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Abstract 
During a ride in an autonomous vehicle (AV) the attention of the human operator is still necessary. The 

human operator will occasionally be in control of the vehicle. Such a moment of driving ends when the 

control can be handed over to the AV again. Changes of control, interleaving, from the operator to the 

AV, contain longer periods of time where one’s attention is involved in the driving task and a Non-

Driving Related Task (NDRT). A consequence is the risk of a drop in situational awareness (SA). 

NDRT’s have a high potential to be the usage of multimedia devices, such as a tablet. The first element 

of SA is perception. Visual ability can be disturbed through rapid changes between light and dark 

fixations. Therefore, perception during the interleaving process in nocturnal situations could be 

disturbed through the incorrect use of tablet display light, which eventually can lead to unsafe traffic 

situations. Simultaneously, users’ visual comfort is also important. To stimulate SA and maintain visual 

comfort, the effects of tablet display luminance and correlated color temperature (CCT) are studied. The 

results show that in this driving simulator study that participants’ SA and visual comfort are not affected 

through CCT emitted through a tablet display. Neither does tablet display luminance have an effect on 

situational awareness, but does affect visual comfort. It is wise to consider the effect of fixed in-vehicle 

displays as portable displays, for the automotive industry as well as the display industry.  Unexpectedly, 

an insight is gained into users’ level of confidence during the use of an autopilot. The level of confidence 

is high, but at the same time their situational awareness is not optimal. To maintain traffic safety during 

the development of AV, a better understanding of whether there is a relationship between confidence 

and SA is necessary.  
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Chapter 1  

Introduction 
Imagine that in the future you travel directly to your work or family without being busy driving. 

We are heading to a future where this is possible through driverless vehicles. You as a driver are not 

involved in the driving process anymore, which gives opportunities to focus on different things. How 

fruitful would it be when you would be able to prepare for that important meeting in the early morning 

or could enjoy a movie during the ride home. As result, you could join your family, completely relieved 

from stress. The automotive industry is developing an Autonomated Vehicle (AV) where a human 

operator should no longer be necessary. However, currently, driver’s attention is continuously necessary. 

According to the SAE (SAE International, 2018), the level of automation is subdivided from 0 to 5, in 

respect to the automotive industry the levels follow chronologically. Initially in level 0, no driving 

automation is involved. The first step into automation, level 1, contained driver assistance like parking 

assist (steering only). Subsequently, vehicles in level 2 are equipped with partial driving automation, 

like for example adaptive cruise control and under limited speeds maintaining distance during traffic 

jams. In level 3 the partial driving automation is expanded, including highway traffic pilot. This is called 

conditional driving automation and relieves the driver from the observing task. Second last, level 4 

makes the step into driving without the driver’s supervision, which is still limited. This high driving 

automation is able to follow a pre-defined route or drive to a parking spot without the driver’s 

supervision. Eventually, level 5 ends up with full driving automation, where basically no supervision is 

necessary. Contemporary manufactured vehicles are semi-automated, up to level 3, and few already 

level 4. The level of driving automation is determined through the driving automation features, with 

which the vehicle has been equipped (SAE International, 2018). In level 3 the operator needs to be ready 

to take over control, whereas this is limited in level 4 (SAE International, 2018).  
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1.1 Non-Driving Related Task 
If levels of automation will be more available in vehicles, a significant increase in Non-Driving 

Related Tasks (NDRT) engagement is demonstrated (Jamson, Merat, Carsten & Lai, 2013; Llaneras, 

Salinger & Green, 2013; Naujoks, Purucker, & Neukum, 2016). For instance, smartphone usage, reading 

on a tablet, or listening to the radio. As a result, human operators distract themselves more and pay less 

attention to driving-related information, whereby they have less awareness of the traffic situation around 

them (Borojeni, Weber, Heuten, & Boll, 2018; Kun, Boll, & Schmidt, 2016). In effect, they will have 

increased delays in responding to critical incidents (de Winter, Happee, Martens & Stanton, 2014). 

According to the transformation of the in-vehicle workspace, from traditional to modern, human 

operators are permitted to attend NDRT’s (Kun, Boll, & Schmidt, 2016). In other words, in modern 

interior designs more account is taken of NDRT performances. Meaning that interior designs support 

performing NDRT’s, through spacious driver compartments with fewer additional buttons. Driver 

distraction is, in general, explained through theoretical models of task interruptions, where the primary 

task is considered driving and the secondary task the interrupting one (e.g., Altmann and Trafton, 2002; 

Boehm-Davis and Remington, 2009; Borst et al., 2015; Couffe and Michael, 2017; Salvucci and Taatgen, 

2008; 2011; Sanderson and Grundgeiger, 2015). From automation level three and higher, human 

operators still need to be aware of the environment and be able to take-over if necessary. Therefore, 

switching back and forth between the NDRT and road becomes increasingly important for automation 

level three and above.  

According to Pfleging, Rang & Broy (2016), several activities can be listed as NDRT’s, for 

example; listening to the radio, talking to passengers, eating or drinking, texting, calling, or smoking. 

Eventually, Pfleging, Rang & Broy (2016) concluded that NDRT’s have a high potential to be 

multimedia device usage. Suchlike multimedia devices are self-illuminated, like a tablet or mobile phone. 

Initially, displays were designed for operation during daytime, which causes that during dark ambient 

lighting, displays’ luminance is still overly bright (Ma, Lin, Hsu, Hu & Hou, 2012). Through auto-

brightness sensors, displays’ brightness were and still are adjusted depending on the ambient 

illumination level (Lane, Miluzzo, Lu, Peebles, Choudhury & Campbell, 2010; Mantiuk, Rempel & 

Heidrich, 2009). As a result of the adjustments, user experience, and visual comfort were and still are 

enhanced (Barnhoefer & Chen, 2014; Jung, Kyoungmo, Wansang, Kang & Seongji, 2016). Since 

luminance contrast increases, one’s visual comfort and visual performance decreases (Chen, Cranton & 

Fihn, 2012; Shen, Kuai, Zhou, Peng, Tian, Liu & Zhou, 2014; Guterman, Fukuda, Wilcox & Allison, 

2010). Those findings are corroborated by the study of Shi, Tu, Wang, Zang & Gao (2020), who state 

that visual discomfort affects safety, visual performances and increases reaction time in detection tasks. 

Moreover, related display characteristics, for example, luminance and color are related to visual 

discomfort (Shi et all., 2020). 
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In a study on what the most wanted activities in highly automated driving will be, various driver 

distractions have been identified. Pfleging, Rang & Broy (2016) concluded that in particular there is a 

high potential for mobile and ubiquitous multimedia applications in the vehicle. As supported by Gerber, 

Schroeter, Xiaomeng & Elhenawy, (2020) who state that from level three upwards, automation 

disengages the drivers from the original driving task. Research by Young & Stanton (2007) shows that 

when vehicle automation increases, reaction times also increase, which negatively affects situational 

awareness (SA) (Endsley & Kaber, 1999; Kaber & Endsley, 1997;  Stanton & Young, 2005; Young & 

Stanton, 2002). Task disengagement enables them to switch their attention to NDRT’s. As a result of 

attention switches, attention for the traffic situation decreases. A consequence of attention switches 

between driving and NDRT’s is the risk of a drop in SA (McCall, McGee, Meschtscherjakov, Louveton, 

& Engel, 2016). According to Gugerty (as cited in Janssen, Iqbal, Kun & Donker, 2019), the drop in SA 

is the most likely cause of driving mistakes, like hazard detection or crash avoidance.  

 

1.2 Situational Awareness 
Situational awareness was first researched in the aviation industry by Endsley before the topic 

was introduced in the automotive industry. Still, the theories of Endsley about situation awareness are 

used as a guideline in the automotive industry. The definition reads: “Situation Awareness is the 

perception of the elements in the environment within a volume of time and space, the comprehension of 

their meaning, and the projection of their status in the future” (Endsley, 1998). As seen in Figure 1, the 

component situation awareness is part of a bigger decision model to execute the performance of actions.  
 

 
 

 

The perception of elements is the starting point of the concept of situation awareness. First, 

one’s senses have to perceive a certain element or event in the environment. Previous knowledge of such 

elements or events supports, the second level of the concept, the comprehension of the situation. 

Figure 1. Situation Awareness decision Model by Endsley. 
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Therefore, familiarity with the obtained objects will lead to an advantage in the comprehension of the 

situation. The third and highest level is one’s ability to project the future actions of elements or events 

in the viewed environment. Together this is the input to consider the right decision.  

For example, if we project it on a vehicle driving scenario: A driver is driving a vehicle on the 

highway. The driver perceives with his senses that an element (lighted brake lights) is present in the 

environment, with its corresponding characteristics (color, lumination, brightness, location, distance). 

Previous knowledge about the characteristics of this element, makes it easier for the driver to form a 

holistic picture of the environment. Besides, a better comprehension can be made of the significance of 

the present objects and events. As an illustration, the driver observes the lighted brake lights of the car 

in front of him but additionally comprehends that it indicates that the vehicle in front is slowing down 

and he is driving towards that vehicle, and surrounding vehicles are also closing in. The driver 

comprehends the distance between his vehicle, the surrounding ones, and the braking one with their 

individual speed and escape routes, which the driver complements into a future scenario. Finally, the 

driver projects the future actions and movements of the involved elements, which together form and 

determine the level of SA.  

Situation Awareness is the knowledge of the environment. However, since situation awareness 

is linked to a moving scenario, it is important to keep in mind that situation awareness is an ongoing 

process, meaning that the situation is continuously changing. The accumulating knowledge gathered in 

an individual situation leads to better comprehension and future projection, as well as experiencing 

several situations over time. Furthermore, the analytical abilities of the driver are required for 

comprehension and future projection. 

 

1.3 Change of drivers control  
During a ride in an AV, a traffic situation can occur where the help of the human operator is 

needed. The AV will send out a takeover request (TOR) to incite the human operator to take control and 

to shift their attention to the driving task. For instance, certain traffic situation can be roadworks or an 

upcoming accident. When faced traffic situations are over, the moment will occur that the interruption 

is ‘completed’. The drivers’ input is no longer needed, so the control can be handed over to the vehicle 

again. In the study of Janssen, Iqbal, Kun & Donker (2019) the authors created a framework, which 

subdivided the transition of control in an automated driving context into ten stages. The fundamentals 

of this process are the non-driving task and the driving task. The transition between non-driving to 

driving task is called interleaving. The switch between the non-driving task to the driving task is 

subdivided into stages 0 to 6. Vice versa, the switch is subdivided into stages 6 to 10. This study will 

focus on stage seven till nine of the framework, which can be found in appendix A. From stage seven 

till nine, the control will be handed over from the human operator to the AV, which is called the 

interleaving process. Interleaving is by Janssen et al. (2019) explained as: “going back and forth between 
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two (or more) tasks. In an interleaving process, the assumption is that at each moment in time only one 

task has the main focus, but over time different tasks are being worked on. For example, going back and 

forth between steering a vehicle and typing on a phone” (p. 224).  

As already mentioned, the input of the driver is no longer needed and control is handed over to 

the vehicle. The handover procedure is not just one movement. Instead, this contains a longer time 

window where one is involved in two tasks, namely procedure of control and orientation. During the 

handover procedure the driver could still be curious if the takeover through the vehicle is going well. 

Their attention will therefore switch back and forth between the road and the NDRT before the driver 

fully disengages from the traffic scenario. An uncomfortable feeling might trigger to continue to monitor 

the system and maintain SA for a longer time (Janssen et al. 2019). However, the driver starts to orient 

to their original NDRT, and simultaneously SA decreases. The orientation takes time, which is 

dependent on the level of interference of the NDRT and the length of the interruption (Salvucci & 

Taatgen, 2011). First, increasing levels of task interference means a longer time lag before the full task 

switch is completed. Both tasks, driving and the NDRT in this study are initially based on perception. 

In the model of Salvucci & Taatgen (2011) Perceptual interferences are labeled as ‘high interference’, 

which implies a time period of several seconds before tasks are switched.  

Additionally, is the resumption of the suspended NDRT based on either the memory process or 

the reconstruction process. In the context of automated driving, the suspension is meant the temporarily 

abandoning of the driving task and through resumption the process of picking up the NDRT where one 

left. The resumption process is dependent on the duration of the NDRT suspension. When the suspension 

is short, one is able to rely on their memory, but when the suspension is for a longer period one needs 

to reconstruct the NDRT, before performing the NDRT again. Furthermore, the resumption process is 

dependent on the availability and complexity of the information for achieving the NDRT resumption. 

The higher the complexity of the available information, one relies on the slower the reconstruction 

process. When complexity is low, one relies on a faster memory process. The information of the resumed 

NDRT has low complexity, but the suspension time will be just minutes. On the other hand, the 

information of the suspended attention on the road has high complexity due to the continuously changing 

information (Salvucci & Taatgen, 2011). So, suspending the dynamic task of driving, situational 

awareness needs to be reconstructed, every time one’s attention switches back to the road. Adding the 

interference times, suspension, and resumption delays, one might argue that there could be a transition 

window of several seconds, but a concrete number is not known yet. 

The time window for engagement of automated driving was measured for the first time by 

Eriksson & Stanton (2017). Since the automation system is ready to take over, it took the drivers between 

2.82s and 23.8s before they engaged in automated driving. This study measured the driver’s reaction 

time, which still does not give any information about the duration of the transition. But in the absence 

of literature on the topic, these findings of the transition from automated to manual can act as a guideline 

indicating a time window for the opposite transition.  
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The transition from automated to manual can take 35 to 40 seconds before one is fully in control 

of the vehicle again (Merat, Jamson, Lai, Daly & Carsten, 2014). That possibly has to do with lingering 

thoughts in the back of their mind of the previously performed task, which could distract from the driving 

task (Strayer, Cooper, Turrill, Coleman & Hopman, 2015). According to Strayer et al. the lingering act 

of disengaging from the cognitive process associated with one task conflicts with the simultaneous full 

attention re-engagement to the driving task. However, it could also have to do with the complexity of 

available information or the interruption window (Salvucci & Taatgen, 2011). Where taking back 

control took 35 to 40 seconds in the research by Merat et al. (2014), it took up to 27 seconds to regain 

focus on the driving task again. Therefore, it is likely that during this time window driver’s SA needs to 

be reestablished (Merat et al., 2014; Strayer et al., 2015).  

Therefore, SA is an important aspect of driving, where perceiving situations in the environment 

is crucial to participate in traffic safely. It has a substantial effect on how one is acting during an event. 

According to the model created by Endsley (1998), perception is the first important stage of processing 

SA, including one’s observation capacity and perception of elements in the current situation. Those 

findings will be converted in the second aspect, the comprehension of the situation. Thereafter, the third 

aspect is based on one’s ability to project the future actions of elements or events in the viewed 

environment. Considering nocturnal conditions, perception becomes even harder. Illumination of the 

environment is strongly reduced at dusk. Resulting in a smaller number of light bulbs reflecting on 

objects that reach the human eye. As a consequence, perception becomes harder and perception 

performances will decrease.  

 

1.4 Effects of light 
To cope with changes of high and low illuminance requires adaptation of the eye. It is important, 

to take into account that the adaptation process is time-dependent (Adelson, 1982; Ledda, Santos & 

Chalmers, 2004; Pattanaik, Tumblin, Yee & Greenberg, 2000). In other words, the adaptation process 

is controlled through a lapse of time and cannot be accelerated on its own (Zele, Maynard & Feigl, 2013). 

However, the adaptation gap can be decreased and the adaptation process be shortened, by decreasing 

the gap of display luminance and environmental illuminance. 

Initial viewing can be described as someone focusing on something and then taking a look at 

something else. Continuous viewing is viewing something for a prolonged period of time. In contrast to 

initial viewing, continuous viewing prefers different light conditions. Initially receiving high luminance 

light could blind and hurt one’s eyes for a moment, this phenomenon is called glare. So, during the initial 

view, too high luminance contrast could cause glare, which eventually also could lead to visual 

discomfort. Moreover, it is important to keep in mind, that one’s visual ability is asymmetrical to the 

effect of light. What implies that fast adaptation occurs during the transition from dark to light, whereas 
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more than one hour is needed to fully recover one’s visual ability when transitioning from light to dark 

(Boyce, 2014).  

Throughout the day the eye continuously adapts to new lighted situations and light stimulations. 

Most of those changes you barely notice consciously. Only the extreme changes like are notable, like 

walking from a dark hall into an illuminated hall at a cinema or entering a tunnel while driving. Such 

changes from light to dark or vice versa are called transient adaptation. A comparable situation is the 

use of a tablet in nocturnal situations. It is well-known that tablet displays can be perceived as dazzlingly 

bright when it emits a high luminance in a dark ambient environment (Guterman, Fukuda, Wilcox & 

Allison, 2010; Yu, Zhao, Chen & Yang, 2015; Yu, Chen & Li, 2017; Mantiuk, Rempel & Heidrich, 

2009). In the scope of this study, one’s eyes are, fixating back and forth from a bright self-luminated 

object and a nocturnal environment. In other words, there is a luminance gap between the two essential 

fixation points. During the transition window, the fixation to the nocturnal environment reduces due to 

the suspension of the driving task, and simultaneously the fixation to the tablet display increases due to 

the resumption of the NDRT. The expectation is that the fixations times at the driving task decrease and 

at the NDRT increase. As in overtime, one is resumed to the NDRT and suspended from the driving 

task. Consequently, perception ability reduction occurs when the eyes are not properly adapted to the 

brightness level at which it is looking (Sheedy, Smith, Hayes, 2005; Shieh & Lin, 2000; Devlin, 

Chalmers & Reinhard, 2006). In other words, perception of the nocturnal environment (SA) and NDRT 

are reduced. Furthermore, the experience, sensation, and perception of light are facilitated through 

several characteristics of light. Two of them are lumination and Correlated Color Temperature (CCT) 

(Veitch & Nesham, 1998; Barkman, Wessolowski & Schulte-Markwort, 2012; Sanaz, 2011). 

 

1.4.1 Luminance 

First, regarding ambient luminance in combination with display brightness, a study argues that 

through a steady display luminance of 91cd/m2 under dim ambient lighting, perception performances of 

the transient adaptation task, fixating back and forth between ambient and display, was decreased 

(Sheedy, Smith & Hayes, 2005). This implies that there is a drop in transient adaptation task 

performances, especially when the gap between dim ambient lighting and the steady display luminance 

increases. While the display luminance is steady in this study, it is interesting to know if there is a similar 

effect and result when the ambient luminance would be steady. Another study shows that high luminance 

displays viewed under dim ambient lighting are less preferred than under high ambient lighting. 

Remarkable are the findings that the preferred brightness under low ambient lighting setting of 15cd/m2 

appears to have a maximum near 130cd/m2 (Guterman, Fukuda, Wilcox & Allison, 2010). This gives 

rise to the suspicion that viewers might have a brightness “sweet spot” under dim lighting (Guterman, 

Fukuda, Wilcox & Allison, 2010) and kind of confirm the trade-off between glare, discomfort versus 

visibility. Similarly, Na & Suk (2015) studied tablet use in low light level ambient illuminance to find 

optimal display luminance for comfortable viewing in nocturnal situations. They found that a display 
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luminance of 40 cd/m2 was most preferred, in a static setting with an ambient illuminance less than 1 lx 

at the subjects’ position. Those findings also give rise to the suspicion that there might be a brightness 

“sweet spot” or even a ratio between display luminance and ambient illuminance levels. Furthermore, 

they suggest that it would be meaningful to look for an optimal display color (Na & Suk, 2015). 

 

1.4.2 Correlated Color Temperature 

The second light characteristic is the correlated color temperature (CCT). Correlated Color 

Temperature (CCT) is an important characteristic of light for human perception (Veitch & Nesham, 

1998; Barkman, Wessolowski & Schulte-Markwort, 2012; Sanaz, 2011). This is commonly defined in 

Kelvin (K) and refers to the emission spectrum of a black body radiator of that temperature. The color 

appearance varies from yellow-reddish warm white (halogen light, 2700K), neutral white, or blueish 

cool white (midday sunlight, 6500K). In daily circumstances, all light sources look white as our visual 

system adapts to the illumination. In the display industry, there are limited studies focusing on the effect 

of changing spectral composition of display light on perception and transient adaptation in nocturnal 

situations. However, in the transportation industry, several studies are investigating the effect of CCT 

on transient adaptation for the entrance of tunnels. Basically, this is the same adaptation process from 

dark to light, only emitted through a different light source. For example, He, Tähkämö, Maksimainen, 

Liang, Pan, & Halonen, (2017) studied visual adaptation problems at tunnel entrances, caused by rapid 

changes of luminance levels on drivers. They reported a variation in subjects’ visual adaptation in 

different luminance levels, due to the effects of CCT. Specifically, at luminance levels below 50cd/m2 

with a high value of CCT, visual adaptation times became shorter. In other words, low luminance levels 

with blueish cool white (midday sunlight, 6500K) stimulate visual adaptation. Furthermore, subjects’ 

visual performances increased minor through increased CCT. These findings are partially supported by 

the research of Dong, Shang, Zhao, Qin & Xu (2018). They researched the impact of the spectral 

composition of LED light on the dark adaptation of human vision in tunnel entrances. Their findings 

also show that visual adaptation times become shorter when CCT values increase from 3000K to 6500K. 

However, this is the case for luminance levels of 40, 80, and 120 cd/m2. In line with a possible effect of 

color temperature, Choi & Suk investigated the user preferred color temperature for a smartphone under 

varying illuminance. It turns out that under dim ambient conditions, of 30 lx, a display CCT of 

approximately 3000K is less preferred in contrast to a display CCT of 6500K (Choi & Suk, 2014). Put 

it another way, under dim ambient conditions, yellow-reddish warm white light is less preferred in 

contrast to blueish cool white light.  

Overall, the aforementioned studies show that luminance levels and CCT affect human visual 

performances and one’s preferred luminance level. Whereas the majority of the studies focus on the 

health effects or visual picture interpretation of display luminance and display color, limited studies 

combine the visual performance and preferences of the luminance in the context of display luminance.  
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 1.5 Overview 
As said, currently in levels 3 and 4 the human operator is still involved and needs to be ready to 

take over control while driving. However, the development of car interiors and automation in vehicles 

significantly increases engagement in NDRT’s. Such NDRT’s would high potentially be multimedia 

devices, like a tablet. During nocturnal situations, safety can be compromised. Through the use of an 

overly bright lit tablet display, which negatively affects one’s visual comfort and visual performances. 

Specifically, during the interleaving process, following a takeover request where situational awareness 

is compromised, these aspects should be preserved. Switching back and forth between the driving 

situation and the self-lit tablet hinders the transient adaptation process. Where in previous studies, 

display luminance leads to preferred levels of display luminance and even indicated a possible comfort 

sweet spot. On the other hand, findings on the influence of CCT show that high CCT may positively 

affect visual adaptation times. Both characteristics influence the process of transition of control from 

human to vehicle in their way. Therefore, it is interesting to study whether luminance and CCT have a 

similar effect when they are applied on a tablet display.  

 

1.6 Research Aims 
The aim is to respectively create a comfortable resumption to the tablet and to guide the 

adaptation of the eye through effects of display luminance and display CCT, to ensure situational 

awareness while driving. Therefore, the main question is:  

 

How can the transition of control from human to car be optimized through light to guide the 

adaptation of the eye to ensure situational awareness and create a comfortable resumption to 

the NDRT?  

 

To explore if there is an effect of the correlated color temperature of tablet light on SA and/or 

comfort and if there is an effect of the luminance level of tablet light on SA and/or comfort? As an 

explorative part, we want to get an inside of the driver’s head movements and viewing behavior during 

the transition period, when drivers switch back and forth between an NDRT.  
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Chapter 2  

Method  
2.1 Design  

The setup is to investigate the effect of tablet display light on SA and the visual comfort of 

NDRT resumption while driving in a nocturnal situation. The study manipulated two independent 

variables: tablet display luminance and tablet display Correlated Color Temperature (CCT). The 

manipulations were tested in a four (luminance) by two (CCT) within-subjects design. The conditions 

were counterbalanced between participants according to a fixed order (Table 1, Appendix B) to control 

order effects. Each condition was followed by a questionnaire, which measured participants’ SA and 

experienced visual comfort. 

 

2.2 Participants 
The experiment sample consisted of twenty-four participants (13 males, 11 females, Mage = 23.7, 

SDage = 2.5 range from 19 to 29 years old) and were recruited from the J.F.S. participant database of the 

Human-Technology Interaction laboratories of the Technical University of Eindhoven and TU/e 

students (who had activities on Campus), they received respectively an invitation via e-mail or their 

professor. Nine-teen of them had a valid driving license for the Netherlands, others took lessons or 

owned a driving license for their homeland. Only participants with normal visual acuity and no night or 

color blindness were recruited. 

Based on the G*Power analysis, to gain power of 0.90 with an alpha level of 0.025, an effect 

size of 0.39 for luminance, and 0.28 for CCT, the experiment aimed at 40 participants. However, despite 

the COVID’19 situation, a smaller number of twenty-four participants were obtained.  
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2.3 Instruments 

2.3.1 Simulator 
The DS was originally a fixed-base, 3-screen simulator (model number: 124-DM) developed 

and produced by Green Dino B.V. which was modified. The simulator screens were updated to three 

2015 LG 32LB561v screens, which were full HD LED TV’s and force-feedback was added to the 

steering wheel. For a schematic visualization of the set-up, see Figure 2. The distance between the 

participant’s head and the frontal screen was approximately 70cm, depending on the individual 

differences of driving position.   

 The simulated environment was created in Unity and Unity editor. Software edition 2019 was 

used. The data logged by the DS, involving for instance the timestamp and the whether the autopilot 

was active or not, was logged 40 times per second (40Hz).  

      
 
 
2.3.2 Tablet 

The tablet is used as a multimedia device where one read a text. The used tablet was a Samsung 

Galaxy Tab A6 with a 10.1-inch screen. To adjust the correlated color temperature and the luminance 

level the Android application Twilight was used. To find the correct settings, the tablet display was 

calibrated with a JETI Spectroradiometer specbos 1201. Calibration was performed in a dark room, to 

exclude external illuminance disturbances. The distance between the JETI Spectro-Radiometer specbos 

1201 and the tablet display was always 48cm. 

 

2.3.3 Eye-tracker 
The Smart Eye Pro instrument was used to track eye-movement. The cameras and Smart Eye 

Pro software were used to track the gaze and head pitch movements of the driver during user testing. 

Software edition Smart Eye Pro Version 6.1.13 was used. Three measuring instruments were used at 

different angles and changed according to the participants seat position. They were placed horizontal-

Figure 2. Schematic side view Driving Simulator 
 

Figure 3. Schematic top view Driving Simulator 
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wise under the monitors, left the camera at about 35 degrees, frontal the camera at 0 degrees, and right 

the camera at about 35 degrees, for a schematic overview see Figure 3.   

Furthermore, the set-up of the simulator and the placement of the SE cameras were designed in 

the SE system. This was done by designing a world model in an XYZ coordinate system, Figure 4 

showed an impression. Within this coordinate system, the area where the road was shown in the scenario, 

felt in the window on the y-axis of 0.206 and 0.348. This area of interest is indicated in Figure 4 by lines 

A and B. This allowed filtering out the moments when one’s eyes were aimed at the area of interest, the 

road.  

 
  

2.4 Stimuli 

2.4.1 Simulator LCD screens 
At the LCD screens, the driving environment of the experiment was shown. The moment of 

transition of control was indicated with a text projected on the windscreen. This counted down from 8 

to 0, where at 0 the autopilot took over control.  

The following settings of the screens were adjusted to darken the screens. The backlight was set 

at 15, contrast at 70, and brightness at 47. To get an indication of how close the illumination level of the 

experiment came to reality, a comparison of a real-life scenario with the experimental scenario was done. 

The perceived illumination driving over a Dutch highway, by a speed of 100km/h, with no streetlights 

were compared with the perceived illuminance during the experiment. For the real-life ride, a 

Volkswagen Tiguan 2018 was used. During the real-life ride, an illuminance of 0,1 lx was measured. 

The LCD screens were adjusted to gain an illuminance of 0,1 lx as well.  

 

 

 

 

 

 

 

 

B 
 
A 

Figure 4. World Model where the setup of the simulator screens are displayed. 

 

       
Figure 5. Impression of tablet display conditions, left to right: 40 cd/m2 / 6500K,  
40cd/m2 / 3000K, 160 cd/m2 / 6500K, 160 cd/m2 / 3000K.  
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2.4.2 Tablet  
 The factors CCT and Luminance Level both were manipulated through the tablet display.  

For the measured CCT, the maximum error was 40 Kelvin and between the target tablet display 

luminance and the measured luminance, the maximum error was 1.75 cd/m2. The factor luminance was 

leading in the selection of the display conditions. The eight stimuli conditions of the tablet were set to 

the following, see Table 2. An impression of the four most extreme luminance and CCT conditions were 

shown in Figure 5.  
 

Table 2 
Display conditions. 

Target display luminance  Measured values 

No. CCT (K) Luminance (cd/m2)  CCT (K) Luminance (cd/m2) 

1 3000 40  3006 40.27 

2 3000 80  3000 80.69 

3 3000 120  2967 120.4 

4 3000 160  2960 161.4 

5 6500 40  6520 40.57 

6 6500 80  6470 79.41 

7 6500 120  6513 121.75 

8 6500 160   6526 159.37 
Note: Correlated Color Temperature (K), Luminance (cd/m2). All measurements were done  
at a distance of 48cm.  
 
2.5 Measurements 

2.5.1 Questionnaires 

Before the experiment participants filled out a demographic’s questionnaire, including age, 

gender, and whether they had a driving license. Participants filled out 13 questions (Appendix C) after 

each condition, which featured questions about participants’ SA and visual comfort.   

The effect of certain conditions on participants’ SA was measured through closed yes/no 

questions (items = 5). All questions were aimed at the traffic situation, during the transition window. 

For example: ‘Did you pass a truck last minute?’ or ‘Were you driving in a roadwork section’. Each 

question was followed by a question on a 5 point-Likert scale, indicating how sure they were of their 

previous answer (1=very low, 5=very high).  

 The effect of certain conditions on participants’ visual comfort level was measured using three 

questions. First, on a 9 point-Likert scale, participants were asked what the perceived level of glare 

(1=unbearable glare, 9=unnoticeable glare) was (de Boer, 1967). Second, on a 5 point-Likert scale 

(1=not preferred, 5=highly preferred) participants made a preference judgment (Na & Suk, 2015). Third, 

on a 7 point-Likert scale, participants answered how comfortable they were with the display light (1=not 

at all, 7=completely). The three questions on visual comfort were checked, whether they could be 

combined into one latent variable. Cronbach’s alpha over the three items was high (α= 0.89). 
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2.5.2 Eye-tracking 
To gain inside in SA, objective performances were measured through eye-movements, and eye-

fixations. That allowed to either control the SA part of the questionnaire as confirmation whether 

participants were viewing the traffic situation. One’s eye-movements allowed seeing where one looked 

at in the traffic situation. Sixty times a second a measurement was made (60Hz).  

Head movements were collected, to measure the amount of viewing back and forth movements 

and the duration of them. According to head pitch movements, viewing back and forth movements were 

indicated and counted. Additionally, eye movements were observed, because the head pitch could be 

under the threshold and the eyes were still able to see the road.  

A distinction was made whether one looked at the screen yes or no. If no, it was assumed that 

one looked at the tablet. How long participants were focussed on the tablet or on the traffic situation, 

were measured in time. The fixation time to the traffic situation gave an insight into SA. Assumed was, 

that a short traffic view duration would indicate that one perceived the situation completely, a longer 

traffic view would indicate that one needed more time to perceive the situation. 

 

2.6 Procedure 
First, participants were informed about what was expected of the participant. Then, participants 

read and signed the informed consent. Afterward they filled out their demographics and registered 

themselves in the J.F. Schouten database.  

The participant took place behind the wheel of the DS. The eye tracker system was calibrated 

to each participant’s eyes. The shown scenario 

concerned an environmental situation on a highway 

in nocturnal condition. From the start, one drove in 

manual mode for the first four minutes, this 

stimulated the feeling of responsibility and 

participant’s involvement in driving. When the four 

minutes passed, the vehicle communicated that the 

control would be taken over in eight seconds, see 

Figure 6. The participants were instructed that, when the vehicle took over control, they were able to 

read a text on a tablet, which was situated nearby “on the passenger seat”. This implied that, when the 

vehicle took over control, participants switched their attention to the tablet, where participants started 

reading a text. After each transition window, a bell rang, which was the signal for participants to continue 

to the questionnaire on the tablet. To be on the safe side the bell rang after sixty seconds after the take-

over moment. Each questionnaire ended with the order to manually take back the control of the vehicle 

by pushing a red button next to the gearstick.  

Figure 6. Indication of counting down text at the windscreen. 
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Within one and a half minutes of manual driving, the vehicle communicated that the vehicle 

would take over control again, as in Figure 6. In other words, participants drove for one and a half 

minutes manually. Due to avoidance of danger or handling difficulties, participants regained 

responsibility. When the vehicle took over control again the above-explained procedure started over 

again for a schematic overview see Figure 7. Each participant experienced each of the 8 display light 

conditions twice and after each trial, all questions were asked. Each trial took approximately 90 seconds, 

combined with all questionnaires the complete experiment contained approximately 45 minutes.  
 

 
       

All conditions were shown twice. To control sequence effects, a counterbalanced design was 

used. Each luminance condition is followed once by all other luminance levels. For example, condition 

80 cd/m2 is followed once by condition 160 cd/m2. The order of the CCT is changed each following 

condition. Due to the 2 x 8 conditions, there will be 15 sequences between conditions, therefore one of 

the luminance levels could never be followed by another single luminance level. Chosen was that 

luminance level 120 cd/m2 was never followed by 120 cd/m2. Table 3 in appendix B shows the order of 

sequences.  

 

2.7 Data preparation 
 In the output of the Driving Simulator (DS) specific vehicle information was recorded at 40Hz. 

For example, steering angle, sign light usage, pedal usage, and also whether the autopilot was activated. 

The interest of this research was on the first forty seconds when the autopilot was activated. Therefore, 

the data in the window of interest was stored in a new dataset.  
 In the output of the Smart Eye system (SE), participants viewing behavior was recorded at 60Hz. 

For example, head and eye movements and viewpoints. Timestamps were recorded in high-resolution, 

therefore these were converted into real clock time first. According to the timestamp of the new DS data, 

the SE data was trimmed. Finally, due to the difference in Hz the data of the DS was merged according 

to timestamps to the closest timestamp of the SE data. This left some observations in the SE data with 

no observation of the DS. To fill the empty observations, linear interpolation was used. This is a method 

Figure 7. Schematic overview of the procedure of the experiment. 
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of constructing new data points within the range of two existing data points. A linear line was fitted 

between two data points. The y-value on that line, according to the observation point on the x-axis was 

replaced as a new data point.  

 In the SE virtual world, the road was specified on the y-axis between the coordinates 0.206 and 

0.348. The y-coordinates were chosen over the middle point of the middle screen, because measuring 

the distance from the middle point of the middle screen could also be meant that one was looking at the 

left or right screen, which could lead to the same distance from the middle point, as looking on one’s 

lap. To get a feeling of how one’s viewing behavior was and at which point one was looking, plots were 

made of the y-coordinates (y-axis) vs. the time (x-axis). Furthermore, the amount of noise in the data 

was visualized through plots. The Figures 8 and 9 were two examples where lots of noise was visible.  
 

      
  \ 
 

Before retrieving valuable information, the data needed to be filtered to reduce the number of 

spikes. This was done with two rolling centered median filters. A rolling centered median filter of 

window 7, took a cell and took the three cells before and after into account. The centered cell would be 

replaced with the median of those seven cells. This was done for each cell in chronological order, meant 

with rolling. The first rolling centered median filter was applied with a window of 7. The results in 

Figures 10 & 11, still showed lots of noise in the data. Especially in the data of participant 8 condition 

5 (Figure 10). Therefore, a similar filter was used, but then with a window of 5.   

As Figures 12 & 13 showed, the second rolling centered median filter resulted in lots of extra 

filtered noise. Still, some noise was visible in the data, however, a third filter was not used. That was 

because the correctness of the SE was taken into account. Some spikes could also be correct view 

moments where the SE failed to record. Furthermore, a third filter should erase the recorded eyeblinks 

in longer view periods. As in Figure 13 indicated, an eye blink was recorded. 

 

Figure 8. Participant 8, condition 5, no filter. Figure 9. Participant 9, condition 11, no filter. 
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In order to simplify the analysis of the data, the data of each graph for each condition was 

reduced to three interesting values. The three interesting values read; the frequency of views on the road 

(FVR), duration of view on the road per condition (DVR) and participants mean view duration on the 

road (MVDR) were retrieved. A new dataset was generated with these values listed, which contained 

one observation for each condition per person, in order to combine the data with the data from the 

questionnaire.  
 

   
 
 
 

Furthermore, the three questions on visual comfort were checked and combined into one latent 

variable. According to Cronbach’s alpha, it was possible to combine them as one subscale factor, called 

latent comfort (LC). Before combining into LC, all Likert scales were converted into a universal scale. 

To investigate whether the questions about SA were identified through underlying factors, 

correlations were checked. Due to their low correlations, none of the variables could be scaled into one 

factor. In order to use the data anyway, a correction scheme was made during all experiments. During 

each condition, several things could have passed the scene, which was questioned afterward whether 

objects were seen by the participant. These findings represented the level of SA, which was scaled 

according to the number of correct answers in each condition. 

 

Figure 11. Participant 8, condition 5, rolling median filter 
window 7.  

Figure 10. Participant 8, condition 5, rolling median filter 
window 7. 

Figure 12. Participant 8, condition 5, rolling median filter 
window 7 & window 5.  

Figure 13. Participant 8, condition 5, rolling median filter 
window 7 & window 5.  
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Chapter 3 

Results   
In this chapter, the results of the experiment would be presented. In the first section, the 

assumptions were checked and the data was checked on outliers. The second section presented the 

descriptives of the data.  

The third section presented the results about participants viewing behavior, which is subdivided 

into three variables, frequency of views on the road (FVR), duration of view on the road per condition 

(DVR) and participants’ mean view duration on the road (MVDR). Furthermore, the results of the effect 

of repetition on the SE data were presented. In other words, was there a difference between whether one 

did the transition for the 2nd time or for the 15th time. FVR, DVR, and MVDR were the three generated 

variables. The effect of luminance and CCT on the variables FVR, DVR, and MVDR were investigated. 

Furthermore, the differences between the luminance and CCT conditions were investigated for 

dependent variables FVR and MVDR.  

 Section four introduced and observed MLC and SA. Both variables were checked whether they 

were affected through luminance or CCT. Additionally, the relation between SA and FVR was presented 

and whether SA could be explained through differences in luminance.  

 In section five, the effect of luminance on LC is presented and whether the different conditions 

resulted in differences in LC between those conditions. Furthermore, did the different conditions result 

in differences in participants’ LC.  

 In the final section the results of a multivariate analysis of variance presented the relation 

between the two independent variables luminance and CCT and the three dependent variables, SA, MLC, 

and LC. The results presented the main effects of the manipulations and the interactions between them.  

 
3.1 Assumption Checks and Outliers 

The retrieved data were manually checked for outliers in the different variables, some outliers 

were found. One data point was removed, the mean duration of view on the road was approximately 
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nine SD’s away from the mean (MMVDR=0.69, SDMVDR=0.51). Furthermore, for one participant the SE 

system failed during one condition. For another participant, the SE system did not register the correct 

timestamp, which meant that SE data for this participant could not be used. This resulted in the SE data 

in a sample of 23 participants with 367 observations for FVR, 367 observations for DVR, and 366 

observations for MVDR.  

Besides, two participants answered the visual comfort questions continuously extremely 

positive or negative. This was due to physical limitations and the use of special tools. One indicated that 

he always has trouble watching monitors and therefore even wears special glasses. Analysis was checked 

what would happen if their data was left out. Since there was no difference in interpretation the data was 

left in. This resulted in 384 observations for each visual comfort question.  
 

    
 

 

Normality was checked for all scaled variables with a Shapiro-Wilk test. Despite the fact that 

the conservative test not always confirmed normality, in respect of the research goals it was acceptable 

to continue with these variables as they were. For example, in Figures 14 & 15, the data looked gaussian 

distributed, this was the case for all variables. SE data was checked how the data was distributed, 

whether a division of groups as needed. Figure 16 showed that the data was either Gaussian or uniform 

distributed, so no distinctions were necessary.  
 

 
 
 

Figure 15. Distribution of participants mean duration in 
seconds per view per condition.  

Figure 14. Distribution of the participants frequency of views 
on the road per condition.  

Figure 16. Distribution of mean frequency of views on the road 
per participant.  
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3.2 Descriptives and variance components 
 Among the participants’ gender was equally distributed male (N=13) and female (N=11). 

Almost all participants had a driving license, which was valid in the Netherlands (N=19), however, all 

of them were allowed to participate because they had a valid driving license in their homeland. The 

mean FVR was about 6 views per condition (MFVR=6.19, SDFVR=4.03). The DVR in total per condition 

was about 10% of the time window of interest (MDVR=4.07, SDDVR=2.31). Each moment of view, MVDR, 

took approximately 67 milliseconds (MMVDR=0.67, SDMVDR=0.40).  

 

3.3 Viewing behavior 
First was to check whether there was a correlation between repetition and FVR, DVR, and 

MVDR. FVR showed a weak significant negative correlation on the repetition (r =-0.16, p<0.01). For 

DVR the results showed a weak significant negative correlation as well (r =-0.12, p=0.02). No 

significant correlation was found for repetition on the MVDR view (r =-0.0035, p=0.94). So, for FVR 

and DVR this meant that the further in the experiment, FVR and DVR slightly reduced, each time 

participants repeated the experiment. In other words, at the end of the experiment participants had less 

views on the road than at the beginning of the experiment. The same applied for the total duration of 

views to the road, in the end of the experiment, participants’ total duration of views to the road was less 

than at the beginning.  

Expected was that luminance and CCT affected participants viewing behavior. In other words, 

that different levels of luminance resulted in different FVD’s, DVR’s and MVDR’s. The results of an 

interaction effect of luminance and CCT on FVD, showed that there was no significant effect for the 

model (F (7,359) =0.96, p=0.46) nor for the individual variables (luminance: F (3,359) =0.65, p=0.58; 

CCT: F (1,359) =0.13, p=0.72) nor an interaction effect (F (3,359)=1.56, p=0.20). Furthermore, for the 

same independent variables, no significant effects were found on either DVR (F (7,359) =0.68, p=0.69) 

nor on MVDR (F (7,359) =0.71, p=0.66). For all three tests, it made no difference whether the outlier 

stayed in or was removed. However, still, with the outlier removed, a regression on the mean duration 

of view showed a close to significant difference (R2= 0.0164, F (7,358) = 0,85, p=0.062) between the 

two conditions of 40 cd/m2. A contrast analysis on MVDR showed a close to significant interaction 

effect (F (1,358) =3.83, p=0.0512) for 40 cd/m2 and 160 cd/m2 on CCT. This showed that the mean view 

duration to the road was almost, but not significantly different for the different dimensions of luminance 

independent of CCT. Indicating that participants viewed longer to the road in one condition compared 

to the other condition.  

For FVR, when visualizing the individual conditions in a bar chart (Figure 17), some differences 

are showed. Looked at the difference between 40 cd/m2 and 80 cd/m2 for 3000K, the frequency of views 

went up when luminance increased. This indicated that when luminance increased, participants more 

often took a look at the road. In contrast, within 6500K, the frequency of views went down when 
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luminance increased. So, when luminance increased, participants less often took a look at the road. 

Contrast analysis showed that there was a significant interaction difference (F (1,359) =3.91, p=0.0486) 

in the 40 cd/m2 to 80 cd/m2 between the two CCT conditions. This indicated that the difference between 

40 cd/m2 and 80 cd/m2 for 3000K was different in contrast to the difference between the 40 cd/m2 and 

80 cd/m2 for 6500K.  

 
 

 

3.4 Situational Awareness 
After each condition, participants were questioned whether they saw particular objects or 

situations during the transition period. These questions indicated participants’ level of SA. Each object 

question was backed up with a question where participants indicated their level of confidence whether 

they saw the objects or situations. When the levels of confidence were combined per condition, this 

resulted in the mean level of confidence (MLC) per condition. Overall participants confidence was 

moderate to high, (MMLC=3.86, SDMLC=0.99, Min=1, Max=5), see Figure 18.  
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Figure 17. Mean frequency of views on road per condition. For dimensions of luminance and CCT. Error bars 
indicate Standard Error.  

 

Figure 18. Mean levels of confidence (MLC) per condition. 1 = 
Low, 5 = High.  

Figure 19. Correctness of the questions on SA. Specified as 
SA.  
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Focusing on the correctness (SA) of the questions whether they saw particular objects or 

situations. The results indicated that not even twenty percent (18.5%) of all questionnaires were 

answered correctly, see Figure 19. The correctness of the questionnaire usually was low, (MSA=0.71, 

SDSA=0.20, Min=0.2, Max=1). When both variables, MLC and SA, were held side by side. It was noticed 

that participants were relatively confident about their answers whereas SA is not always optimal.   

Of all five SA questions, only for the question, ‘Did any number of cars pass you?’, showed a 

significant difference in confidence between a correct or incorrect answer (t (382) =-2.15, p=0.033, 

d=0.36). This showed that participants were less confident when they answered the SA question ‘Did 

any number of cars pass you?’ incorrect.  
To gain an inside of participants’ SA, the correctness levels were checked. The results showed 

that SA was optimal in only eighteen and a half percent. This meant that in 71 of 384 questionnaires all 

five answered were correct. Whether SA was affected through luminance or CCT, an analysis of 

variance was used. The results showed that luminance nor CCT had a significant effect on SA (F (3,376) 

=0.77, p=0.51; F (1,376) =1.27, p=0.26). This meant that the number of correct answers was not affected 

through luminance or CCT. Neither an interaction effect was found (F (3,376) =0.23, p=0.88). Indicating 

that there was no difference in SA regardless of the combined dimensions of luminance or CCT.   

As earlier explained, for each condition the variable MLC over the SA questions were generated. 

To find out if participants’ MLC was affected through the independent variables’ luminance and CCT, 

this was tested according to an analysis of variance. The results showed none significant effects for 

luminance or CCT on MLC (luminance: F (3,376) =2.11, p=0.10; CCT: F (1,376) =0.27, p=0.60). In 

other words, luminance and CCT did not have an effect on participants’ MLC.  

In earlier analysis, it turned out that there was a difference in confidence for the correctness of 

only the car question. In order to check the same kind of question in a broader sense, a possible 

correlation between MLC and SA is checked. The result of a correlation check showed that there was 

no correlation between MLC and SA (r =0.05, p=0.33). This result showed that there was no relation 

between the two variables, so for example higher MLC did not indicate a higher SA. However, 

investigating the correlation between MLC and the answers for ‘Did you pass a highway exit?’ and for 

‘Have you passed a billboard last-minute?’ resulted in a weak significant correlation, respectively (r 

=0.21, p<0.001) and (r =0.16, p=0.002). A weak positive correlation meant that when MLC increased 

for the ‘exit’ or ‘billboard’ question, the chance increased that the answer for ‘exit’ or ‘billboard’ was 

correct.  

 To investigate whether SA was related to FVR, the link between SA and FVR was checked. So, 

was there a relation between the number of views on the road and the amount of correct answered SA 

questions. A correlation check showed that no correlation was found (r =0.078, p=0.14). Again, when 

taking a closer look at the individual conditions, in this case focusing on luminance, the condition of 80 

cd/m2 showed a weak and slightly significant correlation (r =0.20, p=0.049). This showed that was no 

significant correlation was found for both variables, a significant correlation was found within the 
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dimensions of luminance independent from CCT. So, in conditions of 80 cd/m2, when FVR increased, 

SA did as well. In other words, increased FVR resulted in higher SA.   

To test whether there was a relationship between SA and luminance conditions, data on CCT 

were submitted to a chi-squared test. The results showed that the relationship between SA and luminance 

was not statistically significant, neither without CCT (𝜒2(12, N=384) = 20.23; p=0.063) nor within CCT 

for 6500 CCT (𝜒2(12, N=192) =17.66; p=0.126)  and for 3000 CCT (𝜒2(12, N=192) = 12.77; p=0.386). 

This stated that neither luminance nor CCT was the predictor for SA.  

 

3.5 Visual comfort 
Results of the variables glare, preference, and comfort showed a normal distribution. However, 

as for example noticed in Figure 20, for preference a negative trend was visible when luminance 

increased for 40 cd/m2 (Mpreference=3.25, SDpreference=1.23, Min=1, Max=5) and 160 cd/m2 (Mpreference=2.3, 

SDpreference=1.22, Min=1, Max=5). This finding indicated that the levels of preference went down when 

luminance went up. These findings were supported when all luminance conditions were compared with 

each other over the latent variable of visual comfort LC. Pairwise comparison showed for almost all 

comparisons a significant difference in LC, see Table 4. Meaning that the LC scores differed for each 

dimension of luminance, except 80 cd/m2 vs. 40 cd/m2 and 120 cd/m2 vs. 80 cd/m2.  
 

 
 
 

To find out whether participant’s experienced LC was affected through the two independent 

variables, luminance and CCT, an analysis of variance was used. The result of the ANOVA over LC for 

luminance and CCT showed a significant effect of luminance (F (3,376) =12.13, p<0.001) on the change 

of LC. Additionally, there was a significant negative correlation (r =-0.29, p<0.001) between LC and 

luminance. This could be interpreted, that luminance did have an effect on LC. The correlation was 

negative, so when luminance increased, LC would decrease. No significant effect for CCT or an 

interaction effect was found (F (1,376) =1.56, p=0.21; F (3,376) =0.28, p=0.84). So, no significant 

difference in LC was found for CCT, neither there was an effect of luminance and CCT together.  

 

Figure 20. Preference levels indicated per luminance condition.  
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Table 4      
Pairwise comparison over LC for luminance levels.   
Comparison for 
luminance (cd/m2) Contrast  Std. Err. t p  95% CI 
80 - 40 -0.09 0.038 -2.29 0.102 [-0.19, 0.01] 
120 - 40  -0.13 0.038 -3.36 0.005* [-0.23, -0.03] 
160 - 40 -0.23 0.038 -5.94 < 0.001** [-0.33, -0.13] 
120 – 80 -0.04 0.038 -1.07 0.707 [-0.14, 0.06] 
160 - 80 -0.14 0.038 -3.65 0.002* [-0.24, -0.04] 
160 v. 120 -0.10 0.038 -2.58 0.050* [-0.20, -0.00] 

Note: CI= Confidence Interval. *p<0.05, **p<0.001. 

 

In order to investigate the main effects and interaction effect of the independent variables on the 

dimensions of the questionnaire, a multivariate ANOVA was used. The dependent variables from the 

questionnaire were SA, MLC, and LC and the independent variables were luminance and CCT.  

Wilks’s lambda showed that the manipulation of luminance significantly differed between the 

conditions (F (3,910.4) =4.77, p<0.001). This meant that there was a significant difference in means 

between the four dimensions of luminance. Wilks’s lambda for CCT showed no significant effect (F 

(1,374) =1.30, p=0.28). In other words, it did not matter whether CCT was 3000K or 6500K, neither of 

the conditions significantly affected the means.  Wilks’s lambda for the interaction between luminance 

and CCT also no significant effect was found (F (3,910.4) =0.31, p=0.97). This meant that there was no 

difference in means for the luminance manipulation depending on whether CCT was 3000K or 6500K.  

The effect of the independent variables on the individual dependent variables within the 

multivariate analysis showed that the two independent variables luminance and CCT respectively 

explained R2=1%, R2=2%, R2=9% of the variance in the outcome variables SA, MLC and LC. However, 

only for LC, this was significant (p<0.001). This meant that only the variance in LC is explained through 

luminance and CCT. In other words, luminance and CCT explained 9% of the variance on participants’ 

latent comfort. 
 

Table 5. 
Conditional effects of Luminance on Latent Comfort 

 Latent Comfort 
Luminance level   B SE 95% CI 
40 cd/m2 0.57** 0.04 [0.49, 0.64] 
80 cd/m2 -0.10 0.05 [-0.20, 0.01] 
120 cd/m2 -0.12* 0.05 [-0.22, -0.01] 
160 cd/m2 -0.25** 0.05 [-0.36, -0.15] 

Note. N=384.  CI = Confidence Interval. *p<0.05 **p<0.001. 

 

When looked at the single conditions of luminance and CCT on LC, no significant effect was 

found for either of the CCT conditions. The variance in the outcome variable was only significantly 

explained for luminance conditions 40 cd/m2, 120cd/m2, and 160cd/m2, see Table 5. This meant that 

only in luminance condition of 80 cd/m2 the variance of LC was not significantly explained through 

luminance. The overall test for luminance on LC was significant (F (3,376) =7.35, p<0.001). Once more 

was confirmed that luminance explained part of participants experienced LC.  
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Chapter 4 

Discussion  
 The experiment investigated if tablet display light affects participants’ level of SA and 

participants’ visual comfort experience. Four different luminance levels and two correlated color 

temperatures (CCT) constitute the tablets’ display light conditions. The study aimed to find optimization 

of the transition of control through light, to guide the adaptation of the eye to ensure SA and optimize 

comfortable resumption to the non-driving related task (NDRT). The first part of this section discusses 

the effects of participants’ viewing behavior, including the objective physical measurements. In the 

second part participants situational awareness (SA) and their confidence level is discussed. The third 

part discusses the subjective experience of the tablet display light manipulations. Examination of the 

research question comes across in the fourth part. Finally, in the fifth and last part, limitations and future 

work will be addressed.  

 

4.1 Viewing behavior  

Within the interleaving process, for frequency of views on the road (FVR) and duration of views 

on the road (DVR) both a negative correlation was found on the number of procedures. So, for each 

repetition, FVR and DVR decreased and when participants experience that the automated driving system 

is reliable, trust will increase over time (Azevedo-Sa, Zhao, Esterwood, Yang, Tilbury & Robert Jr., 

2021). So, participants get more used to the procedure, which could have a positive effect on trust. 

Therefore, the negative effect of procedures on FVR and DVR could indicate that participants’ level of 

trust in the automated vehicle increased every repetition.  

Furthermore, FVR could also be related to trust, whereby a higher frequency of views, indicates 

that one is viewing more often to the road. The most logical reason for participants to check the road is 

that one checks the road in order to control the autopilot. Participants with low FVR likely have faith in 

the autopilot and do not feel the urge to check whether the autopilot works fine. Were in recent studies 

participants were worried about the reliability of autonomous vehicles (Kyriakidis, Happee, and de 
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Winter, 2015), in this study according to participants’ behavior, a lot of trust in the autopilot system is 

shown. Taking into account the differences in the context of studies, this initially seems to be a good 

development, but considering the current situation, there are also some downsides. For instance, that 

FVR and DVR likely will decrease when trust increases. Simultaneously, SA will decrease as well. This 

is assumed because without looking at the traffic situation, it seems impossible to achieve high 

situational awareness (SA). So, for the industry, it is important to maintain or even increase trust in 

automation. But simultaneously, as long as the automation is not fully autonomous, it is the industry’s 

duty to stimulate the driver’s attention to maintain situational awareness (SA) and thereby ensure road 

safety. In that respect, the right balance must be found in the development speed and strategy and after 

all the performed NDRT through the human operator.  

Besides that, FVR can be related to trust, DVR can be related to the complexity of the traffic 

scene. Not only scene’s complexity is responsible for the perceptual process, also the relationship 

between the search target and the scene characteristics (Nagle & Lavie, 2020). For example, the 

perception of a red truck in a complex scene such as a traffic jam will not take that long, but the 

perception of a motorcycle in a low complex scene such as an empty highway on a sunny day could take 

more time. In this experiment, the environmental scene is the visualization of a traffic situation. The 

DVR over one condition is roughly 4 seconds, 10% of the 40 seconds window of interest. It turns out 

that neither luminance nor CCT has an influence on that. A possible explanation could be found in the 

complexity of the scenario. The highway route map used in this experiment has a low level of complexity 

in combination with a low amount of traffic. Therefore, it is assumed that it should be easier to 

comprehend the situation because fewer environmental elements have to be perceived (Endsley, 1998). 

Based on Endsley (1998) and Nagle & Lavie (2020) makes it reasonable to say, that the obtained view 

durations to the road could be qualified as low, because, one was able to interpret the situation through 

a quick view. In respect of future research, the found durations could be used as starting point. Further, 

it would be interesting to investigate whether DVR increases when the complexity of the environmental 

scene increases. 

As well as perceiving complex scenes, the visual adaptation process is time-dependent (Adelson, 

1982; Ledda et al., 2004; Pattanaik et al., 2000). Moreover, the adaptation process could not be 

accelerated, however, the gap between both light sources could be decreased to shorten the adaptation 

process. Furthermore, the study of Dong et al. (2018), found an effect of changes in CCT of tunnel light 

at the entrance of the tunnel. Their results showed that visual adaptation times decreased for a CCT of 

3000K and increased for 6500K, which was the case for luminance levels of 40 cd/m2, 80 cd/m2, and 

120 cd/m2. In other words, adaptation times decrease when CCT is 3000K, in combination with a 

reduced contrast provide to perceive objects in an earlier stage. Therefore, an effect of luminance levels 

and CCT, on participants viewing behavior was expected in the sense of differences in FVD, DVR, and 

mean view duration on the road (MVDR). However, the same light characteristics emitted through a 

tablet display did not fulfill the expectations and neither FVD nor DVR nor MVDR were significantly 
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affected through luminance nor CCT. Only between the two CCT’s, in combination with the luminance 

levels 40 cd/m2 and 80 cd/m2 partially showed an effect on the variable FVR. Taking into account that 

visual adaptation times and view frequencies are not the same variables, it is still noteworthy. Through 

the increase of luminance level, FVR increased within 3000K, but in contrast, FVR decreased within 

6500K. However, because of a quite large Standard Error, these differences have to be interpreted with 

some caution. Through isolating the considered variables in further research, should provide conclusive 

evidence. 

 

4.2 Situational awareness & Confidence 
Over the experiment, just 18.5% of the SA questionnaires are filled in correctly and 35.4% had 

one mistake. This indicates that their SA is not optimal. Where the studies of (Chen et al, 2012; Shen et 

al. 2014; Guterman et al., 2010) state that visual performances decrease through increased luminance 

contrasts and is assumed that this also affects SA. The results of this study cannot fully support this 

theory, because no effect is found for the display light manipulations on SA. In other words, SA does 

not change when luminance levels or CCT changes.  However, it has to be taken into account that visual 

performances in this study are not monitored continuously or specifically. In the view of Endley’s SA 

decision model (Endsley, 1998), this implies that drivers’ miss the first important element of SA. 

Missing the first element, ‘perception of elements in the current situation’, results in a direct negative 

effect on the following elements in the model and finally could harm road safety. Moreover, the results 

show that overall the level of confidence is relatively high, but on the other hand, SA is low. The fact is 

that in this study, participants simply could have missed the objects where they have been questioned 

about. Therefore, the results of the mean level of confidence (MLC) are so interesting, because a 

conservative assumption would be that whenever you missed an object, whatever your answer should 

be to the question ‘if one had seen that object’. The expectation would be that one could be confident 

when participants are certain they missed or saw the object.  

Only when for the question ‘Did any number of cars pass you?’, there was a difference in 

confidence between correct or incorrect answers. A possible explanation for this difference could be that 

a car is not passing in an eye blink, as a billboard does. A car drives along and is also visible when it is 

already passed for a while. Furthermore, it is possible that they could see the road in their peripheral 

view, however, it is impossible to measure one’s peripheral view. When they were able to see the road 

in their peripheral view, it should be easy to spot a passing car but not a billboard. This may be due to 

that a car is a moving element and unconsciously gains more attention because it is a possible danger.  

Overall, participants seem overly confident over their SA. If this level of confidence would be 

the reflection of the population, it will be precarious for the future, because current and coming vehicles 

still need driver’s supervision. In this experiment, all of them experienced an autopilot for the first time, 

in a simulator though, but nevertheless their first experience. Taken into account the findings of Borojeni 
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et al. (2018); Kun et al. (2016), that attention is decreased to driving-related information and thereby 

has less SA when vehicle automation increases. When simultaneously, drivers show this much 

confidence in their SA when the autopilot is active, it is important to keep a close eye on it when further 

developments in the direction of the autopilot are implemented in real life. Like some production cars 

already have, like lane and distance keeping. To get back at the point, it underlines ones more that the 

steps from manual driving into full automated driving is a grey area, that makes drivers are less aware 

of their needed supervision as earlier found by Jamson et al. (2013); Llaneras et al. (2013); Naujoks et 

al. (2016). In the grey area, it is plausible that the driver’s safety is in danger. More importantly, other 

road user’s safety is at risk as well. Precisely because of that, it must be clear in the vehicle, when the 

attention of the driver is necessary during the ride. This also applies to the use of supporting features. 

The mode of attention could be visualized through a sign on the dashboard or at the windshield.  

The study of McCall et al. (2016) informed us about the consequences of attention changes 

between driving and NDRT’s. They said, it should decrease one’s attention on the traffic situation, which 

causes a drop in SA. This sounds reasonable, however, the correlation check between SA and FVR 

cannot confirm their statement for the model. Moreover, within the 80 cd/m2 condition the opposite 

occurs. When the moments of viewing increase, so does SA. This could be explained according to the 

different driving situations because in their study participants were driving manually and in this study 

the autopilot was active. The difference in a primary task likely explains the difference. If the 

developments continue at a similar pace, the driver’s primary tasks will change in the nearby future. 

Therefore, it is important to repeat the study of McCall et al. (2016), but then in a mirrored form. In 

other words, change the primary tasks of the driver. Finally, that would give more information about 

driver’s behavior, not having the autonomy, which directly can be implemented in development 

processes.  

 
4.3 Subjective experience 

4.3.1 Luminance 
Road safety is increased when one’s visual comfort is optimal, due to the influence of visual 

performances and increased reaction times in detection tasks (Shi et al. 2020). In this study, subjects 

experienced different luminance contrasts over the conditions. Over these conditions, the levels of glare, 

preference, and comfortable differed among the different luminance levels. A clear negative trend was 

visible for all three variables. For each increase of luminance, the experience of glare, preference, and 

comfortable decreases. Furthermore, the negative trend of luminance on the latent comfort (LC) is also 

partially confirmed by the results in the multivariate ANOVA. The findings are in line with the results 

of Na & Suk (2015), a display luminance of 40 cd/m2 is most preferred. But to conclude that this is the 

‘sweet spot’ is a bit simplistic due to the fact that the traffic scene is displayed on three monitors, which 

also emit light. Additionally, this study had fewer light conditions than Na & Suk (2015). It is better to 
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state that the contrast between the monitors and the tablet display is most comfortable for a tablet display 

of 40 cd/m2. Most likely such a low tablet display luminance will be confirmed conducting the same 

setup in a real-life scenario.  

Furthermore, the finding adds a new dimension to previous studies, which found that increased 

luminance contrasts had a negative effect on one’s visual comfort (Chen et al., 2012; Shen et al., 2014; 

Guterman et al., 2010). Those studies were conducted with static images while in this study the tablet 

image was static and the driving scenario was a dynamic image. The only scenario that is left now is a 

scenario with two dynamic images.  

 

4.3.2 Correlated Color Temperature 
 The data showed that participants did not significantly prefer one of the CCT conditions in either 

of the luminance conditions. This is at least, against the expectations. Because the study results of Choi 

& Suk (2014) proved that participants preferred a display CCT of 6500K over 3000K, under low 

illumination. Considering that this study was also performed under low illumination, but not showed a 

difference in preferred CCT display light, was not expected. The study of Choi & Suk used a smartphone, 

where this study used a tablet. Furthermore, in this study a third factor was included, the emitted light 

of the screens where the road was projected. Participants highly likely used emitted light through the 

screens as a reference point to judge the preferred tablet display light. Therefore, it might be interesting 

to conduct the same study in a real nocturnal environment. To gain a better understanding of the display 

light effects in a real nocturnal situation, a study where participants are driven over the highway on the 

passenger seat could be conducted. That way the NDRT is isolated from the driving task, which 

increases the focus on the display light characteristics.  

Overall, it is important that driver’s visual comfort is preserved to maintain their safety (Shi et 

al. 2020). Particularly, because driver’s distraction increases (Borojeni et al., 2018; Kun et al., 2016) 

and high potential are multimedia (Pfleging et al., 2016). Additionally, nowadays produced vehicles 

also contain an immense multimedia screen, which also emits a sufficient quantity of light. Interesting 

findings come across if the findings of this and Choi’s & Suk’s (2014) study are not taken into 

consideration for a moment and a sidestep to another research domain is made. Researchers in the Health 

domain found an effect of CCT on melatonin suppression. Briefly, melatonin is a hormone, which is 

responsible for your sleepiness. The level of melatonin increases at the end of the day, to provide your 

feeling of sleep. CCT levels < 2000K show negligible melatonin suppression, whereas CCT levels > 

3900K and higher cause significant melatonin suppression (Kraneburg, Franke, Methling & Griefahn, 

2016). CCT levels between 2000K and 3900K show no significant effect on melatonin suppression. 

That is to say that melatonin is suppressed when CCT levels are > 3900K. In other words, when 

melatonin is suppressed, the subjects feeling of sleep is extended. Given the fact that the focus of this 

study is on tablet use during an activated autopilot in a nocturnal situation, sleepiness is an important 

factor to maintain safety. Assuming that the same effect occurs under the most preferred display 
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luminance level, 40 cd/m2, CCT levels > 3900K are useful to suppress sleepiness. Furthermore, CCT 

levels > 6000K have a positive effect on subject’s alertness (Ye, Zheng, Wang, Luo, 2018). An 

additional result of melatonin suppression is a shift in subject’s circadian rhythm, which starts a whole 

new interesting discussion. But to return to the research topic, if we take developments into account, the 

automotive industry is heading to an autonomous vehicle. So, an autonomous vehicle gives the 

opportunity to prolong periods of screen time in the vehicle. However, driver’s attention is still necessary 

in coming years. To maintain road safety, increased driver’s sleepiness is highly unpreferred.  

In terms of practical applications, if it does not make any difference for the subject’s visual 

comfort or SA, it cannot do any harm to use a tablet or multimedia display CCT of > 6000K during 

nocturnal moments.  

 

4.4 Research aims 
In sum, the main question can be answered clearly. To clarify, the question was: “How can the 

transition of control from human to car be optimized by light to guide the adaptation of the eye to ensure 

situational awareness and create a comfortable resumption to the NDRT?”. First, CCT does not 

contribute to the optimization of the transition of control from human to car. So, the CCT does not affect 

situational awareness or contributes to a comfortable resumption. Secondly, luminance does contribute 

to the optimization of the transition of control from human to car. No effect is found on the preservation 

or stimulation of situational awareness, but luminance significantly does contribute to a comfortable 

resumption of the NDRT. Altogether, the findings do not lead to a trade-off between two light 

characteristics. Moreover, according to the results of this study, the focus could be more on display 

luminance levels.   

One explorative aim of this study was to get an impression of the duration before one completely 

suspended their view from the road. First of all, this was not measurable through a single variable in the 

data. By the lack of literature, the assumption was that one would gradually suspend the driving task. 

However, none of this assumption was found in the data. Besides, no general pattern was found. 

According to the observations of the experimenter could be explained that participants directly took the 

tablet and started reading.  

 

4.5 Limitations & Future Work 
First, the experiment was conducted at the Technical University of Eindhoven. All participants 

were students and had an age between 19 and 29. Assuming that all of them have a technical background, 

they are familiar with technology as well. This partially could explain the shown behavior of trust. 

Consequently, the results have to be interpreted with some caution and therefore not representative for 

the population. It is expected that people outside the Technical University have, less affinity or 

experience with the newest technologies. Additionally, people of an older age likely will be more 
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conservative loosening in control. The expectation is that this conservative behavior is also reflected in 

a difference in mean levels of confidence.  

 Secondly, scenario-wise, a commonly mentioned point was the darkness of the mirrors and the 

behavior of other road users was weird. Furthermore, the experience of realism was low, someone said: 

“You are not able to kill or harm someone”. Someone else said: “In a real vehicle I would not have that 

much trust as I had in the experiment, so I would check the autopilot much more”. This could be 

explained by the limitations of the virtual scene. For example, the simplicity of the highway and the low 

complexity of the scene. It would be interesting to see whether these feelings can be eliminated by the 

addition of a motion platform. Especially, for brake actions by the autopilot. However, the current 

scenario ensured that all participants would drive the same route, which implies that all data is gathered 

under the same circumstances. This led to no further considerations during the analysis and ensured 

focus on the road. Unfortunately, this led to a reduction of the complete experience of SA. But this 

allowed taking an isolated look at participants’ road view behavior. In respect of future works is 

recommended to diversify the landscape to increase feelings of realism. Or to make it even more realistic, 

conduct the same study in a real vehicle at a trial area. This should lead to a more realistic experience 

of situational awareness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



EFFECT OF CCT AND LUMINANCE LEVEL ON SITUATIONAL AWARENESS AND COMFORT OF TASK RESUMPTION 

 

37 

 
 
 
 
 
 
 
 
 
 
 
 

Chapter 5  

Conclusion  
In conclusion, results are interpretable for the automotive industry as the display industry. 

Because currently produced vehicles are all equipped with digital dashboards, increasing navigation 

systems, and even digital mirrors, the results are applicable to contribute to traffic safety. In a broader 

perspective, it is wise to consider the effect of fixed and portable displays. Looking to the future, 

referring to the change of the primary driving task a distinction between fixed and portable displays 

could be valuable. Furthermore, to maintain traffic safety during the development of AV, a better 

understanding of whether there is a relationship between confidence and SA, is necessary. In sum, 

hopefully, this contributes to the next step in research to multimedia use during the use of an autopilot.  
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Appendices 
Appendix A  

 
 The focus of this study, projected on the stages of transition of control in an automated driving context. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



EFFECT OF CCT AND LUMINANCE LEVEL ON SITUATIONAL AWARENESS AND COMFORT OF TASK RESUMPTION 

 

44 

Appendix B 
Table 1.  
Counterbalanced order table. 

Even participants  Uneven participants 
Condition  CCT (K) Luminance (cd/m2)  Condition  CCT (K) Luminance (cd/m2) 

1 3000 120  1 6500 120 
2 6500 40  2 3000 40 
3 3000 80  3 6500 80 
4 6500 160  4 3000 160 
5 3000 40  5 6500 160 
6 6500 40  6 3000 120 
7 3000 160  7 6500 80 
8 6500 120  8 3000 80 
9 3000 80  9 6500 120 

10 6500 80  10 3000 160 
11 3000 120  11 6500 40 
12 6500 160  12 3000 40 
13 3000 160  13 6500 160 
14 6500 80  14 3000 80 
15 3000 40  15 6500 40 
16 6500 120  16 3000 120 

 
 
Table 3.  
Involved luminance sequences between conditions. 

Sequences 
40 cd/m2 – 40 cd/m2 
40 cd/m2 – 80 cd/m2 
40 cd/m2 – 120 cd/m2 
40 cd/m2 – 160 cd/m2 
80 cd/m2 – 40 cd/m2 
80 cd/m2 – 80 cd/m2 
80 cd/m2 – 120 cd/m2 
80 cd/m2 – 160 cd/m2 
120 cd/m2 – 40 cd/m2 
120 cd/m2 – 80 cd/m2 
120 cd/m2 – 160 cd/m2 
160 cd/m2 – 40 cd/m2 
160 cd/m2 – 80 cd/m2 
160 cd/m2 – 120 cd/m2 
160 cd/m2 – 160 cd/m2 
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Appendix C 
Situational Awareness 
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Visual Comfort 

 
 


