the Motion Sickness Susceptibility Questionnaire (MSSQ; Golding, 1998, 2006b) 

to check for participants’ susceptibility to motion sickness. MSSQ’s score is based on a 100% 

scale on which a larger number indicates higher susceptibility to motion sickness. Within this 

study, only participants with mild and severe susceptibility were selected based on the 

MSSQ’s scores (Mean = 74.7%, SD = 22.1%). 

6.2.5. Procedure 

The study consisted of two conditions (control- and test-condition), and each condition was 

divided into three stages (see Figure 44). Upon arrival, the participants were briefed about the 

nature of the study and were asked to sign the informed consent form. The experimenter 

explicitly explained that the participant would later be seated inside a fully automated vehicle. 

The participants were also required to answer the pre-study questionnaire before entering the 

Mobility Lab. Before Stage 1, the experimenter ushered the participant to the Mobility Lab in 

which the driving wizard was already in position. Inside the Mobility Lab, the participant was 

seated and asked to watch a video for about five minutes (Stage 1). Then, in Stage 2, the 
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participant was driven on the pre-defined route (see Figure 42) while continuing watching the 

video. After that, in Stage 3, Mobility Lab was stopped and parked, and at this stage, the 

participant was required to watch the continuation of the video for another five minutes.  

 
Figure 44: The three stages of the experiment for both conditions (control- and test-condition) with pre- and 

post-study questionnaire (Source: (Karjanto, Md. Yusof, Wang, et al., 2018)). 

Two different videos (Steves, 2015a, 2015b) were used for the two different conditions in 

order to keep the participants interested but similar enough in order not to make any 

significant difference. The content of the videos was about tourism in the Netherlands and 

was selected based on the idea that it should be engaging enough but not elicit any strong 

emotions such as sadness or happiness. In addition, the temperature inside the Mobility Lab 

was controlled to be constant at about 20°Celcius at all times during the experiment (Holmes 

& Griffin, 2001).  

6.2.6. Data Collection and Analysis 

Three sets of data were collected within this study as explained in the previous chapter (see 

Chapter 0). The collected data are Mobility Lab-based measurement (three types of 

measurement), participant-based measurement (four types of measurement), and prototype-

based measurement (one type of measurement) (refer back to Figure 38 for detail 

explanation).  

Particularly for the participant-based measurement, pulse sensor (photoplethysmogram or 

PPG) was utilized as a physiological measurement of motion sickness and was placed on the 

index finger of the less-dominant hand of the participant. PPG was used in this study to 

measure the heart rate in terms of beats per minute (BPM) in Stage 1, 2, and 3 (see Figure 44). 

A minimum window size of five minutes of heart rate recording was applied as recommended 

by Malik (1996) for short-term heart rate measurement. 

For the prototype-based measurement, an additional measurement termed as Reaction Time 

was also collected. Besides watching the video as the non-driving related task, the participants 

were given a clicker with two buttons to be held in their dominant hand (see Figure 31(b) and 

Section 4.3.2). Once the peripheral visual information was presented from the PVFS, the 

participants had to indicate the direction of the future course of the fully automated vehicle by 

clicking either one of the buttons (left button to indicate that the vehicle would take a left 

corner and right button to indicate that the vehicle would take a right corner). An explicit 

verbal and figurative instruction was provided in the briefing to shorten the learning time with 

the clicker. The Reaction Time is the time taken for the clicker to be pushed by the participant 

after the peripheral information was given. The “Reaction Time” was applied to measure the 
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attentiveness of the participant regarding the information given by the PVFS. The errors in 

indicating the intention of the vehicle were also reported.  

6.2.7. Statistical Analyses 

Normality tests for distribution were done using the Shapiro-Wilks test since less than 50 

people participated in this study (Lund & Lund, 2015). In comparing means for two 

conditions (control- and test-condition), paired t-tests were used for the parametric analysis 

and for the non-parametric analysis Wilcoxon signed rank tests were applied. Two-way 

repeated measures of analysis of variance (ANOVA) were performed for the analysis of heart 

rate to determine interaction effect between the stages (1, 2, and 3) and conditions (control- 

and test-condition). In the ANOVA, when the sphericity assumption was met (p > 0.05) 

Mauchly’s value was used. G*Power software (Faul, Erdfelder, Lang, & Buchner, 2007) was 

used to calculate the statistical power while all the other statistical analyses were performed 

using IBM SPSS version 23 (IBM Corp., 2015). 

6.3. Results 

6.3.1. The Consistency of the Test Rides  

The distributions of accelerations across the frequency spectrum for all 40 test rides were 

plotted as a function of power spectral density (PSD). Both PSDs of the control- and test-

condition were plotted on the triaxial directions (x-, y-, and z-axis) on semi-log graphs (see 

Figure 45).  

 
Figure 45: PSDs of mean acceleration in x-, y- and z-direction for control- and test-condition (Source: (Karjanto, 

Md. Yusof, Wang, et al., 2018)). 
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The mean, standard deviation, and coefficient of variation (CoV = SD/Mean) of the MSDVs 

produced by the driving wizard for the 20 participants for the two conditions indicated high 

reliability and consistency (see Table 17). Since the MSDVs in both lateral and longitudinal 

directions are the interest due to the fact that motion sickness develops at low-frequency 

horizontal oscillations (ISO, 1997; Turner & Griffin, 1999b), only MSDVs in x- and y-

direction were plotted. The distributions of the averaged MSDVs with frequency-weighted 

acceleration in both x- and y-direction were found to be almost identical (see Figure 46).  

 
Figure 46: Averaged MSDV with frequency-weighted acceleration in the longitudinal (x-axis) and lateral (y-

axis) direction for control- and test-condition (Source: (Karjanto, Md. Yusof, Wang, et al., 2018)). 

Table 17: Mean, standard deviation (SD), and coefficient of variation (CoV) for MSDV in the triaxial direction 

for the entire test rides. 

 
Control-

condition 

Test-

condition 
Mean 

Standard 

Deviation 

Coefficient of 

Variation (%) 

MSDVx (ms- 1.5) 2.394 2.370 2.380 0.017 0.723 

MSDVy (ms- 1.5) 7.167 7.012 7.092 0.110 1.549 

MSDVz (ms- 1.5) 0.632 0.691 0.662 0.042 6.294 

 

For the Automated Driving Test ride Quality (ADTQ), Shapiro-Wilk test for normality 

indicated that the ADTQ ratings were not normally distributed (p < 0.05) hence Wilcoxon 

signed rank test was performed. A Wilcoxon signed rank test showed that there was a 

statistically significant median difference for the ADTQ rating when participants experienced 

rides for the test-condition compared to the rides for the control-condition, z = - 2.171, r = 
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0.485, p = 0.030. A median of 7.0 (inter-quartile range (IQR) = 5.0 – 8.0) was found for the 

rating given by the participants for the control-condition. For the rides in the test-condition, a 

median of 7.5 (IQR = 7.0 – 8.0) was found for the ADTQ rating. 

6.3.2. Motion Sickness  

Wilcoxon signed rank tests were performed on the pre-and post-MSAQ data in order to check 

if the setup induced motion sickness to all the participants for both conditions. Both the 

control- and the test-condition showed statistically significant differences between the pre- 

and post-data in all the MSAQ constructs, except for the peripheral-related construct (see 

Table 18). 

Table 18: Wilcoxon signed rank test for the pre- and post-MSAQ scores with median and inter-quartile range 

(IQR) for the overall MSAQ (O) and its constructs (peripheral (P), gastrointestinal (G), central (C), and sopite 

(S)) scores for control- and test-condition. (MSAQ = 100% point scale; 11.1% = no symptoms, 100.0% = most 

severe symptoms). 

Condition MSAQ Median, (IQR) 
Wilcoxon signed rank test 

(two-tailed) 

C
o

n
tr

o
l-

co
n
d

it
io

n
 

G 
Pre 11.110, (11.110 – 13.195) 

z = - 3.077, r = 0.688, p = 0.002** 
Post 29.165, (11.110 – 40.975) 

C 
Pre 11.110, (11.110 – 13.330) 

z = - 3.530, r = 0.789, p = 0.001** 
Post 24.445, (13.888 – 48.335) 

P 
Pre 12.960, (11.110 – 25.930) 

z = - 1.329, r = 0.297, p = 0.184 
Post 11.110, (11.110 – 33.330) 

S 
Pre 15.280, (13.890 – 21.525) 

z = - 3.342, r = 0.747, p = 0.001** 
Post 26.390, (14.585 – 43.053) 

O 
Pre 14.235, (11.983 – 14.360) 

z = - 3.921, r = 0.877, p = 0.001** 
Post 23.960, (14.928 – 38.715) 

T
es

t-
co

n
d

it
io

n
 

G 
Pre 11.110, (11.110 – 13.890) 

z = - 2.805, r = 0.627, p = 0.005** 
Post 15.280, (11.110 – 27.085) 

C 
Pre 11.110, (11.110 – 15.560) 

z = - 3.543, r = 0.792, p = 0.001** 
Post 18.890, (13.330 – 23.885) 

P 
Pre 16.665, (11.110 – 27.778) 

z = - 0.601, r = 0.134, p = 0.548 
Post 12.960, (11.110 – 25.003) 

S 
Pre 19.440, (13.890 – 25.000) 

z = - 2.078, r = 0.465, p = 0.038* 
Post 22.220, (14.585 – 27.085) 

O 
Pre 15.625, (11.810 – 19.620) 

z = - 3.170, r = 0.709, p = 0.002** 
Post 18.055, (15.280 – 23.615) 

** Indicates highly significant effect (p < 0.01) 
* Indicates significant effect (p < 0.05) 

r > 0.5 indicates large effect size 

In order to compare the severity of the experienced motion sickness in the two conditions, the 

differences between pre- and post-MSAQ were analyzed and compared (see Table 19). A 

Wilcoxon signed rank test showed that there was a statistically significant median difference 

in overall MSAQ between the test-condition and the control-condition with z = - 2.436, p < 

0.05. Analysing the constructs of the MSAQ, it was found that only the peripheral-related 

construct has no statistical significance. Effect size (r = 0.360) of MSAQ’s peripheral-related 

(P) construct was converted into Cohen’s d (0.772) using effect size calculator (Ellis, 2009). 
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G*Power software (Faul et al., 2007) was used to calculate the statistical power of this 

particular analysis and found to be 0.905. The other three MSAQ’s constructs (gastrointestinal 

(G), central (C), and sopite (S)) indicated statistically significant differences. When the two 

conditions were compared, all the medians were much smaller in the test-condition than in the 

control-condition (see Table 19). 

Table 19: Wilcoxon signed rank test for the total differences between pre- and post-MSAQ scores with median 

and inter-quartile range (IQR) between the two conditions (control- and test-condition). (Total MSAQ 

Difference = 100% point scale; 0.0% = no symptoms, 88.9.0% = most severe symptoms). 

MSAQ Condition Median, (IQR) 
Wilcoxon signed rank test 

(two-tailed) 

G 
Control 16.665, (0.000 – 29.865) 

z = - 2.358, r = 0.527, p = 0.018* 
Test   1.390, (0.000 – 13.890) 

C 
Control 13.335, (2.775 – 35.003) 

z = - 2.074, r = 0.464, p = 0.038* 
Test   3.330, (2.220 – 10.555) 

P 
Control   0.000, (0.000 – 6.483) 

z = - 1.610, r = 0.360, p = 0.107 
Test   0.000, (- 6.483 – 2.775) 

S 
Control 11.110, (0.695 – 23.610) 

z = - 2.488, r = 0.556, p = 0.013* 
Test   1.390, (0.000 – 7.638) 

Overall 
Control 10.415, (2.780 – 23.963) 

z = - 2.436, r = 0.545, p = 0.015* 
Test   1.390, (0.865 – 7.293) 

* 
Indicates significant effect (p < 0.05) 

r > 0.5 indicates large effect size 

Two-way repeated measures ANOVA were performed to determine any statistically 

significant interaction effect between the two within-subject factors (control-condition vs. 

test-condition and stages) on the continuous dependent variable, heart rate measurement. 

Analysis of normality indicated that the data were normally distributed as assessed by the 

Shapiro-Wilk test of normality (p > 0.05). Mauchly's test of sphericity indicated that the 

assumption of sphericity was met for the two-way interaction, χ2 (2) = 3.256, p = 0.196. There 

was a statistically significant interaction between condition and stage, F (2, 38) = 5.161, p = 

0.010, partial η2 = 0.214. Therefore, simple main effects (one-way repeated measures 

ANOVA) were performed (see Table 20). 

For the simple main effect of condition, there was no statistically significant difference for the 

control- and the test-condition at the different stages. The statistical power of the Stage 1 

analysis was 0.060. For Stage 2, the statistical power of the Stage 2 analysis was 0.164. For 

Stage 3, the statistical power of the Stage 3 analysis was 0.078. Although there was no simple 

main effect of condition, heart rate in term of BPM was higher at Stage 2 in the control-

condition (77.8 BPM) compared to test-condition (75.2 BPM) even though both 

measurements were relatively similar at the beginning (Stage 1) and end (Stage 3) (See Figure 

47).  

For the simple main effect of the stage on heart rate measurement, there was a statistically 

significant effect for both conditions (see Table 20). For both control- and test-condition, 
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post-hoc tests showed that Stage 2 was significantly different both from Stage 1 and 3, while 

there was no statistically significant difference between Stage 1 and 3.  

 
Figure 47: Participants’ average beat per minute (BPM) for control- and test-condition at the three stages of the 

study. Error bars represent the 95% confidence intervals (CI) (Source: (Karjanto, Md. Yusof, Wang, et al., 

2018)).   

Table 20: Overview of the results of the one-way repeated measures ANOVA for the heart rate measurement. 

Source of Variation Condition 

/Stage 

Mean, (SD) One-way repeated measures ANOVA 

Effect of condition 

(Conditions at Stage 1) 

Control 70.688, (11.082) 
F (1, 19) = 0.084, partial η2 = 0.004, p = 0.775 

Test 71.470, (11.184) 

Effect of condition 

(Conditions at Stage 2) 

Control 77.849, (12.671) 
F (1, 19) = 0.773, partial η2 = 0.039, p = 0.390 

Test 75.196, (9.879) 

Effect of condition 

(Conditions at Stage 3) 

Control 69.760, (10.800) 
F (1, 19) = 0.193, partial η2 = 0.010, p = 0.665 

Test 70.906, (8.665) 

Effect of stage 

(Control-condition for 3 stages 

of heart rate measurement) 

Stage 1 70.688, (11.082) 

F (2, 38) = 25.318, partial η2 = 0.571, p = 0.001* Stage 2 77.849, (12.671) 

Stage 3 69.760, (10.800) 

Effect of stage 

(Test-condition for 3 stages of  

heart rate measurement) 

Stage 1 71.470, (11.184 

F (2, 38) = 14.757, partial η2 = 0.437, p = 0.001* Stage 2 75.196, (9.879) 

Stage 3 70.906, (8.665) 
* Indicates significant effect (p < 0.05) 
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6.3.3. Situation Awareness and Mental Workload  

A paired-samples t-test was used to determine whether there was a statistically significant 

difference in the mean score of situation awareness when participants were exposed to the 

condition with and without the PVFS (see Table 21).  

Table 21: Total differences in score for total SART and its constructs between the two conditions (control- and 

test-condition). ((U, D, S = 7-point scale; 1 = low, 7 = high), (T = 19-point scale; -5 = low, 13 = high)). 

SART Condition Mean, (SD) 
Paired-Samples T-Test 

(two-tailed) 

Demand (D) 
Control 4.283, (1.066) 95% CI [0.288, 1.444] 

t (19) = 3.136, d = 0.701, p = 0.005* Test 3.417, (1.371) 

Supply (S) 
Control 3.638, (0.719) 95% CI [- 1.172, - 0.228] 

t (19) = - 3.104, d = - 0.880, p = 0.006* Test 4.338, (0.867) 

Understanding (U) 
Control 3.168, (1.017) 95% CI [- 1.172, - 0.228] 

t (19) = - 1.734, d = - 0.515, p = 0.100 Test 3.733, (1.172) 

Total (T) 
Control 2.520, (1.867) 95% CI [- 3.607, - 1.160] 

t (19) = - 4.077, d = - 1.053, p = 0.001* Test 4.904, (2.597) 
* Indicates significant effect (p < 0.05) 

According to Shapiro-Wilk’s test, the assumption of normality was not violated as the 

SART’s score (total and all its constructs) showed that p > 0.05. Participants experienced 

higher total situation awareness within the test-condition when compared to the control-

condition, based on a statistically significant increase in the mean score of 2.38 (see Figure 

48). In terms of the “demand” and “supply” constructs of SART, paired-samples t-tests 

indicated a statistically significant difference in the mean score between the two conditions. 

Participants experienced lower “demand” in the test-condition compared to the control-

condition, based on a statistically significant change in the mean score of 0.87. Participants 

experienced higher “supply” in the test-condition compared to the control-condition, a 

statistically significant change in the mean score of 0.70. Power analysis for the actual sample 

size of 20 participants revealed power of 0.60. Since the achieved power was low (< 0.80 

(Cohen, 1988)), a power analysis with a probability of making a type II error (β = 20%) and 

with large effect size (r = 0.5) was conducted for the “understanding” construct of SART. The 

total sample size needed for this paired samples t-test was found to be 32, in order to show 

any significant difference between the control- and the test-condition. 

A paired-samples t-test was also conducted to determine whether there was a statistically 

significant difference in the mean score of mental workload (RSME score) between the two 

conditions. According to Shapiro-Wilk’s test, the assumption of normality was not violated as 

the workload data showed p > 0.05. While mental efforts was higher in the control-condition 

than in the test-condition, there was no statistical significant difference between the means for 

control- (Mean = 43.550, SD = 22.402) and test-condition (Mean = 37.100, SD = 27.701), 

95% CI [- 3.581, 16.481], t (19) = 1.346, p = 0.194, Cohen’s d = 0.300. Power analysis for the 

actual sample size of 20 participants revealed power of 0.19. Since the achieved power was 

low (< 0.80 (Cohen, 1988)), a power analysis with a probability of making a type II error (β = 
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20%) and with large effect size (r = 0.5) was conducted for the RSME score. The total sample 

size needed for this paired samples t-test was found to be 125, in order to show any significant 

difference between the control- and the test-condition. 

 
Figure 48: Mean score for constructs of SART (demand (D), supply (S), understanding (U), and total (T)) for 

control- and test-condition. Error bars represent the 95% confidence intervals (CI) (Source: (Karjanto, Md. 

Yusof, Wang, et al., 2018)). 

6.3.4. User Experience and Reaction Time  

The views of the participants about the PVFS based on the six User Experience Questionnaire 

(UEQ) constructs were tabulated (see Table 22). Perspicuity-, efficiency-, and dependability-

construct can be interpreted as pragmatic values while stimulation- and novelty-construct can 

be classified as hedonistic values. 

Table 22: Results of different constructs of User Experience Questionnaire. (UEQ)  

(7-point scale; -3 = bad, +3 = good). 

 

Construct Mean Standard Deviation Cronbach α 

Attractiveness 1.175 0.816 0.82 

Perspicuity 1.700 0.876 0.37 

Efficiency 1.163 1.030 0.82 

Dependability 1.038 0.836 0.51 

Stimulation 0.450 1.041 0.83 

Novelty 0.838 1.024 0.81 
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The benchmark intervals set up by Schrepp et al. (2017) using 9905 users’ responses to 246 

various products using UEQ was used as a comparison with PVFS. For comparison, a value 

of 1.175 for PVFS’s attractiveness-construct indicates above average performance, a value of 

1.700 for the perspicuity-construct indicates good performance, a value of 1.163 for the 

efficiency-construct indicates above average performance, a value of 1.038 for the 

dependability-construct indicates below average performance, a value of 0.450 for the 

stimulation-construct indicates bad performance, and a value of 0.838 for the novelty-

construct indicates above average performance. For measurement of consistency, if α > 0.7 

were considered as sufficiently consistent (Field, 2009), all the constructs showed high 

reliability except for perspicuity- and dependability-construct.  

 

For the assessment of reaction time to the given information, there were 18 corners (ten to the 

right and eight to the left). In general, the participants took about the same time to 

acknowledge the directions to the left (1.17 seconds) and to the right (1.03 seconds). Out of 

360 corners, only two times (once to the left and once to the right) the participants incorrectly 

indicated the direction of the vehicle. 

 

6.4. Discussion 

6.4.1. Validation of the Test Rides  

In this study, the first validation was to make sure that the accelerations experienced by all the 

participants were always about the same or at least that the differences were within acceptable 

margins (i.e., small standard deviations and coefficient of covariance) (see Table 17). For the 

total 40 test rides, the driving wizard produced high consistency as indicated by the small 

values of coefficient of covariance and standard deviation and the almost identical means for 

MSDV in every direction (see Figure 45 and Figure 46). In addition, since the objective of the 

study is to minimize the longitudinal acceleration and only to manipulate the lateral 

acceleration, MSDVy was understandably much higher than MSDVx. Meanwhile, MSDVz, 

the vertical acceleration, which was produced by the road surface that is made out of 

cobblestones and the vehicle’s suspension system, was relatively small when compared to the 

other two MSDVs. Nonetheless, the value of MSDVz (vertical acceleration) would only 

contribute to the uncomfortable feeling, but it was shown before that only horizontal 

accelerations (longitudinal and lateral accelerations) directly contribute to the development of 

motion sickness (Turner & Griffin, 1999b; Vogel, Kohlhaas, & Baumgarten, 1982). The 

frequency of the power spectral density for the MSDVz of control- and test-condition was 

found to be dominant around 1.5 Hz (see Figure 45). Oscillations below 0.5 Hz are considered 

as low frequency, and values above 0.5 Hz are regarded as high frequency and therefore do 

not directly contribute to the development of motion sickness (Donohew & Griffin, 2004; 

Golding et al., 2001; Griffin & Newman, 2004a; Lawther & Griffin, 1987; Turner & Griffin, 

1999b).  
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On the other hand, the power spectral density for x- and y-direction were found to be 

dominant below 0.2 and 0.3 Hz, respectively (see Figure 45). Hence both x- and y-direction 

imposed low-frequency motions, but amplitudes were nine times smaller in the x-direction 

than in the y-direction. In addition, in both conditions, the produced frequencies were almost 

identical, which is an essential feature in studies involving motion sickness (Golding, Bles, 

Bos, Haynes, & Gresty, 2003). Therefore, the objective of the study to emulate consistent and 

similar automated driving that only manipulates the lateral acceleration while minimizing the 

longitudinal acceleration was achieved. One aspect that needs consideration was that all the 

MSDVs values were derived from the accelerometer located on the floor of the vehicle and 

close to the passengers. This was done based on what was implemented in previous studies 

(Griffin & Newman, 2004a; Turner & Griffin, 1999b), but might not reflect what the 

passengers were actually experiencing. Based on the postural stability theory by Riccio and 

Stoffregen (1991), two different participants might react differently even though the same 

dosage of motion sickness was applied. Therefore, a wearable accelerometer may be required 

to measure the passengers’ exact MSDVs.  

For the subjective rating of the Automated Driving Test ride Quality (ADTQ), although it was 

shown that all the produced MSDVs were about the same, participants rated differently on the 

two conditions which they had to go through. For the control-condition, the average rating 

was about one point lower when compared with the test-condition. Out of the 20 participants, 

only three participants rated the ADTQ of the control-condition higher than the ADTQ of the 

test-condition. It was expected that these ratings have correlations to the motion sickness or 

situation awareness but no statistical correlations were found between any of them. Hence, it 

can be concluded that the simulated automated driving quality’s score was not influenced by 

either the motion sickness or situation awareness that was experienced by the participants 

during the experiment. However, these results were based on participants who never 

experienced automated driving before. Therefore, there might be a variation in terms of the 

participant’s definition of a realistic automated driving that might influence the ADTQ’s 

results.      

6.4.2. Motion Sickness Assessment  

The overall score of MSAQ and all of its constructs (except the peripheral-construct) for the 

test-condition indicated statistically significant differences when compared to the control-

condition. Participants experienced lesser motion sickness when the PVFS was implemented 

than when there was no intervention. 

There were no significant changes in the peripheral-construct of MSAQ, and this 

phenomenon may be explained by the controlled temperature inside the test vehicle (Mobility 

Lab). The experiments were conducted from March to April in the Eindhoven, the 

Netherlands in 2017, where the outside temperature ranged from 9°C to 24°C. The 

temperature inside the Mobility Lab was set to be fixed at 20°C for all the conditions, in order 

to control any temperature effects (Griffin & Newman, 2004b). If the temperature inside the 
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Mobility Lab had not been controlled, the participants would become uncomfortable because 

it might be too hot or too cold depending on the temperature outside of the test vehicle on that 

particular day. However, the fixed temperature at 20°C inside the Mobility Lab may have 

caused the participants to alleviate the sweaty and clammy feeling which are the peripheral-

related symptoms. 

Participants indicated very mild motion sickness in the test-condition as can be seen from the 

MSAQ scores (see Table 18). This may be caused by the involuntary movement of the head 

of the participant instead of an active movement as mentioned by Carriot et al. (2013), who 

found that the vestibular and cerebellar neurons only react in passive head motions but not in 

active head motions. In our particular study, although the participants were aware of the 

intention of the car from the information given by the PVFS, if his or her head was still 

involuntarily being moved or tilted by the applied accelerations, s/he might still develop some 

mild motion sickness. Unlike the driver of a vehicle, who is known to tilt their head in the 

opposite of the induced lateral (centrifugal) acceleration or aligned with the gravito-inertial 

force, passengers’ heads usually move in the direction of the induced lateral (centrifugal) 

acceleration (Zikovitz & Harris, 1999). Past studies have shown that actively moving one’s 

head aligned with the gravito-inertial force (into the turning/cornering) reduced the level of 

motion sickness compared to involuntarily allowing the induced lateral (centrifugal) 

acceleration to move one’s head in the opposite of the gravito-inertial force (Golding et al., 

2003; Wada et al., 2012a; Wada & Yoshida, 2016b).   

In terms of the heart rate measurement, past studies have shown inconsistencies regarding 

heart rate measurement and its relations to motion sickness. While some studies found no 

significant associations (Graybiel & Lackner, 1980; Hu et al., 1991), other studies found that 

an increased motion sickness was correlated with an increased heart rate measurement 

(Cowings et al., 1986; Himi et al., 2004; Stout et al., 1995). In our study, we found no 

statistically significant differences between the two conditions. One possible explanation is 

that the participants were only exposed to mild motion sickness as indicated by the MSDVy 

(7.1 ms-1.5). Past studies (Holmes & Griffin, 2001; Mullen, Berger, Oman, & Cohen, 1998) 

also found no statistical changes in heart rate measurement when the participants were only 

exposed to mild motion sickness. Low statistical powers were also found in the analysis of 

heart rate measurement. This usually indicates that there were not enough participants to 

conclude if there was any statistical significance. Although 20 participants are generally 

adequate in studies involving heart rate measurement (Simmons, Nelson, & Simonsohn, 

2011), variables that influence the participants’ heart rate measurement need to be controlled. 

In order to yield a valuable insight in terms of heart rate, both the stable (e.g., age, gender, and 

medication intakes) and transient (e.g., sleep routine, physical exercise, and caffeine and 

alcohol intakes) variables need to be about the same level for each of the participants 

(Laborde et al., 2017; Quintana, Alvares, & Heathers, 2016). In our study, we did control 

some of the stable variables (i.e., age, heart-related disease, and medication intakes) but did 

not strictly control the transient variables (i.e., tobacco and alcohol intake, body mass index). 

Therefore, that might be the reason for the underpowered statistical analysis of the heart rate 
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measurement. However, the average beats per minute (BPM) indicated that participants 

recorded higher measurement in the control-condition compared to the test-condition. For the 

control-condition, the average resting (Stage 1) BPM was at 71 and then increased to 78 

during Stage 2 and finally decreased to 70 at Stage 3, while for the test-condition, 71 BPM 

was recorded for Stage 1, 75 BPM for Stage 2, and 71 BPM for Stage 3 (See Figure 47). For 

comparison, Cowings et al. (1990) found an average of 77 BPM measure for their participants 

during the mild motion sickness phase and 87 BPM during the severe phase.  

6.4.3. Situation Awareness and Mental Workload Assessment  

For the analysis of situation awareness, although the SART’s constructs of “supply” and 

“demand” indicated statistically significant differences in the test-condition when compared 

to the control-condition, the “understanding” construct did not show any statistical 

significance. The “demand” construct for the control-condition was higher (4.3) compared to 

the test-condition (3.4), indicating that participants found the situation less complex in the 

test-condition. In this study, the “demand” construct measured the demand of attention when 

the occupants were engaged in the non-driving related task (watching a video), and the 

automated vehicle was about to make a sudden turn or take a corner. Our results indicated that 

with the PVFS, the attentional demand is lower compared to when PVFS was not 

implemented. This was in line with the result of the “supply” construct where a higher score 

in the test-condition (4.3) was found when compared to the control-condition (3.6). Hence, 

the results suggest that in the test-condition, the supply of attentional resources were enhanced 

with the presence of PVFS. However, the non-significant statistical differences for the 

“understanding” construct showed that the participants have about the same level of 

understanding in both conditions. The mean score for the “understanding” construct for the 

test-condition was 3.7 (out of 7-point scale) while for the control-condition it was only 3.2. 

One explanation is that the PVFS managed to deliver the intended information (“The fully 

automated vehicle is about to turn to the right or left”), but apparently, the given information 

was not rich enough for the participants to fully understand what was actually happening and 

was going to happen next. The PVFS only indicated the direction of the corner or junction, 

but the complete characteristics of the corner were not displayed or delivered. The complete 

information regarding the features of the corner (e.g., intensity, radius, and position relative to 

corner) might not only increase the situation awareness of the participants but also help the 

participants to prepare (e.g., tilt one’s head into the corner) for the incoming accelerations 

forces that induce the development of motion sickness.  

In terms of mental workload, participants found that performing a non-driving related task 

and retrieving information from the PVFS produced “some mental effort” based on the mean 

score of 37 on the RSME scale. In this study, the participants were asked to watch a video as 

a primary task while the PVFS was presented in the periphery for the test-condition. 

Therefore, most of the mental workload might be used to focus on the task of watching the 

video while only a small amount of mental workload might be allocated to the task of 

understanding the given information from the PFVS. Hence, the lack of the aforementioned 
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information (i.e., intensity, radius, and position relative to corner) given by the PFVS may 

have caused partial understanding of what was happening and thus may have increased the 

mental workload experienced by the participants. This was shown by the non-significant 

statistical difference for experienced mental workload and “understanding” construct of 

SART between the control- and test-condition. However, high standard deviations were found 

for both test- (27.701) and control-condition (22.402), indicating that various amounts of 

mental workload were experienced by different participants.  

6.4.4. Peripheral Visual Feedforward System (PVFS) Assessment     

Analysing the user experience, most participants agreed that the PVFS has a high 

attractiveness value as indicated by the attractiveness score (see Table 22). For the pragmatic 

values, constructs like perspicuity, efficiency, and dependability revealed a good ease-of-

learning, minimized effort, and decent interaction scores. Low Cronbach’s α value for both 

perspicuity- and dependability-construct indicated that there might have been 

misinterpretations of the questions by the participants. For example, for perspicuity’s item of 

“confusing” versus “clear” (refer Appendix 8), a participant might misinterpret this as being 

about the situation that they were facing rather than about the delivery of the information 

from the PVFS. Multiple interpretations of a particular question in one construct would 

decrease the Cronbach’s α value. Furthermore, PVFS might not be a solution that fits all 

participants. Therefore, different participants may have different perceptions and acceptance 

of PVFS.  It has been shown that negative reception may actually make the participants feel 

uncomfortable, as was found in a study using virtual reality for reducing motion sickness 

(McGill, Ng, & Brewster, 2017). On the other hand, high consistency was observed for 

stimulation- and novelty-construct. The participants assigned reasonable scores to the 

novelty-construct, but they also assigned low ratings to the stimulation-construct. This is not 

necessarily a bad result as items under the stimulation-construct are probing the motivation of 

using the PVFS. The PVFS was intentionally designed to deliver information in a 

subtle/unobtrusive way with the goal that the performance of the non-driving related task 

would not be degraded or interrupted. 

On the other hand, the Reaction Time was found to be very quick (approximately about 1 

second) indicating that the PVFS managed to notify the participants in an instant. In addition, 

only two participants made a mistake in reporting the upcoming turning/corner. Therefore, a 

phenomenon such as inattention blindness (Mack & Rock, 1998), where users might become 

utterly unaware of a situation or object because of the focused attention on the primary task, 

was not the case. Thus, PVFS is capable of delivering quick and correct information. It needs 

to be noted that Reaction Time was only measured in the test-condition with the presence of 

the PVFS. The task of using a digital clicker to indicate the direction of the vehicle by the 

participants can be seen as an additional secondary task on top of watching the video. It has 

been argued that distraction from a mental activity can cause less motion sickness (Bos, 2015; 

Schwab, 1954). They suggest that this is because attention is directed to another situation 
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rather than just focusing on the feeling of motion sickness. Therefore, the usage of a digital 

clicker may have partial influences on the mitigation of motion sickness within this study.       

6.5. Concluding Remarks 

The automated driving test rides, which were simulated by the driving wizard using the 

Mobility Lab, managed to yield high consistency as well as provided sufficient dosage to 

make participants experience mild motion sickness. The Peripheral Visual Feedforward 

System (PVFS) managed to prevent the experienced motion sickness from getting higher 

when being exposed to low-frequency accelerations while watching a video. This was 

achieved by increasing the level of situation awareness by providing the intention of the fully 

automated vehicle in regard to the lateral direction. The PVFS was also successful in 

delivering direct and fast information, but lack of richness (i.e., intensity, radius, and position 

relative to corner) in the information resulted in some mental effort in terms of mental 

workload for some participants. The complete characteristics of the motion such as direction, 

frequency, and magnitude need to be considered and translated into information that is simple 

and easy to be understood by the passengers. As suggested from recent works (Diels & Bos, 

2015; Diels et al., 2016; Feenstra, Bos, & van Gent, 2011; Löcken et al., 2017; Wada, 2016), 

cues regarding the upcoming path of the fully automated vehicle may be presented to its 

occupants in order to increase the situation awareness and to mitigate motion sickness. In 

addition, proper interaction with the prototype requires only a small amount of attention that 

should not degrade the performance of the non-driving task and at the same time reduce or 

completely prevent motion sickness. In addition to a rich and complete future information 

system, active head movement of the occupants of the fully automated vehicle, like for 

example the work of Morimoto et al. (2008), and Wada and Yoshida (2016), might be 

essential in compensating the perceived acceleration. A different way of tackling the problem 

is to completely isolate the passengers from the induced forces by compensating the 

accelerations mechanically like in the work of Frechin et al. (2005) or implementing an active 

suspension like in the tilting train technology (Golding et al., 2003).  

6.5.1. Limitation and Next Studies 

For the measurement of Motion Sickness Dose Values (MSDVs), the implementation of the 

accelerometer on the floor of the Mobility Lab could be improved. There are possibilities that 

some participants might implement active movement (moving their head in the direction 

opposite to the induced lateral acceleration) or prepare themselves after getting the 

information from the PVFS. Therefore, a wearable accelerometer that could measure the 

participant’s head movement/vestibular system could be added to improve the understanding 

of human reaction towards accelerations and motion sickness. 

In the next chapter, we explored another peripheral information system with a different non-

driving related task which was reading. In addition, for the physiological measurement of 

motion sickness, we employed an electrocardiogram (ECG) measurement on which we can 

analyse the heart rate variability (HRV) of the participants. HRV from ECG measurement is 
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more powerful and in-depth compared to the heart rate analysis from the photoplethysmogram 

measurement (PPG) since ECG measurement can provide analysis in both time- and 

frequency-domain. Also, a wearable accelerometer was also employed to measure the 

participants’ MSDVs rather than calculating it from the accelerometer on the floor of the test 

vehicle. 
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 Reading in a Fully Automated Car with a Visual 

Peripheral Information System (VPIS) 

7.1. Introduction 

Studies found that future users of a fully automated vehicle ranked reading as their top choice 

of non-driving related tasks to do in an automated driving compared to other non-driving 

related tasks such as watching a movie, playing games, and surfing the internet (Pfleging, 

Rang, & Broy, 2016; Schoettle & Sivak, 2014; Vallet, 2013). However, it was found that 

reading inside a moving vehicle is one of the worst activities an occupant can do to exacerbate 

the development of motion sickness. A study with 31 subjects, done by Isu, Hasegawa, 

Takeuchi, and Morimoto (2014) on the effects of reading and watching in the development of 

motion sickness found that watching a video can induce motion sickness three times more 

than not doing anything but 25% less than reading a book. Other studies found that motion 

sickness rating was higher in the condition of “still images” (3.3 times higher than not 

performing any non-driving related task) compared to “moving images” (2.9 times higher 

than not performing any non-driving related task) (Kato & Kitazaki, 2006, 2008). In a survey 

study obtained from 136 adults and 32 children on the incidence and severity of experienced 

motion sickness in a moving vehicle, Schoettle and Sivak (2009) also found that reading was 

the worse activity compared to viewing a video or not doing any task at all. 

The primary objective of this study was to investigate if peripheral information systems help 

to prevent the users (i.e., driver and occupants) of a fully automated vehicle from getting 

motion sickness, especially when engaging in reading as a non-driving related task. Two 

peripheral information systems (visual- and haptic-based) were designed to provide 

information about the upcoming navigational actions of the fully automated vehicle. The 

visual peripheral information system provided a live windshield-view in the periphery of the 

reading display while the haptic peripheral information system avoided the users from the 

involuntary movements caused by the lateral accelerations.  

However, only the visual-based peripheral information system is being discussed in this thesis 

while the haptic-based peripheral information system is discussed in another thesis (Yusof, 

2018) 

It was hypothesized that with the peripheral information systems, the motion sickness that 

was developed from reading when being exposed to automated driving would be lower when 

compared to the condition without the peripheral information system. It is also hypothesized 

that the proposed peripheral information systems are effective in enhancing the situation 

awareness regarding the future lateral direction of the automated vehicle and produce lower 
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mental workload when compared to no peripheral information system was present. In 

addition, it was hypothesized that both peripheral information systems allow for full 

engagement in reading, as a non-driving related task during the automated driving.  

7.2. Methodology 

7.2.1. Experiment Design 

In determining the design of the experiment, two factors have been considered. First, since the 

susceptibility to motion sickness is different among individuals, therefore it is essential that 

the conditions of interest are evenly tested by each individual rather than by different 

individuals (Isu et al., 2014). Secondly, since heart rate variability (HRV) was taken as a 

physiological measurement from the participant throughout the experiment, to get optimal 

experimental control (fewer variation among participants due to factors such as alcohol 

consumption and body mass index (BMI), a within-subject design was selected as 

recommended by experts in HRV research (Laborde et al., 2017; Quintana & Heathers, 2014).  

 

In this study, all the participants underwent three different conditions in three separate 

sessions. The three tested conditions within this study were termed as control-, visual-, and 

haptic-condition. The control-condition was the condition without any intervention of a 

peripheral information system. The visual- and haptic-condition were the conditions with the 

implementation of a visual (VPIS) and haptic peripheral information system (HPIS), 

respectively. The dependent variable was the level of motion sickness, measured with three 

different means (self-rating questionnaire, physiological measurement, and severity of head 

movement). The other dependent variables were the level of situation awareness, mental 

workload and the assessment on reading performance. The independent variables were the 

conditions and sessions. The order of the three test conditions exposed to the participants was 

counter-balanced to mitigate any learning effects (3! = 6 orders), and each session was 

executed with at least three days apart to make sure that if motion sickness did occur within 

the first session, it would not affect the following session.  

 

All of the automated vehicle’s test rides were done within the Eindhoven University of 

Technology’s compound where Dutch traffic laws and regulations apply. The route consisted 

of three laps of 22 turns to the right, and 16 turns to the left (cornering radii, Mean = 9.2 m, 

SD = 3.3 m) (see Figure 49). For safety reason, the security officers of the Eindhoven 

University of Technology were informed about the study and permission to use the designated 

route was granted. In addition, this research is complying with the Netherlands Code of 

Conduct for Scientific Practice (principle 1.2 on page 5) (Association of Universities in the 

Netherlands (VSNU), 2014) (see Appendix 9). 
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Figure 49: Experiment’s route with the numbers depict the sequence of the corners, and the arrows represent the 

direction of the corners 

7.2.2. Equipment – Mobility Lab 

The Mobility Lab (Karjanto, Yusof, et al., 2018) was employed as an on-road automated 

vehicle simulator to provide a fully automated driving experience (see Chapter 3 and 4). 

Within this study, the display monitor, which was connected to a high definition action 

camera that was placed just behind the front windshield, was implemented to show the live 

front-windshield-view (as what the driver sees). The location of the action camera was ideally 

selected to include the windshield- and dashboard-view but not the hands of the driver and the 

steering wheel (see Figure 50 (b)). The exterior of the Mobility Lab was also equipped with a 

rotating look-alike LIDAR (Light Detection and Ranging) device on the top of the vehicle to 

give a more realistic appearance for a real automated vehicle (see Figure 50 (a)).  

 

The automated driving test ride was realized based on the setup from the previous studies in 

which a setting called defensive automated driving style was implemented (Karjanto, Md. 

Yusof, Terken, Delbressine, et al., 2017; Yusof et al., 2016) (see Chapter 3). The driving 

speed was set at 30 km/h, and the lateral acceleration generated at the turning/cornering was 

aimed to be about 0.29 g or 2.84 ms-2. This was based on previous findings, that regardless of 

the type of driver or driving style, most people prefer the fully automated vehicle to be driven 

in a more defensive driving style (Basu et al., 2017; Yusof et al., 2016). In producing a 

consistent automated driving style, the experimenter was assisted with a specially developed 
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device called automatic acceleration and data controller (AUTOAccD) (see Figure 50 (b) and 

Section 3.3). AUTOAccD was developed explicitly to assist the designated driver in driving 

according to the defined acceleration (see Chapter 3 and 4). In this particular study unlike in 

the previous study where the windows were made opaque (refer to Chapter 6), the windows of 

the Mobility Lab were made normal and transparent in order to mimic a realistic user 

experience inside a moving vehicle. 

  
                                (a)                                      (b) 

Figure 50: Mobility Lab; (a) Exterior view with a look-alike LIDAR and (b) The placement of AUTOAccD, 

dashboard camera, and data acquisition system. 

7.2.3. Equipment – Peripheral Information System  

Two peripheral information systems were used in this study. The first peripheral information 

system was designed based on the idea of the adaptive ambient display (Löcken et al., 2017), 

utilizing the function of the underused peripheral vision of a human user. The Visual 

Peripheral Information System (VPIS) was designed to eliminate the need to look outside of 

the vehicle in order to avoid motion sickness from the sensory mismatch.  

The design of this particular peripheral information system was iterated from the previous 

study (see Chapter 6), where it was used to deliver the navigational information of the 

automated vehicle when the occupants of the vehicle were engaged in watching a video/movie 

on a 40” display that was mounted 1.2 meters in front of them. It was found that the situation 

awareness of the occupants was enhanced and did not degrade the performance of the non-

driving related task (i.e., watching video). In another exploration study, a peripheral 

information system known as the proximal light display was implemented as a wearable 

device, a pair of eyeglasses (van Veen et al., 2017) (see Figure 51). The peripheral 

information system was designed to increase the situation awareness when the occupants of 

the vehicle were not paying attention to the road and focusing on reading as the non-driving 

related task. It was found that although the situation awareness was improved without the 

need to observe the environment outside the vehicle, the light from the system distracted the 

occupants from enjoying their non-driving related task (i.e., reading). Based on these findings 

from both studies, it is worthwhile to explore a visual cue that is closer to the occupants, but 

not too close to their eyes. 



113 

 

 

Figure 51: Four variations of signals from Proximal Light Display (Source: (van Veen et al., 2017)). 

In the current study, the VPIS was also used to provide navigational information of the 

automated vehicle, but this time the occupants were engaged in a reading task using a tablet. 

The VPIS consisted of a 4.0 inches display and two LED-filled arrays, at around an 8.9 inches 

tablet (see Figure 52). Each of the arrays was equipped with 7 LEDs, with blue emitting 

colour, that switched on 3 seconds before the Mobility Lab entered a corner/turning. The 

LEDs moved three times from the bottom to the top, at each of the corners/turnings. The 

LEDs were also diffused by means of a Perspex cover on top of the LEDs. The reason why 

the LEDs were diffused was to make sure the VPIS system notified its users but at the same 

time did not degrade the experience of the primary task (i.e., reading).  

 
Figure 52: Visual Peripheral Information System (VPIS). 
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The 4.0 inches display showed the live video of the windshield-view streamed from the 

camera that was mounted on the front windshield (labelled as “dashboard camera” in Figure 

50(b)). The implementation of the 4.0 inches screen as part of the VPIS, placed in the 

periphery of attention of the participants, was to avoid any conflict of expectations that might 

arise from the disagreement between the previously stored memories in the participants’ 

internal model with the one that the participants were experiencing at that moment of time. 

The 4” screen with a live view was also designed to provide a reference frame on which users 

can relate their motion with the true horizon seen on the screen, without the need to access the 

view outside of the vehicle. 

The second peripheral information system termed as Haptic Peripheral Information System 

(HPIS) was designed based on the idea of countering the involuntary movement of users that 

is caused by the accelerations of the vehicle. The mechanism was based on the idea that 

motion sickness symptoms can be minimized by countering the lateral (centrifugal) 

acceleration felt by the passengers (Riccio & Stoffregen, 1991; Wada et al., 2012). Detailed 

explanations about the haptic-based peripheral information system are further discussed in 

another thesis (Yusof, 2018). 

7.2.4. Participants 

Eighteen participants (9 male and 9 female) aged between 22 and 33 years old (Mean = 28.4, 

SD = 3.0) took part in this study. Stratified sampling was implemented based on the short 

version of the Motion Sickness Susceptibility Questionnaire (MSSQ) (Golding, 1998, 2006b) 

to check for participants’ susceptibility to motion sickness. MSSQ’s score is based on a 100% 

scale on which a larger number indicates higher susceptibility to motion sickness. Within this 

study, only participants with mild and severe susceptibility were selected based on the 

MSSQ’s scores (Mean = 79.1%, SD = 17.3%). In addition, since HRV was measured, all the 

selected participants were non-smokers, consumed about not more than 5 to 7 alcoholic drinks 

per week, and had a Body Mass Index (BMI) around 18 to 25 (Mean = 21.6, SD = 2.0) 

(Molfino et al., 2009; D. S. Quintana, Guastella, McGregor, Hickie, & Kemp, 2013; Sowmya, 

Thomas, Bharathi, & Sucharita, 2014; Umetani, Singer, McCraty, & Atkinson, 1998). In 

addition, the participants were instructed to follow a regular sleep routine the day before the 

experiment and not to participate in intense physical training the day before the experiment 

(Laborde et al., 2017). High carbohydrate meal (e.g., rice, bread, etc.) and caffeinated drinks 

were also prohibited at least two hours before the experiment.   

7.2.5. Procedure 

This study included three conditions. Each condition consisted of seven stages (see Figure 

53). Stage 1 and the ending part of Stage 7 took place in a meeting room while Stage 2 

through 6 was done using the Mobility Lab.  
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Figure 53: The seven stages of the experiment for the three conditions (control-, visual, and haptic-condition). 

Stage 1 (Pre-Experiment) and 7 (Post-Experiment) involved the participants answering questionnaires while 

Stage 2 to 6 involved the participants with Mobility Lab. 

 

The experiment started with Stage 1 (Pre-Experiment stage), where participants arrived at the 

allocated meeting room and were briefed about the nature of the experiment. Informed 

consent was also obtained during this stage. Then, participants were asked to answer a set of 

pre-experiment questionnaire. Afterwards, the experimenter explained to the participants how 

to properly attach the disposable ECG electrodes (43 x 35 mm disposable pre-gelled ECG 

hydrogel) to their torsos and allow the participants to put the ECG electrodes themselves. The 

placement of ECG electrodes used in this study was based on lower torso placement as 

suggested by Shaffer and Combatalade (2013) (see Figure 54).  

 
 

Figure 54:  Lower torso placement of ECG electrode and accelerometer headband. 
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This arrangement of ECG electrodes placement is more robust to movement artefacts and 

allows participants to place the electrodes without the need to expose their chest (Shaffer & 

Combatalade, 2013). Afterwards, the experimenter escorted the participant to the Mobility 

Lab and asked him/her to be seated and wear the seat belt inside the vehicle. Inside the 

Mobility Lab, the participants were then asked to wear a headband accelerometer and to sit 

comfortably and then look straight ahead for 10 seconds for calibration of the wearable 

headband accelerometer, where the vestibular system is assumed to be in its natural position 

(see Figure 55(a)). 

  

Stage 2 and 6 were done when the Mobility Lab was static with the engine turned on while 

Stage 3, 4, and 5 were performed when the Mobility Lab was driven continuously for a total 

of about 15 minutes on the designated route. The ECG measurements were recorded 

continuously starting from Stage 2 until Stage 6. Three different sets of reading materials 

were used for three separate sessions, and the reading materials (see Appendix 11, Appendix 

12, and Appendix 13) were compilations of jokes from Reader’s Digest magazine (Reader’s 

Digest, 2018). Participants were asked to perform the reading task from Stage 2 continuously 

through Stage 6. In order to motivate the participants to keep reading throughout the whole 

experiment, they were told that if they managed to answer most of the questions about the 

reading materials correctly, they would be rewarded €5 on top of their participation for this 

study. However, they were also instructed to always do what they think is comfortable for 

them and if they wanted to stop the experiment, there was a stop button to stop the experiment 

at their own will. In addition, the temperature inside the Mobility Lab was controlled by the 

air-conditioning at 20°C at all times during the experiment (Holmes & Griffin, 2001). In 

Stage 7 (Post-Experiment), participants were given a set of questionnaires to be immediately 

answered inside the Mobility Lab. At the end of Stage 7, the experimenter gave a debriefing 

and compensation (€30) to the participants for their participation in this experiment. 

 

 
(a)                  (b) 

Figure 55: (a) Calibration position with natural vestibular position and (b) reading position with the tilted 

vestibular position (Source: (Karjanto, Md. Yusof, Terken, Delbressine, & Rauterberg, 2018)). 
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7.2.6. Data Collection and Analysis 

Three sets of data were collected within this study (see Figure 38) as explained in the previous 

chapter (see Chapter 0). The collected data are obtained from Mobility Lab-based 

measurement, participant-based measurement, and prototype-based measurement. In this 

particular study, the Mobility Lab was equipped with two tri-axial accelerometers of which 

one accelerometer was placed on the middle of the vehicle’s floor to measure the 

accelerations of the Mobility Lab, and the other was sewn onto a typical sport headband 

which the participants were asked to wear in Stage 2 (see Figure 53). For the participant-

based measurement, the level of experienced motion sickness was measured using a self-

reflection questionnaire in the form of MSAQ. MSAQ was twice filled by the participants, 

once in Stage 1 (pre-MSAQ) and once in Stage 6 (post-MSAQ) (see Figure 53). Apart from 

using the MSAQ, the electrocardiogram (ECG) and the participant’s head movement were 

also used to measure the level of participants' motion sickness within this study (see Figure 

56).  

 
Figure 56: Participant-based measurement of motion sickness used in this particular study. 

The recorded ECG measurements were later quantified into HRV using time- and frequency-

domain analysis. In terms of time-domain analysis, the root mean square of successive 

differences (RMSSD) is usually used to indicate the activity of the parasympathetic nervous 

system (PNS), also known as the vagal tone (Kleiger, Stein, & Bigger, 2005; Thayer & Lane, 

2000). The decrement of PNS activity has been shown to indicate the development of motion 

sickness (Chin-Teng Lin et al., 2011; Cowings et al., 1986; Hu et al., 1991; LaCount et al., 

2009). RMSSD is also the most robust indicator of PNS activity and is less affected by the 

effect of respiration compared to the other indicators (i.e., Percentage of successive normal 

sinus RR intervals more than 50 ms (pNN50; Hill & Siebenbrock, 2009; Penttila et al., 

2001)). In addition to RMSSD, the heartbeat in terms of beats per minute (BPM) was also 
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measured. Past studies found that increased motion sickness was positively correlated with 

increased BPM (Cowings, Suter, Toscano, Kamiya, & Naifeh, 1986; Himi et al., 2004; Stout, 

Toscano, & Cowings, 1995). In terms of frequency-domain analysis, the high-frequency (HF) 

component (between 0.15 to 0.40 Hz) was extracted by using the Fast Fourier Transform 

(FFT). The HF component, used in this study, is also highly associated with the activity of the 

PNS (Camm et al., 1996; Laborde et al., 2017). A minimum window size of five minutes of 

heart rate recording per stage was applied as recommended by Malik (1996) for short-term 

heart rate measurement. All of the measured data from the accelerometers and ECG were 

sampled at 250 Hz, synchronized, and stored using a data acquisition system (DAQ) (see 

Figure 50(b)). 250 Hz was employed as a conservative approach as 125 Hz is deemed a 

minimum sampling rate in collecting HRV data in psychophysiological studies (Laborde et 

al., 2017).  

 

The HRV data were continuously collected from Stage 2 to 6 (see Figure 53). The automated 

driving phase was about 15 minutes, and the analyses of the HRV during those particular 

stages were performed at each individual stage (Stage 3 to 5) with a time window of 5 

minutes. In addition, the HRV data were analysed according to the three-R structure (i.e., 

resting HRV, reactivity HRV, and recovery HRV) as suggested by Laborde et al. (2017) (see 

Figure 57). Stage 2 is the baseline HRV or also known as resting HRV in which the HRV 

measurement was taken when the participants were reading inside the Mobility Lab, and the 

vehicle was static. Reactivity 1 was the changes of the HRV measurement when the 

participants were reading, and motion sickness was induced from the automated driving, or 

simply the difference of the HRV measurement between Stage 3 and 2 (see Figure 57). 

Reactivity 2 and 3 were the changes of the HRV measurement when the participants were 

reading the next 5 and 10 minutes, or the changes between Stage 4 and 2, and Stage 5 and 2, 

respectively. Stage 6 is known as a recovery stage where the changes between Stage 6 and 2 

(resting stage) were recorded. It is expected that statistically significant differences will occur 

at Reactivity 1, 2, and 3.  

 

Figure 57: Three-R structure of HRV measurement and analysis used in this particular study (Adapted from: 

(Laborde et al., 2017)). 
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The participants’ head movements were measured by analysing the PSD and the MSDV of 

the participant head’s accelerations from the wearable headband accelerometer, a similar 

method that is used to assess the dosage of motion sickness given to the participant through 

the oscillations of the vehicle (see Chapter 0). It is known that motion sickness develops 

because of the involuntary movement of the head in which the vestibular system is located 

(Carriot et al., 2013; Wada, 2016).  

Furthermore, for the participant-based measurement, in this particular study, the viewing 

behaviour of the participants was also quantified by the percentage of reading time (the 

percentage of participants’ eyes directed to the tablet over the whole period of automated 

driving). The viewing behaviour was assessed by using two cameras mentioned in the 

Mobility Lab’s Monitoring System (see Section 4.3.4). Both cameras were used to 

continuously record the behaviour and eye-gazing of the participants for the entire 

experiment. With this measurement, the engagement in the non-driving related task (i.e., 

reading inside a moving automated vehicle) can be evaluated. The range of the percentage of 

the viewing behaviour is between 0% (not looking at the tablet at all) to 100% (looking at the 

tablet at all time). 

Besides the evaluation of viewing behaviour, the participants’ reading performance was also 

evaluated. For each condition, the participants were asked to answer 10 questions regarding 

the content of the reading material which they have to read within the automated driving. The 

total score for the 10 questions is between 0 (no correct answer) and 10 (all answers are 

correct). Each question consisted of four multiple choices of answers. In addition, a separate 

test was done to check the comprehension of the reading material used in this particular study. 

Fourteen different participants (8 males and 6 females) aged between 22 and 36 years old 

(Mean = 27.5 years, SD = 9.0 years) were recruited to answer two sets of questions from the 

reading materials, one comes with the reading text, and another one comes without the 

reading text. The reading task was done in a typical office room. Later, the performance of the 

14 participants of the comprehension test was compared with the performance of the 18 

participants who underwent the automated driving while performing the reading task in this 

particular study. 

7.2.7. Statistical Analyses 

Statistical analyses were performed to check if there are statistically significant differences in 

the dependent variables between the control-condition and the visual-condition. First, 

Shapiro-Wilks test of normality was used, since less than 50 people participated in this study, 

to check if the gathered data's distribution is equal to a normal distribution (Lund & Lund, 

2015). If the data were normally distributed, parametric test in the form of paired sample t-test 

was used in comparing the means between the visual -condition and the control-condition. If 

the data was not normally distributed, a Wilcoxon signed-rank test was used instead (Lund & 

Lund, 2015). For paired samples t-test, outliers were checked. If the outlier values did not 

reveal them to be extreme (less than three times the interquartile range (IQR), either from 
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above the third quartile or below the first quartile of a boxplot), all data were included in the 

analysis (Lund & Lund, 2015). 

In order to check for statistically significant differences for the three conditions (i.e., 

Automated Driving Test ride Quality (ADTQ)), a one way repeated measures analysis of 

variance (ANOVA) was used for the parametric analysis (Lund & Lund, 2015). Mauchly’s 

test of sphericity was applied to check if the differences between the levels of the within-

subjects factor (i.e., the conditions) have equal variances (Lund & Lund, 2015). When the 

Mauchly’s test of sphericity was met (p > 0.05), the “sphericity assumed” value was used to 

determine the result of the one way repeated measures ANOVA. Then, if a significant 

difference was found in the one way repeated measures ANOVA, a post-hoc analysis using 

the paired samples t-test with Bonferroni correction (p < 0.017) was applied. 

Additionally, for the level of experienced motion sickness, the order effects (the effects 

between the sessions) were checked to see whether habituation to motion sickness did occur 

in our study. Therefore, the means of the sessions were compared to test if there were 

statistically significant decreases between Session 1 and Session 2, and between Session 1 and 

Session 3. 

IBM SPSS version 23 (IBM Corp., 2015) was used to perform the statistical analysis. If there 

was no significant difference, a power analysis was conducted using the G*Power software to 

test the probability of making a type II error (β = 20%) (Faul et al., 2007) and determine if the 

test contained a large enough sample size to reject the alternative hypothesis (Lund & Lund, 

2015). 

7.3. Results 

7.3.1. The Consistency of the Test Rides  

The distributions of tri-axial accelerations across the frequency spectrum for all 54 test rides 

were plotted as a function of power spectral density (PSD) in three semi-log graphs (see 

Figure 58). All three conditions showed similar distributions where they were overlapped on 

each other. The accelerations in x- (longitudinal acceleration) and y-directions (lateral 

accelerations) were dominated at below 0.2 Hz while the acceleration in the z-direction 

(vertical acceleration) was peaking between 1 and 2 Hz. The maximum amplitude of the 

lateral acceleration was almost 10 times higher than the maximum amplitude of the 

longitudinal acceleration while the maximum amplitude of the vertical acceleration barely 

exceeded 0.25 ms-4Hz-1. 
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Figure 58: Power Spectral Densities (PSDs) of mean acceleration in x-, y- and z-directions for the control-, 

visual-, and haptic-condition (Source: (Karjanto, Md. Yusof, Terken, et al., 2018)). 

Since motion sickness has been shown to be highly correlated with the low-frequency 

motions (i.e., below 0.5 Hz) (ISO, 1997; Turner & Griffin, 1999b) while the high-frequency 

motions (i.e., above 1.0 Hz) are found to be not provocative to motion sickness (Cheung & 

Nakashima, 2006), only the low-frequency motions of acceleration in longitudinal (x-axis) 

and lateral (y-axis) directions were reflected for the MSDV (see Figure 59). For the whole 15 

minutes of test rides, the MSDVs were similar in the longitudinal acceleration for control-

condition (mean = 3.049 ms-1.5, SD = 0.530), visual-condition (mean = 2.987 ms-1.5, SD = 

0.437), and haptic-condition (mean = 3.092 ms-1.5, SD = 0.410). The MSDVs were also 

similar in the lateral acceleration for control-condition (mean = 8.756 ms-1.5, SD = 1.194), 

visual-condition (mean = 9.028 ms-1.5, SD = 1.187), and haptic-condition (mean = 9.286 ms-

1.5, SD = 0.852). 
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Figure 59: Comparison of mean accumulated squared Motion Sickness Dose Value (MSDV2) between the 

Mobility Lab and the passengers’ head movements in tri-axial directions for the three exposed conditions 

(Source: (Karjanto, Md. Yusof, Terken, et al., 2018)). 

For the Automated Driving Test ride Quality (ADTQ), one way repeated measures 

ANOVA analysis was conducted to determine if there were statistically significant differences 

between the test rides quality, experienced by the participants across the three conditions (see 

Table 23 and Table 24).  

 

Table 23: Descriptive statistics of the measurement of ADTQ. (10-point scale; 1 = very unrealistic, 10 = very 

realistic) (Source: (Karjanto, Md. Yusof, Terken, et al., 2018)). 

Conditions n 
ADTQ Score 

M SD 

Control 18 6.8 1.4 

Visual 18 7.2 1.6 

Haptic 18 7.8 1.7 

 

Table 24: One Way Repeated Measures ANOVA on the ADTQ. 

Source 
Sum of 

Squares 
df 

Mean 

Squares 
F 

p-value 

(two-tailed) 
η2 

Conditions 8.111 2 4.056 3.704 0.035* 0.179 

Error 

(Conditions) 
37.222 34 1.095 - - - 

  * Indicates significant effect (p < 0.050) 
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It was found that there was a statistically significant difference in the test rides quality across 

the conditions. However, further post-hoc analysis done using a paired samples t-test with a 

Bonferroni adjustment revealed that there was no statistically significant difference between 

any of the two paired conditions. 

7.3.2. Motion Sickness  

For the assessment of self-rating motion sickness, the data were independently analysed at 

both stages (Stage 1 and 6, see Figure 53) where the measurements of MSAQ were taken. 

First, the comparison between the means of pre-MSAQ (Stage 1) from the three conditions 

was made to check whether there are differences of MS level among the participants at the 

beginning of the experiment. In addition, the analyses were also done across the sessions, to 

assess whether the habituation to motion sickness occurs because of the exposure to the same 

dosage of motion sickness from the identical motion profiles. Wilcoxon signed-rank tests 

were performed to determine if there were statistically significant differences (two-tailed) for 

the pre-MSAQ score in the pre-experiment (pre-MSAQ) across conditions and sessions. 

However, there was no statistically significant difference found in the pre-MSAQ score either 

across conditions or sessions. Table 25 shows the median and interquartile range (IQR) of the 

pre-MSAQ across conditions and sessions. 

Table 25: Median and IQR for the pre-MSAQ across conditions and sessions. (MSAQ = 100% point scale; 

11.1% = no symptoms, 100.0% = most severe symptoms). 

Pre-MSAQ 

Constructs 

By conditions By sessions 

Conditions Median IQR Sessions Median IQR 

Gastrointestinal 

Control 11.1 (11.1 - 11.1) Session 1 11.1 (11.1 - 11.1) 

Haptic 11.1 (11.1 - 11.1) Session 2 11.1 (11.1 - 11.8) 

Visual 11.1 (11.1 - 11.1) Session 3 11.1 (11.1 - 11.1) 

Central 

Control 11.1 (11.1 - 11.1) Session 1 11.1 (11.1 - 13.9) 

Haptic 11.1 (11.1 - 11.7) Session 2 11.1 (11.1 - 14.4) 

Visual 11.1 (11.1 - 13.9) Session 3 11.1 (11.1 - 11.7) 

Peripheral 

Control 11.1 (11.1 - 11.1) Session 1 11.1 (11.1 - 15.7) 

Haptic 11.1 (11.1 - 15.7) Session 2 11.1 (11.1 - 18.5) 

Visual 11.1 (11.1 - 14.8) Session 3 11.1 (11.1 - 12.0) 

Sopite 

Control 15.3 (13.2 - 20.8) Session 1 16.7 (13.2 - 20.1) 

Haptic 13.9 (11.1 - 17.4) Session 2 13.9 (11.1 - 19.4) 

Visual 13.9 (11.1 - 19.4) Session 3 13.9 (11.1 - 16.7) 

Total 

Control 13.5 (12.3 - 15.3) Session 1 13.9 (12.5 - 14.6) 

Haptic 12.8 (11.8 - 14.1) Session 2 13.2 (12.3 - 15.6) 

Visual 12.5 (11.8 - 14.6) Session 3 12.5 (11.8 - 13.9) 
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Wilcoxon signed-rank tests were performed on the scores for post-MSAQ (Stage 6) to 

determine if there were statistically significant differences in the motion sickness reported by 

the participants between the control-condition and the conditions with the presence of the 

peripheral information system (see Table 26 and Table 27). There was no statistically 

significant difference found for the post-MSAQ total score and its constructs between the 

visual- and control-condition. In fact, the participants indicated that the visual-condition 

induced more motion sickness compared to the control-condition as indicated by higher 

reported median values (see Table 26). Power analysis for the actual sample size of 18 

participants revealed power of 0.06. Since the achieved power was low (< 0.80 (Cohen, 

1988)), a power analysis with a probability of making a type II error (β = 20%) and with large 

effect size (r = 0.5) was conducted for the post-MSAQ total score. The total sample size 

needed for this Wilcoxon signed-rank test was found to be 1940, in order to show any 

significant difference between the post-MSAQ total score for visual- and control-condition. 

Table 26: Median and interquartile range (IQR) for post-MSAQ total score and its constructs for different 

conditions. (MSAQ = 100% point scale; 11.1% = no symptoms, 100.0% = most severe symptoms). 

Post-MSAQ 

Constructs 
Conditions n Median IQR 

Gastrointestinal 

Control 18 19.5 (11.1 – 19.5) 

Visual 18 18.1 (13.2 – 66.0) 

Haptic 18 13.9 (11.1 – 13.9) 

Central 

Control 18 22.2 (18.9 – 61.1) 

Visual 18 26.7 (15.6 – 69.4) 

Haptic 18 18.9 (15.6 – 34.4) 

Peripheral 

Control 18 11.1 (11.1 – 26.9) 

Visual 18 14.8 (11.1 – 20.4) 

Haptic 18 11.1 (11.1 – 23.4) 

Sopite 

Control 18 30.6 (18.7 - 30.6) 

Visual 18 33.3 (19.4 – 67.3) 

Haptic 18 23.6 (18.7 – 40.3) 

Total 

Control 18 23.3 (17.4 – 54.2) 

Visual 18 23.6 (15.3 – 58.7) 

Haptic 18 18.4 (14.9 – 32.1) 
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Table 27: Statistical analysis results for Wilcoxon signed-rank test for comparison between control-condition and 

visual-/haptic-condition for post-MSAQ and its constructs. 

Post-MSAQ 

constructs 
Conditions Z Effect size (r) 

p-value 

(two-tailed) 

Gastrointestinal 

Control 

Visual 
- 0.421 0.07 0.67 

Control 

Haptic 
- 1.767 0.29 0.08 

Central 

Control 

Visual 
- 0.044 0.01 0.97 

Control 

Haptic 
- 1.962 0.33 0.05 

Peripheral 

Control 

Visual 
- 0.851 0.14 0.40 

Control 

Haptic 
- 0.984 0.16 0.33 

Sopite 

Control 

Visual 
- 0.233 0.04 0.82 

Control 

Haptic 
- 1.734 0.29 0.08 

Total 

Control 

Visual 
- 0.305 0.05 0.76 

Control 

Haptic 
- 2.298 0.38  0.02* 

 *Indicates significant effect (p < 0.05) 

 

Wilcoxon signed-rank tests were also performed to determine if there were statistically 

significant differences in the motion sickness reported by the participants between the 

sessions. It is particularly interesting to check whether habituation to motion sickness 

occurred when the participants were repeatedly exposed to the same dosage of motion 

sickness with the same motion profiles (see Table 28 and Table 29). There were statistically 

significant decreases found for the post-MSAQ total score and two of its constructs, namely 

central, and sopite. For the sopite-construct, it was found that both Session 2 and 3 showed a 

statistically significant decrease when compared to Session 1. While for the post-MSAQ total 

score and central-construct, Session 2 indicated a statistically significant decrease from 

Session 1 while Session 3 indicated no statistically significant decrease from Session 1. Power 

analysis for the actual sample size of 18 participants revealed power of 0.40. Since the 

achieved power was low (< 0.80 (Cohen, 1988)), a power analysis with a probability of 

making a type II error (β = 20%) and with large effect size (r = 0.5) was conducted for the 

post-MSAQ total score. The total sample size needed for this Wilcoxon signed-rank test was 

found to be 46, in order to show any significant difference between the post-MSAQ total 

score for Session 1 and 3. 
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Table 28: Median and interquartile range (IQR) for post-MSAQ total score and its constructs for different 

sessions. (MSAQ = 100% point scale; 11.1% = no symptoms, 100.0% = most severe symptoms). 

Post-MSAQ 

Construct 
Conditions n Median IQR 

Gastrointestinal 

Session 1 18 26.4 (13.9 – 62.5) 

Session 2 18 13.9 (11.1 – 65.3) 

Session 3 18 13.0 (11.1 – 25.9) 

Central 

Session 1 18 31.1 (20.0 – 67.2) 

Session 2 18 15.3 (11.1 – 42.4) 

Session 3 18 23.6 (16.7 – 56.3) 

Peripheral 

Session 1 18 16.7 (11.1 – 24.0) 

Session 2 18 20.0 (15.0 – 48.9) 

Session 3 18 22.2 (18.7 – 46.5) 

Sopite 

Session 1 18 38.9 (21.5 – 66.7) 

Session 2 18 21.1 (15.6 – 32.8) 

Session 3 18 17.7 (13.7 – 52.4) 

Total 

Session 1 18 27.4 (18.8 – 57.8) 

Session 2 18 11.1 (11.1 – 14.8) 

 Session 3 18 18.1 (15.3 – 31.1) 

 

Table 29: Statistical analysis results for Wilcoxon signed-rank test for comparison between Session 1 and 

Session 2/Session 3 for post-MSAQ and its constructs. 

Post-MSAQ 

constructs 
Group Z 

Effect size 

(r) 

p-value 

(two-tailed) 

Gastrointestinal 

Session 1 

Session 2 
- 1.011 0.17 0.31 

Session 1 

Session 3 
- 1.399 0.23 0.16 

Central 

Session 1 

Session 2 
- 2.134 0.36  0.03* 

Session 1 

Session 3 
- 1.483 0.25 0.14 

Peripheral 

Session 1 

Session 2 
- 1.183 0.20 0.24 

Session 1 

Session 3 
- 0.051 0.01 0.96 

Sopite 

Session 1 

Session 2 
- 1.847 0.31 0.07 

Session 1 

Session 3 
- 2.205 0.37  0.03* 

Total 

Session 1 

Session 2 
- 2.070 0.35  0.04* 

Session 1 

Session 3 
- 1.587 0.26 0.11 

*Indicates significant effect( p < 0.05) 
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For the HRV measurements (BPM, RMSSD, and HF-component), Wilcoxon signed-rank 

tests were performed to check if whether there was a statistically significant difference in 

motion sickness, indicated by a decrease in BPM or increase in RMSSD and HF-component, 

in the visual- and haptic-condition compared to the control-condition. It was found that there 

were no statistically significant differences in motion sickness for the HRV measurements 

between the control-condition and the condition with the presence of the VPIS (visual-

condition). The median and interquartile ranges (IQR) for the HRV measurements are 

presented in Table 30. 

Table 30: Median and IQR for the difference between stages for the HRV measurements for different conditions. 

Variation Cond. 
BPM RMSSD HF 

Mdn IQR Mdn IQR Mdn IQR 

Reactivity 1 (difference 

between Stage 3 and 2) 

Control 3.50 (-2.5 - 7.0) 10.00 (-0.3 - 59.3) 35.50 (-16.3 – 249) 

Visual 3.50 (1.0 - 7.0) 4.50 (-2.0 - 57.0) -3.00 (-183.0 – 29.5) 

Haptic 3.00 (0.8 - 5.0) 7.00 (-1.5 - 67.3) -3.00 (-183.0 – 29.5) 

Reactivity 2 (difference 

between Stage 4 and 2) 

Control 2.00 (0.50 - 6.5) -0.50 (-3.8 - 10.5) 8.00 (-22.8 – 121.5) 

Visual 3.50 (0.8 - 6.0) 8.00 (-4.0 - 32.3) -9.00 (-249.0 – 93.3) 

Haptic 2.00 (-0.3 - 5.0) 14.50 (-1.0 - 39.8) -4.50 (-42.5 – 182.0) 

Reactivity 3 (difference 

between Stage 5 and 2) 

Control 2.00 (-1.0 - 5.0) 4.50 (-5.3 - 51.0) -86.50 (-174.3 – 29.0) 

Visual 2.50 (0.0 - 4.3) 10.00 (-0.5 - 35.0) -1.50 (-92.5 – 84.3) 

Haptic 1.00 (-2.0 - 4.3) 7.20 (-2.3 - 45.3) -8.00 (-143.8 – 80.1) 

Recovery (difference 

between Stage 6 and 2) 

Control -1.00 (-5.8 - 0.3) 7.50 (-1.5 - 63.3) -30.50 (-79.0 – 108.8) 

Visual 0.00 (-5.0 - 1.3) 0.00 (-3.0 - 7.8) 7.00 (-66.5 – 84.0) 

Haptic -2.00 (-5.5 - 0.5) 0.00 (-6.3 - 7.5) 14.00 (-56.8 – 83.8) 

 

For the HRV measurements, Wilcoxon signed-rank tests were also performed to determine if 

there were statistically significant differences in the motion sickness experienced by the 

participants between the sessions. It is to check whether habituation to motion sickness 

occurred when the participants were repeatedly exposed to the same dosage of motion 

sickness and the same motion profiles. It was found that there were statistically significant 

decreases in motion sickness found in the HRV measurements only for the RMSSD (see 

Table 31 and Table 32). 

Table 31: Median and IQR for the difference between stages for the HRV measurements for different sessions. 

Variation Session 
BPM RMSSD HF 

Mdn IQR Mdn IQR Mdn IQR 

Reactivity 1 (difference 

between Stage 3 and 2) 

1 4.0 (-1.0 – 6.3) 16.5 (0.0. – 39.8) 53.5 (-42.5 - 182.0) 

2 3.0 (2.8 – 5.5) 8.5 (-7.0 – 37.5) 31.5 (-177.0 - 304.5) 

3 3.0 (0.8 – 5.3) 5.0 (-2.0 – 43.3) -4.5 (-27.8 - 144.5) 

Reactivity 2 (difference 

between Stage 4 and 2) 

1 2.5 (-1.0 – 5.5) 20.5 (-0.5 – 47.8) -32.5 (-126.8 - 63.3) 

2 3.0 (0.8 -5.3) 1.5 (-2.8 – 25.8) -40.5 (-182.5 - 9.5) 

3 2.0 (0.5 – 3.5) 4.5 (0.0 – 41.8) 3.0 (-155.5 - 44.8) 

Reactivity 3 (difference 

between Stage 5 and 2) 

1 2.0 (-1.0 – 5.0) 16.0 (-0.5 – 65.8) -32.5 (-126.8 - 63.3) 

2 2.0 (-0.3 – 4.3) 1.5 (-6.8 – 13.8) -47.0 (-116.8 - 1) 

3 2.0 (-1.0 – 3.5) 8.2 (0.8 – 39.3) 18.5 (-81.5 - 93.0) 

Recovery (difference 

between Stage 6 and 2) 

1 -0.5 (-5.0 – 0.3) 0.0 (-6.8 -12.3 ) 6.0 (-32.0 - 235.5) 

2 -1.5 (-5.0 – 2.0) -1.0 (-7.3 – 1.8) 0.0 (-88.0 - 35.8) 

3 -1.5 (-5.3 – 0.3) -0.3 (-0.3 – 10.0) 32.5 (-68.8 - 93.5) 
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Table 32: Statistical analysis results for Wilcoxon signed-rank test for comparison between Session 1 and 

Session 2/Session 3 for differences between stages for RMSSD. 

Variation Group Z 
Effect size 

(r) 

p-value 

(two-tailed) 

RMSSD Reactivity 1 

Session 1 

Session 2 
-0.698 0.12 0.49 

Session 1 

Session 3 
-0.631 0.11 0.53 

RMSSD Reactivity 2 

Session 1 

Session 2 
-1.895 0.32 0.06 

Session 1 

Session 3 
-0.785 0.13 0.43 

RMSSD Reactivity 3 

Session 1 

Session 2 
-2.386 0.40 0.02* 

Session 1 

Session 3 
-1.373 0.23 0.17 

RMSSD Recovery 

Session 1 

Session 2 
-1.394 0.23 0.16 

Session 1 

Session 3 
-0.261 0.04 0.80 

 *Indicates significant effect ( p < 0.05) 

 

Further analysing the BPM measurements (see Figure 60), the pattern of results for each 

condition was about the same at the beginning at Stage 2 (control-condition, mean = 71.3 ± 

10.5 BPM; visual-condition, mean = 73.0 ± 14.5 BPM; haptic-condition, mean = 75.0 ± 14.1 

BPM). Then, the BPM measurements increased and peaked at Stage 3 (control-condition, 

mean = 74.9 ± 8.9 BPM; visual-condition, mean = 76.8 ± 13.1 BPM; haptic-condition, mean 

= 77.6 ± 13.2 BPM) for all the conditions before the readings steadily decreased starting from 

Stage 3 through Stage 4, 5, and 6. The difference in BPM measurement from Stage 2 to Stage 

3 was about 3.6 BPM for the control-condition, 3.8 BPM for visual-condition, and 2.6 BPM 

for the haptic-condition.  

For the RMSSD (see Figure 60), a general trend can be observed for each of the conditions 

that once the driving has begun the RMSSD value increased and finally went back to around 

the baseline’s value once the driving has stopped. For the HF-component (see Figure 60), the 

value fluctuated in regards to different conditions. For the control-condition, the HF-

component increased in Stage 3 and went down after 10 minutes of driving before it increased 

again in the last 10 minutes of the experiment. For the visual-condition, it started to decrease 

in Stage 3 and increased and stabilized in the last 10 minutes of the experiment. For the 

haptic-condition, the HF-component values were fairly stable through the 25 minutes of HRV 

recording. 
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Figure 60: Mean score heart rate in BPM, RMSSD, and high frequency (HF) component of HRV frequency 

domain for the three conditions (control, visual, and haptic). Error bars represent the 95% confidence intervals 

(CI) (Source: (Karjanto, Md. Yusof, Terken, et al., 2018)) 

 

Wilcoxon signed-rank tests were performed to determine if there were statistically significant 

differences in the motion sickness when comparing the head movement of the participants 

between the control-condition and the conditions with the presence of peripheral information 

system. There was no statistically significant difference found between the control- and 

visual-condition. The median and IQR for the head movement’s MSDVs are presented in 

Table 33. In general, the average MSDVs of the head movements were higher than MSDVs 

generated by the movements of the Mobility Lab (see Figure 58). Furthermore, the MSDVs of 

the head movements were almost similar both across the conditions and sessions (see Table 

33). 
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Table 33: Median and interquartile range (IQR) for participant head movement’s MSDV in three directions for 

both across the condition and session (n = 18). 

Constructs n Condition 

By Conditions 

Session 

By Sessions 

Median IQR Median IQR 

MSDVx 

(Longitudinal) 

18 Control 9.4 (7.0 – 12.1) Session 1 10.2 (8.6 – 12.3) 

18 Visual 10.2 (8.1 – 12.8) Session 2 8.9 (6.5 – 14.0) 

18 Haptic 9.3 (7.8 – 11.8) Session 3 10.0 (7.4 – 12.1) 

MSDVy 

(Lateral) 

18 Control 10.3 (8.9 – 12.6) Session 1 10.3 (9.3 – 13.8) 

18 Visual 10.6 (9.6 – 13.2) Session 2 10.2 (9.2 – 13.3) 

18 Haptic 9.9 (9.2 – 13.9) Session 3 10.5 (8.5 – 12.0) 

MSDVz 

(Vertical) 

18 Control 2.8 (2.1 – 3.9) Session 1 3.3 (2.2 – 4.5) 

18 Visual 2.9 (2.8 – 3.2) Session 2 2.8 (2.1 – 3.5) 

18 Haptic 3.1 (2.8 – 3.4) Session 3 2.0 (2.7 – 3.4) 

7.3.3. Situation Awareness and Mental Workload  

All data were normally distributed, and there was no outlier found in the situation awareness 

and mental workload data. Hence, paired samples t-tests were performed to determine if there 

statistically significant differences in the situation awareness and mental workload 

experienced by the participants between the control-condition and the conditions with the 

peripheral information systems (Table 34 and Table 35) 

Table 34: Descriptive statistics of the situation awareness (SART) ((U, D = 21-point scale; 3 = minimum, 21 = 

maximum), (S = 28-point scale; 4 = minimum, 28 = maximum), (Total = 61-point scale; -14 = low, 46 = high)) 

and mental workload (RSME) data. (150 mm scale; 0 mm = absolutely no effort, 150 mm = extreme effort) 

across the three conditions. 

Parameters Conditions n M SD 

RSME 

Control 18 77.9 34.3 

Visual 18 72.7 22.3 

Haptic 18 62.1 27.8 

SART-D (Demand) 

Control 18 11.0 4.5 

Visual 18 8.0 3.5 

Haptic 18 6.7 2.2 

SART-S (Supply) 

Control 18 13.5 2.9 

Visual 18 14.2 2.6 

Haptic 18 16.6 2.3 

SART-U 

(Understanding) 

Control 18 10.2 3.7 

Visual 18 11.2 2.1 

Haptic 18 11.7 2.8 

SART-Total 

Control 18 12.7 5.9 

Visual 18 17.4 5.2 

Haptic 18 21.6 4.5 

 

There was no statistically significant difference found in the score of mental workload 

(RSME) with the VPIS. Power analysis for the actual sample size of 18 participants revealed 

power of 0.11. Since the achieved power was low (< 0.80 (Cohen, 1988)), power analysis 
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with a probability of making a type II error (β = 20%) with a large effect size (r = 0.5) was 

conducted for the mental workload score. The total sample size needed for this paired samples 

t-test was found to be 266, in order to show any significant difference between the control- 

and the visual-condition. 

Table 35: Paired samples t-test on the situation awareness (SART) and mental workload (RSME) score. 

Parameters Group 

Paired Differences 

t df 
p-value 

(two-tailed) M SD 
95% CI of Difference 

Lower Upper 

RSME 

Control 

Visual 
-5.222 28.792 -9.096 19.540 0.770 17  0.452 

Control 

Haptic 
-15.889 35.764 -1.896 33.674 1.885 17 0.077 

SART-D 

Control 

Visual 
-3.000 4.790 0.618 5.382 2.657 17  0.017* 

Control 

Haptic 
-4.333 5.156 1.769 6.898 3.565 17  0.002* 

SART-S 

Control 

Visual 
0.722 3.643 -2.534 1.089 -0.841 17  0.412 

Control 

Haptic 
3.056 3.280 -4.687 -1.424 -3.952 17  0.001* 

SART-U 

Control 

Visual 
1.000 3.144 -2.563 0.563 -1.350 17  0.195 

Control 

Haptic 
1.444 4.706 -3.785 0.896 -1.302 17  0.210 

SART-Total 

Control 

Visual 
4.722 6.893 -8.150 -1.295 -2.907 17  0.010* 

Control 

Haptic 
8.833 7.073 -12.351 -5.316 -5.298 17  0.001* 

*Indicates significant effect (p < 0.050) 

It was found that with the VPIS (visual-condition), the total score of Situation Awareness 

Rating Technique (SART) was rated significantly higher by the participants compared to the 

control-condition (see Table 34 and Table 35). For the demand-construct of SART, it was 

found that the participants experienced statistically significant lower “demand” with the VPIS 

compared to the control-condition. For the supply-construct of SART, the visual-condition 

did not reveal a statistically significant difference in providing the information to the 

participants. Power analysis for the actual sample size of 18 participants revealed power of 

0.17.  Since the achieved power was low (< 0.80 (Cohen, 1988)), a power analysis with a 

probability of making a type II error (β = 20%) and with large effect size (r = 0.5) was 

conducted for the supply-construct of SART. The total sample size needed for this paired 

samples t-test was found to be 125, in order to show any significant difference between the 

control- and the visual-condition. For the understanding-construct of SART, there was also no 

statistically significant difference found between the visual- and control-condition. Power 

analysis for the actual sample size of 18 participants revealed power of 0.24. Since the 

achieved power was low (< 0.80 (Cohen, 1988)), a power analysis with a probability of 

making a type II error (β = 20%) and with large effect size (r = 0.5) was conducted for the 
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understanding-construct of SART. The total sample size needed for this paired samples t-test 

was found to be 84, in order to show any significant difference between the control- and the 

visual-condition. 

7.3.4. Viewing Behaviour and Reading Performance 

There was no outlier found in both viewing behaviour and reading performance data. For the 

viewing behaviour, data were not normally distributed, while for the reading performance, all 

data were normally distributed. Hence, Wilcoxon signed-rank tests (for viewing behaviour 

data) and paired samples t-tests (for reading performance) were performed to determine if 

there were statistically significant differences between the control-condition and the 

conditions with the peripheral information systems (Table 36, Table 37, and Table 38). 

Table 36: Descriptive statistics of the viewing behaviour (100% scale; 0% = not looking at the tablet at all, 

100% = looking at the tablet at all time) and reading performance. (10-point scale; 0 = no correct answer, 10 = 

all answers are correct) across the three conditions and sessions. 

Parameters Conditions n M SD 

Viewing behaviour (%) 

Control 18 71.8 25.4 

Visual 18 74.1 24.3 

Haptic 18 79.0 23.9 

Reading performance  

Control 18 5.9 2.7 

Visual 18 6.1 3.1 

Haptic 18 6.9 3.2 

With reading text a 14 8.7 1.6 

Without reading text a 14 5.5 1.4 

Note: a Separately tested in a room with another 14 participants 

Table 37: Wilcoxon sign-rank test on the viewing behaviour data. 

Group Median IQR z 
Effect size 

(r) 

p-value 

(two-tailed) 

Control 

Visual 

79.09 

81.72 

47.62 - 98.75 

54.39 - 95.03 
-0.719 0.120 0.472 

Control 

Haptic 

79.09 

86.40 

47.62 - 98.75 

67.77 - 95.23 
-1.590 0.265 0.112 

*Indicates significant effect (p < 0.050) 

Table 38: Paired samples t-test on the reading performance data. 

Group 

Paired Differences 

t df 
p-value 

(two-tailed) M SD 
95% CI of Difference 

Lower Upper 

Control 

Visual 
-0.111 2.784 -1.496 1.273 -0.169 17 0.868 

Control 

Haptic 
-0.944 2.796 -2.335 0.446 -1.433 17 0.170 

*Indicates significant effect (p < 0.050) 
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There were no statistically significant differences found in the viewing behaviour between 

control-visual paired conditions. Power analysis for the actual sample size of 18 participants 

revealed power of 0.07. Since the achieved power was low (< 0.80 (Cohen, 1988)), a power 

analysis with a probability of making a type II error (β = 20%) and with large effect size (r = 

0.5) was conducted for the viewing behaviour score. The total sample size needed for this 

Wilcoxon signed-rank test was found to be 963, in order to show any significant difference 

between the visual- and control-condition. For the reading performance, there were no 

statistically significant differences found between control- and visual-condition. Power 

analysis for the actual sample size of 18 participants revealed power of 0.06. Since the 

achieved power was low (< 0.80 (Cohen, 1988)), a power analysis with a probability of 

making a type II error (β = 20%) and with large effect size (r = 0.5) was conducted for the 

reading performance score. The total sample size needed for this paired samples t-test was 

found to be 1676, in order to show any significant difference between the control- and visual-

condition. 

7.3.5. User Experience  

The peripheral information system (VPIS) was assessed subjectively by the participants using 

the User Experience Questionnaire (UEQ). The means, standard deviations, and consistency 

(Cronbach’s α) for both conditions were calculated (see Table 39).  

Table 39: Means and standard deviations on the UEQ results of both peripheral information systems (VPIS and 

HPIS) including the benchmark scores based on Schrepp et al. (2017). (7-point scale; -3 = bad, +3 = good). 

Construct n 

VPIS HPIS Benchmark 

Average 

Scores M SD 
Cronbach’s 

α 
M SD 

Cronbach’s 

α 

Attractiveness 18 0.96 0.87 0.85 1.42 1.10 0.94 1.17 

Perspicuity 18 1.32 0.94 0.64 1.81 0.86 0.53 1.08 

Efficiency 18 1.08 0.92 0.82 1.33 1.10 0.86 0.98 

Dependability 18 1.06 0.83 0.57 1.38 1.04 0.73 1.14 

Stimulation 18 0.94 0.80 0.72 1.60 0.92 0.62 0.99 

Novelty 18 1.21 1.10 0.88 1.61 0.77 0.78 0.71 

The results showed that the reliability for all constructs was acceptable with Cronbach’s α 

being larger than 0.7, except for the perspicuity- and dependability-construct for VPIS. All 

mean values from each construct of the UEQ were above 0.8, indicating that the overall rating 

for each construct was positive. Compared to the benchmark of the UEQ data in Schrepp, 

Hinderks, and Thomaschewski (2017) works from 246 product evaluations with a total of 

9,905 responses, some constructs were evaluated as below average for VPIS (see Figure 61). 
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Figure 61: Visualization of the benchmark with the lines represents the results for the VPIS and HPIS, and the 

coloured bars represent the ranges for the scales’ mean values. 

7.4. Discussion 

7.4.1. Validation and Consistency of the Test Rides 

In general, all the test rides performed by the Mobility Lab showed almost identical 

distributions over the frequency spectrum for all the conditions (control-, visual-, and haptic-

condition) (see Figure 58). These overlapped distributions indicated that the driving wizard 

managed to simulate the same automated driving styles for all the participants consistently. 

The dominant frequencies both in the longitudinal (x-axis) and  lateral direction (y-axis) were 

low-frequency motions that are highly correlated to the development of motion sickness 

(Donohew and Griffin, 2004; Lawther and Griffin, 1987; Turner and Griffin, 1999c). On the 

other hand, the dominant frequency in the z-direction was considered as high-frequency (>1 

Hz) motions that are found to be physically uncomfortable but not a factor that contributes to 

the development of motion sickness (Cheung & Nakashima, 2006). The big difference 

between the amplitude of the accelerations in the longitudinal (2 ms-4Hz-1) and lateral 

direction (16 ms-4Hz-1) was expected since it was intended that the longitudinal (x-axis) 

accelerations were to be kept to a minimum while the lateral (y-axis) accelerations were to be 

manipulated to reach the intended range. In this particular study, the high-frequency motion in 

the vertical direction (z-axis) was contributed by the designated route which was made of 

cobblestone (see Figure 58). Calculation of frequency resulted from direct measurement of 

the cobblestone’s geometry, and the average speed of the vehicle at 30 km/h revealed a 

frequency of 55 Hz. However, due to the vehicle’s suspension system and weight of the 

vehicle, the dominant frequency in the z-direction was found to be much lower. For 

comparison, Griffin and Newman (2004a) also found a similar finding that the vertical 

accelerations were peaked between 1 and 2 Hz with the acceleration magnitude of about 0.25 

ms-4Hz-1. 

MSDVs for all three conditions were quite similar, and this indicated a good consistency in 

providing the dosage of motion sickness to the participants (see Figure 59). The calculated 

MSDV also indicated that the dosage of motion sickness was three times higher in the lateral 

direction (about 9.0 ms-1.5 = considered as mildly to severely dosage of motion sickness) 

compared to the one in the longitudinal direction (about 3.0 ms-1.5 = considered as slightly or 

no dosage of motion sickness) (Griffin and Newman, 2004b). Therefore, the test rides 
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(automated driving) within this study succeeded in making sure the dosage of motion sickness 

was primarily contributed by the lateral accelerations.  

Within this study, it was shown that the MSDV in the lateral direction calculated from the 

accelerometer on the vehicle’s floor (~ 8.7 ms-1.5) and the one from the wearable headband (~ 

11.7 ms-1.5) were different. It showed that the dosages of motion sickness perceived by the 

participants were higher than the dosages of motion sickness generated by the vehicle. The 

higher values of MSDV in the lateral direction (y-axis) might come from the involuntary head 

movement of the participants when subjected to lateral accelerations. Besides the instruction 

to perform the reading task, no other instructions were given. Therefore, the participants were 

naturally thrown towards the centrifugal direction when the lateral accelerations were 

imposed. Even though in the visual-condition the participants were informed regarding the 

navigational intentions of the vehicle from the VPIS, there is neither restraint nor active 

strategy from the participants in preventing the head from involuntarily being thrown in the 

centrifugal direction. It has been shown that passengers inside a moving vehicle who have no 

control over the movement of the vehicle in the centrifugal direction (i.e., unlike the driver 

who holds the steering wheel and actively control the vehicle’s dynamics) are more 

susceptible to motion (Rolnick & Lubow, 1991; Wada, 2016; Wada et al., 2012). This 

phenomenon is explained by Carriot et al. (2013) who did a study on motion sickness with 

primates. They explained that vestibular and cerebellar neurons, the neurons that associated 

with motion sickness, only react in involuntary head motions but not in voluntary head 

motions. 

For the Automated Driving Test ride Quality (ADTQ) rating using the 10-point scale, the 

analysis found a statistically significant difference between the three conditions.  However, 

further post-hoc analysis on the ADTQ’s scores between the conditions revealed no 

statistically significant difference with the application of Bonferroni correction. Furthermore, 

by analysing the mean values, it can be seen that the differences between the scores for each 

condition were small. This finding revealed that the test rides were subjectively felt similar in 

every condition. Nonetheless, these results should be interpreted with caution due to the fact 

that none of these participants had any real experience in driving/riding automated vehicle 

prior to participating in this study. The lowest average score was found to be 6.8 (out of 10), 

and this indicated that the simulated defensive automated driving style was generally 

preferred by the participants as similarly found in previous studies (Basu et al., 2017; Yusof et 

al., 2016). 

7.4.2. Motion Sickness Assessment – Effect of Conditions     

Motion Sickness – MSAQ. There was no significant difference for MSAQ scores between 

the control-and visual-condition (see Table 26 and Table 27). It was found that with the VPIS 

(visual-condition), participants did not experience lower motion sickness than when the VPIS 

was not present (control-condition).  
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In our previous study in Chapter 6 (see Section 6.3.2), we found a statistically significant 

decrease in the motion sickness from the score of post-MSAQ and its constructs with our 

peripheral information system called Peripheral Visual Feedforward System (PVFS). 

However, the PVFS was mounted on each side of the television display which was located 

about 1.2 m from the participant. In the current study, the location of the VPIS was much 

closer to the participants. In addition, the given non-driving related task in the last study 

(Chapter 6) was watching a video on the television display. Hence, there might be 

possibilities that the location where the peripheral information system was placed (Kuiper, 

Bos, & Diels, 2018) and the non-driving related task might play a crucial role in determining 

the experienced level of motion sickness.  

The VPIS was built on the idea of notifying and alerting the participants in a more passive 

approach. Meaning that VPIS informs the user about the navigational intention of the vehicle 

and consequently the user has to initiate an action to adjust his/her body according to the 

induced lateral acceleration. However, the movement of the lights from the LEDs and the live 

display from the 4” screen, along with performing the reading task might amplify the 

development of motion sickness. It was suspected that the multi-movements that were 

presented in front of the participants’ field of view induce a phenomenon called Visually 

Induced Motion Sickness (VIMS). VIMS is technically a different kind of vestibular-visual 

conflict than a typical motion sickness but is also characterised by similar symptoms such as 

nausea, headache, fatigue, and drowsiness (Bos, 2011; Lawson, Graeber, Mead, & Muth, 

2002). VIMS develops when an observer is in a stationary position, or at least the vestibular 

detects that the human is static (i.e., being driven on a constant speed) but at the same time the 

human is being exposed to moving visual images (Diels & Howarth, 2013). These moving 

visual images induce the illusionary sensation of self-motions also known as “vection” 

(Dichgans & Brandt, 1978). Hence, VIMS might explain why in certain post-MSAQ-

constructs, visual-condition indicated higher motion sickness compared to the control-

condition (see Table 26). 

Motion Sickness – HRV. From the statistical analyses of the HRV measurements, no 

statistically significant differences were found between the control-condition and the visual-

condition. Further analysis of the BPM measurement revealed the same trend shown by the 

participants in each of the exposed conditions. All the BPM measurements were increased 

rather sharply in Stage 3 before gradually stabilizing in Stage 4 and 5 and decreasing in the 

final stage (Stage 6) (see Figure 60). Past study from literature reviews has shown that BPM 

is positively correlated with motion sickness severity (Cowings, Suter, Toscano, Kamiya, & 

Naifeh, 1986; Himi et al., 2004; Stout, Toscano, & Cowings, 1995). In our study, the average 

recorded BPM in Stage 3 was 74.9 for the control-condition and 76.8 for the visual-condition. 

Cowings et al. (1990) in their study found that a BPM value of 77 indicated mild motion 

sickness while a value of 87 indicated severe motion sickness experienced by the participants. 

Therefore, the level of motion sickness experienced by the participants of this study was at the 

mild-level, and the VPIS did not decrease the experienced motion sickness based on the 

measured BPM values.  
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For the RMSSD and HF-component, no statistically significant differences were found 

between the two conditions, indicating that changes in the PNS activity between the 

conditions were minimal. In general, past studies showed that the development of motion 

sickness is usually indicated by the PNS withdrawal (Chin-Teng Lin et al., 2011; Cowings et 

al., 1986; Hu et al., 1991; LaCount et al., 2009). A recent study with virtual reality that 

elicited cyber-sickness also indicated a reduction in RMSSD (Gavgani et al., 2017). However, 

in our findings, the average values of RMSSD were increased during the driving stages (Stage 

3 to Stage 5) and decreased back to the baseline measurement when the vehicle was stopped 

(see Figure 60). Increases in PNS indicated “rest and digest” activity, or in other words, the 

participants became more relaxed and possibly sleepy. 

One of the explanations could come from the experimental setup of this particular study 

compared to other studies that also induced motion sickness to the participants. Most of past 

motion sickness inducing studies involved the participants keeping their head still and looking 

straight inside a rotating drum (or optokinetic drum) (Sjors & Dahlman, 2014). Alternatively, 

in some other studies, the participants have to endure a virtual ride such as on a rollercoaster 

(Gavgani et al., 2017). Both of these two types of motion sickness inducing studies found a 

withdrawal in PNS (decrement in RMSSD) during the exposure. However, in this particular 

study, the participants were instructed to perform a reading task while sitting comfortably on 

a cushioned seat inside an air-conditioned vehicle and being driven with low-frequency 

motions. From the HRV analysis, we found that the PNS was increased (increment in 

RMSSD) pointing to the presence of sopite-related syndrome (e.g., sleepiness, drowsiness) 

which is also one of main motion sickness symptoms (Gianaros et al., 2001) although it is 

often not recognized as such (Lackner, 2014). Recently, a study was done by Foster (2017) 

whose setup was similar to ours. She investigated the symptoms of motion sickness related to 

sopite syndrome. In her study, the participants were asked to comfortably sit upright on a 

chair with a vacuum cushion and foam blocks. The chair was fixed on a movable platform 

that moves back and forth in low-frequency sinusoidal linear accelerations. Although no 

statistically significant differences were found, she discovered something similar to us in 

which the RMSSD values were higher in the exposure stage compared to the RMSSD values 

in the baseline condition. 

Moreover, in this study, there was no measurement of sympathetic nervous system (SNS) 

activities. Therefore, we cannot conclude that while the changes in the PNS were being 

measured to indicate the development of motion sickness, nothing happened to the SNS. 

Measuring SNS is not a straightforward task as there is no direct indicator from the HRV 

analysis. Muth (2006) explained that PNS withdrawal is a response in preparation for a 

defensive stance or escape from the potential threat such as motion sickness. He further 

mentioned that the flow of the blood would be directed to the other parts of the body (e.g., 

heart) in accordance with the “flight or fight” response (activation of the SNS). Some of the 

past studies (i.e., Naqvi, Badruddin, Malik, Hazabbah, and Abdullah (2013) and Selvaraj et al. 

(2008)) used the understanding that SNS is highly correlated with the LF-component of HRV 

and the ratio of LF/HF is the autonomic balance between the PNS and SNS. However, experts 
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from HRV analysis, such as Billman (2013) and Laborde et al. (2017) criticized the loose 

relationship between the low-frequency (LF) component and the activities of the SNS. It is 

because the LF-component is not merely composed of the SNS’s activity but rather also the 

mixture of other markers such as the PNS’s activity and thermoregulation’s activity (Billman, 

2013; Laborde et al., 2017). Billman (2013) has also pointed out that the relationship between 

the PNS and SNS is not always linear. In addition, both the PNS and SNS can affect each 

other when operating (Muth, 2006) and can also co-activate and co-deactivate at the same 

moment of time (Berntson et al., 1991). Therefore, within the current study, although the 

activities of the PNS have been shown to increase, there is a possibility that the SNS was also 

activated, but it cannot be proven since it was not measured.  

7.4.3. Motion Sickness Assessment – Effect of Sessions    

Comparison of the post-MSAQ scores between the sessions (see Table 29) indicated the 

possibility of the presence of adaptation to motion sickness particularly in the post-MSAQ 

total score and two of its constructs namely central and sopite. A trend was found in which the 

post-MSAQ score for Session 1 was always the highest while Session 2 and Session 3 were 

about the same or not much of a difference (about 15% reduction from Session 1 to Session 2 

for the central-construct, and about 18% to 21% reduction for the sopite-construct from 

Session 1 to Session 2 and from Session 1 to Session 3). In terms of the HRV measurements, 

there were no statistically significant differences (except one for RMSSD from Session 1 to 2 

in Reactivity 3 (see Table 32)) to firmly support the statement that adaptation effect truly 

occurred in this study. Analysing the medians of the reactivity stage of the HRV 

measurements did not show a uniform pattern (see Table 31). However, in general, Session 3 

always indicated the lowest value compared to the other two sessions.  

Adaptation to motion sickness is a weakening of a response over time when being 

continuously exposed to a stimulation (Schmal, 2013). In addition, adaptation to motion 

sickness is only specific to the repeated stimulation that someone is exposed to, and it can 

only occur when the head or body movements are involved (Schmal, 2013). Graybiel and 

Lackner (1983) also found in their study that repetitive exposures to the same motion resulted 

in adaptation over time. In this study, the general pattern of the experienced motion sickness 

in the first session was always the highest, and the last session was always the lowest. 

Therefore, in particular, the effect of the peripheral information system (VPIS) and in general 

the effects of different conditions may have been weakened. Since all of the participants 

experienced the same dosage of motion sickness in every condition (i.e., control-, visual-

condition) or motion sickness stimulation (as shown in Section 7.4.1), therefore ideally the 

participants should also yield different reactions according to the conditions they were 

exposed to. In this study, each participant was subjected to three different conditions on three 

different days. Even though a precaution measure was taken by restricting at least three days 

apart between the two consequent sessions, the effect of adaptation to motion sickness might 

still have taken place. Three days intersession was based on a study with repeated exposure to 

motion sickness stimulus that found that humans returned to resting level after 48 hours (Hu 
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& Hui, 1997). The reason for adaptation to motion sickness might be because, for all the three 

conditions, the participants were exposed to an identical route and motion profile. Therefore, 

participants might show fewer symptoms of motion sickness in the later sessions compared to 

the first session, which would weaken the effect of VPIS, if any.      

7.4.4. Situation Awareness and Mental Workload Assessment  

In general, from the self-rating measurement, the level of situation awareness of the 

participant regarding the navigation intention of the automated vehicle while being driven 

autonomously showed higher scores with the presence of the peripheral information system 

compared to without any given information. The total score of SART and one of its construct 

(i.e., “demand”) indicated statistically significant decreases while the “supply” and 

“understanding” construct did not reveal any statistically significant difference. This suggests 

that the increased level of situation awareness might not be due to a better understanding 

produced from the presence of the peripheral information system (visual-condition). Rather, 

within the control-condition, the participants might need to pay more attention and 

concentrate more compared to the visual-condition. This suggests that less effort and 

concentration was required when there were changes in terms of lateral motions of the vehicle 

with the presence of VPIS. 

On the other hand, there was no statistically significant difference in the supply-construct for 

the same comparison. Digesting information from the light movement generated by the VPIS 

and interpreting the information on how to adjust oneself according to the immediate force 

might be harder to be executed. This interpretation is supported by a study done by Young, 

Salmon, and Cornelissen (2013). They found that drivers with visual distractions (a visual 

detection task, an extension of the peripheral detection task) were found not to perceive less 

information from the driving situations, but their attention was divided into driving and 

focusing on the required task. Nevertheless, in the previous study in Chapter 6, we found a 

statistically significant increase for the supply-construct with our previous Peripheral Visual 

Feedforward System (PVFS) (see Section 6.3.3). As mentioned before, the PVFS was 

designed to provide peripheral information about the upcoming actions of the automated 

vehicle while the occupants were watching a video, and the PVFS was mounted at the left and 

right sides of the television display. Thus, there might be possibilities that types of non-

driving related task and differences in the distance of where the  peripheral information 

system is located could affect the effectiveness of the visual-based peripheral information 

system. 

Finally, the interpretation that participants experienced higher situation awareness is 

supported by generally lower mental workload indicated by the mean scores of RSME (see 

Table 34). Compared to a study done by Selcon, Taylor, and Shadrake (1992), they also found 

that a visual type of warning is more attentionally demanding than an auditory or a combined 

visual-auditory warning. In spite of that, the mean score for the control-condition was higher 

than for the visual-condition, indicating that VPIS reduced the mental workload of the 
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participants. Yet, the calculation of power analysis indicated that larger sample size (about 

266) would be needed to support this statement.  

7.4.5. Viewing behaviour and reading task assessment 

The assessment of viewing behaviour was performed to check how long the participants were 

able to keep reading by maintaining their eyes on the tablet during the automated driving 

stages (Stage 3 to 5). The need to look outside, by the participants who are reading inside a 

moving vehicle, is to avoid getting motion sickness because of the experienced sensory 

mismatch (Diels, 2014; Turner & Griffin, 1999c). Comparison of the two conditions revealed 

that there were no statistically significant differences in terms of viewing behaviour. 

However, by inspecting the results (see Table 36), it can be seen that generally, participants 

were focusing more on the reading materials in the conditions with the peripheral information 

systems that in the control-condition. Nevertheless, high standard deviations were found in 

the results indicating high variances of viewing actions among the participants (up to 50%) in 

the control-condition. With the VPIS, although this particular peripheral information system 

is equipped with 4” screen to show the windshield-view (see Section 7.2.3), the viewing 

behaviour was not much different than without the peripheral information system (control-

condition). This finding is partly supported by the statistically significant difference found in 

the “demand” construct in the SART analysis, showing that participants had less need to look 

outside in order to increase situation awareness regarding the motion of the vehicle.  

For the reading performance, the assessment was meant to evaluate the level of 

comprehension of the participants in performing reading as a non-driving related task. 

Analysis indicated no statistically significant differences both across the conditions and across 

the sessions. The average scores were quite similar across the three conditions (5.9 to 6.9 out 

of 10) and three sessions (6.1 to 6.6 out of 10). A separate study was done to benchmark the 

performance of the participants of this study. Fourteen different participants were recruited to 

answer sets of questions from the same reading materials used in this study. Inside a 

designated room, the 14 participants were requested to answer one set of questions without 

ever reading the reading materials while for the other set of questions, the participants were 

allowed first to read the reading materials. For “reading with text”, the 14 participants scored 

an average of 8.7 (SD = 1.6) while for the “reading without text”, the 14 participants scored 

an average of 5.5 (SD = 1.4). Comparison of performance between “reading with text” (Mean 

= 8.7, SD = 1.6) and the performance from the three conditions for this study (Mean = 

between 5.9 and 6.9, SD = between 2.7 and 3.1) indicated that reading inside a moving 

automated vehicle might require higher mental workload compared to reading in a static 

environment (inside a room). In order to support this statement, however, a comparison 

between experienced mental workload between reading inside a moving vehicle and a static 

room cannot be made since the measurement of RSME was only taken for the conditions 

inside a moving vehicle but not for inside a static room.  



141 

 

However, comparing the results from “reading with text” and “reading without text” revealed 

the potential weakness of the questions from the reading material. In this study, the 

probability of answering the right answer is about 25% as the question comes with four 

options of answers and only one option is the correct answer. The finding of “reading without 

text” showed that there was a possibility that the given questions for the comprehension test 

can be guessed without ever needing to read the reading materials as indicated by the average 

score of 5.5 or 55%. For example, one of the sets of questions was asked, “With pointed 

fangs, I sit and wait; with a piercing force I crunch out fate; grabbing victims, proclaiming 

might; physically joining with a single bite. What am I?” (Reader’s Digest, 2018). The 

available answers to be chosen are “A cobbler”, “A butler”, “A stapler”, and “An assembler”. 

Without reading the text, a participant might choose “A stapler” as the answer as the question 

is more like a general riddle rather than a comprehension question.  

7.4.6. Peripheral Information System Assessments 

For the assessment of user experience based on the UEQ results, the mean scores of 0.8 

indicated a positive experience in using the product (Rauschenberger, Schrepp, Perez-Cota, 

Olschner, & Thomaschewski, 2013). The benchmark evaluation was done to assess the 

peripheral information systems with other products that also applied the UEQ as a 

measurement of user experience. It is also a simple tool to evaluate whether the peripheral 

information systems will be successful or not in the market (Schrepp et al., 2017). For the 

VPIS (see Figure 61), three constructs (i.e., attractiveness-, dependability-, and stimulation-

construct) were “below average” if they were compared with the data gained from Schrepp et 

al. (2017). Low attractiveness-construct scores indicated that VPIS is less enjoyable and 

pleasing to be used, low dependability-construct scores indicated the participants could not 

predict the behaviour of the system while low scores in stimulation-construct indicated that 

participants were less excited in using the VPIS. On the other hand, the participants believed 

that VPIS was innovative and creative as shown in “good” evaluation benchmark for the 

novelty-construct. In addition, the participants also indicated that VPIS was easy to 

understand and get familiar as shown by “above average” perspicuity-construct. This 

statement was supported by the finding of “above average” efficiency-construct which 

indicates that the users can interact efficiently and practically with the product.   

7.5. Concluding Remarks 

In this study, the realization of the automated driving test rides was consistently achieved as 

shown by the Motion Sickness Dose Values (MSDVs) in the tri-axial direction. In addition, 

from the Power Spectrum Density (PSD), the motions of interest in longitudinal (y-axis) 

direction were realised in the low-frequency region, which has been proven to be inducing 

motion sickness.  

There were no statistically significant differences found between the control- and visual-

condition (with Visual Peripheral Information System (VPIS)) in terms of motion sickness 

assessment. With the presence of VPIS, the experienced motion sickness when reading inside 
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a moving automated vehicle seemed to be exacerbated with the presence of a small 

windshield-view display placed on top of the reading material in addition to lights movement 

that shows the navigational intention of the vehicle. When comparing the results between the 

consequent sessions, adaptation to motion sickness was found likely to occur. It is believed 

that it happened because the participants were allowed to access the outside view of the 

vehicle and also the same motion profiles were used throughout the three conditions.  

 

In general, according to the results of a self-rating questionnaire, VPIS managed to increase 

the situation awareness regarding the navigational intention of the automated vehicle. 

However, this statement needs to be interpreted with caution as although “demand” of 

situation awareness showed statistically significant decreases with the presence of VPIS, the 

“supply” and “understanding” of situation awareness did not indicate any statistically 

significant differences when compared to control-condition. This result is aligned with the 

finding that required mental workload did not show any statistically significant difference 

between the two conditions. In addition, the percentage of viewing behaviour and the score of 

reading performance indicated no statistically significant differences between the visual- and 

control-condition. Therefore, these results point to the conclusion that VPIS did not 

sufficiently improve the situation awareness regarding the navigational intention of the 

automated vehicle. Passengers were still acquiring information through the windows of the 

vehicle and cannot be fully immersed in performing the reading task inside a moving 

automated vehicle. In terms of user experience, VPIS was seen as easy to be used although 

the aesthetics values can be improved.  

7.5.1. Limitations and Next Studies 

This study was done with a high ecological validity that is based on real driving situations, in 

which the participants were tested in a situation that depicts the real automated driving 

scenario. Thus, drawbacks such as difficult to maintain experimental parameters were 

expected compared to a study done in a driving simulator. Therefore, situations such as 

unexpected behaviour of other road users are hard to be avoided. For example, the driving 

wizard of Mobility Lab might intuitively slow down the vehicle when there is a pedestrian 

who wants to cross over the road on a rainy day, whereas a real automated vehicle might not 

react the same way.  

It was found in this study that there were possibilities that adaptation to motion sickness 

probably has occurred. In order to avoid the adaptation and truly assess the effects of 

interventions in within-subject for motion sickness related studies, future experiments need to 

be designed such that the MSDVs are controlled and set to a specific value, but the route can 

be varied. However, changing another parameter (i.e., route) might produce different 

unexpected effects. 

 

In this study, RMSSD was analysed with a time-segment of 5-minutes, but a recent study 

found that typical 5-minute time segments might result in losing the dynamical information of 
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the HRV (Zhang et al., 2015). Instead, they propose 1-minute time segments to provide a 

more accurate dynamical change in cardiac activity. In addition, in this study, the frequency 

domain analyses were performed using the well-known Fast Fourier Transform (FFT). A 

newer technique called autoregressive (AR) is now gaining interest as FFT has been shown to 

overestimate the HF-component when compared to AR technique (Badilini, Maison-Blanche, 

& Coumel, 1998; Pichon, Roulaud, Antoine-Jonville, de Bisschop, & Denjean, 2006). 

 

Future work should be looking at the potential negative effect that VPIS has yielded in this 

study. Special attention needs to be given to the occurrence of Visually Induced Motion 

Sickness (VIMS) especially when using visual as a modality for a peripheral information 

system. In addition, it is also interesting to look at new prototypes that include a mechanism 

that is actively supporting the involuntary head movement of the passengers. Hence, the 

passengers are not only aware of what is happening in terms of the navigational intention of 

the automated vehicle, but also do not have to adjust their heads in the opposite direction of 

the centrifugal force in order to prevent motion sickness from developing.      
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Part IV: Conclusions 
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 Conclusions, Limitations, and Future Work 

In this chapter, we summarise our contributions, conclude our research by answering the 

formulated research goals and methodological research questions, reflect on the limitations of 

the research, and discuss the future work in this research.  

8.1. Contributions 

On a general level, with this thesis, we contribute to a better understanding of the future users 

of fully automated vehicles especially when they are performing non-driving related tasks 

while being driven in an automated mode. The findings from this thesis can also serve as 

guidelines in making a better cabin’s interior and suspension system for automated vehicles 

with the aim to improve its occupants’ situation awareness regarding the vehicle’s navigation 

and consequently mitigate motion sickness.  

Based on the studies done on the theoretical backgrounds and past studies (Part I, Chapter 2), 

we found opportunities to study the effects of peripheral information systems, specifically 

using visual as the modality, in improving user experience in fully automated driving. In order 

to achieve that goal, first, we developed a reliable and consistent automated car simulator on 

real roads, called Mobility Lab, which provides a test setup in automated-driving related 

studies (Part II). In doing so, we also contribute to new experimental designs and system 

architectures especially on performing user-centred studies that focus on real road automated 

driving experience. In Part III of this thesis, two peripheral information systems were 

described; one is the Peripheral Visual Feedback System (PVFS) that was implemented when 

the automated vehicle’s occupant was watching a movie/video and the Visual Peripheral 

Information System (VPIS) that was implemented when reading in fully automated driving. 

In this part of the thesis (Part III), we contribute to the understanding of the level of situation 

awareness and motion sickness of the occupants inside an automated vehicle subjected to 

low-frequency motions while engaging in non-driving related activities.  

Three detailed research questions were formulated to address the goal at the beginning of this 

research. Here, results from our studies were used to answer the research questions. 

a) How to allow the occupants of an automated vehicle to engage in the non-driving 

related task (e.g., watching a video/movie or reading) while still getting the 

information regarding the navigational intention of a fully automated vehicle? 
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Answers:  

Studies on full automated driving indicated that future occupants want to engage in 

activities that they prefer whenever automation takes control (Karlsson & Pettersson, 

2015; Kyriakidis et al., 2015; Schoettle & Sivak, 2014). Top preferred activities, for 

example, watching a movie/television and reading, use the visual sense as the primary 

interaction. In order to let the occupants of a fully automated vehicle perform their 

preferred non-driving related task while retaining a high level of situation awareness 

and not suffering the effects of motion sickness, we want to explore the possibilities of 

utilizing the peripheral vision and area close to the focal vision.  

To answer the research question, we presented two peripheral information systems with 

the aim to manipulate the area close to the focal vision that is primarily used to attend 

the preferred non-driving related task. Future occupants of a fully automated vehicle can 

capitalize on the usage of peripheral visions which they usually apply to monitor 

secondary tasks in manual driving (e.g., monitoring curbs on the side of the road). Our 

idea is to present the immediate navigational intention of the automated vehicle into 

symbolic representations that can be intuitively understood by the users/occupants of a 

fully automated vehicle. The information is presented in an unobtrusive way in the 

periphery area of vision (Chapter 6) and attention (Chapter 7) so that the 

users/occupants can do their preferred task, watching a movie/video (Chapter 6) or 

reading (Chapter 7), while still being aware of the intention of the automated vehicle.  

Both of the peripheral information systems were developed according to the guidelines 

provided by the works of Matthews et al. (2004) and Pousman and Stasko (2006) on a 

peripheral information system or also known as “peripheral display”. In Chapter 6, we 

explored the use of moving LEDs to deliver immediate navigational intention of a fully 

automated vehicle three seconds prior to the corner/turning. The moving LEDs were 

also diffused compared to direct flashing to make the users aware rather than 

interrupting their primary activity. In addition, the colour and positioning of the PFVS 

were also considered. In Chapter 7, we extended the concept that was developed in 

Chapter 6 and applied it on a different non-driving related task (reading). Based on the 

encouraging results in our exploration study (van Veen et al., 2017), a peripheral 

information system that is much closer to the user was explored. In this chapter, we 

explored the possibilities of placing smaller sets of moving LEDs in the vicinity of the 

reading’s material. In addition, a new feature in the form of 4.0 inches display showing 

a live video of windshield-view was also placed on top of the reading material. This 

small display was designed to eliminate the need to look outside of the vehicle in order 

to gain awareness of the vehicle’s movement.  

b) What will happen to the level of motion sickness and situation awareness of the 

occupants of an automated vehicle if they are engaging in a non-driving related task 
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(e.g., watching a video/movie or reading) during the fully automated driving with and 

without the implementation of a peripheral information system?  

Answers:  

From the outcomes of the studies done in Chapter 6 and 7, we showed that it did not 

take long (10-15 minutes) to make future users of an automated vehicle to experience 

mild motion sickness especially when the automated vehicle is driving through low-

frequency lateral motions. An example of a possible scenario is such as when driving on 

the winding roads and suburban-type of roads (e.g., roads with frequent intersections 

and corners and roads with a lot of hills).    

In the first study (see Chapter 6), low-frequency lateral motions were given to the 

occupants of an automated vehicle for about 9 to 10 minutes. Inside the moving 

automated vehicle, they were asked to engage in watching a video/movie. Results from 

the self-rating questionnaire (MSAQ; Gianaros et al., 2001) indicated that, with the 

PVFS which function is to increase the situation awareness regarding the navigational 

intention of the automated vehicle, participants experienced minimal motion sickness 

(Karjanto, Md. Yusof, Wang, et al., 2018). Without the presence of the PVFS, the 

participants experienced ten times more sickness when the results of the post-

experiment assessment were compared with the pre-experiment assessment. In terms of 

heart rate measurements in beats per minute (BPM), although no statistically significant 

difference was found, the average BPM during the automated driving stage without the 

PVFS was higher compared to with the PVFS.  

In the second study (see Chapter 7), low-frequency lateral motions with a higher dosage 

of motion sickness were given to the occupants of an automated vehicle when they were 

engaging in a reading activity for about 15 minutes. From the self-rating questionnaire 

(MSAQ; Gianaros et al., 2001), with and without any intervention from the Visual 

Peripheral Information System (VPIS), the participants experienced almost double the 

amount of motion sickness in the post-experiment assessment compared to the pre-

experiment assessment. It was shown before that reading in a moving vehicle with low-

frequency motions produced higher motion sickness when compared to other non-

driving related tasks such as watching a movie/video (Kato & Kitazaki, 2006, 2008; 

Schoettle & Sivak, 2009). In this study, our peripheral information system did not 

manage to mitigate the developed motion sickness, in fact, the moving images from the 

display and LEDs might contribute to the development of a different phenomenon, but 

same symptoms called Visually Induced Motion Sickness (VIMS) (Diels, 2008) 

In both studies (Chapter 6 and 7), the level of situation awareness regarding the 

navigational intention of the automated vehicle was measured using a self-rating 

questionnaire (SART; Taylor, 1990). When the peripheral information systems were 

implemented (PVFS and VPIS), the recorded situation awareness was higher than what 

was reported without the presence of the peripheral information systems (see Section 
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6.3.3 and 7.3.3). However, further analysing the results revealed that the increased 

situation awareness was not because of a better understanding caused by the presence of 

the peripheral information systems. Rather, without the presence of the peripheral 

information systems, the users might need to pay more attention and be more 

concentrated when compared to the situation where the peripheral information systems 

were presented. This was supported by results from the analysis of self-rating mental 

workload (RSME; Zijlstra, 1993) which showed a higher mental workload was required 

when the peripheral information systems were absent.  

c) If a peripheral information system was used to enhance the situation awareness and 

avoid the development of motion sickness, what will happen to the non-driving 

related task and user experience? 

Answers:  

When watching a video/movie inside a moving automated vehicle as a non-driving 

related task (see Chapter 6), the participants indicated that PVFS managed in delivering 

direct and fast information, with some mental effort required. This claim was supported 

by the assessment of the “reaction time” of the participants to the given information by 

the peripheral information system (see Section 6.3.3 and 6.3.4).   

When the participants were asked to perform a reading task, the “viewing behaviour” 

for both situations, with and without the presence of the VPIS, did not show any 

significant differences, although, with the VPIS, 5% less was recorded. The same can be 

said about the performance or quality of the reading task. In both situations, with and 

without the VPIS, the participants scored about the same average (6 correct answers out 

of 10 questions).   

From the results of benchmark evaluation of self-rating questionnaire (UEQ; Laugwitz 

et al., 2008; Schrepp et al., 2017), using PVFS while watching a video/movie inside a 

moving automated vehicle was considered efficient and easy to be understood (see 

Table 39). Although most of the participants thought PVFS was attractive and 

innovative, they also perceived PVFS as less exciting to be used (see Table 39). 

Whereas, for the VPIS, the attractiveness, dependability, and stimulation were regarded 

as below average if it was compared with the UEQ benchmark. However, VPIS was 

considered to be easy to be understood and efficient while also inventive (see Table 39). 

To answer the methodological research questions (Section 1.2), we began with the 

development of Mobility Lab. It started with the understanding of the driving styles of human 

drivers and also the projected driving styles of the fully automated vehicles. These were 

realised in Part II of this thesis (see Chapter 3 and 4).  
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a) How many types of driving style an automated vehicle will be operated (e.g., comfort 

and sports driving style)? And, how the future occupants of an automated vehicle will 

react when being driven by the different types of driving styles of an automated vehicle? 

Answers:  

There have been discussions on what kind of driving styles an automated vehicle will be 

operated in the future, such as the needs for the automated vehicles to exceed a bit of 

speed limit in order  to imitate human driver’s norm on the road (Miller, 2014) and to be 

more aggressive and not too polite in order not to be bullied by human-operated 

vehicles (Gray, 2014). Essentially, the idea is to humanize automated driving to suit 

various human preferences (Rayasam, 2015). In the future, there could be mode buttons 

for driving styles on automated vehicle’s control panel that represents “sports” 

(assertive and aggressive), “economy” (efficient), and “comfort” (defensive and 

cautious) driving mode (Jaffe, 2015). There were also studies that tried to formulate 

automated vehicle driving styles based on the outcomes of learning from human 

drivers’ driving style, for example from actual self-demonstrations from human drivers 

(Kuderer et al., 2015) and simulation driving using vehicle simulator (Basu et al., 2017).  

In Chapter 3, we defined the types of automated driving by first understanding the types 

of human driving styles (Karjanto, Md. Yusof, Terken, Hassan, et al., 2017). We found 

that there are four similar domains of driving styles, in line with the findings from the 

two previous studies using MDSI in Israel (Taubman-Ben-Ari et al., 2004) and 

Netherlands (Hooft van Huysduynen et al., 2015). Then, we proposed three driving 

styles with different ranges for longitudinal acceleration and deceleration, and lateral 

acceleration (Karjanto, Md. Yusof, Terken, Delbressine, et al., 2017). Two driving 

styles named “assertive automated driving style” and “defensive” were developed based 

on human drivers’ need for sensation-seeking and also the third driving style named 

“LRT automated driving style” which was based on the Light Rail Transit (LRT) or 

train (Le Vine et al., 2015). The LRT system could be used as a guideline because of the 

way it drives made the non-driving related activities possible inside a traveling vehicle.    

In the latter part of Chapter 3, we tested the aforementioned driving styles for fully 

automated vehicles on two types of drivers (assertive and defensive). Our results are 

consistent with the work of Basu et al. (2017) in that both found studies that, generally, 

drivers prefer a more defensive driving style for a fully automated vehicle regardless of 

their own driving style (Yusof et al., 2016). 

b) If an instrumented car on real roads was to be implemented for situation awareness and 

motion sickness related studies, instead of using a static or moving-based simulator, how 

to measure consistent “simulations” or “test rides” that will be produced for each 

participant in order to yield a reliable automated driving experience? 
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Answers:  

We developed an instrumented car on real roads for the use of situation awareness and 

motion sickness related studies (Karjanto, Yusof, et al., 2018). Our Mobility Lab was 

equipped with a tri-axial accelerometer and Data Acquisition System (DAQ). Therefore 

all the accelerations in the lateral (y-axis), longitudinal (x-axis), and vertical (z-axis) can 

be sampled and recorded (see Section 4.3). Accelerations with a frequency below 0.5 

Hz are considered as low frequency and have shown to directly contribute to the 

development of motion sickness (Donohew & Griffin, 2004; Golding et al., 2001; 

Griffin & Newman, 2004a; Lawther & Griffin, 1987; Turner & Griffin, 1999b). Hence, 

with Mobility Lab, we can make sure that the simulated automated driving test rides 

provide consistent “simulations” based on the dominant frequency of the accelerations 

in each axis (see Section 4.6). 

In addition, with each “simulation” or test ride, the dosage of motion sickness that is 

generated can be quantified into Motion Sickness Dosage Value (MSDV; ISO, 1997). 

MSDV, calculated in each axis, was also used in our study as a measure of consistency 

for series of automated driving test rides generated by the Mobility Lab and the driving 

wizard (see Section 4.6). 

During an automated driving test ride, the driving wizard was assisted by a special 

device called the Automatic Acceleration and Data Controller (AUTOAccD). 

AUTOAccD visualizes the type of automated driving style the driving wizard was 

generating at any moment of time, helping him/her to consistently perform a specific 

automated driving style (see Section 4.5). 

c) How to make sure the measurements inside the test setup (automated car simulator on real 

roads) can be continuously and reliably done since the test setup will be dynamic and 

moving on real roads? 

Answers:  

The Mobility Lab was built to be reliable in such that it has two independent power 

supplies to power up the vehicle and all the equipment inside the vehicle. A Power 

Management System (PMS) was developed to provide a continuous and dependable 

power supply to all the measuring equipment (e.g., laptop, control system, 

accelerometers, DAQ, cameras), equipment for participants (e.g., prototypes of 

peripheral information systems), and equipment to conduct the experiments (e.g., TV 

monitor, tablet). This was possible with the secondary battery that was designed to be 

operated without draining the primary battery of the instrumented vehicle (Mobility 

Lab) (see Section 4.4). Therefore, studies and experiment can be done without worrying 

about the reliability and dependability of the test setup.  
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8.2. Limitations 

Real road settings - This study was done with a high ecological validity that involves actual 

driving situations and real roads, in which the participants were tested in a situation that 

depicts the real automated driving scenario. Thus, drawbacks such as difficult to maintain 

experimental parameters were expected compared to a study done in a driving simulator. 

Therefore, a situation such as the unexpected behaviour of other road users is hard to avoid. 

For example, the driving wizard of Mobility Lab might intuitively slow down the vehicle 

when there is a pedestrian who wants to cross over the road in a rainy day, whereas a real 

automated vehicle might not react in such a way. Although we did countermeasure this 

limitation by performing the experiments during weekends and after typical office hours in 

order to minimize interaction with other road users, some things cannot be entirely controlled 

such the weather and temperature of the day. Even though the temperature inside the vehicle 

is controlled to be at about 20° Celcius at all time (see Section 6.2), the outside temperature 

might vary (higher or lower than 20° Celcius). For example, in two different days where one 

day is warmer than 20° Celcius and the other day is colder than 20° Celcius, getting into the 

vehicle from one of these weather might create a different feeling and reaction.    

Mobility Lab - Our on-road automated vehicle simulator, Mobility Lab, is an instrumented 

car that has a few advantages over driving simulators. Mobility Lab offers a realistic 

automated driving experience since it was performed on real roads with a controlled driving 

style compared to a driving simulator that mimics the motions of a vehicle using a set of 

algorithms. Using a driving simulator, unwanted vibrations can be controlled to a value that 

will not affect the driving experience. However, in our study, since our setting is made of 

cobblestones (see Section 6.3.1 and 7.3.1), the produced vibrations from the roads are then 

transferred to the vehicle suspension system and finally to the participants, which might create 

some discomfort experiences.   

 

Preliminary Sampling - For the HRV measurement, although the stable (e.g., tobacco and 

alcohol consumption) and transient (e.g., routine sleeping time, no coffee and meal two hours 

prior experiment) variables were controlled, the variations as shown by the confidence 

intervals between participants were still high (see Figure 60). Therefore, if HRV 

measurements needed to be taken, a preliminary sampling of the participant might need to be 

done, in which not only the stable and transient variables are controlled but also the same 

baseline of HRV measurements are required. For example, in Chapter 7, the average baseline 

heart rate in beats per minute (BPM) for the participants were higher for control-condition 

than for the visual-condition. It can be seen that the variations in terms of standard deviations 

were high (±11 to 15). Hence, stricter preliminary samplings should be implemented that the 

participants do not only have the same susceptibility to motion sickness but also register about 

the same baseline of heart rate reading. Therefore, the bigger poles of participants are needed 

and will cost more money and time, but accurate results can be expected if such a measure 

were taken.  
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8.3. Future Works 

It is known that a fully automated vehicle is the topic that has massively attracted the attention 

of the automakers, researchers, and academicians in recent years. Although the technology 

has since been the prime focus, we want to stress that passengers’ comfort and experience 

should also be placed in the same bracket. A collaboration involving expertise from different 

educational and experience background would offer sustainable solutions rather than an 

intermediate patch. From the findings in this Ph.D research, we believe that there are more 

possibilities to be explored and researches gaps to be filled in. Some future work is discussed 

below. 

Different Non-Driving Related Tasks - Different non-driving related tasks for example, like 

listening to music or relaxing in a supine position might provide a different kind of challenge 

especially in delivering a universal solution to all the possible non-driving related tasks. 

Therefore, more design iterations can be performed in order to understand both user 

requirements and experience better so that refinement and fine-tuning can be achieved. In 

addition, peripheral information systems that combine different modalities (other than visual 

modality which is the focus of our study) such as haptic and audio should also be researched 

so that a universal solution can be applied in various non-driving related tasks.  

Advanced Statistical Analysis - In both Chapter 6 and 7, further advanced statistical 

analyses can be done on the data gained from the measurement of motion sickness and 

situation awareness. Since we assessed both the aforementioned parameters in more than one 

measurement, regression analysis on the collected data as a function of all the measurements 

can be done. It is interesting evaluate the relationship between the various measurements and 

therefore can study which one has a stronger influence on the measured parameter, 

particularly in our research.  

Continuous Motion Sickness Evaluation - In Part III of the study (Chapter 6 and 7), in order 

to compare the assessment of the experienced motion sickness by the participants of the 

study, continuous measurements need to be taken from by both self-rating questionnaire and 

physiological measurement. While the physiological measurement of motion sickness was 

taken continuously at a high sampling rate (250 Hz), the self-rating questionnaire was taken at 

only the pre- and post-experiment stage. Simple self-rating for motion sickness like Misery 

Scale (MISC; Wertheim et al., 2001) can be implemented and assessed in the one-minute 

interval for continuous measurement of subjective motion sickness. Therefore, the state and 

development of motion sickness experienced by the participants can be visualized and pin-

pointed. Thus, the self-rating and physiological measurement of motion sickness can be 

assessed together and might produce different insights and understandings of the experienced 

motion sickness. However, other effects such as distraction and possible hassle to the 

participant need to be considered.  
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In our studies, Situation Awareness Rating Technique (SART) was used to measure the level 

of participants’ situation awareness. The measurement was done once and was assessed at the 

end of the experiment. Therefore, the implemented SART measurement has a potential 

weakness in that it might not fully and truly reflect the situation awareness of the participant 

at the moment of interest which already passed. Therefore, this type of assessment is less 

powerful and accurate as compared to techniques such as Situation Awareness Global 

Assessment Technique (SAGAT), where assessments can be done multiple times at several 

intervals of interest. However, within our studies using Mobility Lab, a real road instrumented 

vehicle for automated driving studies, “freezing” the moment of interest is harder to be done 

on the real roads. Nonetheless, if the participants are engaging in a specific task such as 

involving handheld device such as a tablet, a continuous assessment in the form of popping-

up messages at the exact moment of interest (e.g., DAZE from the work of Martelaro et al. 

(2015)), is promising to be implemented. 

Experimental Design - In terms of experiment design, improvements for future studies can 

be made especially in the methodology. It was found in our last study (Chapter 7) with 

reading as the non-driving related task that possibilities for habituation to motion sickness 

occurred. In order to avoid the habituation and truly assess the effects of interventions in a 

within-subject design for motion sickness related studies, future experiments need to be 

designed such that the MSDVs are controlled and set to a particular value, but maybe the 

route needs to be varied. It is because the twist in habituation is that it is usually specific to 

the particular motion that is being felt by the body. Hence, going through an entirely different 

kind of motion may still induce sickness in that person. It is why sailors who were already 

habituated to travelling in a large vessel may develop motion sickness when later using a 

small boat (Bles et al., 1998; McIntosh, 1998). Even changing the orientation such as from 

laying down to standing will require a new adaptation (Bles et al., 1998). This happens 

because the vestibular system perceives two different sets of motion since its orientation in 

these two positions (i.e., laying down and standing) is different from each other. 
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Appendix 

Appendix 1: Comfort Rating Survey 

     

POI A/B/C/D: 

R1. Consider the motion (driving through speed hump/accelerating from standstill/braking to a 

complete stop/cornering to the right) you have experienced, indicate your reaction to this 

motion: 

1 2 3 4 5 

Very 

Comfortable 
Comfortable Neutral Uncomfortable 

Very 

Uncomfortable 

 

R2. How do you perceive this driving style? 

1 2 3 4 5 

Very Pleasant Pleasant Neutral Unpleasant 
Very 

Unpleasant 

 

R3. In your opinion, this driving style is… 

1 2 3 4 5 

Very Safe Safe Neutral Dangerous 
Very 

Dangerous 

 

R4. Is the driving style the same as yours if you were driving the vehicle? 

1 2 3 4 5 

Very True of 

Me 

Somewhat True 

of Me 
Neutral 

Somewhat 

Untrue of Me 

Very Untrue of 

Me 

 

R5. After experiencing the acceleration, what should the force be in your opinion? 

1 2 3 4 5 

Extremely less 

force is required 

Slightly less 

force is required 

I am satisfied 

with the current 

induced force 

Slightly more 

force is required 

Extremely more 

force is required 
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Appendix 2: LabVIEW Block Diagram for Field Programmable Gate Array (FPGA) and Real-Time (RT) 
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Appendix 3: Original SART Questionnaire 
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Appendix 4: Modified SART Questionnaire 

    

NOTE: The questions in this part always refer to the automated riding experience 

(10 minutes when you were driven around inside the car), NOT to the instructed 

task, except when indicated otherwise. 

a. Does events turning to the right or left occur unexpectedly? 

Not at all 1 2 3 4 5 6 7 Very much 

b. How complex is the situation: Is it hard to understand what is happening?  

Not at all 1 2 3 4 5 6 7 Very much 

c. How many variables (e.g. speed of car, forces felt inside the car, etc.) are changing in 

the situation? 

Few 1 2 3 4 5 6 7 Many 

d. Are you able to anticipate and keep up with the changing situation? 

Not at all 1 2 3 4 5 6 7 Very much 

e. Can you concentrate on both watching the video and acquiring the information 

regarding the situation? 

Not at all 1 2 3 4 5 6 7 Very well 

f. Are you concentrating on many aspects of the situation (high) or only on one aspect 

(low)? 

Low 1 2 3 4 5 6 7 High 

g. How much mental effort does it takes to acquire the information regarding the 

situation? 

Very little 1 2 3 4 5 6 7 Very much 

h. How much information did you gain about the situation? 

Do you gain a great deal of information (high) or very little information (low)? 

Very little  1 2 3 4 5 6 7 Very much 

i. How useful is the information you gained about the situation? 

Not useful 

at all 

1 2 3 4 5 6 7 Very 

useful 

j. How familiar are you with the situation? Do you have a lot of related or relevant 

experiences (high) or is it totally a new experience (low)? 

Low 1 2 3 4 5 6 7 High 
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Appendix 5: Rating Scale Mental Effort (RSME) 

    

Instruction: Please indicate, by marking the vertical axis below, how much effort it took for 

you to complete the task you have just finished. 
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Appendix 6: Short version of Motion Sickness Susceptibility Questionnaire (MSSQ) 
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Appendix 7: Motion Sickness Assessment Questionnaire (MSAQ) 
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Appendix 8: User Experience Questionnaire (UEQ) 

Instruction: How do you find the peripheral information prototype?  

 

  1 2 3 4 5 6 7   

annoying        enjoyable 

not understandable        understandable 

creative        dull 

easy to learn        difficult to learn 

valuable        inferior 

boring        exciting 

not interesting        interesting 

unpredictable        predictable 

fast        slow 

inventive        conventional 

obstructive        supportive 

good        bad 

complicated        easy 

unlikable        pleasing 

usual        leading edge 

unpleasant        pleasant 

secure        not secure 

motivating        demotivating 

meets expectations        does not meet expectations 
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inefficient        efficient 

clear        confusing 

impractical        practical 

organized        cluttered 

attractive        unattractive 

friendly        unfriendly 

conservative        innovative 
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Appendix 9: The Netherlands Code of Conduct for Academic Practice (Page 5) 
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Appendix 10: Autonomous Driving Test ride Quality (ADTQ) 

How do you rate the overall quality of the autonomous driving? 

(On the scale of 1 = very unrealistic, to 10 = very realistic) 

 

1 2 3 4 5 6 7 8 9 10 
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Appendix 11: Reading material 1 

My Undersized Load 

1. When picking up her blueberry and blackberry bushes and apple, peach and pear trees, she felt 

embarrassed as she brought a truck to pick up those that only in a little bundle. But the man 

behind her was even more embarrassed as he brought a ____________ 

a. Bicycle 

b. Trailer 

c. Wheel barrow 

d. Caravan 

Old Trick, New Dog 

2. In Florida, the dog was not afraid because there are no rocks over there, just a lot of ________ 

a. Water 

b. Mud 

c. Sand 

d. Fire 

Mechanical Kid 

3. Why Jimmy, when asked by his grandparent, wanted to be a machine? 

a. Machine is cool 

b. Parts in machine can be upgraded 

c. Parts in machine can be replaced 

d. Machine is awesome 

My Hurry-up Hairdo 

4. Busy in getting herself and her two children ready for church has made the lady forgot that 

_________ were still on her hair. 

a. Hair combs  

b. Hair extensions 

c. Hair curlers 

d. Hair straighteners 

A Ride in Oklahoma 

5. A lady, who left Tokyo to live in a small town in Oklahoma, pulled “what she thought was a 

taxi” in order to get a ride home. Later, when she realised that she actually rode a _______  

a. Police car 

b. Ambulance 

c. Fire truck 

d. Caravan 

Funny Dad: The World's Most Practical Dad 

6. Mary bought her dad a personal safe in a shape of ________ with false bottom, so that he can 

now keep his money in the workshop. But instead, he put still put his money in his underwear 

drawer. 

a. A glue can 

b. A paint can 

c. A spray can 
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d. An oil can 

The Dumbest Police Calls in America 

7. One of the dumbest calls received by a policeman in America was that a report about a 

woman and her son was attacked by a ______ and the ______ would not allow her to take her 

son to the hospital. 

a. Dog 

b. Bird 

c. Cat 

d. Mouse 

Gator Mystery 

8. What do you called an alligator in a vest? 

a. Navigator 

b. Investigator 

c. Interrogator 

d. Litigator 

Big Mouth 

9. New to the United States, a woman was eager to meet people. So one day she struck up a 

conversation with the only other woman in the gym. Pointing to two men playing 

___________ in a nearby court, I said to her, "There’s my husband." Then I added, "The thin 

one—not the fat one." 

a. Badminton 

b. Racquetball  

c. Table tennis 

d. Basketball  

Missing Number 

10. A guy with his friend wants to watch a movie and found that the show supposed to start at 

____ o’clock but the theatre is missing that specific number and instead putting a set of 

different number to show the movie’s showing time. 

a. 7 

b. 5 

c. 9 

d. 8 
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Appendix 12: Reading material 2 

No kidding 

1. What do you call an iPhone that isn’t kidding around? 

a. Siri-us Black 

b. Dead Siri-ous 

c. Siri-us Star 

d. Numb Siri-ous 

The Most Confusing Password 

2. A guy was in a couple’s home trying to fix their Internet connection. The husband called out 

to his wife in the other room for the computer password. What was the password? 

a. Start123 

b. 1Start23 

c. 123abc 

d. ABC123 

Sergeant Nimrod 

3. To place an address on an important letter, an army security misspelled Sergeant Gary last 

name as _______? 

a. Toohard 

b. Tootough 

c. Toolittle 

d. Toosmall 

Deployment 

4. When the Air Force deployed a soldier overseas, his daughter’s friend asked her where he was 

headed. "My dad is going to __________," my daughter said. "Oh, my God!" her friend 

shrieked. "What did he do?" 

a. Pirate Bay 

b. Guantanamo bay  

c. Bengal Bay 

d. Ha Long Bay 

Locked Out 

5. What key won’t open any door? 

a. A monkey 

b. A donkey 

c. A mickey 

d. A turkey 

My Son’s #1 Concern 

6. When my three-year-old was told to pee in a cup at the doctor’s office, he unexpectedly got 

nervous. With a shaking voice, he asked ______ 

a. “Do I have to throw it?” 

b. “Do I have to drink it?” 

c. “Do I have to consume it?” 
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d. “Do I have to play with it?” 

With Pointed Fangs I… 

7. With pointed fangs I sit and wait; with piercing force I crunch out fate; grabbing victims, 

proclaiming might; physically joining with a single bite. What am I? 

a. A cobbler 

b. A butler 

c. A stapler 

d. An assembler  

Payday 

8. A friend had a waitressing position open at his diner and asked job seekers to fill out an 

application. Under "Salary Expected," a woman wrote _______ 

a. Thursday 

b. Friday 

c. Saturday  

d. Sunday 

Chemistry in the Soup Kitchen 

9. While volunteering in a soup kitchen, a woman found an attractive single man. But she always 

figured that a man that she met is a married man. This time the guy is single but he is a _____ 

a. Soldier 

b. Priest 

c. Minister 

d. Lieutenant 

Bad Work Excuses 

10. Thinking of skipping work? Don’t try these real excuses, they didn’t work the first time. 

Which one is not coming from the provided text? 

a. My false teeth flew out the window while I was driving down the highway. 

b. My favourite football team lost on Sunday, so I needed Monday to recover. 

c. I received a threatening phone call from the electric company and needed to report it to 

the FBI. 

d. My cat is getting married. 
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Appendix 13: Reading material 3 

The Camper's Second Opinion 

1. Two campers are hiking in the woods when one is bitten on the _______ by a rattlesnake. The 

other looked for a doctor, and the doctor suggested to take a knife, cut a little X where the bite 

is, suck out the poison and spit it on the ground. But he refused to do so and gave a second 

opinion. 

a. Stomach 

b. Mouth 

c. Buttocks 

d. Armpit 

Chicken Scratch 

2. At the wedding reception, the father of the bride, who is a doctor, stood to read his toast, 

which he had scribbled on a piece of scrap paper. Later, he explained, "I'm sorry. I can't seem 

to make out what I've written down." Looking out into the audience, he asked, "Is there 

a________ in the house?" 

a. Nurse 

b. Surgeon 

c. Pharmacist 

d. Neurologist 

Scared Dog 

3. My sister-in-law, a truck driver, had decided to get a dog for protection. As she inspected a 

likely candidate, the trainer told her, "He doesn't like _______ “. One day she was approached 

by two ________ in a parking lot, as the _______ got closer, the dog ran under the nearest car. 

a. Cats 

b. Dogs 

c. Men 

d. Women 

Canine Division 

4. After lunging through the doorway, the dog froze and backed out. The sheriff was puzzled 

until he investigated further. Then he noticed the sign on the building: “________” 

a. Post Office 

b. Veterinarian Office 

c. Hospital 

d. Cemetery 

Lunatic 

5. Like to hunt for fossils, a hobbyist found the petrified bones of a _______. But his wife is not 

impressed and said “I’ve heard of many a _______ bringing a nut home,” she remarked, “but 

this is the first time I’ve heard of a nut bringing a _______ home.” 

a. Chipmunk 

b. Flying Fox 

c. Squirrel  

d. Marsupial 
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Scared of Insects 

6. A nine-year-old daughter of the author is not afraid of snake and frog but scared of ________ 

a. Ants 

b. Butterfly 

c. Lizard  

d. Dragonfly 

Uninvited 

7. The prison warden is upset as the one of his convict (prisoner) is running away with his 

________ 

a. Wife 

b. Best friend 

c. Daughter 

d. Fellow warden 

Changing Species 

8. A hypnotist was visiting the aquarium during feeding time and claimed to hypnotize the shark 

into a/an _________ 

a. Alligator 

b. Alpaca 

c. Armadillo  

d. Elephant 

Magic Cat 

9. The author worked at a boarding kennel where people leave their dogs and cats while on 

vacation. One day, she was surprised to see the cat suddenly at her feet. To her surprise, the 

cat’s name is ________ 

a. David Blaine 

b. Harry Houdini 

c. David Copperfield 

d. Criss Angel 

Bad Kitty 

10. What’s the worst kind of cat? 

a. Catalogues 

b. Catholics 

c. Caterpillar 

d. Catastrophe 
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Summary 

Having a fully automated vehicle (AV), a human driver only decides on the final destination, 

and the AV will handle all the driving tasks and decisions. Therefore, human drivers have the 

freedom to follow their own preferred activities and become passengers or occupants. 

Engaging in non-driving related tasks (NRT) will make the occupants of the AV become 

unaware of the intentions of the vehicle with regards to navigation and unable to anticipate 

upcoming events. As most if not all of the attention will be channeled to the NRT, they will 

experience poor situation awareness. This scenario will make the occupants of the AV 

become unprepared for the forces generated from the horizontal accelerations (e.g., 

acceleration, braking, and cornering) and become more susceptible to the development of 

motion sickness.  

The primary motivation of this thesis is to study ways to enhance situation awareness and 

mitigate motion sickness from developing when the occupant of an AV is engaging in the 

NRT. In addition, the means to achieve these goals preferably will not interrupt the 

performance or the experience in engaging with the NRT. This steers the work into the 

direction of peripheral displays or peripheral information systems.  

The first part of the thesis aims at understanding the problems and opportunities that arise 

from the development of AVs. First, we formulate the interesting research questions that 

serve as the backbone of our research and also fulfill our ambitions as researchers. Then, we 

describe four key aspects that form the theoretical basis of the work presented in this thesis. 

We begin with the explanation of automation and its taxonomy levels. Next, we explain the 

development in regard to AVs and the kind of activities that are envisioned by both the future 

users and automakers of the AV. Then, we show that engaging NRT will lead to diminished 

situation awareness and increased susceptibility to motion sickness. Lastly, we describe 

peripheral vision and the potential of using peripheral information system in order to achieve 

the aforementioned goals. Since the driving style is an important determinant of the forces 

generated from the horizontal accelerations, a first step is to investigate the driving style of 

AVs.  

In the second part of the thesis, we present the development of driving styles of AV and the 

on-road AV simulator. For the development of the driving styles of AV, we present the study 

in three phases. First, we begin with the understanding of driving styles of human drivers and 

the associated personality traits. Then, we perform the classification of human drivers that 

was done based on the personality trait of sensation-seeking as a dimension. In the second 

phase, we propose three driving styles for an AV. Then, we perform a study with the 

proposed driving styles tested on a real road at three different points of interest with the 



200 

 

assistance of a specially designed device. In the third phase, we present a study with the three 

proposed driving styles of an AV on human drivers who were first classified as either 

assertive or defensive drivers according to the sensation-seeking dimension. The proposed 

driving styles were then tested when leaving a junction, decelerating when approaching a 

junction, and undertaking a corner. In this study, we found that regardless of the type of 

driver, both of them prefer a more defensive driving style of an AV. For the development of 

on-road AV simulator, we establish the Mobility Lab (ML), an instrumented car that was 

developed to support research in AV. Within this chapter, we present the system architecture 

of ML and also a validation study which to validate the ability of ML in performing AV 

driving experience. Here, we show that our setup can produce highly consistency test rides 

that simulate the AV driving on the real road. 

In the third part of the thesis, we present two major studies that explore the possibilities of 

using prototypes of peripheral information system in enhancing the situation awareness and 

mitigate the development of motion sickness, especially when watching a video/movie and 

reading inside a moving AV. First, we explain the three main types of measurements that we 

applied in both of our studies. The measurements are ML-based measures, participant-based 

measures, and prototype-based measure. For the ML-based measures, three measurements of 

interests were the dominant frequency of motion, the dosage of induced motion sickness, and 

a subjective rating of the simulated AV test ride. For the participant-based measures, situation 

awareness and mental workload of the participant of the study were measured. The 

experienced motion sickness by the participant was also measured using both a self-rating 

questionnaire and a physiological measurement (heart rate variability (HRV)). In addition, 

user experience in interacting with the aforementioned prototypes was assessed as the 

prototype-based measure. In the first study (watching a video/movie in a moving AV), with 

the presence of our prototype, we found that situation awareness was quickly enhanced, but 

participants still experienced slight motion sickness. In the second study, a different prototype 

was developed to reduce the participant’s need to look outside while reading in a moving AV. 

We found that again situation awareness can be elevated, but the multi-movements presented 

in front of the participant might amplify the development of motion sickness. 

In the final part of the thesis, we conclude our contributions to the research area. First, from 

the second part of the study, we contribute to the development of a future driving style of the 

AV. We show that future AV users might want the vehicle to be driven in a more defensive 

manner compared to their own driving style. Next, we contribute the alternative way to 

perform AV-related studies rather than using the common fixed/moving based simulator. We 

propose the use of on-road AV simulator that provides richer and real experience hence 

providing natural reaction from the participants of the study.  Our proposed prototypes 

contribute to the design considerations of future interfaces inside the interior of an AV. Our 

proposed prototypes may increase the situation awareness quickly in a more passive and 

unobtrusive way, but we believe active prevention may be required to mitigate the 

development of motion sickness completely.  
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