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Abstract 
Automated driving is becoming increasingly popular and is often proposed as a solution to commonly known 

human errors in driving. However, fully autonomous driving has not yet reached the point where it can be 

implemented in real world driving. Current automated driving systems are often designed in such a way that 

the role of the human operator is changed to that of a supervisor. This shift in operator role towards that of a 

supervisor has brought about issues with automation such as loss of vigilance, unbalanced workload, loss of 

situation awareness, and misplaced trust. As a solution to such issues encountered with automation, and to 

issues encountered without automation, an intermediate step between manual driving and full automated 

driving is proposed herein. Accordingly, an adaptive automation system was designed with the goal of 

increasing road and driving safety. This meant that function allocation occurred based on pre-determined 

factors. Based on a performed concept study, this study focused on adaptively allocating steering control either 

to the driver or to the automated pilot. The pre-determined factor used for adaptive function allocation within 

this experiment is visual distraction based on gaze direction measurements performed using an eye tracker.  

Participants were asked to use a steering wheel to control a simulated vehicle. At specific periods during each 

condition, the participants were required to perform a secondary task (i.e. changing a CD), which imposed a 

visual, physical and cognitive distraction upon the driver. Three different conditions were tested: (1) The 

manual drive (Manual) condition consisted of manual driving. (2) The automated back-up (Back-up) condition 

consisted of manual driving except during moments of visual distraction, where the driver was backed up by an 

automated pilot that was automatically initiated. (3) The forced manual drive (Forced) condition consisted of 

automated driving except during moments of visual distraction, where the driver was forced back into the loop 

because manual drive was automatically forced upon them. 

The Back-up condition showed a significant decrease in lane deviations and both max and mean absolute 

lateral errors when compared to the control condition. The Back-up condition also showed the lowest self-

reported workload ratings and acceptance scale ratings, whereas the Forced condition showed the highest 

workload rating. Finally, 22 out of 31 drivers indicated that they preferred the Back-up condition to the other 

two conditions. The Forced condition did appear to increase attention to the road when compared to the Back-

up condition during secondary tasks. The Forced condition also showed a significant decrease in performance 

when compared to the Manual condition during the secondary task periods. 

In conclusion, the Back-up condition appeared to significantly increase performance, and as a result also safety, 

when compared to the Manual condition, which was the main hypothesis of this study. The Back-up was also 

well accepted by the drivers. It would appear that the Back-up condition shows real promise for increasing 

driving safety. However, more research is required before it can be implemented in real cars. Fidelity of the 

simulation, as well as the quality of eye tracking, should be increased for future studies. The Forced condition 

shows the possibility of decreasing misuse and increasing awareness to the road but more extensive research is 

required to investigate the effectiveness in real-life applications.  

  



  

2 
 

1. Introduction 
In the past decades, researchers have been studying the viability and applicability of vehicle automation for 

commercial use. One of the most well-known reasons for applying automation in commercial vehicles is an 

increase in safety. The idea is that vehicle automation could remove human error from driving, since human 

error is one of the major contributors to crashes in the world (NHTSA, 2008). For example, a study by Neale et 

al. (2005) showed that 78% of crashes and 65% of near crashes had inattention as a contributing factor. 

However, automation research has not yet reached the point where fully autonomous driving can be 

implemented with the promise of a faultless system. Current designs often still focus on applying either 

conditional automation or high automation (SAE, 2014) where the human operator tasks are often altered to 

that of a supervisor. This supervisory role has brought about other human factor issues with automation. Such 

issues include but are not limited to loss of vigilance, unbalanced workload, loss of situation awareness, and 

misplaced trust (Visser and Parasuraman, 2011). These issues appear to reduce the intended increase of 

performance and safety of applying automation. 

Recognition of these human factor issues has led to studies regarding how humans interact with automation, 

how humans can be aware of the limitations of automation, but also how humans will behave during moments 

of automated driving. Some of this research has led to the conclusion that adaptive automation appears to be a 

promising solution to the aforementioned human factors issues with automation. An extensive literature study 

regarding different implementations of adaptive automation is presented in Appendix K: Literature report. 

The main conclusions from this literature study will be summarized within this introduction. 

Adaptive automation has been proposed as a solution to some of the aforementioned issues (e.g., Inagaki, 

2003; Kaber & Endsley, 2004; Parasuraman, 2000). In adaptive automation, function may change during 

operation to a lower or higher level of automation depending on certain pre-determined factors. Such factors 

might be mental workload of the human operator or task performance. For example, if during the execution of 

a certain (sub)task, which is currently performed with a high level of automation, the performance is lower 

than a certain threshold, the algorithm might switch the automation to a lower level or even turn over control 

entirely to the human operator if it is known that he or she can perform above said threshold. However, if high 

human workload is detected during a certain task, some or all of the control might be switched to the 

automation. Within the literature, it is often hypothesized that using adaptive automation (and correctly 

allocating functions) within the human-machine system could keep the combined human-machine 

performance at an optimal level. To design adaptive automation, taking both the limitations of the automated 

system and the human operator into account, it is often proposed that knowledge of the human operator state 

can help allocate functions. Correct and real-time knowledge of the human operator state can help the human-

machine system allocate tasks between the automated system and the human operator.  

It is important to properly design the way in which the adaptive automation is implemented. Algorithms that 

define how and when automation is invoked and terminated can differ greatly. Parasuraman and Bahri (1992), 

Inagaki (2003), and Sheridan and Parasuraman (2006) defined categories in which such invocation procedures 

for adaptive automation can be subdivided: (1) critical-event logic, (2) operator performance measurement, (3) 

modeling assessment, (4) operator physiological measurement, and (5) hybrid methods, combining two or 

more of these techniques. 

During the course of the previously mentioned literature study, it was found that adaptive automation based 

on operator physiological measurements appeared very promising. Psychophysiological measurements offer 

one main advantage that needs to be considered to see whether it outweighs common disadvantages such as 

cost and user acceptance (Parasuraman and Bahri, 1992; Scerbo et al., 2001). The main advantage is that, 

unlike most other behavioral measures, physiological data can be obtained continuously. When dealing with 

automotive scenarios, continuous measurement of the operator state is one of the top requirements since 

automation should at all times be able to respond quickly to rapid changes in the operator state. 

There are many different physiological measurements that provide information on different parts of the 

human operator state. Such measures include heart rate, electroencephalography (EEG), electromyography 

(EMG), skin conductance, and eye measures. For this research study, the focus lies on eye measurements 
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because they can be measured non-obtrusively and because they can provide valuable insights regarding the 

operator state such as attention, workload and situation awareness. Non-obtrusiveness is one of the more 

important requirements when one would want to apply it in real-life driving situations considering user 

acceptance. Such non-obtrusive eye measurements include blinks, eye fixation, and pupil diameter. Therefore, 

these measures will be proposed here to estimate operator state with respect to automated driving. 

As part of this study, multiple concepts were designed with respect to adaptive automation, using eye 

measurements. A short concept study was performed (see Appendix A: Concepts). For this concept study, 

multiple experienced drivers were asked to rate different concepts on desirability. Furthermore, the author of 

this thesis also provided his own rating regarding his subjective thoughts on the feasibility and viability of the 

different concepts. From this concept study, based on its ratings the concept of distraction invoked automation 

was chosen for further study and considered as a basis for an experimental study. A short, and more in-depth 

literature study was performed regarding the specific subject of distraction invoked automation (see Appendix 

B: Background research). 

Concept expansion based on literature 

The original concept of distraction invoked automation was to implement an automated manual to automation 

control transition during moments of distraction. Here, it is assumed that even though automation is not 

capable of handling all driving situations as well as the human, it is nonetheless expected to perform better 

than the human when he or she is distracted. Thus, it is believed that the current concept should be able to 

achieve the goal of increasing overall driving performance and also driving safety. 

The literature shows that distractions can result in a decrease of performance. Out of the many different kinds 

of distractions, those that result in off-road glances appear to have the largest impact on performance (Peng et 

al., 2012; Ryu et al., 2013; Klauer et al., 2006). Therefore, such distractions will be implemented within this 

experiment. These distractions can affect both longitudinal and lateral performance. 

Summarizing, the idea is to implement automation during moments of visual distractions. However, what is 
there to prevent the driver from misusing the automated pilot by leaving it on at all times? That is not the 
intention of the current design because automated driving is currently not yet at the point where it can be 
implemented during all driving situations. Therefore, another question arises: How would the driver act and 
divide his or her attention when being forced back into manual control? Such a situation could be where 
manual driving is forced upon the driver during moments of distraction after periods of automated driving. 
Some of the literature stated that during moments of distraction, people appeared to prioritize their capacities 
in such a way that “safe” driving is still ensured in the form of lateral position errors (Beede and Kass, 2005; He 
et al., 2014).  
 
For the above reasons, the choice was made to perform the experiment with three different conditions for a 
more comprehensive coverage of the topic and to focus on lateral performance: (1) a manual drive (control) 
condition, (2) a condition using automated back-up during moments of distraction, (3) and a condition using 
forced manual driving during moments of distraction only.  
 
Research questions 

An expected result is that the automated back-up condition will perform better during secondary task periods 
because the automation is programmed more strictly than what humans are capable of. However, it will be 
interesting to see whether people actually accept this condition, in which control is taken away from them. 
Moreover, because the control transitions are automated, this could result in unwanted behavior (e.g., surprise 
reactions when a sudden control transition takes place) and could thus have a negative influence on overall 
driving performance. The first two research question arise relating to the automated back-up condition:  
 

1) Will participants give the automated back-up condition a higher acceptance rating than the manual 
drive condition?  

2) Will the automated back-up design increase overall (lateral) driving performance? 
 
During the forced manual drive condition participants are forced to take manual control at moments of visual 
distraction and it is expected that driving performance will deteriorate when compared to the manual drive 
condition during such moments. As mentioned earlier, the forced manual drive condition was added to try and 
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prevent the driver from misusing the automation. However, it is unclear what the impact of such a sudden 
control transition will be on performance. Furthermore, it is unclear how people will rate this condition. The 
third and fourth research questions are related to the forced manual drive design: 
 

3) Will the forced manual drive design negatively impact (lateral) performance when compared to the 
manual drive condition? 

4) Will participants rate the forced manual drive condition negatively? 
 
To assess these research questions, an experimental method is formulated in Chapter 2. In Chapter 3, the 

results of the experimental study are presented after which those results will be discussed in Chapter 4. In 

Chapter 5, conclusions will be drawn after which future research recommendations will be presented. 
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2. Method 
Ethics 

This research was approved by the Human Research Ethics Committee (HREC) of the Delft University of 
Technology (TU Delft). All participants provided informed consent. 
 

Participants 

In this study, 31 people participated, of which there were 25 males and 6 females. The mean age was 26.4 
years (SD = 4.4 years). Participation criteria were 1) Having a driver’s license, and 2) not having to wear glasses 

to see properly. All participants read and signed an informed consent form (see Appendix C: Informed 
consent form). They were also offered €5 compensation for their time. 

 
Equipment 
The SmartEye DR120 remote eye tracker was used to record the participant’s gaze direction while sitting 
behind a monitor (Figure 1). Data were collected at a frequency of 60 Hz to ensure that the simulation could 
run real-time. The experiment took place in a room with standard office lighting and lowered window blinds at 
all times. A 24-inch screen was used to display the simulated environment. The distance between the screen 
and the participant differed between the participants but was not taken into account since the eye tracker 
adjusted measurements automatically. However, the distance was limited by the DR120 eye tracker, being able 
to measure in the range 50-80 cm from the camera. The participants all sat right in front of the monitor. A 
Logitech G27 steering wheel was used to control the simulated vehicle. Furthermore, the PreScan software, 
designed by TASS International, was used to create the simulation environment. Matlab/Simulink was used 
along with PreScan to control the simulated vehicle and to log data. 
 

 
Figure 1. An overview of the experimental setup. 

Simulated environment 

The environment consisted of a road with five straight segments and four 10° bends programmed in PreScan. 
The participants were shown the dashboard of a vehicle (BMW X5) as well as the road in front of them (Figure 
3). A bar was placed on the dashboard. which indicated the state of the automation (i.e., lateral control). A 
green bar indicated that the automation was ON, a yellow bar indicated that the automation was still ON but 
that the participant would regain lateral control (within either 0.75 s, for the forced manual drive condition, or 
1.125 s, for the automated back-up condition), and a red bar indicated that the automation was OFF (i.e., 
manual lateral control). The automation was designed in such a way that when it switched on it would quickly 
drive the car towards the center of the right lane and would keep driving there for as long as it was switched 
ON. For large lateral position errors the automated pilot would steer the car back to the center of the road at 
such an angle that this would result in a small overshoot. This was an unintended side effect of the automated 

pilot due to the way it was designed within the PreScan software. Figure 2 shows three examples of the 

overshoot that occurs for large lateral errors when the automated pilot is initiated. The overshoot can be seen 
within the 1–3 s interval and shows that it is relatively small and does not result in lane departures (< 2.5 m).  
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Figure 2. Example of lateral error response after the automation takes over. The automation is initiated at t = 0 
s (vertical green dashed line). The three solid lines show three different responses during secondary task 
periods for the automated back-up condition. The lateral overshoot caused by the automation is shown around 
1–3 s. 

 
Figure 3. Driver’s point of view. GP stands for Gaze Position. The arrows indicate the upper and lower bounds 
that were used in the algorithm for determining whether the driver was looking at the screen or not. 
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Condition explanation: 

As mentioned before, during all conditions, the vehicle speed was constant at 19.44 m/s (i.e. 70 km/h) and thus 
no longitudinal control actions are required. 
Automated back-up (Back-up) 
In this condition, the automated system assumed lateral control when driver distraction was measured. What 
is considered as driver distraction will be described in more detail later on in this report. 
Manual/Control condition (Manual) 
During the control condition the participants performed the driving task without help from an automated 
system. This means that even when having to perform the secondary task they were required to perform 
lateral control manually. However, eye tracking data was still collected to record when control transitions 
would otherwise have occurred. 
Forced manual drive (Forced) 
The Forced condition can be described as being opposite to the Automated back-up condition in the sense of 
control transition directionality. In the Forced condition, the automation had full lateral control of the car 
except when the automation initiated a control transition based on visual distraction measurements.  
 

During automated driving, the steering wheel (i.e., the physical angle of the Logitech steering wheel) was 
completely decoupled from the simulated steering angle. When regaining manual control, the steering angle 
would make a discrete jump from the previous steering angle determined by the automation towards the 
steering angle at which the physical steering wheel angled at that moment.  
 

Procedure 

An overview of the experimental procedure is shown in Figure 5. The conditions were all counterbalanced 

across the participants (see Appendix F: Counterbalanced order of conditions). Each participant was asked 

to fill out a personal information questionnaire before the start of the experiment. They were also required to 

read the instructions form (see Appendix D: Instructions form). Next, the participants were required to sit in 

front of the eye tracker and focus on four fixed points on the screen to perform a gaze calibration. If this 
calibration was successful the experiment would continue, and if not, the participant was asked to sit 
differently so that the cameras could ‘see’ their eyes better before performing another calibration. The 
experiment was not continued until a successful calibration had occurred. All participants performed a 
successful calibration. 
 

A within-subject design was used. There were three conditions: 1) Back-up, 2) Manual, and 3) Forced. For each 
condition, the participants were required to drive a simulated vehicle in the simulated environment described 
above, using a steering wheel for lateral control. An automated gearbox was implemented and the velocity was 
set at 19.44 m/s (approximately 70.0 km/h; 43.5 mph). This speed was chosen to simulate driving on rural 
roads. 
 
Additionally, for each of the three conditions, at fixed intervals during driving, the participant was required to 
perform a secondary task. After each condition, the participants were asked to fill out a NASA Task Load Index 
(TLX) questionnaire. Following the Back-up and Forced conditions, the participants were also required to fill out 
an Acceptance scale of in-vehicle technology (Van der Laan et al., 1997). The participants were not required to 
fill out this questionnaire for the Manual condition, because the scale asks the participant to rate a specific 
vehicle technology, which was not applicable for the Manual condition. At the end of the experiment, the 
participants were also asked to fill out a questionnaire where they could state which session they preferred as 

well as give general comments (see Appendix E: Questionnaires for an overview of all the questionnaires used 

in this study). 
 
The participants performed a 185 s training run before each of the three conditions to familiarize themselves 
with the different mechanics of each condition. These training runs were driven on the same track as the actual 
experimental runs, and also included three periods of the secondary task. After the training run, participants 
would drive the full track for each condition which took approximately 340–350 s. When the drivers deviated 
from the center of the right lane and thus from a pre-calculated trajectory, the total driving time would change, 
but not differ much more than a few seconds. This is because the end position was set at X = 6700m, where X is 
the x-coordinate within the PreScan environment. So when passing the X-marker the simulation would stop, 

regardless of their Y-position at that point (see Figure 4).  
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Figure 4. The track X- and Y-coordinates on which participants drove. The blue line represents the track and the 
red line represents the end of that track. 

 
Figure 5. Overview of the experimental procedure (random condition order). 
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Secondary task 
The secondary task was intended to add a visual, physical and cognitive demand. Participants were required to 
perform a sequence of physical actions with a CD player placed to the right of the steering wheel (Horberry et 
al., 2006). In between the CD player and the steering wheel, a stack of 6 CDs was also positioned. What was 

required of them was explained in detail in the instructions form (see Appendix D: Instructions form).  

 
The sequence of steps consisted of keeping their left hand on the steering wheel and only using their right 
hand to 1) Press stop on the CD-player, 2) Open the CD-player, take out the current CD and put it on top of the 
stack of CDs, 3) Take out the bottom CD from the stack, put it in the CD player and close the lid, 4) Press play on 
the CD-player, 5) Put the stack of CDs back in their original position, and 6) Place the right hand back on the 
steering wheel. This sequence of steps was designed to ensure that the driver was visually distracted for 
approximately 10–25 s. 
 
A few of the important points mentioned in the instructions were: 

• The participants were told to keep their left hand on the steering wheel at all times.  

• The participants were not restricted in looking back and forth between the secondary task and the 
monitor.  

• However, when participants did look back to the monitor they were told by the experimenter to 
pause what they were doing with their right hand (i.e., they were not allowed to perform the 
secondary task without looking at the secondary ask).  

 
The participants were always alerted when they were required to perform the secondary task by a 1 s “long” 
beep. After a standard period of 25 s since the 1 s “long” beep, a 0.25 s “short” beep would indicate that they 
had to stop the secondary task. If they were not finished at the time of the short beep, they would have to stop 
the secondary task and focus back on the road completely. However, if they were already finished at the time 
of the short beep than they could ignore it and continue driving. A visual representation of the timeline 

surrounding the secondary task is shown in Figure 6. 

 
Due to the nature of the Forced condition, the short beep that was explained above could also occur if the 
participant focused back on the monitor and another control transition (i.e., from automation to manual) took 
place. Just as before, the short beep meant that they would have to stop the secondary task. If the short beep 
occurred due to focusing back on the monitor, the 25 s short beep would no longer occur (i.e. either way, only 
one short beep occurred). 

 
Figure 6. A representation of the timeline related to the secondary task period. 
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To encourage persistent secondary task engagement and demand loading, participants were told they would 
be scored on how well they performed the secondary tasks for each condition on a scale from 0 to 10. They 

would get points for performing the secondary task steps correctly (see Table 1). Apart from that, they would 

also get points depending on how quickly they performed the task (see Table 2). If they did not finish the task 
within the given 25 seconds (before the short beep occurred), they would only get points for the steps they had 
already finished at that time. The total score was the average of the six times that the secondary task occurred 
during one condition. At the end of each condition they were told what their final score was orally by the 
experimenter rounded up to 1 decimal (before they started on the questionnaires). 
 
Participants were told in the instructions form that their driving performance was still their primary task, but 
apart from that they were asked to try to score as high as possible with the secondary task.  
 
Table 1. Points given per secondary task action 

Action Points 

Press stop on the CD player 1 

Open the CD player, take out the current CD and put it on top of the stack of CDs 1 

Take out the bottom CD from the stack, put it in the CD player and close it 1 

Press play on the CD player 1 

Put the stack of CDs back in the original position 1 

Put your right hand back on the steering wheel and focus back on the road 1 
 
 
Table 2. Points given for how long it took the participant to finish the secondary task 

Time (s) Points 

<10 4 

11–15 3 

16–20 2 

21–25 1 

>25 0 

 
Visual distraction definition and measurement 

For this study, visual distraction was defined by the eyes-off-monitor time being greater than 1.5 s (based on 
Peng et al., 2012; Klauer et al., 2006; Ryu et al., 2013; Liang et al., 2014). This eyes-off-monitor threshold was 

also supported by a pilot study (see Appendix G: Pilot studies). In the Back-up condition, an automation-initiated 

automation-in-control after the transition (AIAC) transition (Lu & De Winter, 2015) would take place to ensure 
the driver did not have to make the transition manually and therefore no substantial workload is placed on the 
driver (see also Hancock, 2007). Automation termination (automation-initiated driver-in control after the 
transition; AIDC) was also performed based on eye measurements. In the Back-up condition, if the participant 
focused on the monitor for a minimum of 4.5 s when the automation was on then (s)he would regain lateral 

control. The 4.5 s period was also based on a pilot study (see Appendix G: Pilot studies). 

 
The periods of 1.5 s and 4.5 s were determined real-time by an algorithm that was specifically designed for that 

purpose (See Appendix I: Automation vs. Manual switching algorithm). What the participant was looking at 

was measured by the eye tracker. However, the eye tracker was not flawless. The secondary task was placed to 
the right of the steering wheel and when participants turned their head to look at it, it sometimes became 
difficult for the eye tracker to track the eyes. When the eye tracker was not able to track the eyes it reported 
this as null values, which is why these were treated the same as off-monitor measurements.  
 
Two different versions of the algorithm were used. This was due to the opposite nature of the Back-up and the 
Forced conditions. For both algorithms, looking at the monitor was defined as normal driving and looking 
anywhere outside the monitor surface was defined as distracted driving. Both algorithms can be found in 

Appendix I: Automation vs. Manual switching algorithm for reference. Even though no control transitions 

took place during the Manual condition, eye tracking and control switching data was still logged according to 



  

11 
 

the same algorithm as for the Back-up condition. Monitor boundaries to determine on/off monitor looking 
were measured to be: 1) GPX_low = -0.26 m, 2) GPX_up = 0.26 m, 3) GPY_low = 0.055 m, 4) GPY_up = 0.385 m 
(Figure 3).  
 
Algorithm of the Manual and the Back-up condition 

The automation switching mechanism can be explained by a sequence of steps. A visual representation of this 

switching algorithm is shown in Figure 7. However, this figure only shows the basics of the algorithm and is 

meant for simple clarification. Not all reset criteria are included in the figure to prevent it from getting too 
crowded. As mentioned previously, the actual algorithms used during this study can be found in the 
appendices. 

• First, assume manual drive. This means that the automation state bar was red. 

• When the gaze measured by the eye tracker was within the aforementioned upper and lower bounds 
of both the horizontal/vertical dimensions, and thus directed at the monitor, nothing would happen.  

• If the measured gaze was directed away from the monitor then it was counted as a value of 1 added to 
the previously found value. If an on-monitor gaze value was measured, the counter was reset to 0. As 
described before, a 1.5 s off-monitor gaze period was used for automation initiation in the Back-up 
condition. Because samples were taken with a frequency of 60 Hz this meant that if 90 consecutive 
samples were measured off-monitor, automation was engaged.  

• At this moment, automation was turned on, and the automation state bar was green. 

• From this moment onward, the algorithm started looking for gazes directed at the monitor. As 
described before, a 4.5 s termination period was used to disengage the automation. This meant that a 
minimum of 270 on-monitor samples were required for the automation to terminate. Due to the noisy 
character of the gaze signal this did not have to be 270 consecutive samples. Instead, it was 
programmed in such a way that if the tracker measured 90 consecutive off-monitor samples in 
between on-monitor samples, the counter would reset to zero. If a cumulative total of 270 on-monitor 
samples were measured, without 90 consecutive off-monitor samples in between, the automation 
would terminate and the participant would regain lateral control. As explained earlier the state bar 
would then switch from green to yellow, and later from yellow to red. The change from green to 
yellow happened at 203 out of 270 cumulative samples (i.e. there were only 67 samples between 
yellow and red).  

A last point to be mentioned is that during the time that the state bar was yellow, only 18 consecutive 
samples off-monitor were required for the on-monitor sample counter to reset to zero. This was 
implemented to decrease the probability of the automation turning off and then directly turning back on 
again.  
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Figure 7. A simplified visual representation of the algorithm used for the Back-up and the Manual condition for 
determining whether a control transition should take place or not. 

Algorithm of Forced condition 

In the Forced condition, the automation was active unless the driver was visually distracted. That meant the 
automation would by turned on by default. The following sequence of steps will explain the mechanism used 
for the forced manual drive condition. 

• Assume automated driving. This means the automation state bar was green. 

• If the gaze was now directed away from the monitor for 90 consecutive samples (i.e., 1.5 seconds at 
60 Hz) the automation would switch off and the participant would be forced to drive manually. Before 
switching “off” to red after 90 consecutive samples, the automation state bar would first switch to 
yellow after 45 consecutive off-monitor samples. 

• Now, the algorithm would wait until 270 cumulative on-monitor samples were measured and then the 
automation would switch back “on” to green. 

A few extra comments should be mentioned here: 
- If the automation stayed in its’ default stance, a null value from the eye tracker was counted as both an OFF-
monitor and an ON-monitor signal.  
- If however, the 90 consecutive samples were measured, the 270 samples counter was reset.  
- If any on-monitor value was reported by the tracker, the 90 consecutive samples counter was also reset. 
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Dependent variables 

The following measures and measurements were used. 
Performance: 

• Maximum Absolute Lateral Error (MaxALE) (m). This is the maximum of the absolute difference in 
lateral position between the vehicle’s position and the lane center in meters, measured over the 
entire drive. 

• Mean Manual Absolute Lateral Error (MeanMALE) (m). This was the mean of the absolute difference 
in lateral position between the vehicle’s position and the lane center, but only for the manually driven 
periods. Automated driving data was excluded during this analysis. This was compared between the 
Back-up and the Manual condition and between the Forced and the Manual condition. As mentioned 
earlier, eye tracking still occurred during the Manual condition. The algorithm also still logged whether 
a control transition should occur for the Manual condition. The difference was that the algorithm 
decisions were ‘decoupled’ during the Manual condition and thus no actual control transitions took 
place. Nonetheless, the data could still be differentiated during the Manual condition into manual 
segments and ‘automated’ segments. This differentiated data was used to perform comparisons for 
the MeanMALE. 
The first comparison contained the manually driven data for the Back-up condition which was 
compared to what otherwise would have been the manually driven data for the Manual condition. 
The second comparison contained the manually driven data for the Forced condition which was 
compared to what otherwise would have been the automatically driven data for the Manual 
condition. 

• Number of Lane Departures (LD), measured as the number of times the center of the car crossed the 
lane to the right or to the left. Coming back to the correct lane was not considered as a lane 
departure. In other words, moving out of your lane was counted, whereas coming back to you own 
lane was not counted.  

Workload: 

• NASA TLX (%), ranging from 0% to 100% with steps of 5%. This questionnaire was used to assess the 
drivers’ subjective workload on six different categories: 1) Mental demand, 2) Physical demand, 3) 
Temporal demand, 4) Performance, 5) Effort, and 6) Frustration (Hart, 2006). All questions were 
answered on a 21-point scale ranging from ‘very low’ (‘perfect’ for the performance item) to ‘very 
high’ (failure for the performance item). Even though the performance item seemed to represent an 
inverse scale, its score was still counted as going from 0 to 100 as was the case for all six items. This 
was the case because it was assumed that high performance correlates with low workload (Hart & 
Staveland, 1988). An overall subjective workload was obtained by averaging the six different scores 
(Byers et al., 1989). 

System Acceptance: 

• Acceptance scale, ranging between -2 and +2, with steps of 1. The acceptance scale was used to assess 
the drivers opinion on the Usefulness and the Satisfaction of the systems they tested. This 
questionnaire consisted of nine items, being 1) useful-useless, 2) pleasant-unpleasant, 3) bad-good, 4) 
nice-annoying, 5) effective-superfluous, 6) irritating-likeable, 7) assisting-worthless, 8) undesirable-
desirable, 9) raising alertness-sleep inducing. The overall usefulness score, ranging from +2 to -2, was 
determined by taking the average score across items 1, 3, 5, 7, and 9 and the overall satisfaction score, 
ranging from +2 to -2, was determined by taking the average score across items 2, 4, 6, and 8. For 
items 3, 6, and 8 sign reversals were applied such that for all items +2 meant a high acceptance and -2 
meant a low acceptance. 

• Gaze position consecutive samples off the monitor (GPOF), measured as the number of consecutive 
samples the participant was looking away from the monitor. Counter resets were also taken into 
account and thus the consecutive samples counter sometimes jumped back to zero. This measure was 
used in combination with the next measure to assess whether drivers actually trusted the system 
enough to look away and initiate a control transition as well as to assess how drivers divided their 
attention. 

• Percentage of control transitions (POT) (%), calculated as the percentage of participants that had the 
automation on at any time during a condition for the automated back-up and the forced manual drive 
conditions respectively. This measure was used in combination with the previous measure to assess 
whether drivers actually trusted the system enough to look away and initiate a control transition as 
well as to assess how drivers divided their attention. 
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• Preference. The participants were also asked which condition they preferred in a final questionnaire 
after they had performed all the conditions. The question they were asked was “Which session did you 
prefer?”. The possible answers were “session 1”, “session 2”, “session 3”, and “no difference”. They 
were asked which “session” they preferred as opposed to “condition” since the participants all 
experienced the conditions in a different order. 

 
Statistical analyses 

All statistical analyses were performed using IBM SPSS 22. The MaxALE and the NASA-TLX results were 
analyzed using separate one-way repeated measures analyses of variance (ANOVA) against the three level 
factor of condition (Manual, Back-up, Forced). To see whether conditions differed significantly from each other, 
a significance level of 0.05 was used. For pairwise comparisons a Bonferroni correction was used, which implies 
that the p values obtained from paired t-tests were multiplied by three. In case of a violation of the assumption 
of sphericity for the data, corrections for the F-ratios were applied based on the Greenhouse-Geisser estimate 
of sphericity. Paired t-tests were performed to analyze the Acceptance scale results as well as the MeanMALE 
results. 
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3. Results 
The results are presented below. Since not all results were reported here, supplementary results were reported 

in Appendix H: Supplementary Results. 

3.1 Performance 

Figure 8 shows results of the absolute lateral position errors (ALE) for each condition and for every participant. 

More interestingly, it also shows the average over all participants combined. Due to the crowded nature of this 

figure an alternate version is presented as well. Figure 9, shows an alternate plot of the same data as Figure 8, 

where it now only shows the secondary task period. The data in this figure is averaged over all six secondary 

task periods. The orange line, once again, represents the average of all the participants (i.e. 31 black lines). This 

figure shows the differences between the three conditions during the secondary task periods. During the Back-

up condition, the ALE drops to near-zero when the automation is engaged following the long beep, during the 

Manual condition the ALE slightly increases after the long beep, and during the Forced condition the ALE is 

near-zero before the long beep (i.e. when automation is on) but increases significantly after the beep when 

automation is disengaged. 

Figure 10 shows another alternate version of the same data. Now only data from 2 random participants is 

presented along with the average of all participants (the same as for Figure 9). However, in Figure 10, the 

dashed vertical lines in the same colors as the participant lines represent the control transition times. It shows 

that these can differ and occur more than 1.5s after the long beep (the green dotted line). Finding the mean 

and standard deviation for the time since the long beep, after which a control transition actually took place, 

appeared to be difficult since not all participants initiated a control transition during each secondary task 

period.  

Specifically, for the Back-up condition, the automation switches on when participants look away, resulting in a 

decrease in lateral error. The lateral error is not perfectly zero for all participants because not all participants 

used the automated back-up during all six secondary task periods. The Forced condition plot shows that the 

absolute lateral error is mostly zero before the beep. When automation switches off the absolute lateral error 

increases. 

 

Figure 8. The absolute lateral error for the three conditions. 31 lines are presented in black for every 
participant and the orange line represents an average for all these participants. The vertical green dashed lines 
represent the long beeps and the vertical red dashed lines represent the short beeps. 
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Figure 9. The absolute lateral error for the three conditions, zoomed in on 10 s before until 30 s after the beep 
that indicated the start of the secondary task. The 31 black lines represent the results of the different 
participants (averaged over 6 secondary task periods) and the orange line represents an average for all the 
participants. The vertical green dashed line represents the long beep and the vertical red dashed line 
represents the short beep. 

 

Figure 10. The absolute lateral error for the three conditions, zoomed in on 10 s before until 30 s after the beep 
indicating the start of the secondary task. The vertical green dashed line represents the long beep and the 
vertical red dashed line represents the short beep. The magenta and blue lines are two random participants, 
and the vertical dashed lines with their respective colors represent the time at which a control transition took 
place for that participant. The data used for this figure was averaged over six periods of the secondary task. The 
orange line represents the average of all participants, including the average control transition time presented 
by a vertical dashed orange line. 
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Table 3 shows the means, standard deviations and the results of the repeated measures ANOVA as well as the 

results of the paired samples t-test where applicable for all the performance measures. Bonferroni post hoc 

corrections were applied for the pairwise comparisons. 

MaxALE. Figure 11 shows all the maximum absolute lateral errors for the conditions per participant. Table 3 

shows that the drivers experienced significantly different MaxALE among the three conditions F(2,60) = 8.60, p 

= .004. Pairwise comparisons showed that drivers experienced significantly smaller MaxALE for the Back-up 

condition when compared to the Manual condition. No significant difference was found between the Forced 

and the Manual conditions. The errors for the Forced condition were high despite the fact that during this 

condition the participants only drove manually for an average of 23.74% (SD = 4.21%) of the time. During the 

Back-up condition participants drove manually for an average of 77.23% (SD = 5.28%) of the time. 

 

Figure 11. The maximum absolute lateral error (m) calculated per participant and per condition. These 
maximum values are calculated over the whole length of each experimental condition. 

MeanMALE. Table 3 shows that the drivers experienced significantly lower MeanMALE during the Back-up 

condition when compare to the MeanMALE of the Manual condition t(30) = 3.571, p = .001. A comparison for 

the MeanMALE between the Forced and the Manual condition showed that the drivers experienced a 

significantly larger MeanMALE for the Forced condition t(30) = -2.086, p = .046. 

LD. Figure 12 shows the total number of lane departures per condition for each participant. Table 3 shows 

that the drivers experienced significantly different LD between the three conditions F(2,60) = 13.89, p < .001. 

Pairwise comparisons showed that the drivers experienced significantly less LD during the Back-up condition 

compared to the other two conditions. No significant difference was found for the LD when compared between 

the Manual and the Forced condition. 19 drivers experienced the most lane departures during the Forced 

condition even though an average of 76.26% of the driving was performed automatically in the center of the 

lane for this condition. 11 drivers experienced the most lane departures during the Manual condition. Only one 

driver experienced the most lane departures during the Back-up condition. 
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Figure 12. The total number of lane departures per participant and per condition. All lane departures during a 
condition are counted. 

Table 3. Means (M), standard deviations (SD) and the results of the repeated measures ANOVA (F, p) and the 
paired samples t-test (t, p) for all the performance measures. Bonferroni post hoc corrections were applied for 
the pairwise comparisons. MaxALE = Maximum Absolute Lateral Error, MeanMALE = comparison between two 
conditions for the Mean of the Absolute Lateral Error (manual driving parts only, automated driving data was 
excluded), LD = Lane Departures. For the pairwise comparisons, the statistically significant results are 
presented in boldface. 

  Back-up Manual Forced  
Pairwise comparisons 

  (1) (2) (3)  

  M M M p value 
1-2 1-3 2-3 

    
(SD) (SD) (SD) 

F(2,60) / 
t(30) 

Performance         

MaxALE  1.91 2.94 4.43 p = 0.004 
0.002 0.005 0.145 

(m)  (0.70) (1.74) (4.00) F = 8.601 

MeanMALE_1-2 0.43 0.54  p = 0.001 
   

(m)  (0.10) (0.17)  t = 3.571 

MeanMALE_2-3  0.71 0.99 p = 0.046 
   

(m)   (0.27) (0.75) t = -2.086 

LD  0.13 1.45 2.13 p < 0.001 
0.014 < 0.001 0.197 

    (0.34) (2.42) (2.14) F = 13.894 
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3.2 Workload 

NASA-TLX. The results of the NASA-TLX questionnaires per item are shown in Figure 13. Table 4 shows the 

means, standard deviations, and the results of the repeated measures ANOVA for all the NASA-TLX items. 

Bonferroni post hoc corrections were applied to perform pairwise comparisons. The total NASA-TLX score 

shows that the drivers experienced significantly different workload differences among all three conditions 

F(2,60) = 20.48, p < .001. Pairwise comparisons revealed that the Back-up condition showed significantly lower 

workload ratings than the Forced condition for all items except for the Physical demand item. It also showed 

that the Back-up condition received significantly lower workload ratings than the Manual condition for the 

items Mental demand, Temporal demand, Effort, and Total workload. No statistically significant differences 

were found for all items between the Manual and the Forced condition. 

 

Figure 13. NASA-TLX mean scores per item averaged over all participants. 

Table 4. Means (M), standard deviations (SD) and the results of the repeated measures ANOVA (F, p) per item 
for the NASA-TLX. Bonferroni post hoc corrections were applied to perform pairwise comparisons. Statistically 
significant results are presented in boldface. 

  Back-up Manual Forced  
Pairwise comparisons 

  (1) (2) (3)  

  M M M p value 
1-2 1-3 2-3 

Workload (SD) (SD) (SD) F(2,60) 

Mental Demand  32.10 49.52 54.68 p < 0.001 
< 0.001 < 0.001 0.382 

(%)  (19.23) (25.41) (24.83) F = 20.908 

Physical Demand  25.16 31.13 30.16 p = 0.044 
0.071 0.137 1 

(%)  (17.30) (23.05) (20.92) F = 3.301 

Temporal Demand 43.39 57.58 57.74 p < 0.001 
0.002 0.001 1 

(%)  (23.47) (19.23) (18.25) F  = 12.461 

Performance Demand 31.61 38.87 43.71 p = 0.012 
0.274 0.016 0.592 

(%)  (23.78) (22.61) (21.21) F  = 4.733 

Effort Demand  39.19 57.74 56.45 p < 0.001 
0.001 0.003 1 

(%)  (22.55) (22.32) (20.54) F  = 11.863 

Frustration Demand 27.90 39.03 43.55 p = 0.003 
0.078 0.004 0.894 

(%)  (21.56) (25.87) (23.57) F  = 6.439 

Total Score  33.23 45.65 47.72 p < 0.001 
< 0.001 < 0.001 0.955 

(%)   (14.71) (15.50) (14.89) F  = 20.478 
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3.3 System Acceptance 

Acceptance scale. The results of the acceptance scale per item are shown in Figure 14. GPOF. The consecutive 

gaze position samples off monitor are shown in Figure 15. The data used for this figure was averaged over all 

six secondary task periods per participant and averaged again over all participants. It shows that, on average, 

the GPOF was much higher for the Back-up condition when compared to the other two conditions. This means 

that drivers looked away for longer periods more often during the Back-up condition when compared to the 

other conditions. Furthermore, the figure also shows that drivers looked away for longer periods more often 

during the Forced condition when compared to the Manual condition.  

 

Figure 15. The number of consecutive samples away from the monitor averaged over all drivers and over six 
secondary task periods. The vertical dashed green and red line represent the long and short beep respectively. 
Counter resets are also taken into account and thus sometimes the consecutive samples counter would jump 
back down to zero and start over. 
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Table 5 shows the means, standard deviations,  and the results of the paired samples t-test for all items of the 

Acceptance scale. The paired samples t-test results show that participants reported significantly higher scores 

on all items (p < .001) for the Back-up condition when compared to the Forced condition except for the 

“Raising alertness – Sleep-inducing” item. Even though no significance was found, it is worth mentioning that 

this latter item was the only item for which the Forced condition, on average, scored higher than the Back-up 

condition. 

 

Figure 14. The mean scores of the acceptance scale averaged over all participants per item. 

GPOF. The consecutive gaze position samples off monitor are shown in Figure 15. The data used for this figure 

was averaged over all six secondary task periods per participant and averaged again over all participants. It 

shows that, on average, the GPOF was much higher for the Back-up condition when compared to the other two 

conditions. This means that drivers looked away for longer periods more often during the Back-up condition 

when compared to the other conditions. Furthermore, the figure also shows that drivers looked away for 

longer periods more often during the Forced condition when compared to the Manual condition.  

 

Figure 15. The number of consecutive samples away from the monitor averaged over all drivers and over six 
secondary task periods. The vertical dashed green and red line represent the long and short beep respectively. 
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Counter resets are also taken into account and thus sometimes the consecutive samples counter would jump 
back down to zero and start over. 
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Table 5. The means (M), standard deviations (SD), and the results of the paired t-test (t, p) per item of the 
Acceptance scale. 

  Back-up Forced  

  M M p value 

System Acceptance (SD) (SD) t(30) 

Useless - Useful  1.32 -0.84 p < 0.001 

(-2,2)  (0.94) (1.29) t = 8.226 

Unpleasant - Pleasant 0.81 -0.77 p < 0.001 

(-2,2)  (1.17) (1.12) t = 5.883 

Bad - Good  0.77 -0.58 p < 0.001 

(-2,2)  (1.15) (1.06) t = 4.588 

Annoying - Nice  1.10 -0.68 p < 0.001 

(-2,2)  (0.70) (1.17) t = 7.140 

Superfluous - Effective 1.06 -0.42 p < 0.001 

(-2,2)  (0.93) (1.15) t = 5.132 

Irritating - Likeable 0.94 -0.52 p < 0.001 

(-2,2)  (0.96) (1.00) t = 5.933 

Worthless - Assisting 1.29 -0.45 p < 0.001 

(-2,2)  (0.82) (1.26) t = 6.862 

Undesirable - Desirable 0.97 -1.00 p < 0.001 

(-2,2)  (1.08) (1.10) t = 7.562 

Sleep-Inducing - Raising Alertness -0.13 0.10 p = 0.371 

(-2,2)  (0.85) (1.22) t = -0.909 

Usefulness Total Score 0.86 -0.44 p < 0.001 

(-2,2)  (0.62) (0.82) t =7.306 

Satisfaction Total Score 0.95 -0.74 p < 0.001 

(-2,2)   (0.76) (0.94) t = 7.926 
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POT. Figure 16 shows the percentage of participants with automation ON at any time for the Back-up and the 

Forced condition. It shows that not all drivers experienced a control transition during execution of the 

secondary task. This indicates that some of the participants (approx. 10 to 20%) were looking back and forth 

between the monitor and the CD-player at such a high frequency that the eye tracker never registered 90 

consecutive samples OFF-monitor. Eye tracker imperfections were also logged as off monitor samples and 

could thus not affect this, since it would only result in more control transitions. The figure also shows that some 

of the participants experienced control transitions outside of the secondary task periods. Contrary to the 

previous observation, this could be affected by eye tracker imperfections, since too many faulty measurements 

could result in 90 consecutive off monitor samples. 

 

 

Figure 16. Percentage of participants with automation on for the Back-up condition (top) and the Forced 
condition (bottom). The green dashed line represents the long beep and the red dashed line represents the 
short beep. 

Preferred condition. At the end of the experiment, each participant was asked to fill out a form where they 

were asked which condition they liked most. They were also allowed to write down some general comments 

and thoughts about the experiment. Out of the 31 participants that participated in the study 22 selected the 

Back-up condition as their preferred condition, 8 selected the Manual condition and only 1 participant selected 

the Forced condition. For the general comments, only 13 participants took the time to write something down. 

A few of these were praises for the Back-up design but there were 3 participants who mentioned that they 

would prefer to manually change control while driving. 
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4. Discussion 

4.1 Performance 

One of the aims of this research was to design and investigate a distraction mitigation system that invoked a 

control transition based on distraction measurements, and to see how it would affect performance when 

compared to full manual driving. To do this, a back-up system was designed which would initiate a control 

transition based on eye measurements. To further investigate how drivers would act when forced back in 

control, to prevent automation misuse, an extra condition was added. During this condition, driving was 

performed automatically, except when the driver was visually distracted, during which manual control was 

forced upon them.  

MaxALE. The results showed that the MaxALE was significantly lower for the Back-up condition compared to 

the other two conditions. However, it should be mentioned that the Manual condition consisted fully of 

manual driving whereas the other conditions included either small or large parts of automated driving. This 

means that during the Manual condition drivers had more opportunities to experience lateral driving errors. No 

significant difference was found in the MaxALE between the Manual and the Forced conditions. This latter 

finding relates to the issues that were mentioned earlier regarding a supervisory role. Whether the driver is 

constantly in control of steering or whether the driver is suddenly forced to take control when looking away 

from the forward road (i.e. supervisor), the performance remains similar in the end. This shows that a trade-off 

arises between recommended automation use and automation capabilities and reliability. However, another 

explanation for the large error during this study could be that the steering wheel was not centered during a 

transition and thus any initial error would only be amplified when looking away. 

MeanMALE. The MeanMALE was significantly lower for the Back-up condition compared to the Manual 

condition. This indicates that the mean manual driving performance during the Back-up condition was 

improved. This could be due to a psychological aspect where drivers felt more at ease and confident during 

manual driving, knowing that they had an automated pilot to support them. Another reason could be that 

drivers benefited from the automated pilot, which positioned the car in the centre of the lane before returning 

control to the driver. However, these effects should be investigated further be elongating the periods of 

automated driving and manual driving. The MeanMALE was significantly higher for the Forced condition 

compared to the Manual condition. This indicates that the mean manual driving performance degraded during 

the Forced condition. This confirms the hypothesis that Forced condition has a negative impact on 

performance. As mentioned during the MeanMAX discussion, this could be because the steering wheel was not 

centered during a transition and thus any initial error would only be amplified when looking away.  

LD. The LD was significantly lower for the Back-up condition compared to the other two conditions. This can be 

explained using the same reasoning as for the MeanMALE results, related to the Back-up condition, where both 

a psychological aspect and a control aspect were considered. A sense of ease and confidence might overcome 

the driver, knowing that an automated pilot is present for support. It is also likely that the driver benefits from 

the automated pilot which positioned the car in the centre of the lane before returning control to the driver. 

These results confirm the hypothesis that performance increases during the Back-up condition compared to 

the Manual condition. If the latter is the case, these results show that using automation to center the car in the 

lane could already have a positive effect on performance. 

No significant difference was found for the LD between the Forced and the Manual condition. However, it 

appeared that 19 drivers experienced the highest LD during the Forced condition whereas only 11 experienced 

the highest LD during the Manual condition. This shows a clear difference and also confirms the hypothesis that 

the Forced condition would negatively impact performance. Once again, this could be expected due to the way 

steering was affected during automation to manual control transitions. These performance results all seem to 

show that the Forced condition has a negative effect on performance. This appears with results from Merat et 

al. (2014) who also found that drivers required time after regaining control to stabilize their lateral control. 

Peng et al. (2012) found that eyes-off-road significantly increased standard deviation of lane position. 

Combining the findings from Merat et al. (2014) with findings from Peng et al. (2012) could explain the extreme 

lateral errors for the Forced condition. 
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4.2 Workload 

To assess the effectiveness of the current system designs, not only performance had to be considered. 

Workload was also considered because it is one of the most important products encountered in human factor 

studies when dealing with performance and safety (De Winter et al., 2014). 

NASA-TLX. The NASA-TLX scores showed that the Back-up condition received the lowest workload ratings for 

the Mental demand, Temporal demand, Effort, and Total score when compared with the other conditions. 

Compared to the Forced condition, the Back-up condition also received significantly lower workload ratings for 

the Performance and Frustration items. These lower workload ratings with automation appear to coincide with 

what was found by a meta-study performed by De Winter et al. (2014). These results show the effectiveness of 

applying adaptive automation where the human operator role is no longer that of a supervisor. During the 

Forced condition, drivers are merely monitoring what the automated pilot is doing, until they are forced back 

into control during moments of visual distraction. In other words, drivers initially experience a state of low 

workload, and are forced into a state of high workload. This is not the case for the Back-up condition, where 

adaptive automation is applied to optimize the human-machine relationship. This also explains why the Back-

up condition experienced lower workload ratings than the Manual condition. However, low workload ratings 

are not always necessarily a good thing since they could result in other issues such as drowsiness and loss of 

vigilance. In the end, an optimal workload level should be aimed for. Within the current study, it is believed 

that this low self-reported workload rating in combination with the secondary task resulted in a more evenly 

distributed workload over the whole track. 

4.3 System Acceptance 

Another aim of this study was to investigate how drivers would rate the proposed system designs. 

Acceptance scale. For both the Back-up and the Forced condition the drivers were asked to fill out an 

Acceptance scale. The acceptance scale results showed that the Back-up condition was rated more favourably 

than the Forced condition on nearly all items. The Raising Alertness – Sleep-inducing item was not rated 

significantly different between the two conditions. Both the Usefulness and the Satisfaction total scores were 

rated significantly higher for the Back-up condition. Even though it was not found to be significantly different, it 

is still interesting to see that the Raising Alertness – Sleep-inducing item was the only item for which the Forced 

condition scored higher than the Back-up condition. To recap, one of the intended goals of the Forced 

condition was to try and prevent drivers from misusing the automation by misleading the eye tracker (e.g. 

holding a book in front of the tracking camera). That the Forced condition scores higher on raising alertness, 

though not significantly, shows that this goal was at least partially achieved. The results also seem to show that 

the Back-up system design is accepted well by the drivers. 

GPOF. The gaze data showed that the GPOF appeared to be highest for the Back-up condition. This meant that 

drivers looked away for longer periods of time and more often than during the other conditions. This indicates 

that the participants trusted that the automation would assume control and were therefore more inclined to 

shift their focus to the secondary task. The Forced condition appears to show slightly higher GPOF than the 

Manual condition. This is contrary to what was intended and expected with the Forced condition design since it 

was meant to return driver attention to the road. The results could be due to the fact that drivers attention had 

already changed due to long periods of automated driving in the Forced condition. The large difference in GPOF 

between the Forced and the Back-up condition also indicates that the Forced condition did succeed in another 

of its’ intended goals. That is, the goal of forcing driver attention back to the road during visually distracted 

periods. 

POT. The POT results show that for most drivers, control transitions took place at the expected times. There 

were some drivers which did not always experience a control transition during the expected times. It was 

noticed during testing that certain drivers kept looking back and forth, between the secondary task and the 

primary task at a high frequency. Due to this behaviour the algorithms never counted enough samples of 

looking away from the monitor which prevented the system from automatically initiating a control transition. 

For these participants a lower initiation threshold might be required to force a control transition. However, too 

low initiation times might in turn result in unwanted control transitions. There were some drivers who 

experienced control transitions between secondary task periods. The cause of this could either be 
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imperfections in the eye tracker or actual off monitor glances from the driver. The latter might be caused by 

boredom, since the simulated environment did not show a lot of visually engaging stimuli.  

Preference. When asked to fill out a form at the end of the experiment 22 of the drivers preferred the Back-up 

condition which appears to support the previous subjective results from the acceptance scale. 8 drivers 

preferred the Manual condition, which indicates that they would rather stay in control the whole time. Only 1 

driver indicated that he preferred the Forced condition. These preferences add to the promise of the Back-up 

condition in real world applications since it appears to be well accepted among a large percentage of drivers. 

However, these preferences might also be because the automation allows the participants more time on other 

in-vehicle tasks they like to do. Jamson et al. (2013) found results which suggested that “drivers are happy to 

forgo their supervisory responsibilities in preference of a more entertaining highly-automated drive.” In a meta 

study performed by De Winter et al. (2014) they found that relative to manual driving (100%), highly 

automated driving resulted in 261% of the number of tasks completed on an in-vehicle display. These findings 

suggest that the Back-up condition might only be preferred because it allowed for a more entertaining drive. 

4.4 Limitations and validity issues 

Nearly all the results show that the system worked as it was intended and that the Back-up condition was 

preferred and increased performance and safety. It should be mentioned that the track the drivers experienced 

was designed to be very easy: no obstacles, other road users, or emergency situations were implemented. This 

made it easy for the drivers to completely focus on the secondary task and perhaps also easy to trust the 

automation to take over. There was also no penalty involved with an unintended lane crossing or too large 

lateral position errors, yet there was a more direct reward for performing the secondary task well (in the form 

of a grade). Even though the participants were instructed that keeping the correct lateral position was the 

primary task, this contrast of penalty and reward might, unknowingly, have steered them towards focussing 

more on the secondary task. This might have resulted in an increased number of control transitions that 

otherwise might not have occurred. 

Another issue is that the eye tracker did not work consistently for all participants. As mentioned earlier, it 

sometimes lost sight of the eyes of the driver and thus reported a null value for the gaze direction. The tracker 

appeared to have more difficulty with some drivers when compared to others. This resulted in a few unwanted 

control transitions in between the secondary task periods. However, these were very infrequent, and never 

appeared to last long enough to have a significant influence on the performance. There also did not appear to 

be any consistency in how often the tracker lost sight of the eyes. 

The steering wheel that was used was simple and was smaller than an actual steering wheel. Furthermore, the 

steering wheel was intentionally designed without any force feedback to increase the difficulty of the task to 

prevent underload. However, this decreased fidelity of the system and some participants also mentioned this 

lack of force feedback as annoying. Another comment some of the drivers made was that it was difficult for 

them to follow the instructions since these told them to completely focus on what they were doing with their 

hands (as described in the method section). They were told they were not allowed to perform any part of the 

secondary task blindly, after they had gotten familiar with it, to prevent a situation where they could just keep 

looking at the monitor and still finish the secondary task in time. This, understandably, might have felt unreal to 

the participants for the task of switching a CD in the CD-player. Nonetheless, this was implemented to ensure 

that control transitions did take place and to simulate situations where long consecutive eyes-off-road periods 

did occur. 

As described before, the initiation and termination times were determined during multiple pilot studies. 

However, these pilot studies were specifically tuned to the current set up and procedure. These times do not 

necessarily represent the optimal initiation and termination times in general and therefore, these times would 

have to be determined again for experiments using a similar, yet different setup. A follow-up experiment could 

focus on finding out the optimal initiation and termination times with respect to such a design, or perhaps even 

determine a rule for using variable times. 

The difference between on-road and off-road glances was defined by either looking at or away from the 

monitor respectively for this study. In real-world driving situations, this would have to be defined more clearly. 



  

28 
 

For example, further experiments might focus more on what is considered as a safety area of eyes-on-road. 

Perhaps it might be better to define a gradient where looking at the road directly in front of the car is 

considered to be 100% safe whereas moving your gaze to the sides is less safe. Using such a gradient, the 

amount of time after which automation engages might also be varied so that the 10% safety area uses a 

shorter initiation time than the 80% safety area. It should also be noted that no mirrors were used during this 

experiment, which people usually often look at but for which the gazes are still directed away from the forward 

road. 

The secondary task of changing a CD during this study was chosen because it was similar to an actual in-vehicle 

task that an actual driver might perform. During this study, participants were forced to perform this secondary 

task at pre-defined moments during driving. This might have felt a bit unnatural to some of the drivers since 

normally, a driver would choose a low-risk moment during driving before he or she would start a secondary 

task, whereas during this study these moments were forced.  

The status of the automation was visually communicated to the driver by means of a state bar in the middle of 

the dashboard. However, since the secondary task imposed a visual distraction, this made it difficult for the 

driver to know whether the automation had taken control or not. Donmez et al. (2006) found that “display 

modality has a strong effect on driver acceptance and trust”. This shows the importance of properly 

communicating the automation status to the driver and therefore it is suggested that more research should be 

focused on this. 

4.5 Potential of Current Study and General Applications 

Even though there are still many limitations to the current study the results from this experimental study do 

show the effectiveness of using adaptive automation based on physiological measurements. Furthermore, the 

current study underlines the advantages of using physiological measurements as was described in the 

introduction, as they could be measured continuously and unobtrusively. Of course, proper diagnosticity and 

sensitivity are still an issue. For example, the eye tracker used during this study still had to be calibrated for 

every participant and sometimes still had trouble discerning the correct gaze direction. Increasing the 

sensitivity of such equipment could result in huge leaps forward in the research of using adaptive automation 

based on physiological measurements. If the eye tracker were to be able to calibrate itself and become more 

sensitive to gaze direction whereas on the other hand become less sensitive to conflicting factors such as 

ambient lighting it would definitely increase the possibilities for real-world applications. Similar conclusions 

were drawn by Pohl et al. (2005) who also performed a study on distractions leading to lane departures. 

Nonetheless, the system design which was proposed here as the Back-up condition certainly shows promise. It 

could possibly increase driving safety without changing the role of the human operator to such an extent that 

other issues arise. Combining such a system with other adaptive automation systems based on different 

operator states could be a good intermediate step on the road towards full automated driving. Consequently, 

such an intermediate step could make the final step towards full automation seem much less of a conceptual 

leap. 

The application of the Forced condition during this study might have seem odd at first due to its’ apparent 

unsafe nature. The results do seem to underline this fact. However, it is still believed that such a concept 

should be investigated further. Preventing automation misuse is becoming more important with every new 

added driving assistance system relating to automation (Parasuraman & Riley, 1997). Of course, within this 

study, the Forced condition set-up was quite crude and therefore, a more detailed study might result in safer 

and more appropriate applications. 
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5. Conclusions and future recommendations 
During this study, experiments were performed with a driving simulator. A new adaptive automation system 

design based on gaze measurements was compared to manual driving. This design consisted of initiating 

automation during moments of visual distraction to support the driver with a back-up system and to increase 

overall safety. Another design was added to investigate driver behavior when he or she is forced back into 

manual control during moments of visual distraction to prevent automation misuse. As hypothesized, providing 

automation during moments of visual distraction successfully increased overall driving performance and 

decreased self-reported workload ratings when compared to manual driving. The Back-up design was also 

accepted very well by the drivers. Forcing manual control upon the driver resulted in a significant decrease in 

performance as was expected. However, it did appear to succeed in bringing the driver back into the loop and 

resulted in more gazes on the road during the secondary task when compared to the Back-up system. This 

requires more extensive research before it can be substantiated. 

In conclusion, the system designed here as the Back-up definitely shows the potential to increase safety during 

driving when compared to manual driving. A system that forces manual control back upon the driver appears 

to be less safe than normal manual driving but required more research to see if a similar system can be applied 

to prevent automation misuse.  

As mentioned before, the current system was designed to be simple and will need to be tested in more realistic 

situations and more extensively before any conclusions can be drawn about the safety implications during real-

world driving. Therefore it is recommended that the current system is expanded to more extensive simulated 

environments such that it can be tested in more realistic driving environments. Further testing might focus on 

expanding the simulation to include other traffic, objects, emergency situations and even increase fidelity by 

including car mirrors, and a more realistic car interior. Also, expanding the algorithm to account for multiple 

different kinds of situations might be interesting. Other research might also focus more on the possibilities of 

an implementation of adaptive automation based on gaze direction measurements to increase safety. It is 

believed that this study has shown the potential of such a measurement system within a distraction mitigation 

system. Combining such a system with others could greatly impact automated driving as it is currently known 

throughout the world. Finally, it is believed that such a system could be a good intermediate step on the road 

towards full autonomous driving. This intermediate step could significantly decrease the apparent conceptual 

leap for the final step towards automated driving for the general public.  
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Appendices 

Appendix A: Concepts 

2.1 Concept description 

The concepts that formed the basis for this master thesis will be described here. The idea was that in a driving 

situation one could use full automation of all tasks as well as automation for one or a number of the subtasks. 

The starting point is to define the subtasks that might be automated in a driving situation. These subtasks 

include accelerating, braking, steering, and shifting gears. Next, since the goal was to use eye measurements, 

the variables that were considered were divided into three classes: pupillometry, gaze/fixation directions, and 

eye blinks. The concepts that were devised are briefly described below showing the title, an introduction, an 

experimental setup, an idea for the experimental procedure, some of the possible difficulties that are expected 

to occur, and finally the variables to be measured.  

1. Workload affected pupil dilation initiates automation 

Introduction: The idea behind this concept is that cognitive effort is reflected in the diameter of the pupil 

(Hess & Polt, 1963; Kahneman, 1973; Beatty, 1982). An increase in workload (cognitive effort) will result in 

an increase of the pupil diameter. It is well known that a high workload or overload will result in a 

performance decrease, whereas low workload or underload will also decrease performance. Thus, there 

must be an optimal range of workload where the performance is also kept optimal.  

When a driver is distracted during driving or trying to perform multiple tasks his workload might increase 

to the point where his performance is degrading. It is at this point where it might be beneficial to initiate 

automation such that the performance remains at an optimal level. Whether all the tasks are automated 

or only a number of subtasks depends on the design of the system.  

Experimental set-up: The system will be set up with a monitor which will show a two-lane road with other 

traffic present which will be driving at differing speeds.  

Experimental procedure: The experimental idea is to ask participants to perform a regular driving task with 

a simulator where they have to try keep their performance optimal (stay in center of the lane/keep a 

minimal distance from other road users/etc.). At certain intervals during the driving task a secondary task 

will be introduced which will increase the workload. As mentioned before, due to this workload the 

participants’ pupil diameter will increase and when this surpasses a certain threshold the automation is 

invoked. 

Expected difficulties: The difficulty with this concept idea is that there are many conflicting factors with 

pupil diameter measurements (Beatty, 1982). For example, the light and accommodation reflexes usually 

result in larger pupil dilations than the effects of cognitive effort. It is therefore that these variables have 

to be controlled very well to be able to measure the cognitive effort and use it to perform a control 

transition. 

Measured variables: Pupil diameter will constantly be measured along with the chosen performance 

measures. 

2. Light affected pupil dilation determines 

a. velocity by means of continuous light change 

Introduction: For this concept, the idea is to use the light reflex of a pupil in regulating the speed 

of a vehicle. As mentioned before, the light reflex results in much larger pupil diameter changes 

than the effect of cognitive effort (Beatty, 1982). Instead of having light as a limiting factor, this 

concept tries to utilize it. Here it will be the speed of the vehicle that will be controlled using pupil 

diameter.  

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. 

The monitor will also show a relatively small rectangular beam on the dashboard for example, 

consisting of a light gradient moving from light to dark with a constant change in light intensity. 

Every level of light intensity is related beforehand to a certain level of pupil dilation, which in turn 

is related to a certain velocity.  

Experimental procedure: The participants will be asked to drive a car in a simulated environment 

and at specific times change their velocity to react to other traffic. This action can be provoked 
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either because the driver has to pass the car in front of him or because the driver has to lower the 

speed to avoid colliding into the car in front of him. When the participant wants to change his 

velocity, he has to look at the appropriate level of light intensity and the car will then 

automatically adjust the speed.  

Expected difficulties: Because of the light intensity differences, a driver can encounter during 

normal driving the system needs to be sure that the pupil diameter changes are due to the ‘light 

beam’ and not due to environmental light intensity differences. To ensure this, not only pupil 

diameter should be measured continuously but the gaze direction of the driver as well. When the 

gaze direction is measured continuously, it can be ensured that the pupil diameter differences are 

only used when the driver is actually consciously looking at the ‘light beam’ and wants to control 

the speed of the vehicle.  

A problem might occur that for a slowly changing light gradient the differences between different 

intensities might not always have significantly different effects on pupil diameter. 

Measured variables: Pupil diameter and gaze direction are constantly measured. The gaze 

direction itself might also be enough if measured both accurately and precisely. 

b. acceleration by means of continuous light change 

Closely related to the previous concept this one is applied in the same way by using a light beam 

gradient, but now the differing illumination levels do not control the speed directly. The 

alternative is to have the light intensities be related to acceleration levels instead. Higher 

intensities result in higher accelerations. 

An added difficulty here is that controlling the acceleration directly might result in abrupt and 

sudden driving behavior due to fast changes in acceleration. 

c. speed/acceleration by means of incremental light change 

This concept is an alternative to the previous two. The idea here is to replace the light beam 

gradient by a few small boxes of different light intensities. In this way, there are only a few clearly 

defined levels of intensity, levels of speed/acceleration and this might make it easier to measure 

the differences between the different intensities. 

3. Control transition based on pupil dilation 

Introduction: This concept has some overlap with the first concept explained. Where the first concept 

concerns adaptive automation, this concept concerns adaptable automation. Adaptive automation refers 

to a system where either the automation itself or both the human operator and the automation can 

initiate automation, whereas adaptable automation refers to a system where the invocation is always 

initiated by the human (Scerbo et al., 2001). Once again, the light reflex is used to initiate automation. This 

concept assumes that the car has the ability to drive fully automatically.  

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. The 

monitor will also show a small highly illuminated object on the dashboard for example. 

Experimental procedure: The participants will be asked to drive a simulator car on a road with other traffic. 

At certain points during the experiment, the participants will be required to perform a secondary task. At 

that point, the participants will be able to initiate full automation if they want to and they can do this by 

focusing on the object on the dashboard. This will result in the pupil diameter decreasing in size and when 

it drops below a certain threshold value, it will initiate automation.  

Expected difficulties: A difficulty might be to set the correct threshold value for a control transition. An 

incorrect threshold value might result in unstable high frequency switching of control. 

Measured variables: Pupil diameter and gaze direction are constantly measured. Here the same counts as 

for concept 2, where the gaze direction itself might be enough if measured accurately and precisely.  

4. Gaze direction initiated lane-change 

Introduction: This concept aims at automating a lane-changing maneuver.  

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. The speed 

of the vehicle will be set at a fixed level whereas other vehicles will be driving at different but lower 

speeds. 

Experimental procedure: The participant will be required to control the lateral movement of the car. Since 

other cars are driving slower, the participants will be required to switch lanes regularly. He will be asked to 

do this by looking at the lane he wants to switch to for a minimum amount of time. When that time passes, 



  

35 
 

the car will initiate an automatic lane excursion procedure.  

Predicted difficulties: There are some problems that might be encountered with this concept. First, the 

participants are required to gaze at a lane to the right or to the left of them. This means they are told to 

change their focus from the road in front of them to the one on the side for a minimum amount of time. 

This might in turn result in an unsafe situation if something were to happen on the road in front of them. 

Another difficulty might arise when a driver is required to read a sign on the side of the road and it might 

be interpreted by the control system as an indication of lane excursion. 

Measured variables: Gaze direction will have to be measured along with the time the gaze is directed away 

from the main road. 

5. Distraction invoked automation 

Introduction: This concept is more of a safety measure and is related to the previous concept. The idea is 

that when a driver is distracted by something in the environment, driving might become unsafe and 

system intervention might be required (Klauer et al., 2006). 

Experimental set-up: The monitor will show a 2-lane road with signs on either sides of the road placed at 

certain intervals. 

Experimental procedure: During the experiment, participants will be driving a vehicle on a road and at 

certain intervals during the experiment participants will be required to read a certain sign on the side of 

the road. When their focus is taken away from the road a timer starts counting and when the counter 

surpasses a certain threshold automation will be invoked. However, if the participants return their focus 

back to the road before that threshold is surpassed the timer is set to zero and will wait for the next time 

the driver is looking away. 

Predicted difficulties: It is difficult to determine the timing at which control transition should take place. 

Too long and an accident might already have occurred whereas too short and control transition might take 

place unwanted. Moreover, the required timing might differ between drivers. 

Measured variables: For this experiment, the gaze direction will need to be measured. When the gaze 

direction changes beyond that of certain allowed coordinates, the timer is initiated. 

6. Pupil dilation initiated lane-change 

Introduction: As mentioned above, the light reflex results in changes in pupil diameter. This reflex will 

therefore be used in this concept as a basis for changing lanes. This concept uses eye measures to initiate a 

lane excursion. This concept tries to decrease the downsides that were mentioned in the gaze direction 

initiated lane-change concept. For example, a problem with the gaze-direction initiated lane-change was 

that the drivers were required to shift their gaze away from the road in front of them. 

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. The speed 

of the vehicle will be set at a fixed level whereas other vehicles will be driving at a lower speed. The 

monitor will also show two highly illuminated arrows pointing to the left and right respectively. 

Experimental procedure: The participant will be required to control the lateral movement of the car. Since 

other cars are driving slower, the participants will be required to switch lanes regularly. If a participant 

wants to change lanes, he or she can focus their gaze on one of the arrows, which will cause their pupil 

diameters to decrease. When the pupil diameter drops below a certain threshold an automated lane 

excursion is initiated.  

Predicted difficulties: One problem that might be encountered is the fact that differentiating between light 

reflexes from the arrows and light reflexes from environmental light might be difficult. 

Measured variables: Pupil diameter will be measured. To differentiate between lane-changes to the left 

and to the right, gaze direction also needs to be measured. This means only two combinations of gaze 

direction and pupil diameter will initiate a lane-change. However, just as with concepts 2 and 3, the gaze 

direction might be enough by itself as a measure. 

7. Pupil dilation initiated gear-shift 

Introduction: The idea here is almost the same as in the previous concept. However, this time instead of 

controlling a lane-change, a gear-shift is controlled. 

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. The speed 

of the vehicle will be set at a fixed level whereas other vehicles will be driving at a lower speed. The 

monitor will also show the numbers 1 until 5 (depending on the number of gears in the vehicle). These 

numbers will be highly illuminated. 
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Experimental procedure: The participants will be driving a vehicle that is accelerating and decelerating on a 

road at different intervals and at different rates. During driving, they will be required to change gears. They 

can do this by focusing their gaze on the appropriate gear. The high illumination level of the number will 

result in a significant decrease in the pupil diameter of the participant. When this value drops below a 

certain threshold, the gear will change automatically. 

Predicted difficulties: One problem that might be encountered is the fact that differentiating between 

pupillary light reflexes from the gear numbers and light reflexes from environmental light might be 

difficult. 

Measured variables: Pupil diameter will be measured. To differentiate between the different gears the 

gaze direction will need to be measured as well. Also, pupil diameter measurements might be redundant if 

gaze direction is measured appropriately. 

8. Pupil dilation initiated car functions 

Introduction: This concept is again related to some of the previously discussed concepts. It aims to use the 

pupillary light reflex instead of having it as a limiting factor as was the case for the first concept. This 

concept aims at replacing buttons on the dashboard by visually operated buttons on the screen. This 

would take away the time needed to look for the buttons on the dashboard and take one’s eyes off the 

road. 

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. The 

monitor will also show certain icons relating to the car functions that might be used during driving. These 

icons will be highly illuminated. 

Experimental procedure: Participants will be required to drive on a road while operating a vehicle. They will 

do this in a fully manually operated vehicle. At certain points during the experiment, they will be asked to 

turn on cruise control, or lane keeping assistance or other automated car functions. If they want to switch 

on any one of these car functions, they can just focus on the appropriate icons. 

Predicted difficulties: One problem that might be encountered is the fact that differentiating between 

pupillary light reflexes from the gear numbers and light reflexes from environmental light might be 

difficult. Another problem might be of how to perform the transition and when and how to switch back to 

manual driving. 

Measured variables: Pupil diameter will be measured. To differentiate between the different icons, gaze 

direction will also be measured. This means that only the right combination of pupil diameter and gaze 

direction will initiate one of the automated car functions.  

9. Blink initiated automation 

Introduction: This concept is based on measuring the amount of blinks a person makes. In this way, the 

amount of blinks can be used to control automated functions of a car. The idea here is nearly the same as 

the previous idea only now the functions are not initiated due to the pupillary light reflex. 

Experimental set-up: The monitor will show a two-lane road where other traffic is also present. The 

monitor will also show certain icons relating to the car functions that might be used during driving. These 

icons will be highly illuminated. 

Experimental procedure: Participants will be required to drive on a road while operating a vehicle. They will 

do this in a fully manually operated vehicle. At certain points during the experiment, they will be asked to 

turn on cruise control, lane keeping assistance, or other automated car functions. If they want to switch on 

one of these car functions they can just blink a beforehand chosen amount of times in series. For example, 

blinking 3 times initiates car function 1, blinking 4 times initiates car function 2, blinking 5 times function 3, 

etc. 

Predicted difficulties: The measurements are easily compromised when a driver might get something in his 

eyes or another way in which the eye gets irritated because this could cause irregular blinks. In addition, 

the drivers would be required to remember by heart which amount of blinks went along with which car 

function. 

Measured variables: The number of blinks in series will be measured. 

10. Correcting a faulty automation during ….. 

Introduction: Sometimes automation makes a mistake or maybe it just does something other than what 

the driver intended. The idea here is to have a fully automated car that can be corrected by the 

participant. 
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Experimental set-up: The monitor will show a 2-lane road where the car, in which the participant is seated, 

is driving fully autonomously. A highly illuminated ‘button’ will be present on the dashboard for example. 

Experimental procedure: The participants can do whatever they want during driving. At certain moments 

however, they will be required to influence the automated system in some way. They can do this by first 

looking at the ‘button’ on the dashboard after which the car will be ‘paying attention’ to input from the 

driver. 

Predicted difficulties: Because of a large variety of possible inputs from the driver, the system might be 

difficult to program and control. Furthermore, the question arises how ‘perfect’ should the automation be 

designed and how real this would be.  

Measured variables: Pupil diameter and gaze direction will be measured. Furthermore, the appropriate 

measures will depend on which functions or operations the participants will be allowed to alter during 

driving with their eyes. Such operations or functions might include: 

a. Cornering 

b. Lane switching 

c. Cruise control 

d. Etc. 

 

2.2 Concept criteria and survey 

Of course, not all of the aforementioned concepts can be applied and a selection has to be made. To perform 

this selection certain criteria were defined. These criteria were: 

Criterion 1: Desirability 

• Will people want it? 

• Will this solution fill a need? 

• Will it appeal to people? 

Criterion 2: Feasibility 

• Can the researcher do it? Is it feasible? 

• Does it have a high signal-to-noise ratio? 

• Can it be applied to current cars? 

• Can it be applied to current infrastructure? 

• Easy to use/intuitive? 

• Is it safe? 

Criterion 3: Viability 

• Is this concept innovative? 

• Is this concept scientifically relevant? 

Rating 

To ensure that not only the researchers’ own opinion was used to select a concept, eight experienced drivers 

were asked to rate the above concepts with respect to the questions of criterion 1. These drivers included 

three women and five men, with a mean age of 34.6 (SD = 14.8) with at least 5 years of driving experience. 

They were asked to give each concept a rating for each of the three questions ranging from 1 to 5, where 5 

represented the highest score and 1 the lowest score. The final score is the average of all the participants and 

shows one decimal. 

Criteria 2 and 3 were rated by the researcher based on his own insights. 

Weighting factors 

Weighting factors were introduced because certain criteria are ‘more important’ than others and should thus 

carry more weight in the final evaluation. One can for example imagine that safety is a very important criterion 
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when it comes to driving. Another point might be that if people do not want a certain function or system in 

their car this would also have a large impact on its application. These weighting factors were defined by the 

researcher and could range between 1 and 5. 

As mentioned, safety carries a lot of weight, as well as whether people would actually want such a system in 

their car. Therefore these were given the highest weighting factor of 5. 

Whether the project was doable, the expected signal-to-noise ratio, and whether it was intuitive and easy to 

use were given weighting factors of 4 because (although deemed less important than safety) these criteria have 

a large impact on the execution of the project. This latter argument is also the case for the two viability 

criterion criteria about the project requirements and scientific relevance which were also assigned a factor of 4. 

Whether people thought the concept would fill a need or whether it would appeal to people were given less 

weight because some of the concepts are aimed at replacing some existing applications (pushing a button to 

initiate a car function for example) and therefore these were assigned a factor of 3.  

Of course, it would be better if the concepts were innovative but this was not considered a priority and 

therefore this was assigned a factor of 2. 

Whether the concepts can be applied to current cars and infrastructure was deemed less important than the 

others. This is a concern further down the line after it has been determined whether the concepts are useful in 

the first place and therefore these were assigned a factor of 1. 

 

All these ratings were combined to see which concepts achieved the highest score. The weighting factors, the 

criteria ratings, and the resulting concept ranking are shown in table 1.1 and table 1.2 respectively. 

Table 2.2: Concept ranking 

Rank Concept Title 

1 Concept 5 Distraction invoked automation 

2 Concept 3 Control transition based on pupil dilation 

3 Concept 10 Correcting a faulty automation during…. 

4 Concept 8 Pupil dilation initiated car-functions 

5 Concept 6 Pupil dilation initiated lane-change 

6 Concept 1 Workload affected pupil dilation initiates automation 

7 Concept 2c Light affected pupil dilation determines velocity/acceleration through blocks 

8 Concept 7 Pupil dilation initiated gear-shift 

9 Concept 4 Gaze direction initiated lane-change 

10 Concept 9 Blink initiated automation 

11 Concept 2b Light affected pupil dilation determines acceleration through gradient 

12 Concept 2a Light affected pupil dilation determines velocity through gradient 
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    W- 

factor 

Concept 1 Concept 2a Concept 2b Concept 2c Concept 3 Concept 4 Concept 5 Concept 6 Concept 7 Concept 8 Concept 9 Concept 10

    Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating Wtd Rating 

Desirability 

Will people 

want it? 
5 2.6 13.1 1.9 9.4 1.8 8.8 2.1 10.6 3.4 16.9 2.1 10.6 3.9 19.4 2.8 13.8 2.4 11.9 3.6 18.1 2.4 11.9 3.3 

  

Will it fill a 

need? 
3 2.9 8.6 1.8 5.3 1.8 5.3 2.0 6.0 3.0 9.0 1.6 4.9 3.8 11.3 2.3 6.8 2.0 6.0 2.9 8.6 1.9 5.6 3.4 

  

Will it appeal 

to people? 
3 3.1 9.4 1.6 4.9 1.9 5.6 2.4 7.1 3.9 11.6 2.0 6.0 4.1 12.4 2.9 8.6 2.4 7.1 3.6 10.9 2.1 6.4 3.1 

Feasability Can the 

researcher do 

it? Is it 

doable? 

4 2 8 3 12 3 12 4 16 3 12 4 16 3 12 3 12 3 12 3 12 3 12 3 

  

Expected 

signal-to-noise 

ratio? 

4 1 4 2 8 2 8 3 12 3 12 4 16 2 8 3 12 3 12 3 12 2 8 2 

  

Can it be 

applied to 

current cars? 

1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 

  

Can it be 

applied to 

current 

infrastructure? 

1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

  

Easy to 

use/intuitive? 
4 3 12 1 4 2 8 3 12 4 16 4 16 4 16 4 16 3 12 3 12 4 16 2 

  

Can it be 

applied 

safely? 

5 5 25 3 15 3 15 3 15 4 20 1 5 5 25 3 15 3 15 3 15 2 10 5 

Viability Is it 

scientifically 

relevant? 

4 5 20 5 20 4 16 4 16 4 16 3 12 4 16 4 16 3 12 3 12 4 16 5 

  Total 34   105.1   83.5   83.6   99.8   118.5   92.5   126.0   106.1   94.0   106.6   91.9   

  Rank     6   12   11   7   2   9   1   5   8   4   10   

  
Desirability 

Rank     5   12   11   8   2   10   1   6   7   3   9   
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2.3 Concept ranking scientific justification and discussion 

Using the selection matrix a few concepts appeared to be better than others. However, before one concept can 

be selected some scientific justification is required. A short literature search was performed to look into 

previously found results regarding the top three concepts from table 2.2. 

1. Distraction invoked automation 

Although much research has been performed in the field of distraction mitigation strategies, no 

published papers could be found where automation was initiated when a distracted driver was 

detected. A search with Google Scholar was performed using a combination of keywords such as: 

distract, automation, invoke, initiate. However, Merat et al. (2014) did perform a study where they 

looked into the transition of automation to manual. This transition took place either at a fixed time or 

based on distraction of the driver. If the driver was no longer looking at the road, automation would 

be disengaged to ensure that the driver would keep paying attention even when he or she was not in 

control.  

2. Control transition based on pupil dilation 

A quick search using Google Scholar did not result in any published papers about a transition of 

control using pupil dilation caused by a light reflex. Searches included a combination of terms such as: 

automation transition, control transition, drive, car, pupil. 

3. Correcting a faulty automation during… 

No published papers were found with Google Scholar using keywords such as: correct, automation, 

faulty, drive 

The fact that no other published research was found with respect to the top 3 concepts described in the 

previous chapters would suggest that they are indeed relatively innovative and could also be of scientific 

relevance. Even though some of the concepts merely combine other already existing functions and measures, 

such a combination does not appear to be researched before.  

Concept 

Since the selection matrix (Table 2.1) showed the concept of distraction initiated automation to have the 

highest score along with the fact that no published research was found concerning this kind of implementation, 

the rest of this thesis will focus on that concept. Background information regarding distraction with respect to 

driving situations will be shown in the next chapter. 
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Appendix B: Background research 

This thesis will focus on the concept of distraction initiated automation. In this chapter, some background 

information about distractions with respect to driving will be discussed, together with previously performed 

research on similar topics. Finally, the previously defined concept for distraction invoked automation will be 

used along with the literature to formulate an experiment and hypotheses before moving on to the method. 

Previous literature on distractions while driving 

Foley et al. (2013) performed a literature study where the goal was to find consensus on three definitions: a 

top-level definition of driver distraction, a definition of visual-manual distraction, a definition of auditory-vocal-

cognitive distractions. They emphasize the use of having clear definitions by quoting Pettitt (2005) and Green 

(2010) respectively: 

“An agreed definition would help to focus clarity within future research, making cross-study comparison easier. 

Such a definition may be particularly useful for accident researchers seeking to categorize cases, allowing for 

comparisons between statistics from different areas, regions, countries et.” 

“The naming/identification of the problem is important because of its implications for what one thinks the 

problem is and which performance measures should be collected.” 

They finally found that experts in the field agreed that Regan et al. (2011, p. 1776) had the best definition: 

“Driver distraction is the diversion of attention away from activities critical for safe driving toward a competing 

activity, which may result in insufficient or no attention to activities critical for safe driving.” 

Foley et al. then went on to clarify this definition by expanding it and defining what they called subsidiary 

terms. Firstly, they explain that ´Attention´ consists of the functions which arise from the brain networks that 

regulate and are involved in orienting, executive, and alerting. Here, orienting attention is defined as the 

selection of information from sensory input, executive attention is defined as resolving conflict among 

responses, as well as regulating or modulating other network functions, and alerting attention is defined as 

achieving and maintaining an alert state. Secondly, they defined competing activity as an activity or multiple 

activities which place demands upon cognitive, auditory, vocal/verbal, visual, motoric, and other resources, 

separately or in any combination. This appears to be in accordance with the multiple resource theory proposed 

by Wickens (2002) which states for example that interference will take place between two tasks when they 

share stages, sensory modalities, codes and channels of visual information. 

Young and Regan (2007) performed a literature study where they found that interacting with in-vehicle devises 

such as mobile phones, a car radio, or a navigation system can significantly influence a driver’s ability to keep 

longitudinal and lateral control. It also increases the risk of collisions.  

Young et al. (2013) performed a study to investigate the effects of distraction on driving errors. Participants 

had to drive a highly instrumented vehicle and perform a secondary task at certain times during driving. The 

secondary task consisted of a visual detection task which required a manual response. It was found that the 

types of driving errors with distractions were similar to those made without a distraction, but they only 

appeared more frequently or with a larger magnitude. The most prominent of errors they encountered was 

exceeding the speed limit. Apart from an increase in mean speed, the standard deviation also appeared to 

increase during distracted driving. 

Horberry et al. (2006) measured driving performance as a result of driver distraction due to in-vehicle tasks for 

different environment complexities and ages. Participants had to perform two in-vehicle tasks. The first one 

was an auditory/vocal task consisting of a hands-free mobile phone conversation and the other was a 

visual/manual task consisting of having to interact with an in-vehicle entertainment/information system. They 

also implemented two different environmental complexity levels, being ‘simple’ and ‘complex’. Variations 

between the two consisted of different amount of billboards and advertisements and different amount of 

buildings and oncoming vehicles. On average, the ‘complex’ environment experienced over 12 times as many 

buildings and oncoming vehicles compared to the ‘simple’ condition. They also measured the differences 

between 3 different age groups, young driver (mean age 21 years), mid-age drivers (mean age 37 years) and 

older drivers (mean age 66 years). During driving the participants were told to maintain a target speed. Older 

drivers drove slower than younger drivers, but apart from that, generally few age-related differences were 

found in this study. Furthermore, they found that increasing driving complexity did not influence driving 
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performance. They did find that in-vehicle tasks whilst driving can have a negative impact on driving 

performance. More specifically, they found that interacting with the entertainment system affected certain 

measures of driving performance, such as maintaining speed and preparedness to react to unexpected hazards, 

to a larger extent than performing a simulated hands-free mobile phone conversation. As a possible reason for 

this difference they mention that the visual/manual task might cause more interference with the driving task 

than the auditory/vocal task because the drivers can still keep their eyes on the road during the latter task. 

Donmez et al. (2003) created a taxonomy of mitigation strategies for driver distractions. They defined 12 

unique mitigation strategies and categorized them in a matrix by (1) level of automation (high, moderate, or 

low), (2) driving related strategies versus non-driving related strategies, and (3) system initiated versus driver 

initiated mitigation. The concept of interest within the present thesis would relate to what Donmez et al. 

(2003) described as ‘system initiated’ strategies, whereas the choice for driving related and non-driving related 

strategies will be made later on. Furthermore, the previously defined concept does imply a high level of 

automation, which thus excludes eight of the other strategies. 

Later on, Donmez et al. (2006) looked into drivers’ attitudes when the previously described mitigation 

strategies performed imperfectly. They performed an experiment with middle aged (M = 45 years) and with 

older drivers (M = 69). The participants had to drive a simulated vehicle and at certain times were required to 

perform a secondary task. This task was either a visual or an auditory task. Two mitigation strategies were 

tested, being advising or locking. Where advising constituted of the mitigation strategy system advising the 

driver to discontinue the non-driving-related task and where the locking task constituted of the mitigation 

strategy system locking out the interaction with the in-vehicle system completely. They found that older drivers 

accepted the distraction mitigation strategies more than middle-aged drivers. This might be because they are 

more willing to accept help to offset age decrements in performance. However, a concern Donmez et al. 

mentioned is that sometimes older drivers are a bit too accepting of such mitigation strategies, even when 

these are imperfect. The middle-aged drivers appeared more cautious in accepting or trusting alerts. 

It also appeared that visually provided mitigation strategies were accepted more often than auditory mitigation 

strategies. However, auditory might be more effective during cognitive distractions, and thus a tradeoff must 

be made between effectiveness and acceptance. 

Peng et al. (2012) found that eyes-off-road significantly decreases drivers’ ability to maintain lane positions 

compared to attentive driving. More specifically, they found that off-road glances longer than 2 s are related to 

safety critical situations. Similar results were found by Ryu et al. (2013) and Klauer et al. (2006).  

Cades et al. (2011) showed that distractions do not only occur when a driver is taking eyes off the road. They 

mentioned that conversing with another passenger or talking over a phone (either hands-on or hands-free) can 

also have a large influence on driving performance even when the driver’s eyes are on the road. In a driving 

simulator study, Beede and Kass (2005) found that hands-free calling had adverse effects on driving. 

Specifically, they found that drivers who were talking on the hands-free phone experienced increased traffic 

violations, increased attention lapses, and a decreased number of lane excursions compared to a control 

condition without the phone. Furthermore, the authors found that drivers who were on the hands-free phone 

often chose to disregard what they consider as “extra” tasks. Remarkable was that they found no decrease in 

lane maintenance during driving. As an explanation for this they mentioned that it appeared that participants 

sacrificed other tasks to ensure lane keeping. The latter was also found by He et al. (2014) who found that 

driver performance is indeed affected by cognitive load (such as a cell phone call) but that drivers do appear to 

‘protect’ lateral control against the risk of distraction, at the cost of other elements of driving performance. 

Owens et al. (2011) and Alosco et al. (2012) both found that using a handheld cell phone for texting while 

driving significantly reduced performance and increased mental demand.  

Neale et al. (2005) performed an experiment with one-hundred cars and 241 primary and secondary drivers 

over a period of approximately 12 to 13 months to investigate crashes, near-crashes, and the human factors 

involved. Primary drivers were defined as the car owners whereas secondary drivers were defined as other 

drivers who got to drive a car they did not own. They defined four inattention categories: ‘secondary task 

engagement’, ‘fatigue’, ‘Driving-related inattention to the forward roadway’, and ‘non-specific eye glance’. The 

authors found that 78 percent of the crashes and 65 percent of the near-crashes had one of these four 
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categories as a contributing factor. Further analysis of the results showed that secondary task distraction was 

the largest contributor to crashes, near crashes and incidents, of the four categories, among which the largest 

contributor were wireless devices (primarily mobile cell phones), internal distractions, and passenger-related 

secondary tasks (primarily conversations). Among the wireless device tasks and associated events, 

‘talking/listening’ and ‘dialing hand-held cell phone’ showed the highest frequency of occurrences for both 

incidents and near crashes. 

Liang et al. (2014) performed a study using the same one-hundred car data as Neale et al. (2005). They used 

the glance-data obtained during that study to look into the relationship between driver eye gaze directions and 

crashes/near-crashes. They found that glances that exceeded 1.6 seconds accounted for 86% of the observed 

collisions. From this they concluded that in real-world driving, the tails of the distribution for driver off-road 

glance duration can be a sensitive indicator for the risk of crashes/near-crashes. Similar results were found by 

Horrey and Wickens (2007), who also found that off-road glances from 1.6 seconds showed an increase in crash 

risk. 

Donmez et al. (2007) performed a study to see whether providing real-time feedback to distracted drivers 

represents a safety risk or not. For example, an alarm provided at a time when the driver is performing a 

driving action, such as a curve, as well as a secondary task, such as calling, might already overload them and 

might even increase the level of distraction. However, in this study they found that feedback did not impose 

any additional distractions on the driver. The drivers also said that they experienced the feedback as beneficial. 

Donmez et al. also found that feedback appeared beneficial as was suggested by less frequent off-road glances 

and longer on-road glances. Later on, Donmez et al. (2008) performed another follow-up experiment to see 

whether retrospective feedback would inspire safer driving habits in the future. They found that both feedback 

types, retrospective feedback and a combination of concurrent and retrospective feedback, resulted in 

significantly faster reactions to lead vehicle braking events. Retrospective feedback resulted in 0.34s and 

combined feedback resulted in 0.41s faster accelerator release responses compared to no feedback. However, 

in terms of driving performance measures, no significant differences were found between retrospective and 

combined feedback. However, combined feedback did appear to result in longer on-road glances since where 

Donmez et al. (2007) found 0.18 s longer on-road glances for concurrent feedback, they now found 0.46 s 

longer on-road glances for combined feedback. Drivers also seemed to accept the feedback, which is important 

since driver acceptance plays a critical role in the effectiveness of mitigation systems. However, during this 

experiment, retrospective feedback was given after each 7 min drive, which in real life is not the case. 

Therefore, more realistic experiments with less frequent retrospective feedback would be required to validate 

these results. 

Hancock et al. (2003) performed a study into the distraction effects of phone use during a crucial driving 

maneuver such as emergency braking. While driving, the participants had to perform secondary tasks, being 

either recalling a pre-memorized phone number, or stating whether a certain number that appeared 

corresponded to the first digit of the pre-memorized phone number. What Hancock et al. state as the most 

crucial finding from their experiment is the variation in situation awareness (SA) in the presence of the phone 

distraction task. They found a decrease of 15% in the compliance rate to the emergency stop during the phone 

distraction. They also found a decrease in brake response time during the distraction, which appeared to affect 

female drivers more than male drivers. It appeared that the drivers, and the older drivers most of all, tried to 

make up for a slower braking reaction by braking with a higher intensity. 

Caird et al. (2008) performed a meta-analysis of the effects of cell phones on driver performance. They found 

that cell phone conversation while driving increases reaction time to events and different stimuli. More 

specifically, they found that handheld and hands-free mobile phone conversations showed similar performance 

decrements. Across different studies results about whether lateral control was affected by cell phone use were 

inconsistent where some reported performance decrements and others did not. Headway appeared to be 

unaffected by cell phone use across most studies, with only one outlier. However, Caird et al. do mention that 

the number of available studies for headway were relatively small and that they recommend more consistent 

measurements. 



  

44 
 

Kass et al. (2007) performed a study where they looked into the effects of distractions and experience on 

situation awareness. They had a group of novice drivers (M = 14.68 years) and a group of experienced drivers 

(M = 29.0 years). The participants were required to drive a simulated vehicle while at certain intervals having to 

perform an auditory/vocal/cognitive secondary task of simulated cell phone use. At certain intervals during the 

experiment, the experimenter would ask three Situation Awareness (SA) questions and asked the participant to 

answer them to the best of their ability. Their results showed that when participants talked on the phone they 

were unable to maintain the same level of SA. An explanation they provide is that the cell phone conversation 

cognitive resource demands interferes with that of driving and navigation. Another finding implies that 

distraction showed the same decrements in performance for both novice and experienced drivers. Only during 

the direction following task was the performance decrement for novices greater than for experienced drivers. 

However, Kass et al. do caution the interpretation of these results since their novice drivers were a lot younger 

than their experienced drivers and thus it cannot be excluded that the results might be caused by age 

differences instead of experience. For example, it cannot be expected that a 14-year old (youngest among the 

novice drivers) possessed the same cognitive abilities as a 29-year old (average of the experienced drivers). 

Lesch and Hancock (2004) performed a study to see if drivers are aware of their performance decrements. 

During their experiment, participants were required to perform a cognitive/visual task with a simulated cell-

phone display. The participants were also required to give confidence and subjective task performance ratings 

which would be compared with their actual observed performance. For males, high confidence ratings 

appeared to be predictive of better driving performance, whereas for females this was not the case. More 

specifically, for older females, as confidence increased, performance decreased. Females also rated the driving 

task as less demanding than males, whereas females showed a strongly distraction affected performance.  

Horrey et al. (2008) also performed an experiment to find out to what extent drivers are actually aware of the 

effects of distraction on their performance. Their findings showed that drivers in general did not show a 

relation between their own subjective estimates of distraction effects and their actual magnitude of distraction 

effects. In some cases, the subjective measures were even opposite to the observed effects (drivers that 

estimated the smallest distraction effects exhibited the largest ones). Interestingly, their study did show some 

differences between male and female drivers as well as differences between younger (M = 21.8 years) and 

older males (M = 64.1 years). Under the younger males, the worst performers rated themselves as exhibiting 

the smallest decrements in performance whereas the older males were fairly well- calibrated to the distraction 

effects. They suggest that even though it was expected that older drivers were able to make up for age-related 

declines by means of more experience and improved skills. Female drivers showed no significant relationships 

across all measures which they found to be consistent with previous studies. 

These results appear to be somewhat in contrast to the findings of Lesch and Hancock (2004). However, a 

difference between Lesch and Hancock (2004) and Horrey et al. (2008) lies in the task. Lesch and Hancock 

implemented a cognitive/visual task whereas Horrey et al. implemented a cognitive/auditory task.  
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Appendix C: Informed consent form 

Research title: “Mitigating driver distraction” 

Researchers: 

Nico Janssen – Msc student 
Email: njanssen36@gmail.com 

Dr.ir. Joost C.F. de Winter – Supervisor 
Email: j.c.f.dewinter@tudelft.nl 

Location of the experiment: 
Driving simulator lab; room 34 F-2-360 
Faculty of Mechanical, Maritime and Materials Engineering 
Delft University of Technology 
Mekelweg 2, 2628 CD Delft 

Introduction: You are asked to read this document before starting with the experiment. It describes 
the purpose and procedures of this experiment. Your signature is required for participation. You have 
the right to withdraw at any time during the experiment. If you would like a copy of this consent form, 
you may request one and it will be provided to you. 

Purpose of the study: The purpose of this study is to investigate whether a system that implements 
automation during moments of visual distraction while driving increases safety compared to driving 
without automation. You will be asked to do a series of driving tasks while sitting behind a desktop 
computer. The results of this experiment will be published in a Master’s thesis and research paper. 

Duration: Your participation in this study will last approximately 50 minutes. You will be compensated 
with 5 EURO and have the right to withdraw from the experiment at any time without losing the 
compensation. 

Procedures: Figure 1 shows an overview of the setup. Before the start of the experiment, you will be 
asked to fill in a questionnaire regarding personal information (such as how long you have your 
driver’s license). Next, you will sit in front of the steering wheel and the monitor and position your chair 
so that you are most comfortable. Next, the eye tracker will be calibrated.  

Before each experimental session starts you will perform a training run to familiarize yourself with the 
equipment. There are three experimental sessions. During each of the three sessions you will hear a 
beep tone, which indicates you should perform the secondary task of changing a CD in a CD-player. 
You will perform this task six times per session (thus you will hear a beep six times per session). Each 
session, you will perform a different condition. You will be told which condition you will be driving 
before each session. 

The three conditions are: 
1) Manual driving: You will be steering by yourself the entire time. 
2) Automatic back-up: Steering will be controlled automatically when you are performing the 
secondary task. 
3) Manual back-up: Steering will be controlled by you only when you are performing the secondary 
task. 
 



  

46 
 

 

Figure 1.. The experimental setup 

Your Primary Task: Your primary task is to focus on staying in the center of the right lane as 
accurately as you can. 

Your Secondary Task: Your secondary task is to change the current CD with the bottom CD from the 
stack and then press play. However, you will not hear any music. 

Questionnaires: After each session you will fill out a questionnaire to assess your subjective 
workload. At the end of the whole experiment you will be asked to fill out another questionnaire to see 
whether your thoughts about the system designed here have changed with respect to before the 
experiment. 

Risks and discomforts: There are no known risks for you in this study. Some eye strain or discomfort 
may arise from the virtual driving task. 

Confidentiality: All data collected in this study will be kept confidential and will be used for research 
purposes only. 

Right to refuse or withdraw: Your participating in this study is voluntary. Thus, you have the right to 
refuse or withdraw form this experiment at any time, without negative consequences. 

Questions: For any questions you can contact Nico Janssen (njanssen36@gmail.com). 

I have read and understood the information provided above. 
I give permission to process the data for the purposes described above. 
I voluntarily agree to participate in this study. 

 

Name: 

……………………………………………………………………………………………….. 

Signature of participant: 

……………………………………………………………………………………………….. 

Date: 

……… / Feb / ……… 
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Appendix D: Instructions form 

Instructions 
As mentioned in the informed consent, you will be driving a simulated vehicle in a simulated 
environment. You will only be steering and the speed will be kept constant. 

A short training session will take place before every new condition so you can familiarize yourself 
with the equipment.  

Six times during each session you will hear a beep tone which indicates that you should start the 
secondary task. The secondary task consists of a few simple steps: 

1) Press stop on the CD player 
2) Open the CD player, take out the current CD and put it on top of the stack of CDs 
3) Take out the bottom CD from the stack, put it in the CD player and close it 
4) Press play on the CD player 
5) Put the stack of CDs back in the original position 
6) Put your right hand back on the steering wheel and focus back on the road 

You are required to keep your left hand on the steering wheel at all times! 

During this secondary task, when you look away from the road, a manual-automation transition will 
take place indicated by a change in color of the bar at the bottom of the screen (green = automation 
ON, red = automation OFF, yellow = warning that you will soon regain control). After you look back to 
the road, following a short amount of time another manual-automation transition will take place.  

Each session will take about 6 minutes. There will be three sessions and after each session you will 
be asked to fill out 1 or 2 short questionnaires. 

Your Primary Task: Your primary task is to focus on staying in the center of the right lane as 
accurately as you can. This should always be the most important task. Safety first! 

Your Secondary Task: Switch CDs as described above, ALLWAYS look at what you’re doing. Do not 
perform this action blindly. A long beep will indicate the start of the task, a short beep will indicate that 
you can stop the task if you are not already finished. The experimenter will then finish this task so that 
you can focus on driving again. After each session you will be told how you scored. You will get points 
for performing the steps correctly, and for how fast you performed the task. Try to score as high as 
possible while still driving safely. 
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Appendix E: Questionnaires 

Questionnaire 1: Generic and demographic characteristics 

Participant No: Experimental Condition: Date / Time of day: 

Please encircle the correct answer 

1 Have you read and understood the above instructions?  

 Yes  No  I prefer not to respond  

2 What is your primary mode of transportation?  

 Private vehicle  Public transportation   Motorcycle  Walking / cycling  Other  I prefer not to respond  

3 What is your age?  

  

4 What is your gender?  

 Male  Female  I prefer not to respond  

5 What is the highest degree or level of education you have completed?  

 No school 

completion  

Primary 

school  

Secondary 

school  

Vocationa

l school  

Higher Education 

– BSc  

Higher Education 

– MSc  

Higher Education 

– PhD  

Othe

r  

I prefer not to 

respond  
6 At which age did you obtain your first driver's license?  

  

7 On average, how often did you drive a vehicle in the last 12 months?  

 Every day  4 to 6 days a 

week  

1 to 3 days a 

week  

Once a month to once a 

week  

Less than once a 

month  
Never  I prefer not to 

respond  
8 About how many kilometers did you drive in the last 12 months?  

 0  1-1,000  1,001-5,000  5,001-10,000  10,001-15,000  15,001-20,000  

 20,001-25,000  25,001-35,000  35,001-50,000  50,001-100,000  More than 100,000  I prefer not to respond  

9 How many accidents were you involved in when driving a car in the last 3 years?  

(please include all accidents, regardless of how they were caused, how slight they were, or where they happened)   0  1  2  3  4  5  More than 5  I prefer not to respond  
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Questionnaire 2: NASA TLX 

 

Participant No: Experimental Condition: Date / Time of day: 

 

The questions below are about your experience in the experiment (run) that you just performed. Put 

a cross on the line, not between them. 

 

Mental Demand    How mentally demanding was the task? 

 

Physical Demand   How physically demanding was the task? 

 

Temporal Demand   How hurried or rushed was the pace of the task? 

 

Performance    How successful were you in accomplishing what you were asked to 

do? 

 

Effort     How hard did you have to work to accomplish your level of 

performance? 

 

Frustration    How insecure, discouraged, irritated, stressed, and annoyed were 

you? 

 

Questionnaire 3: Van der Laan scale 

 

Participant No: Experimental Conditions: Date / Time of day: 

 

 Very Low Very High 

 Very Low Very High 

 Very Low Very High 

 Perfect Failure 

 Very Low Very High 

 Very Low Very High 
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My judgments of the (...) system are ... (please tick a box on every line) 

 

1. Useful                       Useless  

2. Pleasant                       Unpleasant  

3. Bad                       Good  

4. Nice                       Annoying  

5. Effective                       Superfluous  

6. Irritating                       Likeable  

7. Assisting                       Worthless  

8. Undesirable                       Desirable  

9. Raising Alertness                       Sleep-inducing  
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Questionnaire 4: Generic opinion 

 

Participant No: Experimental Conditions: Date / Time of day: 

 

1 Which session did you prefer?  

 1  2  3  No 

difference Comments on the experiment and systems tested (please provide any additional comments you may have) 
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Appendix F: Counterbalanced order of conditions 

Participant number first condition second condition third condition 

1 1 2 3 

2 3 2 1 

3 2 3 1 

4 2 1 3 

5 1 3 2 

6 3 1 2 

7 1 2 3 

8 3 2 1 

9 2 3 1 

10 2 1 3 

11 1 3 2 

12 3 1 2 

13 1 2 3 

14 3 2 1 

15 2 3 1 

16 2 1 3 

17 1 3 2 

18 3 1 2 

19 1 2 3 

20 3 2 1 

21 2 3 1 

22 2 1 3 

23 1 3 2 

24 3 1 2 

25 1 2 3 

26 3 2 1 

27 2 3 1 

28 2 1 3 

29 1 3 2 

30 3 1 2 

31 1 2 3 
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Appendix G: Pilot studies 

Introduction 

As part of my Master Thesis I performed two pilot studies. The goal of the final experiment is to design a 

distraction mitigation system which improves safety by taking over control during moments of visual 

distraction. The goals of these different pilot studies was to test different levels of driving with respect to the 

current simulation, and to test variations for parameters used in the final experiment.  

Pilot studies 1: Determining the termination time 
The goal of this pilot study was to test variations for the termination time, to be used during the final 

experiment. 

Setup 

For each condition the participants sat in front of a monitor and operated a G27 Logitech steering wheel. The 

monitor showed a simulated environment with a road and the dashboard of a BMW X5.  

During the experiment, at fixed intervals the participant (or driver) would hear a beep which indicated that he 

or she was supposed to start performing a secondary task of changing a CD in a CD-player. This task imposed a 

visual distraction and this was in turn measured with the SmartEye DR120 remote tracker. If the participant 

was looking away for 3.0 seconds or more, the automation would take over lateral control. The participant was 

told to finish the secondary task and then look back at the monitor. After a certain amount of time the 

participant would then regain control of the experiment. It is this time that is used as the independent variable 

in this study. This time is called the Termination time.  

The conditions included the following termination times: 

1) 3.0 seconds 

2) 4.5 seconds 

3) 6.0 seconds 

4) 7.5 seconds 

The only goal of this secondary task was to visually distract the participant. How well the task was performed 

was not considered here. The participants were instructed to perform the task as quickly as possible and then 

return their attention to the screen and to driving.  

Dependent variables: 

• NASA TLX (%), ranging from 0% - 100% with steps of 5%. This questionnaire is used to assess the 
drivers subjective workload on six different categories: 1) Mental demand, 2) Physical demand, 3) 
Temporal demand, 4) Performance, 5) Effort, and 6) Frustration (Hart, 2006). All questions were 
answered on a 21-point scale ranging from ‘very low’ (‘perfect’ for the performance item) to ‘very 
high’ (failure for the performance item). Even though the performance item seems to represent an 
inverse scale, its score is still counted as going from 0 to 100 as is the case for all six items. This is 
because it is assumed that high performance correlates with low workload (Hart & Staveland, 1988). 
An overall subjective workload was obtained by averaging the six different scores (Byers et al., 1989). 

• Subjective Preferences. Participants were asked which condition they preferred the most. 
 

After finishing pilot study two, some issues were encountered relating to some of the algorithms. Therefore, no 

other data was presented here. However, the concept of the pilot study was still applicable and the main goal 

remained the same, which was to find out which parameters were preferred by the drivers. 

Within this study, four participants participated, of which three males and one female. The mean age was 21.3 

years (SD = 1.3 years). All participants read and signed an informed consent form. They were also offered €5 

compensation for their time. 
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Results 

NASA-TLX. The results of the NASA-TLX questionnaires are represented in Figure 17. No significant differences 

were found. A glance at the figure does seem to show a slight preference for conditions 2 and 3 (i.e. 4.5 s and 

6.0 s).  

Subjective Preferences. Two out of four participants preferred condition 3 (i.e. 6.0 s), one participant preferred 

condition 1 (i.e. 3.0 s), and one participant preferred condition 2 (i.e. 4.5 s). 

 

Figure 17. Pilot study 2 NASA-TLX results for all items averaged over all participants. 
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Pilot study 2: Determining the initiation time 

The goal of this pilot study was to test variations for the initiation time, to be used during the final experiment. 

Setup 

For this experiment, I recorded the performance of four different people for all the experimental conditions. 

For each condition they sat in front of a monitor and operated a G27 Logitech steering wheel. The monitor 

showed a simulated environment with a road and the dashboard of a BMW X5.  

During the experiment, at fixed intervals the participant (or driver) would hear a beep which indicated that he 

or she was supposed to start performing a secondary task of changing a CD in a CD-player. This task imposed a 

visual distraction and this was in turn measured with the SmartEye DR120 remote tracker. If the participant 

was looking away for a certain amount of time, the automation would take over lateral control. This time is 

called the initiation time. The participant was told to finish the secondary task and then look back at the 

monitor. However, they were free to look back and forth during the task. Looking back at the screen for 3.0 

seconds would terminate the automation and thus the participant would then regain lateral control. The 

initiation time is the independent variable during this pilot study. 

The conditions included the following initiation times: 

1) 1.0 seconds 

2) 3.0 seconds 

3) 6.0 seconds 

4) 10.0 seconds 

The only goal of this secondary task was to visually distract the participant. How well the task was performed 

was not considered here. The participants were instructed to perform the task as quickly as possible and then 

return their attention to the screen and to driving.  

Dependent variables: 

• NASA TLX (%), ranging from 0% - 100% with steps of 5%. This questionnaire is used to assess the 
drivers subjective workload on six different categories: 1) Mental demand, 2) Physical demand, 3) 
Temporal demand, 4) Performance, 5) Effort, and 6) Frustration (Hart, 2006). All questions were 
answered on a 21-point scale ranging from ‘very low’ (‘perfect’ for the performance item) to ‘very 
high’ (failure for the performance item). Even though the performance item seems to represent an 
inverse scale, its score is still counted as going from 0 to 100 as is the case for all six items. This is 
because it is assumed that high performance correlates with low workload (Hart & Staveland, 1988). 
An overall subjective workload was obtained by averaging the six different scores (Byers et al., 1989). 

• Subjective Preferences. Participants were asked which condition they preferred the most. 
 
After finishing pilot study two, some issues were encountered relating to some of the algorithms. Therefore, no 
other data was presented here. However, the concept of the pilot study was still applicable and the main goal 
remained the same, which was to find out which parameters were preferred by the drivers. 
 

Within this study, three participants participated which were all male. The mean age was 27.7 years (SD = 5.2 
years). All participants read and signed an informed consent form. They were also offered €5 compensation for 
their time. 
 

Results 

Data gathering occurred with a frequency of 60 Hz. Even though the SmartEye DR120 could sample at 120Hz, a 

60Hz sample rate was chosen to ensure that the simulation could run real-time due to hardware limitations.  

NASA-TLX. The results of the NASA-TLX questionnaires are represented in Figure 18. No significant differences 

were found. A glance at the figure does seem to show a slight preference for conditions 1 and 2 (i.e. .1.0 s and 

3.0 s).  
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Subjective Preferences. Two out of three participants preferred condition 1 (i.e. 1.0 s) and one participant 

preferred condition 2 (i.e. 3.0 s). 

 

 

Figure 18. Pilot study 3 NASA-TLX scores per item averaged over all participants. 

After having performed these two pilots myself I also decided to perform a short follow up experiment where I 

combined some of the previously found results. Based on the fact that the two shortest initiation times and 

that the average termination times were preferred during the previous experiments I wanted to test how  

these parameters would work when combined. It was for that reason that I performed a minor experiment 

with one of my supervisors at that time. During this minor experiment we tested the following combination of 

initiation times (t_init) and termination times (t_term). 

1) t_init = 0.5, t_term = 3.0 

2) t_init = 0.5, t_term = 4.5 

3) t_init = 1.5, t_term = 3.0 

4) t_init = 1.5, t_term = 4.5 

Discussion & conclusion 

As mentioned before, some issues with the algorithms were experienced during these pilot studies. Therefore, 

only the subjective results were applicable. However, it is believed that these results still allow for appropriate 

conclusions since the goal was to find out which parameter settings were preferred. 

After having performed these independently from eachother, both myself and the supervisor experienced a 

preference for the third combination (i.e. t_init = 1.5, t_term = 3.0). This combined with the results from the 

pilot studies led to these parameters being used for my final study. 
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Appendix H: Supplementary Results 

Steering angle data manipulation 

The steering angle data was filtered before being used to calculate the steering activity. The steering angle data 

was filtered using a two-way second order Butterworth filter with a cut-off frequency of 0.3 Hz. The absolute 

steering activity data was then again filtered using a zero-phase FIR filter in Matlab with the filtfilt command. 

This is equal to a moving average filter that first runs in one direction and then again in the opposite direction 

using the moving average of data between -5 and +5 seconds. 

Figure 19 shows an example of how the absolute manual steering data was filtered before it was used to 

calculate the steering activity per participant which is shown in the bottom figure.  

 

Figure 19. An example of how the absolute manual steering angle data was filtered. The upper plot shows the 
steering angle data and the bottom plot shows the steering rate data, both before and after the data was 
filtered. The green dashed lines represent the long beep and the red dotted lines represent the short beep. 
Both plots show the manual steering angles that were measured from the Logitech steering wheel. Automated 
steering data was excluded. 

Steering angles and rates. The filtered Logitech (manual) steering angles per condition are shown in Figure 20. 

A zoomed in version of Figure 20 is shown in Figure 21 and the maximum absolute steering angles per 

participant are shown in Figure 22. Figure 22 shows that 14 drivers experienced the largest (manual) 

maximum steering angle during the Forced condition, 12 during the Manual condition and 5 during the Back-up 

condition.  

Figure 23 shows the filtered absolute steering rates that were calculated from the filtered Logitech (manual) 

steering angle data. Figure 24 shows a zoomed in version of Figure 23, focusing on the period from 10s before 

until 30 s after the beep that indicates the start of the secondary task. The data that is shown is taken as the 

average of all six secondary task periods. Figure 25 shows the maximum absolute steering rates per 

participant. 
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Figure 20. The filtered manual steering angles per condition. The 31 black lines represent the drivers and the 
orange line represents the average of all these drivers. The green dashed lines represent the long beep and the 
red dashed lines represent the short beep. 
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Figure 21. The absolute filtered steering angles per condition, zoomed in on 10 s before until 30 s after the 
beep that indicated the start of the secondary task. The 31 black lines represent the steering angles for the 
participants and the orange line represents the average of all these participants. These lines represent the 
average of every one of the six periods of the secondary task. The green dashed line represents the long beep 
and the red dashed line represents the short beep. This plot shows the manual steering angles that were 
measured from the Logitech steering wheel. Automated steering data was excluded. 
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Figure 22. The maximum absolute steering angles per participant and per condition. These maxima are 
calculated over the whole length of the driving session per condition. These maxima are calculated from the 
manual steering angles that were measured from the Logitech steering wheel. Automated steering data was 
excluded. 

 

  

Figure 23. The absolute steering rate filtered data. The 31 black lines represent the participants and the orange 
line represents the average of all these participants. The green dashed lines represent the long beep and the 
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red dashed lines represent the short beep. The steering rates were calculated from a filtered steering angle and 
were again filtered to remove any remaining noise. These steering rates are calculated from the manual 
steering angles that were measured from the Logitech steering wheel. Automated steering data was excluded. 

 

Figure 24. The absolute steering rate filtered data, zoomed in on 10s before and 30s after the beep indicating 
the start of the secondary task. The 31 black lines represent the participants and the orange line represents the 
average of all these participants. These lines represent the average of every one of the six periods of the 
secondary task. The green dashed line represents the long beep and the red dashed line represents the short 
beep. The steering rates were calculated from a filtered steering angle and were again filtered to remove any 
remaining noise. These steering rates are calculated from the manual steering angles that were measured from 
the Logitech steering wheel. Automated steering data was excluded. 
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Figure 25. The maximum absolute steering rates per participant and per condition. These maxima are 
calculated over the whole length of the driving session per condition. These maxima are calculated from the 
manual steering angles that were measured from the Logitech steering wheel. Automated steering data was 
excluded. 
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Appendix I: Automation vs. Manual switching algorithm 

The source code is included here for future reference. This will allow others to more easily and accurately 

reproduce the results found during this study. 

The script presented below was used to find out whether a control transition should take place. Two different 

versions are written to differentiate between the Forced and the Back-up conditions. 

function  [y, r, s, GPX, GPY]= fcn(GDX, GDY, GDZ, GOX, GOY, GOZ,r_old, s_old,t,Mode)  
%#codegen  
  
%% Time parameters  
Time_step = 60; %[Hz]  
Time_init = 1.5; %[s], time after which automation is initiated  
Time_term = 4.5; %[s], time after which automation is terminated  
% GP = 0.10; % Percentage of gazes off the road abo ve which automation should be initiated  
%% Assign values to avoid initialization problems  
if  t == 0  
    GDX = 0;  
    GDY = 0;  
    GDZ = 0;  
    GOX = 0;  
    GOY = 0;  
    GOZ = 0;  
end  
  
%% Define Monitor Surface Gaze Point upper and lowe r bounds  
GPX_LOW = -0.26;  
GPX_UP = 0.26;  
  
GPY_LOW = 0.055;  
GPY_UP = 0.385;  
%% Calculate Gaze Point  
M_yz = sqrt(GDY^2+GDZ^2);  
M_xz = sqrt(GDX^2+GDZ^2);  
if  M_yz == 0 && M_xz == 0  
    M_yz = 0.01;  
    M_xz = 0.01;  
end  
Theta_MZ_X = acos(abs(GDZ/M_xz));  
Theta_MZ_Y = acos(abs(GDZ/M_yz));  
  
GPX = GOX + sign(GDX)*GOZ*tan(Theta_MZ_X);  
GPY = GOY + sign(GDY)*GOZ*tan(Theta_MZ_Y);  
  
if  Mode == 3 % Mode 1 = Manual drive, Mode 2 = Automated back up , Mode 3 = Forced manual drive  
    %% Calculate whether automation should be initi ated or not using previous samples  
    i = Time_step*Time_init;  
    ll = Time_step*Time_term;  
    s = zeros(ll,1); %pre-allocate space for vector, this is the Time_in it countdown vector  
    r = (1:1:i).';  
     
    for  iii = 2:ll  
        s(iii,1) = s_old(iii-1,1); % remove 1 value and make space for new value at fi rst row  
    end  
     
    for  ii = 2:i  
        r(ii,1) = r_old(ii-1,1); % remove 1 value and make space for new value at fi rst row  
    end  
     
    if  GPX >= GPX_LOW && GPX <= GPX_UP && GPY >= GPY_LOW && GPY <= GPY_UP 
        if  s(2) < ll  
            s(1) = s(2)+1;  
        else  
            s(1) = ll;  
        end  
        r = (1:1:i).';  
        r(1) = 1;  
    else  
        r(1) = r(2);  
        if  r(i) ~= r(1) && s(2) < ll  
            s(1) = s(2)+1;  
        else  
            s(1) = s(2);  
        end  
    end  
  
    if  r(i) == r(1)  
        y = 0;  
        s = zeros(ll,1);  
    elseif  s(1) >= ll  
        y = 1;  



  

64 
 

    else  
        y = 0;  
    end  
  
    if  y == 0 && r(20) == r(1)  
        s = zeros(ll,1);  
    end  
     
    if  Time_init < Time_term && s(1) >= ll % Makes the green bar turn yellow to warn the drive r that a 
automation to manual transition will take place soo n 
        if  r(floor(0.5*i)) == r(1)  
            y = 0.5;  
        end  
    end  
    if  t <= 5  
        y = 1;  
    end  
  
else  
    %% Calculate whether automation should be initi ated or not using previous samples  
    i = Time_step*Time_init;  
    r = zeros(i,1); %pre-allocate space for vector, this is the Time_in it countdown vector  
  
    for  ii = 2:i  
        r(ii,1) = r_old(ii-1,1); % remove 1 value and make space for new value at fi rst row  
    end  
     
    if  GPX >= GPX_LOW && GPX <= GPX_UP && GPY >= GPY_LOW && GPY <= GPY_UP 
        r(1) = 0;  
    else  
        r(1) = r(2)+1;  
    end  
     
    s = zeros(Time_step*Time_term,1); % pre-allocate space for vector, this is the Time_t erm countdown 
vector  
    ll = length(s);  
    for  iii = 2:ll  
        s(iii,1) = s_old(iii-1,1); % remove 1 value and make space for new value at fi rst row  
    end  
     
    if  r(1) >= i % If the driver has been looking away for i samples  (Time_init) then automation takes over  
        y = 1;  
        s = (1:1:Time_step*Time_term).'; % If automation takes over, the counter for the cou nter transition 
is set to Time_term samples  
    elseif  s(ll) == 0 % If Term_term samples have passed then an automati on-to-manual transition will take 
place  
        y = 0;  
        s(1) = 0;  
    else  % If automation is on, the Time_term counter keeps counting for as long as the driver is looking 
at the screen  
        y = 1;  
        s(1) = 0;  
    end  
     
    if  Time_init < Time_term % Makes the green bar turn yellow to warn the drive r that a automation to 
manual transition will take place soon  
        if  s(ll)/Time_step <= Time_init-0.1 && s(ll)/Time_ste p > 0  
            y = 0.5;  
        end  
    else  
        if  s(ll) <= 0.75*ll && s(ll)/Time_step > 0  
            y = 0.5;  
        end  
    end  
     
    if  y == 0.5 && r(0.2*i) >= 0.2*i % During yellow bar, only 0.2*Time_init is requird for the automation 
to switch back to y = 1 and for the Time_term count er to restart again  
        y = 1;  
        s = (1:1:Time_step*Time_term).';  
    end  
    if  t <= 3.5  
        y = 1;  
    elseif  t <= 5 && t > 3.5  
        y = 0.5;  
    end  
end  
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Appendix J: Matlab code used for data analysis 

The source code is included here for future reference. This will allow others to more easily and accurately 

reproduce the results found during this study. 

The script presented below was used to calculate the dependent measures, using the raw data collected from 

the PreScan interface in Simulink.  

 
clear all  
close all  
  
GPX = zeros(20995,94); 
GPY = zeros(20995,94); 
On_or_Off_Switch = zeros(20995,94); 
Steer = zeros(20995,94); 
Switch = zeros(20995,94); 
SteerR = zeros(20995,94); 
SteerRR = zeros(20995,94); 
  
%% load files  
Directory = 'C:\Users\nico\Desktop\Afstuderen\Msc Thesis\PreSca n 
experiments\Experiment_Final_Version\Experiment Dat a' ; % or whatever.  
for  z = 1:31 
    z; 
    PARTICIPANT_NUMBER = num2str(z); 
    myFolder = fullfile(Directory, PARTICIPANT_NUMB ER); 
    if  ~isdir(myFolder) 
        errorMessage = sprintf( 'Error: The following folder does not exist:\n%s' , myFolder); 
        uiwait(warndlg(errorMessage)); 
        return ; 
    end  
    filePattern = fullfile(myFolder, '*.mat' ); 
    matFiles = dir(filePattern); 
    for  k = 1:length(matFiles) 
        baseFileName = matFiles(k).name; 
        fullFileName = fullfile(myFolder, baseFileN ame); 
        fprintf(1, 'Now reading %s\n' , fullFileName); 
        storedStructure = load(fullFileName); 
        if  k == 1 
            A = cell2mat(struct2cell(storedStructur e)); 
        end  
        if  k == 2 
            B = cell2mat(struct2cell(storedStructur e)); 
        end  
        if  k == 3 
            C = cell2mat(struct2cell(storedStructur e)); 
        end  
    end  
     
    p = [1:3:93]; 
    q = [2:3:93]; 
    r = [3:3:93]; 
     
    Rotz(1:length(A),1) = A(7,:).'*pi/180; 
    X(1:length(A),1) = A(5,:).'+2.5*cos(0.5*pi-Rotz (1:length(A),1)); 
    Y(1:length(A),1) = A(6,:).'-2.5*sin(0.5*pi-Rotz (1:length(A),1));   
    t(1:length(A),1) = ([1:length(A(5,:))].*(1/60)) .'; 
    Steer(1:length(A),1) = A(13,:).'; 
    Switch(1:length(A),1) = A(16,:).'; 
    Steer_manual(1:length(A),1) = A(12,:).'; 
    t(1:length(A),p(z)+1) = ([1:length(A)].*(1/60)) .'; 
    X(1:length(A),p(z)+1) = A(2,:).'; 
    Y(1:length(A),p(z)+1) = A(3,:).';  
    Rotz_Raw(1:length(A),p(z)+1) = A(4,:).'*pi/180;  
     
    Rotz(1:length(A),p(z)+1) = Rotz_Raw(1:length(A) ,p(z)+1); 
    pi1 = find(Rotz_Raw(25000:length(A),p(z)+1)<0,1 )+24999; 
  
    for  k = pi1-1:length(A) 
        if  Rotz_Raw(k,p(z)+1) < 0 
            Rotz(k,p(z)+1) = Rotz(pi1-1,p(z)+1)+pi+ Rotz_Raw(k,p(z)+1); 
        else  
            Rotz(k,p(z)+1) = Rotz_Raw(k,p(z)+1); 
        end  
    end      
     
    Steer(1:length(A),p(z)+1) = A(14,:).'; 
    Steer_manual(1:length(A),p(z)+1) = A(12,:).'; 
    GPX(1:length(A),p(z)+1) = A(9,:).';  
    GPY(1:length(A),p(z)+1) = A(10,:).'; 
    Switch(1:length(A),p(z)+1) = A(15,:).'; 
     
    for  k = 1:length(A) 
        ix_lat_up = find(X(:,1) >= X(k,p(z)+1)); 
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        ix_lat_down = find(X(:,1) < X(k,p(z)+1)); 
        if   Rotz(ix_lat_up(1),1) == 0 
            Lat_Err(k,p(z)+1) = Y(ix_lat_up(1),1)-Y (k,p(z)+1); 
            Abs_Lat_Err(k,p(z)+1) = abs(Y(ix_lat_up (1),1)-Y(k,p(z)+1)); 
        elseif  Rotz(ix_lat_up(1),1) == deg2rad(10) 
            Y_Avg = ((Y(ix_lat_up(1),1)-Y(ix_lat_do wn(end),1))/(X(ix_lat_up(1),1)-
X(ix_lat_down(end),1)))*(X(k,p(z)+1)-X(ix_lat_down( end),1))+Y(ix_lat_down(end),1); 
            Lat_Err(k,p(z)+1) = cos(Rotz(ix_lat_up( 1),1))*(Y_Avg-Y(k,p(z)+1)); 
            Abs_Lat_Err(k,p(z)+1) = cos(Rotz(ix_lat _up(1),1))*abs(Y_Avg-Y(k,p(z)+1)); 
        else  
            Y_Avg = ((Y(ix_lat_up(1),1)-Y(ix_lat_do wn(end),1))/(X(ix_lat_up(1),1)-
X(ix_lat_down(end),1)))*(X(k,p(z)+1)-X(ix_lat_down( end),1))+Y(ix_lat_down(end),1); 
            Lat_Err(k,p(z)+1) = cos((Rotz(ix_lat_up (1),1)+Rotz(ix_lat_down(end),1))/2)*(Y_Avg-Y(k,p(z) +1)); 
            Abs_Lat_Err(k,p(z)+1) = cos((Rotz(ix_la t_up(1),1)+Rotz(ix_lat_down(end),1))/2)*abs(Y_Avg-
Y(k,p(z)+1)); 
        end  
    end  
     
    GPX_LOW = -0.26; 
    GPX_UP = 0.26; 
    GPY_LOW = 0.055; 
    GPY_UP = 0.385; 
     
    for  k = 2:20995 
        On_or_Off_Switch(1,1:31) = zeros(1,31); 
        if  GPX(k,p(z)+1) >= GPX_LOW && GPX(k,p(z)+1) <= GPX_U P && GPY(k,p(z)+1) >= GPY_LOW && GPY(k,p(z)+1) 
<= GPY_UP 
            On_or_Off_Switch(k,p(z)+1) = 0; 
            On_or_Off(k,p(z)+1) = 0; 
        else  
            On_or_Off_Switch(k,p(z)+1) = On_or_Off_ Switch(k-1,p(z)+1)+1; 
            On_or_Off(k,p(z)+1) = 1; 
        end  
    end      
     
    t(1:length(B),q(z)+1) = ([1:length(B)].*(1/60)) .'; 
    X(1:length(B),q(z)+1) = B(2,:).';         
    Y(1:length(B),q(z)+1) = B(3,:).'; 
    Rotz_Raw(1:length(B),q(z)+1) = B(4,:).'*pi/180;  
     
    Rotz(1:length(B),q(z)+1) = Rotz_Raw(1:length(B) ,q(z)+1); 
    pi1 = find(Rotz_Raw(25000:length(B),q(z)+1)<0,1 )+24999; 
  
    for  k = pi1-1:length(B) 
        if  Rotz_Raw(k,q(z)+1) < 0 
            Rotz(k,q(z)+1) = Rotz(pi1-1,q(z)+1)+pi+ Rotz_Raw(k,q(z)+1); 
        else  
            Rotz(k,q(z)+1) = Rotz_Raw(k,q(z)+1); 
        end  
    end  
     
    Steer(1:length(B),q(z)+1) = B(14,:).'; 
    Steer_manual(1:length(B),q(z)+1) = B(12,:).'; 
    GPX(1:length(B),q(z)+1) = B(9,:).'; 
    GPY(1:length(B),q(z)+1) = B(10,:).'; 
    Switch(1:length(B),q(z)+1) = B(15,:).'; 
     
    for  k = 1:length(B) 
        ix_lat_up = find(X(:,1) >= X(k,q(z)+1)); 
        ix_lat_down = find(X(:,1) < X(k,q(z)+1)); 
        if   Rotz(ix_lat_up(1),1) == 0 
            Lat_Err(k,q(z)+1) = Y(ix_lat_up(1),1)-Y (k,q(z)+1); 
            Abs_Lat_Err(k,q(z)+1) = abs(Y(ix_lat_up (1),1)-Y(k,q(z)+1)); 
        elseif  Rotz(ix_lat_up(1),1) == deg2rad(10) 
            Y_Avg = ((Y(ix_lat_up(1),1)-Y(ix_lat_do wn(end),1))/(X(ix_lat_up(1),1)-
X(ix_lat_down(end),1)))*(X(k,q(z)+1)-X(ix_lat_down( end),1))+Y(ix_lat_down(end),1); 
            Lat_Err(k,q(z)+1) = cos(Rotz(ix_lat_up( 1),1))*(Y_Avg-Y(k,q(z)+1)); 
            Abs_Lat_Err(k,q(z)+1) = cos(Rotz(ix_lat _up(1),1))*abs(Y_Avg-Y(k,q(z)+1)); 
        else  
            Y_Avg = ((Y(ix_lat_up(1),1)-Y(ix_lat_do wn(end),1))/(X(ix_lat_up(1),1)-
X(ix_lat_down(end),1)))*(X(k,q(z)+1)-X(ix_lat_down( end),1))+Y(ix_lat_down(end),1); 
            Lat_Err(k,q(z)+1) = cos((Rotz(ix_lat_up (1),1)+Rotz(ix_lat_down(end),1))/2)*(Y_Avg-Y(k,q(z) +1)); 
            Abs_Lat_Err(k,q(z)+1) = cos((Rotz(ix_la t_up(1),1)+Rotz(ix_lat_down(end),1))/2)*abs(Y_Avg-
Y(k,q(z)+1)); 
        end  
    end      
     
    for  k = 2:20995 
        On_or_Off_Switch(1,1:31) = zeros(1,31); 
        if  GPX(k,q(z)+1) >= GPX_LOW && GPX(k,q(z)+1) <= GPX_U P && GPY(k,q(z)+1) >= GPY_LOW && GPY(k,q(z)+1) 
<= GPY_UP 
            On_or_Off_Switch(k,q(z)+1) = 0; 
            On_or_Off(k,q(z)+1) = 0; 
        else  
            On_or_Off_Switch(k,q(z)+1) = On_or_Off_ Switch(k-1,q(z)+1)+1; 
            On_or_Off(k,q(z)+1) = 1; 
        end  
    end      
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    t(1:length(C),r(z)+1) = ([1:length(C)].*(1/60)) .'; 
    X(1:length(C),r(z)+1) = C(2,:).'; 
    Y(1:length(C),r(z)+1) = C(3,:).'; 
    Rotz_Raw(1:length(C),r(z)+1) = C(4,:).'*pi/180;  
     
    Rotz(1:length(C),r(z)+1) = Rotz_Raw(1:length(C) ,r(z)+1); 
    pi1 = find(Rotz_Raw(25000:length(C),r(z)+1)<0,1 )+24999; 
  
    for  k = pi1-1:length(C) 
        if  Rotz_Raw(k,r(z)+1) < 0 
            Rotz(k,r(z)+1) = Rotz(pi1-1,r(z)+1)+pi+ Rotz_Raw(k,r(z)+1); 
        else  
            Rotz(k,r(z)+1) = Rotz_Raw(k,r(z)+1); 
        end  
    end  
     
    Steer(1:length(C),r(z)+1) = C(14,:).'; 
    Steer_manual(1:length(C),r(z)+1) = C(12,:).'; 
    GPX(1:length(C),r(z)+1) = C(9,:).'; 
    GPY(1:length(C),r(z)+1) = C(10,:).'; 
    Switch(1:length(C),r(z)+1) = C(15,:).'; 
     
    for  k = 1:length(C) 
        ix_lat_up = find(X(:,1) >= X(k,r(z)+1)); 
        ix_lat_down = find(X(:,1) < X(k,r(z)+1)); 
        if   Rotz(ix_lat_up(1),1) == 0 
            Lat_Err(k,r(z)+1) = Y(ix_lat_up(1),1)-Y (k,r(z)+1); 
            Abs_Lat_Err(k,r(z)+1) = abs(Y(ix_lat_up (1),1)-Y(k,r(z)+1)); 
        elseif  Rotz(ix_lat_up(1),1) == deg2rad(10) 
            Y_Avg = ((Y(ix_lat_up(1),1)-Y(ix_lat_do wn(end),1))/(X(ix_lat_up(1),1)-
X(ix_lat_down(end),1)))*(X(k,r(z)+1)-X(ix_lat_down( end),1))+Y(ix_lat_down(end),1); 
            Lat_Err(k,r(z)+1) = cos(Rotz(ix_lat_up( 1),1))*(Y_Avg-Y(k,r(z)+1)); 
            Abs_Lat_Err(k,r(z)+1) = cos(Rotz(ix_lat _up(1),1))*abs(Y_Avg-Y(k,r(z)+1)); 
        else  
            Y_Avg = ((Y(ix_lat_up(1),1)-Y(ix_lat_do wn(end),1))/(X(ix_lat_up(1),1)-
X(ix_lat_down(end),1)))*(X(k,r(z)+1)-X(ix_lat_down( end),1))+Y(ix_lat_down(end),1); 
            Lat_Err(k,r(z)+1) = cos((Rotz(ix_lat_up (1),1)+Rotz(ix_lat_down(end),1))/2)*(Y_Avg-Y(k,r(z) +1)); 
            Abs_Lat_Err(k,r(z)+1) = cos((Rotz(ix_la t_up(1),1)+Rotz(ix_lat_down(end),1))/2)*abs(Y_Avg-
Y(k,r(z)+1)); 
        end  
    end  
     
    for  k = 2:20995 
        On_or_Off_Switch(1,1:31) = zeros(1,31); 
        if  GPX(k,r(z)+1) >= GPX_LOW && GPX(k,r(z)+1) <= GPX_U P && GPY(k,r(z)+1) >= GPY_LOW && GPY(k,r(z)+1) 
<= GPY_UP 
            On_or_Off_Switch(k,r(z)+1) = 0; 
            On_or_Off(k,r(z)+1) = 0; 
        else  
            On_or_Off_Switch(k,r(z)+1) = On_or_Off_ Switch(k-1,r(z)+1)+1; 
            On_or_Off(k,r(z)+1) = 1; 
        end  
    end  
     
    for  k = 1:20995 
        if  Switch(k,q(z)+1) >= 0.5 
            Steer_n(k,q(z)+1) = Steer(k,q(z)+1)/120 0*450; 
        else  
            Steer_n(k,q(z)+1) = Steer(k,q(z)+1); 
        end  
        Steer_n(k,p(z)+1) = Steer(k,p(z)+1); 
        if  Switch(k,r(z)+1) >= 0.5 
            Steer_n(k,r(z)+1) = Steer(k,r(z)+1)/120 0*450; 
        else  
            Steer_n(k,r(z)+1) = Steer(k,r(z)+1); 
        end  
    end  
end  
  
s = 1:1:length(X); 
  
for  l = 2:94 
    Differences_ON = diff(Switch(:,l)); 
    ON_Diff = find(Differences_ON>0.5); 
    k_ON = length(ON_Diff); 
    for  k = 1:k_ON 
        ON(k,l) = ON_Diff(k); 
    end  
    for  k = 1000:length(Switch(:,l)) 
        if  Switch(k,l) == 0 && Switch(k-1,l) == 0.5 
            Differences_OFF(k) = 1; 
        else  
            Differences_OFF(k) = 0; 
        end  
    end  
    OFF_Diff = find(Differences_OFF>0); 
    k_OFF = length(OFF_Diff); 
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    for  k = 1:k_OFF 
        OFF(k,l) = OFF_Diff(k); 
    end  
end  
  
Steer_manual(1:300,:) = zeros(300,94); 
  
[b,a]=butter(2,0.01); 
Steerfilt=filtfilt(b,a,Steer_manual(:,2:94)); 
a2 = 1; 
b2 = ones(300,1)/300; 
Steerdifffilt=([zeros(1,93);diff(abs(Steerfilt))/(1 /60)]); 
SS=filtfilt(b2,a2,(abs(Steerdifffilt))); 
  
Max_Steeract = max(abs(SS)); 
MaxSteeract = [Max_Steeract(1,q).' Max_Steeract(1,p ).' Max_Steeract(1,r).']; 
  
Diff_Beep = diff(Switch(:,1)); 
Beep_Diff = find(Diff_Beep>0); 
k_Beep = length(Beep_Diff); 
for  k = 1:k_Beep 
    Beep(k,1) = Beep_Diff(k); 
end  
  
ON(1:6,1) = [Beep(1) Beep(3) Beep(5) Beep(7) Beep(9 ) Beep(11)].'; 
OFF(1:6,1) = [Beep(2) Beep(4) Beep(6) Beep(8) Beep( 10) Beep(12)].'; 
  
Transition1(:,1) = ON(:,1); 
Transition1(:,p+1)=ON(:,p+1); 
Transition1(:,q+1)=ON(:,q+1); 
Transition1(:,r+1)=OFF(:,r+1); 
Transition2(:,1) = OFF(:,1); 
Transition2(:,p+1)=OFF(:,p+1); 
Transition2(:,q+1)=OFF(:,q+1); 
Transition2(:,r+1)=ON(:,r+1); 
  
Transition1_new = zeros(10,94); 
Transition2_new = zeros(10,94); 
Transition1_new(:,1) = Transition1(:,1); 
Transition2_new(:,1) = Transition2(:,1); 
  
for  n = 2:94 
    for  m = 1:10 
        if  (Transition1(m,n)> ON(1,1) && Transition1(m,n) < O FF(1,1)) || (Transition1(m,n)< ON(1,1) && 
Transition1(m,n) < OFF(1,1)) 
            if  Transition1_new(1,n) == 0; 
                Transition1_new(1,n) = Transition1( m,n); 
            else  
                if  Transition1_new(2,n) == 0; 
                    Transition1_new(2,n) = Transiti on1(m,n); 
                else  
                    if  Transition1_new(3,n) == 0; 
                        Transition1_new(3,n) = Tran sition1(m,n); 
                    else  
                        if  Transition1_new(4,n) == 0; 
                            Transition1_new(4,n) = Transition1(m,n); 
                        else  
                            Transition1_new(5,n) = Transition1(m,n); 
                        end  
                    end  
                end  
            end  
        else  
            if  (Transition1(m,n)> ON(2,1) && Transition1(m,n) < O FF(2,1)) || (Transition1(m,n) < ON(2,1) && 
Transition1(m,n) < OFF(2,1) && Transition1(m,n) > O FF(1,1)) 
                if  Transition1_new(2,n) == 0; 
                    Transition1_new(2,n) = Transiti on1(m,n); 
                else  
                    if  Transition1_new(3,n) == 0; 
                        Transition1_new(3,n) = Tran sition1(m,n); 
                    else  
                        if  Transition1_new(4,n) == 0; 
                            Transition1_new(4,n) = Transition1(m,n); 
                        else  
                            if  Transition1_new(5,n) == 0; 
                                Transition1_new(5,n ) = Transition1(m,n); 
                            else  
                                Transition1_new(6,n ) = Transition1(m,n); 
                            end  
                        end  
                    end  
                end  
            else  
                if  (Transition1(m,n)> ON(3,1) && Transition1(m,n) < O FF(3,1)) || (Transition1(m,n) < 
ON(3,1) && Transition1(m,n) < OFF(3,1) && Transitio n1(m,n) > OFF(2,1)) 
                    if  Transition1_new(3,n) == 0; 
                        Transition1_new(3,n) = Tran sition1(m,n); 
                    else  
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                        if  Transition1_new(4,n) == 0; 
                            Transition1_new(4,n) = Transition1(m,n); 
                        else  
                            if  Transition1_new(5,n) == 0; 
                                Transition1_new(5,n ) = Transition1(m,n); 
                            else  
                                if  Transition1_new(6,n) == 0; 
                                    Transition1_new (6,n) = Transition1(m,n); 
                                else  
                                    Transition1_new (7,n) = Transition1(m,n); 
                                end  
                            end  
                        end  
                    end  
                else  
                    if  (Transition1(m,n)> ON(4,1) && Transition1(m,n) < O FF(4,1)) || (Transition1(m,n) < 
ON(4,1) && Transition1(m,n) < OFF(4,1) && Transitio n1(m,n) > OFF(3,1)) 
                        if  Transition1_new(4,n) == 0; 
                            Transition1_new(4,n) = Transition1(m,n); 
                        else  
                            if  Transition1_new(5,n) == 0; 
                                Transition1_new(5,n ) = Transition1(m,n); 
                            else  
                                if  Transition1_new(6,n) == 0; 
                                    Transition1_new (6,n) = Transition1(m,n); 
                                else  
                                    if  Transition1_new(7,n) == 0; 
                                        Transition1 _new(7,n) = Transition1(m,n); 
                                    else  
                                        Transition1 _new(8,n) = Transition1(m,n); 
                                    end  
                                end  
                            end  
                        end  
                    else  
                        if  (Transition1(m,n)> ON(5,1) && Transition1(m,n) < O FF(5,1)) || (Transition1(m,n) 
< ON(5,1) && Transition1(m,n) < OFF(5,1) && Transit ion1(m,n) > OFF(4,1)) 
                            if  Transition1_new(5,n) == 0; 
                                Transition1_new(5,n ) = Transition1(m,n); 
                            else  
                                if  Transition1_new(6,n) == 0; 
                                    Transition1_new (6,n) = Transition1(m,n); 
                                else  
                                    if  Transition1_new(7,n) == 0; 
                                        Transition1 _new(7,n) = Transition1(m,n); 
                                    else  
                                        if  Transition1_new(8,n) == 0; 
                                            Transit ion1_new(8,n) = Transition1(m,n); 
                                        else  
                                            Transit ion1_new(9,n) = Transition1(m,n); 
                                        end  
                                    end  
                                end  
                            end  
                        else  
                            if  (Transition1(m,n)> ON(6,1) && Transition1(m,n) < O FF(6,1)) || 
(Transition1(m,n) < ON(6,1) && Transition1(m,n) < O FF(6,1) && Transition1(m,n) > OFF(5,1)) 
                                if  Transition1_new(6,n) == 0; 
                                    Transition1_new (6,n) = Transition1(m,n); 
                                else  
                                    if  Transition1_new(7,n) == 0; 
                                        Transition1 _new(7,n) = Transition1(m,n); 
                                    else  
                                        if  Transition1_new(8,n) == 0; 
                                            Transit ion1_new(8,n) = Transition1(m,n); 
                                        else  
                                            if  Transition1_new(9,n) == 0; 
                                                Tra nsition1_new(9,n) = Transition1(m,n); 
                                            else  
                                                Tra nsition1_new(10,n) = Transition1(m,n); 
                                            end  
                                        end  
                                    end  
                                end  
                            else  
                                Transition1_new(m,n ) = 0; 
                            end  
                        end  
                    end  
                end  
            end  
        end  
    end  
end  
  
for  s = 1:6 
    for  k = 1:31 
        i = find(Switch(ON(s):OFF(s),p(k)+1)==1); 
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        if  length(i)>0; 
            i1(s,p(k)+1) = i(1); 
        else  
            i1(s,p(k)+1) = 0; 
        end  
        i = find(Switch(ON(s):OFF(s),q(k)+1)==1); 
        if  length(i)>0; 
            i1(s,q(k)+1) = i(1); 
        else  
            i1(s,q(k)+1) = 0; 
        end  
        i = find(Switch(ON(s):OFF(s),r(k)+1)==0); 
        if  length(i)>0; 
            i1(s,r(k)+1) = i(1); 
        else  
            i1(s,r(k)+1) = 0; 
        end  
    end  
end  
i1_adjusted = mean(i1)/60; 
i1_p = i1_adjusted(1,p+1);  
i1_q = i1_adjusted(1,q+1);  
i1_r = i1_adjusted(1,r+1); 
  
for  k = 1:31 
    j = find(Switch(:,p(k)+1) == 0); 
    ALE_Comp12(1:length(j),k) = Abs_Lat_Err(j,p(k)+ 1); 
    j = find(Switch(:,q(k)+1) == 0); 
    ALE_Comp21(1:length(j),k) = Abs_Lat_Err(j,q(k)+ 1); 
    j = find(Switch(:,p(k)+1) == 1); 
    ALE_Comp13(1:length(j),k) = Abs_Lat_Err(j,p(k)+ 1); 
    j = find(Switch(:,r(k)+1) == 0); 
    ALE_Comp31(1:length(j),k) = Abs_Lat_Err(j,r(k)+ 1); 
end  
  
for  k = 1:31 
    h = find(ALE_Comp12(:,k)~=0); 
    ALE_C12 = ALE_Comp12(h,k); 
    MALE_C12(1,k) = mean(ALE_C12); 
    h = find(ALE_Comp21(:,k)~=0); 
    ALE_C21 = ALE_Comp21(h,k); 
    MALE_C21(1,k) = mean(ALE_C21); 
    h = find(ALE_Comp31(:,k)~=0); 
    ALE_C31 = ALE_Comp31(h,k); 
    MALE_C31(1,k) = mean(ALE_C31); 
    h = find(ALE_Comp13(:,k)~=0); 
    ALE_C13 = ALE_Comp13(h,k); 
    MALE_C13(1,k) = mean(ALE_C13); 
end  
  
Max_ALE = max(Abs_Lat_Err); 
Max = [Max_ALE(1,q+1).' Max_ALE(1,p+1).' Max_ALE(1, r+1).']; 
  
Mean_ALE = mean(Abs_Lat_Err); 
Mean = [Mean_ALE(1,p+1).' Mean_ALE(1,q+1).' Mean_AL E(1,r+1).']; 
  
for  k = 1:31 
    j = find(Switch(:,p(k)+1) == 0); 
    Steeract_Comp12(1:length(j),k) = Steerfilt(j,p( k)); 
    j = find(Switch(:,q(k)+1) == 0); 
    Steeract_Comp21(1:length(j),k) = Steerfilt(j,q( k)); 
    j = find(Switch(:,p(k)+1) == 1); 
    Steeract_Comp13(1:length(j),k) = Steerfilt(j,p( k)); 
    j = find(Switch(:,r(k)+1) == 0); 
    Steeract_Comp31(1:length(j),k) = Steerfilt(j,r( k)); 
end  
  
for  k = 1:31 
    h = find(Steeract_Comp12(:,k)~=0); 
    Steeract_C12 = Steeract_Comp12(h,k); 
    MSteeract_C12(1,k) = mean(Steeract_C12); 
    h = find(Steeract_Comp21(:,k)~=0); 
    Steeract_C21 = Steeract_Comp21(h,k); 
    MSteeract_C21(1,k) = mean(Steeract_C21); 
    h = find(Steeract_Comp31(:,k)~=0); 
    Steeract_C31 = Steeract_Comp31(h,k); 
    MSteeract_C31(1,k) = mean(ALE_C31); 
    h = find(Steeract_Comp13(:,k)~=0); 
    Steeract_C13 = Steeract_Comp13(h,k); 
    MSteeract_C13(1,k) = mean(Steeract_C13); 
end  
  
Mean_Steeract = [MSteeract_C12.' MSteeract_C21.' MS teeract_C31.' MSteeract_C13.']; 
  
Max_Steer = max(abs(Steer_manual)); 
MaxSteer = [Max_Steer(1,q+1).' Max_Steer(1,p+1).' M ax_Steer(1,r+1).']; 
  
Max_Steer_Manual = max(abs(Steer_manual)); 
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MaxSteer_Manual = [Max_Steer_Manual(1,q+1).' Max_St eer_Manual(1,p+1).' Max_Steer_Manual(1,r+1).']; 
  
ConsGaze_Man = mean((On_or_Off_Switch(Transition1(1 )-
300:Transition2(1)+300,p+1).'+On_or_Off_Switch(Tran sition1(2)-
300:Transition2(2)+300,p+1).'+On_or_Off_Switch(Tran sition1(3)-
300:Transition2(3)+300,p+1).'+On_or_Off_Switch(Tran sition1(4)-
300:Transition2(4)+300,p+1).'+On_or_Off_Switch(Tran sition1(5)-
300:Transition2(5)+300,p+1).'+On_or_Off_Switch(Tran sition1(6)-300:Transition2(6)+300,p+1).')/6); 
ConsGaze_Back = mean((On_or_Off_Switch(Transition1( 1)-
300:Transition2(1)+300,q+1).'+On_or_Off_Switch(Tran sition1(2)-
300:Transition2(2)+300,q+1).'+On_or_Off_Switch(Tran sition1(3)-
300:Transition2(3)+300,q+1).'+On_or_Off_Switch(Tran sition1(4)-
300:Transition2(4)+300,q+1).'+On_or_Off_Switch(Tran sition1(5)-
300:Transition2(5)+300,q+1).'+On_or_Off_Switch(Tran sition1(6)-300:Transition2(6)+300,q+1).')/6); 
ConsGaze_Forc = mean((On_or_Off_Switch(Transition1( 1)-
300:Transition2(1)+300,r+1).'+On_or_Off_Switch(Tran sition1(2)-
300:Transition2(2)+300,r+1).'+On_or_Off_Switch(Tran sition1(3)-
300:Transition2(3)+300,r+1).'+On_or_Off_Switch(Tran sition1(4)-
300:Transition2(4)+300,r+1).'+On_or_Off_Switch(Tran sition1(5)-
300:Transition2(5)+300,r+1).'+On_or_Off_Switch(Tran sition1(6)-300:Transition2(6)+300,r+1).')/6); 
ConsGaze = [ConsGaze_Back.' ConsGaze_Man.' ConsGaze _Forc.']; 
  
LC_p = zeros(1,31); 
LC_q = zeros(1,31); 
LC_r = zeros(1,31); 
for  k = 1:31 
    for  i = 2:20995 
        if  Abs_Lat_Err(i,p(k)+1)> 2.5 && Abs_Lat_Err(i-1,p(k) +1)<= 2.5 
            LC_p(k) = LC_p(k)+1; 
        else  
            LC_p(k) = LC_p(k); 
        end  
        if  Abs_Lat_Err(i,q(k)+1)> 2.5 && Abs_Lat_Err(i-1,q(k) +1)<= 2.5 
            LC_q(k) = LC_q(k)+1; 
        else  
            LC_q(k) = LC_q(k); 
        end  
        if  Abs_Lat_Err(i,r(k)+1)> 2.5 && Abs_Lat_Err(i-1,r(k) +1)<= 2.5 
            LC_r(k) = LC_r(k)+1; 
        else  
            LC_r(k) = LC_r(k); 
        end  
    end  
end  
LC = [LC_q.' LC_p.' LC_r.']; % Lane changes  
  
for  v = 1:31 
Steer1(1:2401,v) = (abs(Steer_n(Transition1(1)-600: Transition1(1)+1800,p(v)+1))+abs(Steer_n(Transition 1(2)-
600:Transition1(2)+1800,p(v)+1))+abs(Steer_n(Transi tion1(3)-
600:Transition1(3)+1800,p(v)+1))+abs(Steer_n(Transi tion1(4)-
600:Transition1(4)+1800,p(v)+1))+abs(Steer_n(Transi tion1(5)-
600:Transition1(5)+1800,p(v)+1))+abs(Steer_n(Transi tion1(6)-600:Transition1(6)+1800,p(v)+1)))/6; 
Steer2(1:2401,v) = (abs(Steer_n(Transition1(1)-600: Transition1(1)+1800,q(v)+1))+abs(Steer_n(Transition 1(2)-
600:Transition1(2)+1800,q(v)+1))+abs(Steer_n(Transi tion1(3)-
600:Transition1(3)+1800,q(v)+1))+abs(Steer_n(Transi tion1(4)-
600:Transition1(4)+1800,q(v)+1))+abs(Steer_n(Transi tion1(5)-
600:Transition1(5)+1800,q(v)+1))+abs(Steer_n(Transi tion1(6)-600:Transition1(6)+1800,q(v)+1)))/6; 
Steer3(1:2401,v) = (abs(Steer_n(Transition1(1)-600: Transition1(1)+1800,r(v)+1))+abs(Steer_n(Transition 1(2)-
600:Transition1(2)+1800,r(v)+1))+abs(Steer_n(Transi tion1(3)-
600:Transition1(3)+1800,r(v)+1))+abs(Steer_n(Transi tion1(4)-
600:Transition1(4)+1800,r(v)+1))+abs(Steer_n(Transi tion1(5)-
600:Transition1(5)+1800,r(v)+1))+abs(Steer_n(Transi tion1(6)-600:Transition1(6)+1800,r(v)+1)))/6; 
end  
  
for  v = 1:31 
Steer_manual1(1:2401,v) = (abs(Steer_manual(Transit ion1(1)-
600:Transition1(1)+1800,p(v)+1))+abs(Steer_manual(T ransition1(2)-
600:Transition1(2)+1800,p(v)+1))+abs(Steer_manual(T ransition1(3)-
600:Transition1(3)+1800,p(v)+1))+abs(Steer_manual(T ransition1(4)-
600:Transition1(4)+1800,p(v)+1))+abs(Steer_manual(T ransition1(5)-
600:Transition1(5)+1800,p(v)+1))+abs(Steer_manual(T ransition1(6)-600:Transition1(6)+1800,p(v)+1)))/6; 
Steer_manual2(1:2401,v) = (abs(Steer_manual(Transit ion1(1)-
600:Transition1(1)+1800,q(v)+1))+abs(Steer_manual(T ransition1(2)-
600:Transition1(2)+1800,q(v)+1))+abs(Steer_manual(T ransition1(3)-
600:Transition1(3)+1800,q(v)+1))+abs(Steer_manual(T ransition1(4)-
600:Transition1(4)+1800,q(v)+1))+abs(Steer_manual(T ransition1(5)-
600:Transition1(5)+1800,q(v)+1))+abs(Steer_manual(T ransition1(6)-600:Transition1(6)+1800,q(v)+1)))/6; 
Steer_manual3(1:2401,v) = (abs(Steer_manual(Transit ion1(1)-
600:Transition1(1)+1800,r(v)+1))+abs(Steer_manual(T ransition1(2)-
600:Transition1(2)+1800,r(v)+1))+abs(Steer_manual(T ransition1(3)-
600:Transition1(3)+1800,r(v)+1))+abs(Steer_manual(T ransition1(4)-
600:Transition1(4)+1800,r(v)+1))+abs(Steer_manual(T ransition1(5)-
600:Transition1(5)+1800,r(v)+1))+abs(Steer_manual(T ransition1(6)-600:Transition1(6)+1800,r(v)+1)))/6; 
end  
  
for  v = 1:31 
Steer_filt1(1:2401,v) = (abs(Steerfilt(Transition1( 1)-
600:Transition1(1)+1800,p(v)))+abs(Steerfilt(Transi tion1(2)-
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600:Transition1(2)+1800,p(v)))+abs(Steerfilt(Transi tion1(3)-
600:Transition1(3)+1800,p(v)))+abs(Steerfilt(Transi tion1(4)-
600:Transition1(4)+1800,p(v)))+abs(Steerfilt(Transi tion1(5)-
600:Transition1(5)+1800,p(v)))+abs(Steerfilt(Transi tion1(6)-600:Transition1(6)+1800,p(v))))/6; 
Steer_filt2(1:2401,v) = (abs(Steerfilt(Transition1( 1)-
600:Transition1(1)+1800,q(v)))+abs(Steerfilt(Transi tion1(2)-
600:Transition1(2)+1800,q(v)))+abs(Steerfilt(Transi tion1(3)-
600:Transition1(3)+1800,q(v)))+abs(Steerfilt(Transi tion1(4)-
600:Transition1(4)+1800,q(v)))+abs(Steerfilt(Transi tion1(5)-
600:Transition1(5)+1800,q(v)))+abs(Steerfilt(Transi tion1(6)-600:Transition1(6)+1800,q(v))))/6; 
Steer_filt3(1:2401,v) = (abs(Steerfilt(Transition1( 1)-
600:Transition1(1)+1800,r(v)))+abs(Steerfilt(Transi tion1(2)-
600:Transition1(2)+1800,r(v)))+abs(Steerfilt(Transi tion1(3)-
600:Transition1(3)+1800,r(v)))+abs(Steerfilt(Transi tion1(4)-
600:Transition1(4)+1800,r(v)))+abs(Steerfilt(Transi tion1(5)-
600:Transition1(5)+1800,r(v)))+abs(Steerfilt(Transi tion1(6)-600:Transition1(6)+1800,r(v))))/6; 
end  
  
SSalt = [zeros(20995,1) SS]; 
  
for  v = 1:31 
SS1(1:2401,v) = (abs(SSalt(Transition1(1)-600:Trans ition1(1)+1800,p(v)+1))+abs(SSalt(Transition1(2)-
600:Transition1(2)+1800,p(v)+1))+abs(SSalt(Transiti on1(3)-
600:Transition1(3)+1800,p(v)+1))+abs(SSalt(Transiti on1(4)-
600:Transition1(4)+1800,p(v)+1))+abs(SSalt(Transiti on1(5)-
600:Transition1(5)+1800,p(v)+1))+abs(SSalt(Transiti on1(6)-600:Transition1(6)+1800,p(v)+1)))/6; 
SS2(1:2401,v) = (abs(SSalt(Transition1(1)-600:Trans ition1(1)+1800,q(v)+1))+abs(SSalt(Transition1(2)-
600:Transition1(2)+1800,q(v)+1))+abs(SSalt(Transiti on1(3)-
600:Transition1(3)+1800,q(v)+1))+abs(SSalt(Transiti on1(4)-
600:Transition1(4)+1800,q(v)+1))+abs(SSalt(Transiti on1(5)-
600:Transition1(5)+1800,q(v)+1))+abs(SSalt(Transiti on1(6)-600:Transition1(6)+1800,q(v)+1)))/6; 
SS3(1:2401,v) = (abs(SSalt(Transition1(1)-600:Trans ition1(1)+1800,r(v)+1))+abs(SSalt(Transition1(2)-
600:Transition1(2)+1800,r(v)+1))+abs(SSalt(Transiti on1(3)-
600:Transition1(3)+1800,r(v)+1))+abs(SSalt(Transiti on1(4)-
600:Transition1(4)+1800,r(v)+1))+abs(SSalt(Transiti on1(5)-
600:Transition1(5)+1800,r(v)+1))+abs(SSalt(Transiti on1(6)-600:Transition1(6)+1800,r(v)+1)))/6; 
end  
  
for  v = 1:31 
Abs_Lat_Err1(1:2401,v) = (abs(Abs_Lat_Err(Transitio n1(1)-
600:Transition1(1)+1800,p(v)+1))+abs(Abs_Lat_Err(Tr ansition1(2)-
600:Transition1(2)+1800,p(v)+1))+abs(Abs_Lat_Err(Tr ansition1(3)-
600:Transition1(3)+1800,p(v)+1))+abs(Abs_Lat_Err(Tr ansition1(4)-
600:Transition1(4)+1800,p(v)+1))+abs(Abs_Lat_Err(Tr ansition1(5)-
600:Transition1(5)+1800,p(v)+1))+abs(Abs_Lat_Err(Tr ansition1(6)-600:Transition1(6)+1800,p(v)+1)))/6; 
Abs_Lat_Err2(1:2401,v) = (abs(Abs_Lat_Err(Transitio n1(1)-
600:Transition1(1)+1800,q(v)+1))+abs(Abs_Lat_Err(Tr ansition1(2)-
600:Transition1(2)+1800,q(v)+1))+abs(Abs_Lat_Err(Tr ansition1(3)-
600:Transition1(3)+1800,q(v)+1))+abs(Abs_Lat_Err(Tr ansition1(4)-
600:Transition1(4)+1800,q(v)+1))+abs(Abs_Lat_Err(Tr ansition1(5)-
600:Transition1(5)+1800,q(v)+1))+abs(Abs_Lat_Err(Tr ansition1(6)-600:Transition1(6)+1800,q(v)+1)))/6; 
Abs_Lat_Err3(1:2401,v) = (abs(Abs_Lat_Err(Transitio n1(1)-
600:Transition1(1)+1800,r(v)+1))+abs(Abs_Lat_Err(Tr ansition1(2)-
600:Transition1(2)+1800,r(v)+1))+abs(Abs_Lat_Err(Tr ansition1(3)-
600:Transition1(3)+1800,r(v)+1))+abs(Abs_Lat_Err(Tr ansition1(4)-
600:Transition1(4)+1800,r(v)+1))+abs(Abs_Lat_Err(Tr ansition1(5)-
600:Transition1(5)+1800,r(v)+1))+abs(Abs_Lat_Err(Tr ansition1(6)-600:Transition1(6)+1800,r(v)+1)))/6; 
end  
  
for  v = 1:31 
Lat_Err1(1:2401,v) = ((Lat_Err(Transition1(1)-600:T ransition1(1)+1800,p(v)+1))+(Lat_Err(Transition1(2) -
600:Transition1(2)+1800,p(v)+1))+(Lat_Err(Transitio n1(3)-
600:Transition1(3)+1800,p(v)+1))+(Lat_Err(Transitio n1(4)-
600:Transition1(4)+1800,p(v)+1))+(Lat_Err(Transitio n1(5)-
600:Transition1(5)+1800,p(v)+1))+(Lat_Err(Transitio n1(6)-600:Transition1(6)+1800,p(v)+1)))/6; 
Lat_Err2(1:2401,v) = ((Lat_Err(Transition1(1)-600:T ransition1(1)+1800,q(v)+1))+(Lat_Err(Transition1(2) -
600:Transition1(2)+1800,q(v)+1))+(Lat_Err(Transitio n1(3)-
600:Transition1(3)+1800,q(v)+1))+(Lat_Err(Transitio n1(4)-
600:Transition1(4)+1800,q(v)+1))+(Lat_Err(Transitio n1(5)-
600:Transition1(5)+1800,q(v)+1))+(Lat_Err(Transitio n1(6)-600:Transition1(6)+1800,q(v)+1)))/6; 
Lat_Err3(1:2401,v) = ((Lat_Err(Transition1(1)-600:T ransition1(1)+1800,r(v)+1))+(Lat_Err(Transition1(2) -
600:Transition1(2)+1800,r(v)+1))+(Lat_Err(Transitio n1(3)-
600:Transition1(3)+1800,r(v)+1))+(Lat_Err(Transitio n1(4)-
600:Transition1(4)+1800,r(v)+1))+(Lat_Err(Transitio n1(5)-
600:Transition1(5)+1800,r(v)+1))+(Lat_Err(Transitio n1(6)-600:Transition1(6)+1800,r(v)+1)))/6; 
end  
  
for  v = 1:31 
On_or_Off1(1:2401,v) = (abs(On_or_Off_Switch(Transi tion1(1)-
600:Transition1(1)+1800,p(v)+1))+abs(On_or_Off_Swit ch(Transition1(2)-
600:Transition1(2)+1800,p(v)+1))+abs(On_or_Off_Swit ch(Transition1(3)-
600:Transition1(3)+1800,p(v)+1))+abs(On_or_Off_Swit ch(Transition1(4)-
600:Transition1(4)+1800,p(v)+1))+abs(On_or_Off_Swit ch(Transition1(5)-
600:Transition1(5)+1800,p(v)+1))+abs(On_or_Off_Swit ch(Transition1(6)-600:Transition1(6)+1800,p(v)+1))) /6; 
On_or_Off2(1:2401,v) = (abs(On_or_Off_Switch(Transi tion1(1)-
600:Transition1(1)+1800,q(v)+1))+abs(On_or_Off_Swit ch(Transition1(2)-
600:Transition1(2)+1800,q(v)+1))+abs(On_or_Off_Swit ch(Transition1(3)-
600:Transition1(3)+1800,q(v)+1))+abs(On_or_Off_Swit ch(Transition1(4)-
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600:Transition1(4)+1800,q(v)+1))+abs(On_or_Off_Swit ch(Transition1(5)-
600:Transition1(5)+1800,q(v)+1))+abs(On_or_Off_Swit ch(Transition1(6)-600:Transition1(6)+1800,q(v)+1))) /6; 
On_or_Off3(1:2401,v) = (abs(On_or_Off_Switch(Transi tion1(1)-
600:Transition1(1)+1800,r(v)+1))+abs(On_or_Off_Swit ch(Transition1(2)-
600:Transition1(2)+1800,r(v)+1))+abs(On_or_Off_Swit ch(Transition1(3)-
600:Transition1(3)+1800,r(v)+1))+abs(On_or_Off_Swit ch(Transition1(4)-
600:Transition1(4)+1800,r(v)+1))+abs(On_or_Off_Swit ch(Transition1(5)-
600:Transition1(5)+1800,r(v)+1))+abs(On_or_Off_Swit ch(Transition1(6)-600:Transition1(6)+1800,r(v)+1))) /6; 
end  
  
for  v = 1:31 
    for  k = 2:1560 
        On_or_Off_perc1(1,p(v)+1) = 0; 
        On_or_Off_perc2(1,q(v)+1) = 0; 
        On_or_Off_perc3(1,r(v)+1) = 0; 
        On_or_Off_perc1_1(1,p(v)+1) = 0; 
        On_or_Off_perc1_2(1,p(v)+1) = 0; 
        On_or_Off_perc1_3(1,p(v)+1) = 0; 
        On_or_Off_perc1_4(1,p(v)+1) = 0; 
        On_or_Off_perc1_5(1,p(v)+1) = 0; 
        On_or_Off_perc1_6(1,p(v)+1) = 0; 
        On_or_Off_perc2_1(1,q(v)+1) = 0; 
        On_or_Off_perc2_2(1,q(v)+1) = 0; 
        On_or_Off_perc2_3(1,q(v)+1) = 0; 
        On_or_Off_perc2_4(1,q(v)+1) = 0; 
        On_or_Off_perc2_5(1,q(v)+1) = 0; 
        On_or_Off_perc2_6(1,q(v)+1) = 0; 
        On_or_Off_perc3_1(1,r(v)+1) = 0; 
        On_or_Off_perc3_2(1,r(v)+1) = 0; 
        On_or_Off_perc3_3(1,r(v)+1) = 0; 
        On_or_Off_perc3_4(1,r(v)+1) = 0; 
        On_or_Off_perc3_5(1,r(v)+1) = 0; 
        On_or_Off_perc3_6(1,r(v)+1) = 0; 
        On_or_Off_perc1_1(k,p(v)+1) = On_or_Off_per c1_1(k-1,p(v)+1)+abs(On_or_Off(Transition1(1)+k-
1+60,p(v)+1)); 
        On_or_Off_perc1_2(k,p(v)+1) = On_or_Off_per c1_2(k-1,p(v)+1)+abs(On_or_Off(Transition1(2)+k-
1+60,p(v)+1)); 
        On_or_Off_perc1_3(k,p(v)+1) = On_or_Off_per c1_3(k-1,p(v)+1)+abs(On_or_Off(Transition1(3)+k-
1+60,p(v)+1)); 
        On_or_Off_perc1_4(k,p(v)+1) = On_or_Off_per c1_4(k-1,p(v)+1)+abs(On_or_Off(Transition1(4)+k-
1+60,p(v)+1)); 
        On_or_Off_perc1_5(k,p(v)+1) = On_or_Off_per c1_5(k-1,p(v)+1)+abs(On_or_Off(Transition1(5)+k-
1+60,p(v)+1)); 
        On_or_Off_perc1_6(k,p(v)+1) = On_or_Off_per c1_6(k-1,p(v)+1)+abs(On_or_Off(Transition1(6)+k-
1+60,p(v)+1)); 
        On_or_Off_perc2_1(k,q(v)+1) = On_or_Off_per c2_1(k-1,q(v)+1)+abs(On_or_Off(Transition1(1)+k-
1+60,q(v)+1)); 
        On_or_Off_perc2_2(k,q(v)+1) = On_or_Off_per c2_2(k-1,q(v)+1)+abs(On_or_Off(Transition1(2)+k-
1+60,q(v)+1)); 
        On_or_Off_perc2_3(k,q(v)+1) = On_or_Off_per c2_3(k-1,q(v)+1)+abs(On_or_Off(Transition1(3)+k-
1+60,q(v)+1)); 
        On_or_Off_perc2_4(k,q(v)+1) = On_or_Off_per c2_4(k-1,q(v)+1)+abs(On_or_Off(Transition1(4)+k-
1+60,q(v)+1)); 
        On_or_Off_perc2_5(k,q(v)+1) = On_or_Off_per c2_5(k-1,q(v)+1)+abs(On_or_Off(Transition1(5)+k-
1+60,q(v)+1)); 
        On_or_Off_perc2_6(k,q(v)+1) = On_or_Off_per c2_6(k-1,q(v)+1)+abs(On_or_Off(Transition1(6)+k-
1+60,q(v)+1)); 
        On_or_Off_perc3_1(k,r(v)+1) = On_or_Off_per c3_1(k-1,r(v)+1)+abs(On_or_Off(Transition1(1)+k-
1+60,r(v)+1)); 
        On_or_Off_perc3_2(k,r(v)+1) = On_or_Off_per c3_2(k-1,r(v)+1)+abs(On_or_Off(Transition1(2)+k-
1+60,r(v)+1)); 
        On_or_Off_perc3_3(k,r(v)+1) = On_or_Off_per c3_3(k-1,r(v)+1)+abs(On_or_Off(Transition1(3)+k-
1+60,r(v)+1)); 
        On_or_Off_perc3_4(k,r(v)+1) = On_or_Off_per c3_4(k-1,r(v)+1)+abs(On_or_Off(Transition1(4)+k-
1+60,r(v)+1)); 
        On_or_Off_perc3_5(k,r(v)+1) = On_or_Off_per c3_5(k-1,r(v)+1)+abs(On_or_Off(Transition1(5)+k-
1+60,r(v)+1)); 
        On_or_Off_perc3_6(k,r(v)+1) = On_or_Off_per c3_6(k-1,r(v)+1)+abs(On_or_Off(Transition1(6)+k-
1+60,r(v)+1));        
        On_or_Off_perc1(k,p(v)+1) = (On_or_Off_perc 1(k-1,p(v)+1)+(abs(On_or_Off(Transition1(1)+k-
1+60,p(v)+1))+abs(On_or_Off(Transition1(2)+k-1+60,p (v)+1))+abs(On_or_Off(Transition1(3)+k-
1+60,p(v)+1))+abs(On_or_Off(Transition1(4)+k-1+60,p (v)+1))+abs(On_or_Off(Transition1(5)+k-
1+60,p(v)+1))+abs(On_or_Off(Transition1(6)+k-1+60,p (v)+1)))/6); 
        On_or_Off_perc2(k,q(v)+1) = (On_or_Off_perc 2(k-1,q(v)+1)+(abs(On_or_Off(Transition1(1)+k-
1+60,q(v)+1))+abs(On_or_Off(Transition1(2)+k-1+60,q (v)+1))+abs(On_or_Off(Transition1(3)+k-
1+60,q(v)+1))+abs(On_or_Off(Transition1(4)+k-1+60,q (v)+1))+abs(On_or_Off(Transition1(5)+k-
1+60,q(v)+1))+abs(On_or_Off(Transition1(6)+k-1+60,q (v)+1)))/6); 
        On_or_Off_perc3(k,r(v)+1) = (On_or_Off_perc 3(k-1,r(v)+1)+(abs(On_or_Off(Transition1(1)+k-
1+60,r(v)+1))+abs(On_or_Off(Transition1(2)+k-1+60,r (v)+1))+abs(On_or_Off(Transition1(3)+k-
1+60,r(v)+1))+abs(On_or_Off(Transition1(4)+k-1+60,r (v)+1))+abs(On_or_Off(Transition1(5)+k-
1+60,r(v)+1))+abs(On_or_Off(Transition1(6)+k-1+60,r (v)+1)))/6); 
    end  
end  
for  v = 1:31 
    for  k = 1:1560 
        On_or_Off_perc1_1(k,p(v)+1) = On_or_Off_per c1_1(k,p(v)+1)/1560*100; 
        On_or_Off_perc1_2(k,p(v)+1) = On_or_Off_per c1_2(k,p(v)+1)/1560*100; 
        On_or_Off_perc1_3(k,p(v)+1) = On_or_Off_per c1_3(k,p(v)+1)/1560*100; 
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        On_or_Off_perc1_4(k,p(v)+1) = On_or_Off_per c1_4(k,p(v)+1)/1560*100; 
        On_or_Off_perc1_5(k,p(v)+1) = On_or_Off_per c1_5(k,p(v)+1)/1560*100; 
        On_or_Off_perc1_6(k,p(v)+1) = On_or_Off_per c1_6(k,p(v)+1)/1560*100; 
        On_or_Off_perc2_1(k,q(v)+1) = On_or_Off_per c2_1(k,q(v)+1)/1560*100; 
        On_or_Off_perc2_2(k,q(v)+1) = On_or_Off_per c2_2(k,q(v)+1)/1560*100; 
        On_or_Off_perc2_3(k,q(v)+1) = On_or_Off_per c2_3(k,q(v)+1)/1560*100; 
        On_or_Off_perc2_4(k,q(v)+1) = On_or_Off_per c2_4(k,q(v)+1)/1560*100; 
        On_or_Off_perc2_5(k,q(v)+1) = On_or_Off_per c2_5(k,q(v)+1)/1560*100; 
        On_or_Off_perc2_6(k,q(v)+1) = On_or_Off_per c2_6(k,q(v)+1)/1560*100; 
        On_or_Off_perc3_1(k,r(v)+1) = On_or_Off_per c3_1(k,r(v)+1)/1560*100; 
        On_or_Off_perc3_2(k,r(v)+1) = On_or_Off_per c3_2(k,r(v)+1)/1560*100; 
        On_or_Off_perc3_3(k,r(v)+1) = On_or_Off_per c3_3(k,r(v)+1)/1560*100; 
        On_or_Off_perc3_4(k,r(v)+1) = On_or_Off_per c3_4(k,r(v)+1)/1560*100; 
        On_or_Off_perc3_5(k,r(v)+1) = On_or_Off_per c3_5(k,r(v)+1)/1560*100; 
        On_or_Off_perc3_6(k,r(v)+1) = On_or_Off_per c3_6(k,r(v)+1)/1560*100;         
        On_or_Off_perc1(k,p(v)+1) = On_or_Off_perc1 (k,p(v)+1)/1560*100; 
        On_or_Off_perc2(k,q(v)+1) = On_or_Off_perc2 (k,q(v)+1)/1560*100; 
        On_or_Off_perc3(k,r(v)+1) = On_or_Off_perc3 (k,r(v)+1)/1560*100; 
    end     
end  
for  k = 1:1560 
    On_or_Off_AVGperc1_1(k) = 
(sum(On_or_Off_perc1_1(k,p(1:15)+1))+sum(On_or_Off_ perc1_1(k,p(17:31)+1)))/30; 
    On_or_Off_AVGperc1_2(k) = 
(sum(On_or_Off_perc1_2(k,p(1:15)+1))+sum(On_or_Off_ perc1_2(k,p(17:31)+1)))/30; 
    On_or_Off_AVGperc1_3(k) = 
(sum(On_or_Off_perc1_3(k,p(1:15)+1))+sum(On_or_Off_ perc1_3(k,p(17:31)+1)))/30; 
    On_or_Off_AVGperc1_4(k) = 
(sum(On_or_Off_perc1_4(k,p(1:15)+1))+sum(On_or_Off_ perc1_4(k,p(17:31)+1)))/30; 
    On_or_Off_AVGperc1_5(k) = 
(sum(On_or_Off_perc1_5(k,p(1:15)+1))+sum(On_or_Off_ perc1_5(k,p(17:31)+1)))/30; 
    On_or_Off_AVGperc1_6(k) = 
(sum(On_or_Off_perc1_6(k,p(1:15)+1))+sum(On_or_Off_ perc1_6(k,p(17:31)+1)))/30; 
    On_or_Off_AVGperc2_1(k) = 
(sum(On_or_Off_perc2_1(k,q(1:15)+1))+sum(On_or_Off_ perc2_1(k,q(17:31)+1)))/30; 
    On_or_Off_AVGperc2_2(k) = 
(sum(On_or_Off_perc2_2(k,q(1:15)+1))+sum(On_or_Off_ perc2_2(k,q(17:31)+1)))/30; 
    On_or_Off_AVGperc2_3(k) = 
(sum(On_or_Off_perc2_3(k,q(1:15)+1))+sum(On_or_Off_ perc2_3(k,q(17:31)+1)))/30; 
    On_or_Off_AVGperc2_4(k) = 
(sum(On_or_Off_perc2_4(k,q(1:15)+1))+sum(On_or_Off_ perc2_4(k,q(17:31)+1)))/30; 
    On_or_Off_AVGperc2_5(k) = 
(sum(On_or_Off_perc2_5(k,q(1:15)+1))+sum(On_or_Off_ perc2_5(k,q(17:31)+1)))/30; 
    On_or_Off_AVGperc2_6(k) = 
(sum(On_or_Off_perc2_6(k,q(1:15)+1))+sum(On_or_Off_ perc2_6(k,q(17:31)+1)))/30; 
    On_or_Off_AVGperc3_1(k) = 
(sum(On_or_Off_perc3_1(k,r(1:15)+1))+sum(On_or_Off_ perc3_1(k,r(17:31)+1)))/30; 
    On_or_Off_AVGperc3_2(k) = 
(sum(On_or_Off_perc3_2(k,r(1:15)+1))+sum(On_or_Off_ perc3_2(k,r(17:31)+1)))/30; 
    On_or_Off_AVGperc3_3(k) = 
(sum(On_or_Off_perc3_3(k,r(1:15)+1))+sum(On_or_Off_ perc3_3(k,r(17:31)+1)))/30; 
    On_or_Off_AVGperc3_4(k) = 
(sum(On_or_Off_perc3_4(k,r(1:15)+1))+sum(On_or_Off_ perc3_4(k,r(17:31)+1)))/30; 
    On_or_Off_AVGperc3_5(k) = 
(sum(On_or_Off_perc3_5(k,r(1:15)+1))+sum(On_or_Off_ perc3_5(k,r(17:31)+1)))/30; 
    On_or_Off_AVGperc3_6(k) = 
(sum(On_or_Off_perc3_6(k,r(1:15)+1))+sum(On_or_Off_ perc3_6(k,r(17:31)+1)))/30; 
    On_or_Off_AVGperc1(k) = (sum(On_or_Off_perc1(k, p(1:15)+1))+sum(On_or_Off_perc1(k,p(17:31)+1)))/30;  
    On_or_Off_AVGperc2(k) = (sum(On_or_Off_perc2(k, q(1:15)+1))+sum(On_or_Off_perc2(k,q(17:31)+1)))/30;  
    On_or_Off_AVGperc3(k) = (sum(On_or_Off_perc3(k, r(1:15)+1))+sum(On_or_Off_perc3(k,r(17:31)+1)))/30;  
end  
  
AVG_perc = [On_or_Off_AVGperc1.'  On_or_Off_AVGperc 2.' On_or_Off_AVGperc3.' On_or_Off_AVGperc1_1.' 
On_or_Off_AVGperc2_1.' On_or_Off_AVGperc3_1.' On_or _Off_AVGperc1_2.' On_or_Off_AVGperc2_2.' 
On_or_Off_AVGperc3_2.' On_or_Off_AVGperc1_3.' On_or _Off_AVGperc2_3.' On_or_Off_AVGperc3_3.' 
On_or_Off_AVGperc1_4.' On_or_Off_AVGperc2_4.' On_or _Off_AVGperc3_4.' On_or_Off_AVGperc1_5.' 
On_or_Off_AVGperc2_5.' On_or_Off_AVGperc3_5.' On_or _Off_AVGperc1_6.' On_or_Off_AVGperc2_6.' 
On_or_Off_AVGperc3_6.']; 
  
  
Con2_Perc_ON = sum(Switch(:,q+1),2)/31*100; 
Con3_Perc_ON = sum(Switch(:,r+1),2)/31*100; 
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Appendix K: Literature report 

Using an adaptive allocation strategy in a driving task 

Nico M. Janssen, Joost C.F. de Winter 

Abstract 
Human factors in automated systems and processes are becoming more interesting since human 

errors are more often recognized as the cause of traffic accidents. Human mental workload and 

situation awareness are two of the most important constructs connected to human factor issues. This 

literature review looks at older studies to see if adaptive automation is a viable way to circumvent 

some of these human factor issues. Adaptive automation based on physiological measurements 

appears to be a promising implementation of automation. Among physiological measures, 

pupillometry is considered a good indicator of mental workload although it does show certain 

difficulties due to strong confounding factors causing a large noise-to-signal ratio. Previous studies 

with driving situations have shown that pupillometry can show viable results in controlled 

environments but more research is required to check the validity in a more dynamic real-world driving 

situation. Finally, the goal of this literature review is to find out whether pupillometry can be used as 

a workload measurement technique to decide whether a transitions between manual and automated 

driving is necessary. 

Introduction 
Human operators encounter more and more automation each year. Automation is encountered in 

different domains such as aviation, road transport, marine transport, space, and deep-sea processes. 

Parasuraman and Riley (1997) defined automation as "the execution by a machine agent (usually a 

computer) of a function that was previously carried out by a human". Researchers are developing 

increasingly sophisticated automation systems and, as such, are moving towards full automation.  

Parasuraman et al. (2000) proposed that any automation system can be described in terms of four 

stages: 

a. the acquisition of information, 

b. the analysis of that information, 

c. the decision about actions to take based on that information, and 

d. the implementation of that action. 

Tasks in these stages can be performed by the human operator or by the machine. However, 

automation does not have to be an all or nothing idea. Sheridan and Verplank (1978) proposed a 

division into different levels of automation (LOA). They proposed a 10-point scale where level 1 

corresponds to a fully manually operated system, and with each concurrent LOA more tasks are 

performed by the automation, up to level 10 which corresponds to a fully automated system. There 

are also other forms of the aforementioned levels and stages of automation. For example, Kaber and 

Endsley (2004) formulated four similar stages as mentioned above combined with another 10-point 

scale. Although these definitions of levels/stages differ from each other, they all show that the 

amount of automated tasks can be differed depending on the requirements of a particular process. 

It is widely accepted that automation can improve or simplify certain functions as compared to 

manual control. Think, for example, of ordinary household machinery such as dishwashers, washing 

machines, and printers. One can also think of more complicated applications, such as piloting a 

plane, driving a ground or maritime vehicle, or operating processes using machinery. Often, 
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designers are merely interested in developing new technologies with the aim of improving 

productivity. However, in past few decades there has been a growing recognition of the fact that 

‘human factors’ have to be taken into account in the design of automation. It is important to 

understand the human factors issues associated with such systems, in order to improve their design 

and usability. In other words, even if a particular piece of equipment is designed very well and 

sophisticated, if no operator is capable of handling it then the overall human-machine will not 

improve. Therefore, for the past 2 to 3 decades, considerable research has been focused on trying to 

understand human factors associated with automation. 

The aim of this literature review is to summarize the literature on implementations of automation, 

including the disadvantages and advantages that automation may provide with regard to the field of 

human factors. Next, one of such implementations will be approached in more depth. The purpose of 

the more in-depth review is to provide suggestions for further research concerning adaptive 

automation in car driving.  

Static automation 

Many research papers have documented the disadvantages of automation when it is used incorrectly 

or at the wrong time (e.g., Parasuraman & Riley, 1997; Sheridan & Parasuraman, 2006; Sarter, 

Woods, & Billings, 1997; Parasuraman, Sheridan, & Wickens, 2000). It has become clear that certain 

tasks or subtasks of a human-machine system might be best performed by the human operator 

whereas others are best performed by the machine. And with the introduction of automated 

equipment, several attempts have been made to categorize which tasks or functions are best 

performed by the human operator and which by the machine. One of the best known and first 

among such attempts to formulate a starting point for function allocation is the Fitts list (Fitts, 1951). 

The Fitts list is one of the earliest and most famous function allocation frameworks and is also known 

as MABA-MABA (‘Men are better at, Machines are better at’), although since then many have 

followed. A goal of these categorizations is to improve system designs by recommending certain 

levels of automation for particular tasks or subtasks. According to these lists, the final 

implementation will be a fixed level of automation. Such an implementation, where the level and the 

type of automation are fixed at the design stage based on such a categorization, has often been 

called static automation. 

Static automation issues 

Static automation has offered some interesting possibilities with respect to control systems, such as 

the ones mentioned above. In many applications, automation has been proven to be a useful 

addition and improvement to existing human capabilities. However, as mentioned there are also a 

few human factor issues that have arisen with automation. Due to the increase in tasks being 

automated in complex operating systems, the job of the human is now often changed. Instead of 

performing all the tasks, the role of the human operator has changed into that of a supervisor or 

monitor of automated tasks. This in turn results into human factor issues which include, but are not 

limited to, irregular or unbalanced mental workload over time, reduced situation awareness (SA), 

decision bias, mistrust, overreliance, and complacency (Visser & Parasuraman, 2011). De Winter et 

al. (2014) stated: “workload and situation awareness are two of the most important Human Factors 

constructs that are predictive of performance and safety.”  

Furthermore, some of the previously mentioned human factor issues are closely related to each 

other. Therefore, these two constructs will be approached in more detail after which a related 

subject about how people use automation will be discussed. 
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Workload 

Automation is typically introduced with the intention of improving system processes in varying ways. 

For example, among others, it may be expected that automation results in a reduced workload 

during manual processes that were overloaded before. There are different definitions of workload 

but the most well known in literature are mentioned by O'Donnel & Eggemeier (1986) and De Waard 

(1996). O'Donnel & Eggemeier (1986) defined workload as the portion of an operator's limited 

capacity that is actually required to perform a particular task. De Waard (1996) defined workload as 

"the proportion of the capacity that is allocated for task performance". 

Sarter et al. (1997) stated that automation does not always result in a reduced workload. They 

described workload to be unevenly distributed over time. A reason they provide is that the 

automation does not have access to all the relevant operating data from the environment. Because 

of this automation limitation, the human operator should provide the automation with the required 

information. Furthermore, the human should decide how the automation should act and the human 

has to communicate this knowledge to the system using appropriate instructions. The human 

operator often has to keep monitoring the automation constantly. The additional actions the human 

has to perform might not always be a problem during low workload phases of any operating system, 

but they do create an additional amount of workload during high workload phases.  Such a situation, 

described here, where workload is differently but also unevenly redistributed over time, was 

mentioned earlier by Wiener (1989), who described it as "clumsy automation". 

However, De Winter et al. (2014) "investigated the effects of ACC and HAD on drivers' workload and 

situation awareness through a meta-analysis and narrative review of simulator and on-road studies" 

and in their study they found that highly automated driving (HAD) resulted in a large reduction of 

self-reported workload as compared to manual driving. However, there were also indications of 

slower reaction times with HAD compared to manual driving as a result of drowsiness. A point that 

was also mentioned is that many HAD situations were designed to perform correctly without failure. 

If automation failures were to occur more often, this could still lead to moments of high workload. 

Situation awareness 

Another major concern with automation is how it will affect the SA. SA is a term often used these 

days in vehicle operation. Endsley (1988) defined SA as “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 near future”. From this definition it becomes clear that SA can be 

divided into three parts, which Endsley (1996) called levels. Level 1 SA thus involves the perception of 

the key factors in the environment. Level 2 SA involves being able to understand and integrate these 

factors into any future actions and goals of the operator. Level 3 SA involves an understanding of 

how these key factors will influence the future and thus being able to predict what might happen in 

the near future. 

Endsley (1996) also defined three mechanisms in which way automation might impact SA; 1) Changes 

in vigilance and complacency associated with monitoring, 2) assumption of a passive role instead of 

an active role in controlling the system, and 3) changes in the quality or form of feedback provided to 

the human operator. 

The vigilance decrement is one of the major factors associated with monitoring, and is related to SA. 

Vigilance decrement is defined as a decline of attention over time, which can lead to a human 

operator missing certain rare and critical signals. It is often assumed that a decline in vigilance is a 

result of prolonged monitoring, especially with a low-event automated system. Parasuraman (1987) 

concluded that “humans may be poor passive monitors of an automated system, irrespective of the 
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complexity of events being monitored”. A related issue is complacency. Complacency refers to over-

reliance on automation, which means that human operators put too much trust in automation and 

gain a false sense of security. Singh et al. (1993) formulated a “Complacency-Potential Rating Scale” 

where they found that the major factors contributing to complacency potential were an operator’s 

trust in, reliance on, and confidence in automation.  

As mentioned above, human operators are now often taking a passive role as observers instead of an 

active role as information processors. Passively observing the automated system will make it harder 

for the operator to perform a correct manual take-over when necessary. Thus the problem mainly 

lies with level 2 SA, which involves being able to integrate key environmental factors. Maintaining 

level 2 SA is hard when operators are not actively participating and observing the key variables. This 

was also shown with respect to an automobile navigation task by Endsley and Kiris (1995), who found 

that level 2 SA was lower under manual control than under automated control. 

Another factor mentioned by Endsley (1996) that might affect SA concerns feedback to the human 

operator. Feedback is required for the operator to be aware of how the automation is responding, of 

how actions are being performed, and of whether problems are occurring. Feedback can come in 

different forms, such as visual, auditory, tactile, proprioceptive, and vestibular feedback. Often, with 

automation, the amount and quality of feedback is diminished. Feedback cues that were previously 

found to be essential by the designers for a manual operator to perform appropriately are now being 

left out and instead other cues are put in its place. For example, due to fly-by-wire, tactile feedback 

would not have to be present in aircraft control and only visual feedback would remain. However, to 

return tactile feedback, artificial stick-shakers are now implemented. In some cases, automation of 

certain tasks resulted in a lack of feedback on certain processes, which even resulted in accidents 

(Billings, 1991). 

Use, Misuse, Disuse, Abuse 

Related to the previously discussed issues with automation is the way human operators use it. In a 

literature review, Parasuraman and Riley (1997) defined misuse as overreliance on automation, 

disuse as underutilization of automation, and abuse as inappropriate use of automation by designers 

or managers.  

If human operators have a choice, it appears that the reason they choose to initiate automation 

differs greatly between different operators. Parasuraman and Riley (1997) found that operators 

often mention high workload as one of the determining factors to initiate automation. Lee and 

Moray (1992, 1994) found that the way and how often an operator uses automation is related to 

their trust in automation at that point in time, which in turn is related to automation reliability (i.e., 

how often the automation makes mistakes). When operators have a greater confidence in their own 

capabilities to control a system, and thus put more trust in themselves than in the automation, they 

will probably choose not to use the automation. Parasuraman and Riley (1997) showed that there are 

several factors involved with automation use, of which only some are supported by experimental 

data. Riley (1994) found support for the following factors: (1) automation reliability, (2) trust in the 

automation, (3) self-confidence, (4) task complexity, (5) risk, (6) learning about automation states, 

and (7) fatigue. Misuse and overreliance in turn can be caused by human operator decision bias and 

monitoring failures. Overreliance on automation is especially a problem when dealing with an 

automated system having a high level of automation, because in this case the operator will have no 

incentive to ‘check in’ on the automation at any time during the process. 

Parasuraman and Riley (1997) argued that disuse of automation often occurs with warning systems, 

and is strongly related to the false alarm rate. This issue is closely related to the issue of distrust as 
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discussed earlier. When an automated system has a high false alarm rate, human operators tend to 

ignore or even completely turn off the automation. Warning systems are usually designed with a 

decision threshold that minimizes the chance of a missed warning while also keeping the false alarm 

rate below a certain value. However, Farber and Paley (1993) found that lowering the false alarm 

rate is not always beneficial. They looked into rear-end collision countermeasures and, since 

collisions are very rare, an occasional false alarm might actually be beneficial to keep the driver alert. 

That is, if false alarms are very rare, then the one time a true alarm occurs, the driver might not be 

able to respond timely. 

Dynamic automation 

A different approach is where the level of automation is not fixed but changes during operation. This 

is sometimes called dynamic automation, dynamic function allocation, or adaptive automation. The 

distinction between a static and a dynamic approach was probably first made by Rouse (1977).  

Dynamic automation has been proposed as a solution to the issues encountered with static 

automation (e.g., Inagaki, 2003; Kaber & Endsley, 2004; Parasuraman, 2000). In dynamic automation, 

the function allocation is dependent on certain pre-determined factors and may change during 

operation to a lower or higher level of automation. Such factors might be mental workload of the 

human operator or task performance. For example, if during the execution of a certain (sub)task, 

which is currently performed with a high level of automation, the performance is lower than a 

certain threshold, the algorithm might switch the automation to a lower level or even turn over 

control entirely to the human operator if it is known that he or she can perform above said 

threshold. However, if high human workload is detected during a certain task, some or all of the 

control might be switched to the automation.  

 

Implementation of adaptive automation 
As previously mentioned, it is important to properly design the way in which the adaptive 

automation is implemented. Algorithms that define how and when automation is invoked and 

terminated can differ greatly. Parasuraman and Bahri (1992), Inagaki (2003), and Sheridan and 

Parasuraman (2006) defined categories in which such invocation procedures for adaptive automation 

can be subdivided: (1) critical-event logic, (2) operator performance measurement, (3) modeling 

assessment, (4) operator physiological measurement, and (5) hybrid methods, combining two or 

more of these techniques. The first four categories are discussed below. 

Critical-event logic 

In this category, function allocation is based on the occurrence of certain particular (critical) events.  

In the design of a human-machine system, it is assumed that during critical events mental workload 

of the human operator reaches critical levels and thus automation should be initiated. This category 

of function allocation is adaptive in the sense that the automation would not occur if the critical 

event did not occur. 

According to Barnes and Grossman (1985), Parasuraman and Bahri (1992) and Inagaki (2003) there 

are three types of critical-event logic. The first is emergency logic, where activation of automation 

occurs without human operator initiation or intervention. The second is executive logic, where only 

the final decision lies with the human operator whereas the sub-processes leading up to the decision 

to activate the process are automated. The third is automated display logic, in which the all non-

critical tasks are automated to prepare for a particular event, so that the human can concentrate on 

the most important tasks.  
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Systems with incorporated critical-event logic could operate with several different modes, each with 

their own LOA. For example, Parasuraman and Bahri (1992) noted that the Aegis missile system 

allows the ship commander to set a small rule base that determines how it will operate in a combat 

environment. Three modes are available: (1) manual, where the human operator has full control, (2) 

automatic special, in which the weapon-delivery process is automated in case of a critical event but 

the fire button is still in control of the human operator, and (3) fully automated, where the ship's 

defenses are automatically applied and operated without human operator intervention. The last one 

is usually only applicable when there is a strong need for short reaction times that the human 

operator cannot achieve. 

A clear advantage of critical event logic is its simplicity since it requires no investigations into human 

cognition and behavior modeling. But even though critical event logic might be the most 

straightforward to implement, this is also exactly the main disadvantage of these kind of systems 

(because they are possibly insensitive to actual human operator performance and workload). A 

system that employs critical event logic will for example always invoke automation in case of a 

critical event regardless of whether the human operator requires it or not. Furthermore, some of the 

rule bases might have unforeseen and unwanted consequences.   

Parasuraman and Bahri (1992) concluded that systems that use a critical-event logic for adaptive 

automation represent the baseline for adaptive systems. However, they also stated that “Important 

measurement and modeling problems must be overcome before such adaptive systems can be 

controlled by truly intelligent logic.” 

Operator performance measurement 

When performing a series of operations, the workload levels of operators may fluctuate from 

moment to moment. Rouse (1977) was one of the first who proposed a concept of dynamic function 

allocation where the moment-to-moment workload of the human operator was measured, 

monitored, and regulated by means of adaptive automation. He proposed that keeping the operator 

workload at a constant level would result in optimal task performance. For example, normally 

operators may achieve satisfactory task performance but only at the cost of high mental workload. 

Moreover, when an operator works at high workload levels for a long time this will eventually result 

in performance degradation. Accordingly, the use of a function allocation strategy based on keeping 

the mental workload of a human operator between upper and lower boundaries  by means of 

adaptive automation was proposed. When designing such a system it becomes clear that there must 

be a reliable, accurate, and non-obtrusive method for assessment of the human operators’ mental 

workload in real-time.  

A system using operator performance measurement in accordance with adaptive automation has 

previously been proposed by Hancock and Chignell (1988). These authors proposed a system in 

which the difficulties of tasks had to be known by the designer, such that it could be incorporated 

into the algorithm of the automation. In some way their proposed system consists of a self-learning 

process using a feedback loop for every time a task is resolved. When a task occurs for the first time, 

the system allocates it to the human operator. The operator then performs the assigned tasks and a 

performance level will follow which is assumed to reflect the capabilities of the operator compared 

to the known difficulty of the tasks at that time. An adaptive criterion (or: threshold) at that time is 

then defined. This criterion could for example be a measure of mental workload, a measure of 

primary task performance, or a combination of both mental workload and performance.  This 

criterion alters constantly as mentioned before since the capabilities of the operator are also 

constantly changing. This criterion thus reflects how well a human operator is performing and the 

amount of effort it is costing him. This criterion can then be used to implement an adaptive system, 
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using it for every task to see whether that task should be allocated to the human or to the machine. 

This kind of system aims to decrease the difference between present requirement and accessible 

capacity. Three main procedures can be used to achieve adaptivity, according to this workload-based 

measurement method, of which the most prominent will be adjusting the allocation of subtasks 

between human operator and automation. The other two are either adjusting the task definition or 

adjusting the structure of the task. 

An advantage of an adaptive automation system implemented using operator performance 

measurement is since it is usually measuring  the operator state constantly during operation it is 

responsive to unpredictable changes in operator state. However, as was mentioned before, a 

downside to such an implementation is that its performance is dependent on the measurement 

technique used for measuring the operator state. 

Modeling 

Pilot performance models are often used to estimate current and predicted operator state, which in 

turn can be used to allocate tasks among the human operator and the automation. In adaptive 

automation systems, the interaction between human and automation is dependent on the level of 

automation (which in turn will be affected by the model). It was mentioned by Parasuraman and 

Bahri (1992) and Inagaki (2003) that there are three main categories of models: intent inferencing 

models, optimal (or, mathematical) models, and resource models. 

Intent inferencing models use available human operator resources and performance as predictors to 

decide whether automation should take over. Rouse et al. (1987) mentioned a model where the 

possible intentions of an operator were represented in the form of a set of scripts. The operator’s 

actions are decoded by the system and compared with the scripts. If the operator’s actions match 

one or more of these scripts, the actions are resolved and the active script list is updated.  The 

unresolved actions passed over to the plan inferencer. If one or more plans are consistent with 

already known goals, the actions are also resolved and the scripts associated with these known goals 

are activated. However, if no match is found, the unresolved actions are pun into the ‘error monitor’. 

Often, however, it is assumed with such models that humans could not have any goals besides those 

imposed on them by the tasks that were already accounted for in the set of scripts, which is an 

assumption that might be violated within differing environmental settings. 

Optimal models try to reach an optimal level of performance by predicting the operator’s 

performance in current and potential future tasks. Examples of optimal models include signal 

detection theory, information theory, queueing theory, sampling theory, and control theory. Often, 

human operators are working in a multitask situation. In such a situation, a general mathematical 

model such as queueing theory might be applied. Walden and Rouse (1978) presented a multitask 

situation in which pilot decision-making was represented with a queueing model. This model was 

proposed as a possible solution to the issues represented by static function allocation.  Their model 

focused on time-sharing between monitoring, control, and other tasks.  However, optimal models 

show some limitations as well, since they often require complicated computations. 

Wickens’ multiple-resource theory  describes how performance interference occurs in information 

processing. This theory suggests that operators have a limited set of information-processing 

structures (also called ‘resources’) which determine the performance of a multitask process operated 

by that operator. Wickens considered resources such as (1) stages of processing (central processing 

versus response processing), (2) modalities of input (visual/auditory), (3) output (manual/verbal), and 

(4) type of coding in memory (verbal/spatial). In a process where an operator is trying to perform 

two or more tasks simultaneously, according to Wickens' multiple-resource theory, the operator 
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would not have difficulty performing them efficiently if they require different resources. However, if 

these two tasks compete for the same resource (e.g., both require verbal codes), and their combined 

resource requirements are higher than what is available, interference will occur, which in turn means 

that performance will suffer significantly.  When the difficulty of a task increases there will also be an 

increase in the demand on the resources connected to that particular task. For example when a car is 

accelerating the higher speeds will increase the difficulty of the visual task since everything seems to 

be happening much faster. When that resource is needed on a concurrent task as well, then the 

performance of the latter will decrease. In accordance with the previous example, if during 

acceleration of the car the screen of the internal navigation starts to act strangely (concurrent visual 

task) this will require visual attention as well as the visual demand of driving. If the difficulty is 

increased for one or all of these tasks the performance of all tasks will start decreasing.  

An algorithm that makes use of Wickens’ multiple-resource theory adaptively allocates the tasks in 

such a manner as to avoid having multiple tasks compete for the same resources, thus avoiding a 

decrease of performance. The advantage here is that it can be implemented offline and is easily 

incorporated into a rule-based expert system. However, the limits for the demand on a resource are 

still defined by the designer and thus it is the designer who indirectly decides whether a task will be 

carried out by the automation or by the human operator. This defines the disadvantage of such an 

implementation since it will still require a valid and detailed model to deal with the many complex 

environments an operator could encounter.  

Operator physiological measurement 

For a while now, researchers have proposed physiological signals from a human operator as an 

indication of the state of said operator. This could in turn be used as a motivation for switching to 

automation or vice versa. Psychophysiological measures offer two advantages which need to be 

considered to see if they outweigh common disadvantages such as cost and user acceptance 

(Parasuraman and Bahri ,1992; Scerbo et al., 2001). The first advantage is that, unlike most other 

behavioral measures, physiological data can be obtained continuously. Second, when coupled with 

other behavioral measures it may provide more information than behavioral measures alone.  

It can be argued that physiological measurements are closely related to operator measurement as 

discussed before but now the focus lies on physiological aspects. Just as operator measurement 

however, this technique also has the advantage of being responsive to unpredictable changes in 

operator state. 

However, there are some critical conceptual and technical issues that must be overcome before the 

implementation of physiological measurements in adaptive systems. The criteria of proper sensitivity 

and diagnosticity apply to physiological measures just as they do to other types of measurements. It 

is well known that some physiological signals can be noisy and statistically unreliable. Byrne and 

Parasuraman (1996) also mentioned problems with physiological measures such as when the 

operator is speaking, individual differences, environmental differences, learned responses, and 

operator experience. 

Scerbo et al. (2001) performed a review of physiological measures that were used to assess 

workload. It was comparable to reviews performed by others in earlier reviews (Byrne and 

Parasuraman, 1996; Kahneman, 1973; Kramer, 1990) and it focused mainly on the measures that 

appeared promising for adaptive automation. These measures included eye blink, respiration, 

cardiovascular activity, and speech measures. EEG, event-related potentials (ERP), and other newer 

measures of brain function are also mentioned.  
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Marquart et al. (2014) looked into eye-related measures of drivers' mental workload in their 

literature review. They focused on blink-related measures, eye fixation, and on pupil-related 

measures. Although some of the blink-related measures appear to be sensitive to mental workload 

and they show some promising applications but there are some conflicting factors such as annoying 

luminance or poor air quality that make blink-related measures hard to implement since the latter is 

hard to control continuously. They mentioned that both eye fixations and pupil-related measures 

appear to be sensitive to workload. Marquart et al. focus mainly on pupillometry however due to its 

application in many other driver studies. 

As mentioned another measure used to assess workload that has often been reported in literature is 

pupil dilation (Parasuraman & Bahri, 1992, Kahneman, 1973, Beatty & Lucero-Wagoner, 2000; 

Beatty, 1982). Kahneman (1973) and Marquart et al. (2015) stated in their literature reviews that 

pupillary dilation is a potentially useful measure to indicate mental effort, or workload, which was 

also claimed by Hess and Polt (1963).  Beatty (1982) concluded that “The task-evoked pupillary 

response … provides a reliable and sensitive indication of within-task variations in processing load. It 

generates a reasonable and orderly index of between-task variations in processing load. It reflects 

differences in processing load between individuals who differ in psychometric ability when 

performing the same objective task. For these reasons, the task-evoked pupillary response provides a 

powerful analytic tool for the experimental study of processing load and the structure of processing 

resources.” 

As mentioned by Schwalm et al. (2008), the objectivity, the high temporal resolution and the online 

availability of the signal are the main advantages for pupillometry in an automotive context. Since 

pupillometry appears to show promise with respect to assessing workload it will be discussed in 

more detail later in this paper.  

Pupillometry 
As mentioned above, pupillometry is regarded as a promising indicator of workload and will be 

discussed further in this section. Pupillometry represents the measurement of the pupil diameter. 

The size of the pupil is controlled by a set of antagonistic muscles in the iris, the dilator and the 

sphincter pupillae. The first is controlled by the Sympathetic Nervous System (SNS) and is responsible 

for increasing the size of the pupil, whereas the second is controlled by the Parasympathetic Nervous 

System (PNS) and is responsible for decreasing the size of the pupil. Both the SNS and the PNS are 

part of the Autonomic Nervous System (ANS), which controls the internal organs of the body by 

innervating involuntary musculature. This means it has nerve endings inside involuntary musculature 

such as the pupil or for example the heart and can thus control their movements without the person 

consciously controlling them. 

Hess and Polt (1963) were one of the first who found empirical evidence that the magnitude of the 

pupil dilation is directly related to problem solving and the difficulty of said problem. This finding was 

corroborated by Kahneman (1973) who formulated three criteria which should be met by a 

physiological measure if it were to properly represent mental effort. He stated that it should be 

sensitive to within-task differences in difficulty, it should reflect transient variations of the subjects' 

effort during the performance of a particular task and thus between-task variations, and it should 

also show between-subject differences as to the amount of effort that they individually invest in a 

given task. 

Kahneman (1973) showed that pupil size provides a valid measure of the momentary exertion of 

mental workload by testing it according to the previously mentioned criteria which Kahneman 
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formulated. However, he also mentioned there might be conflicting factors that influence pupil 

dilation such as muscular strain or anxiety but these usually only play a relatively small part in 

pupillary variations during the performance of a mental task. Beatty (1982) also mentions conflicting 

factors with respect to task-evoked pupillary responses such as the light reflex, which is a major 

factor, and emotional variations. The latter is supported by Bradley et al. (2008) who found that 

there is indeed a pupillary response when looking at affective pictures which resulted in emotional 

arousal. Beatty (1982) mentioned that the light reflex does indeed have a major influence but this 

can be controlled by only allowing a near-constant light input. As for the emotional variations, Beatty 

(1982) summarizes that these only cause minor fluctuations and that "the task-evoked pupillary 

response reflects the momentary level of processing load and is not an artifact of non-cognitive 

confounding factors". This was also supported by Stanners et al. (1979) who found that "the pupil 

response will show an arousal effect only when the cognitive demands of the situation are minimal" 

and "cognitive demands take priority over arousal factors in affecting the pupillary response". The 

previously mentioned light reflex is also mentioned by Kramer (1990) and De Waard (1996) as one of 

the two main factors responsible for pupil dilation, along with the near reflex, which is the 

constriction of the pupil in response to a shift in fixation from a far to a near object, and vice versa. 

These two factors were mentioned as reasons for Kramer to suggest caution in application of 

pupillometry to extra-laboratory environments.  

Beatty and Lucero-Wagoner (2000) described different ways of measuring pupillary movements and 

changes in diameter such as motion picture photography (Hess & Polt, 1963) or using high-resolution 

infrared-sensitive video cameras. Most machines used to measure pupil activity use a head-mounted 

camera because it yields a more stable image of the pupil (Iqbal et al, 2004; Schwalm et al, 2008; 

Marshall, 2002; Marshall, 2007). However, some eye- and head-tracking systems  allow free head-

movement. Klingner et al. (2008) found that remote eye trackers show enough precision to be used 

for detailed measurements, even compared to cameras that are mounted on the participants’ head. 

In both head-mounted or remote eye trackers, the images are sent to a pattern recognition device 

that determines pupil diameters. The data acquired can then be averaged over trials before being 

interpreted. Again, Beatty and Lucero-Wagoner suggest caution due to the light and accommodation 

pupillary responses which are often much larger than the Task-Evoked Pupillary Responses (TEPRs).  

Recarte and Nunes (2000) showed that for on-road driving situations, systematic differences were 

found in pupil diameter. These authors argued that “because it is extremely unlikely that the 

luminance changed systematically according to task performance, it seems justified to attribute pupil 

diameter variations to an increase of attentional demands due to task performance”. They confirmed 

this statement in a later study but mentioned here that a large amount of data has to be collected 

and aggregated before pupil diameter data can be considered statistically reliable (Recarte & Nunes, 

2003).  

In a later study, Recarte et al. (2008) used a remote eye tracker in front of a screen as opposed to a 

real driving situation. In this study they compared mental workload measures to assess their validity. 

They found that the NASA-TLX and the pupil data could not differentiate between visual and mental 

workload, which is supported by other previous papers (De Waard, 1996; Kramer, 1990). However, 

they found that blink rate did show a difference between these two conditions. 

Palinko et al. (2010) performed an experiment to measure cognitive load using a remote eye tracking 

device in a driving simulator. In this experiment during driving, the participants were engaged in an 

ongoing spoken task that was periodically interrupted by another spoken task which was 

hypothesized to significantly influence the cognitive workload. The luminance of the simulator screen 

and the background were limited to within ±5% of the mean brightness. Palinko et al. (2010) 
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concluded that "remote eye tracking is a viable way of cognitive load estimation in a simulated 

driving environment". They also found that the mean pupil diameter change and the mean pupil 

diameter change rate were valid measures of mental workload and in some cases even better than 

performance measures such as variances of lane position and steering wheel angle. Palinko and Kun 

(2011, 2012) performed follow-up experiments to define the way cognitive load and illumination 

affect the pupil diameter.  Palinko and Kun (2011) performed an experiment with three tasks; an 

illumination task, an aural vigilance task, and a combined task. They found that it is possible to 

predict the pupil light reflex and account for this. However, they pointed out that the predictions 

were based on averages of many instances of pupil diameter changes and therefore difficult to 

implement in real-time. Palinko and Kun (2012) performed another experiment similar to their 

previous one in 2011 but this time the aural vigilance task was replaced by an analogous second 

visual illumination task. Even with two visual tasks under differing illumination levels they found 

similar results as before, since they conclude that it is possible to separate the effects of illumination 

and cognitive load on pupil diameter. However, in this experiment the images that were used were 

near static, and not highly dynamic such as in most driving situations. 

Xu et al. (2011) performed an experiment to find the applicability of a Boosting algorithm to both 

robustly measure workload and adaptively handle changes of pupillary response caused by 

confounding factors such as illumination and emotional arousal. Their results showed that the 

proposed technique can indeed be used for evaluating cognitive workload under complex 

environments. The experiment they performed consisted of different task difficulty levels (summing 

up numbers) and background conditions as well as using differing background luminance and 

emotional arousal levels. Boosting is a general method for improving the accuracy of a learning 

algorithm. It was used in this experiment to improve the accuracy of cognitive workload indexing.  

Razumenic et al. (2012) performed a similar experiment as Palinko and Kun (2011) but added a 

pupillary accommodation factor to the primary illumination task. Once again, the conclusions of the 

experiment were that pupil dilation measurements could be measured adequate, and indicated 

cognitive workload. However, Razumenic et al. also mentioned the highly constrained and slow 

paced tasks in the experiment and thus that a real-world application requires more research. 

Kun et al. (2013) performed an experiment to investigate the application of pupil diameter as an 

estimate of cognitive load during in-vehicle spoken dialogues. More specifically, they tried to see 

whether they could differentiate between parts of the dialogue with low and high cognitive load 

using pupil diameter measurements. Their results showed that pupil diameter might indeed be a 

valid tool to assess in-vehicle spoken dialogues but they also mentioned that there might have been 

confounding factors during the experiment. Such confounding factors included that the driving task 

might not have been uniform and the illumination levels might not have been constant. These factors 

might have influenced the pupil diameter and thus masking the intended dialogue effects. 

Rendon-Velez et al. (2015) performed an experiment where they studied the effects of time-pressure 

on driver performance and physiological activity. Time pressure often increases stress levels and thus 

this should also increase workload. A large focus of their study was on physiological measures since 

they can provide a real-time assessment of driver state without requiring an overt reaction from the 

driver. They measured many different physiological signals to see which measure was most indicative 

of driving under time pressure. In particular they found a strong sensitivity due to time pressure on 

pupil diameter and eye blinks.  

Pomplun and Sunkara (2003) performed an experiment where they used a pre-experiment 

calibration technique that resulted in a substantial reduction in eye-movement induced variance in 
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video-based pupil dilation measurements. They stated that their proposed technique “strongly and 

reliably improves measurement precision”. Though this was performed using merely a black or white 

screen and not a dynamically changing environment as is the case with a real-world driving 

experiment. 

Marshall (2002) suggested an innovative technique that allows reliable and rapid estimation of 

cognitive workload from changes in pupil dilation. This technique was patented by Marshall (2000) 

and is called the Index of Cognitive Activity (ICA). The ICA is computed as the number of times per 

second that an abrupt discontinuity in the pupil signal is detected. The technique is claimed to 

successfully separate the light reflex from the dilation reflex. Marshall (2002) also mentioned other 

advantages with respect to other techniques, such as that it does not require averaging, it can be 

applied to a signal of any length, and it can be computed in nearly real-time (i.e. with a few seconds 

of delay).  

Issues with adaptive automation 
As explained above, all humans perform differently while operating a dynamic system such as driving 

a car, flying an airplane, or operating deep-sea equipment. Another point is that even while 

operating such a dynamic system, the human operator state is continuously changing, and thus his or 

her performance is also prone to such fluctuations over time. Thus, as was stated by Rouse (1977), a 

solution to this problem might be designing a system with adaptive automation.  

However, adaptive automation gives rise to a few new issues, as mentioned by Inagaki (2003) and 

Sheridan and Parasuraman (2006). For example, questions might arise regarding who will have the 

authority concerning when and how function allocation occurs (i.e., to switch between the levels of 

automation). A number of researchers have tested different invocation procedures concerning the 

transition from manual to automated control. Such transition can occur for a subtask or for all tasks. 

A system where the invocation is initiated only by the human operator is sometimes called an 

‘adaptable’ system, whereas a process where either the automation itself or both the human 

operator and the automation can initiate automation is usually called an ‘adaptive automation’ 

(Scerbo et al., 2001). 

Hancock (2007) tested different automation invocation procedures for an aviation multitask 

experiment. Their participants were experienced pilots who had to perform tracking, monitoring, and 

fuel management subtasks. Four different invocation procedures were tested for automation of the 

tracking task: 1) system-initiated automation (SIA), 2) pilot command by negation (PCN), 3) pilot 

command by initiation (PCI), and 4) pilot-initiated automation (PIA). The SIA procedure used a 

performance threshold, and when this threshold was crossed the automation would automatically 

take over control. Hence, SIA falls under the category of operator performance measurement. Their 

experiment shows that the SIA and the PIA conditions are comparable to the two extreme levels of 

automation mentioned in Sheridan and Verplank (1978). Hancock (2007) found that for a tracking 

task, performance improved with SIA compared to the other invocation procedures. However, the 

participants reported a higher level of fatigue and workload for the SIA condition and thus this 

demonstrates a tradeoff between effort and performance. Hancock (2007) mentioned that it 

requires more research to see whether these results are only applicable to the multi-task experiment 

(which he performed) or also to a wider range of operations. Using the results from all the tasks the 

participants performed, it became clear that SIA was the best option. However, the participants also 

showed that the increased performance came at a price. As mentioned before, the SIA shows a 

higher level of fatigue. The SIA actually showed increasing levels of fatigue during the testing interval 

whereas all the other invocation procedures showed a small decrease.  
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Raza and Ioannou (1996) designed a system in which the driver initiated and terminated the 

longitudinal automation manually. However, they designed the system in such a way that after 

initiation the automation first checked whether it was safe to do so. If not, the automation would not 

take over. This concept resembles the PCN condition proposed by Hancock (2007) but only reversed 

since it is the human who proposes the switch to automation and the automation who then applies a 

negation command or not. However, the intention of Raza and Ioannou (1996) was not to test the 

invocation procedure, but to focus on vehicle following so no conclusions regarding different 

invocation procedures were drawn. 

An issue that might arise with adaptive automation is when the automation and the operator fail to 

share their intentions properly. This can either be because their operating intentions are similar but 

not identical or when their operating intentions are opposite and conflicting (Billings, 1997). An 

example of the first might be when both the operators and the automation want to initiate a landing 

of a plane but the automation is set to a different angle or speed than what the operators intended.  

Another issue with adaptive automation is related to trust, and more specifically related to the trust 

with respect to the performance of an automated system and to the trust inspired by the operator’s 

knowledge of the process of a certain automated system. In adaptive automation, maintaining an 

appropriate trust level can be difficult to achieve. If the human operator is not aware of a certain 

situation where the automation is going to take over, this might lead to the operator being surprised 

when the automation acts outside of what he or she was expecting. Even when the automation is 

acting properly, if the operator expected a different action this might negatively affect trust in the 

automated system. Such phenomena are sometimes called automation surprises (Sarter et al. 1997). 

Problems with the human operator’s trust in adaptive automation might result in inappropriate use 

of automation (Parasuraman and Riley, 1997). The issue of automation surprises illustrates that it is 

important to design proper automation invocation algorithms and feedback to the human operator.  

Adaptive automation versus static automation 
Even though adaptive automation does still have certain disadvantages, it does indeed seem to have 

the possibilities to counteract the most prominent disadvantages connected to so-called static 

automation. However, there are many different possible implementations of adaptive automation. 

This study is not meant to give a detailed description and detailed examples of all the applications 

with respect to these implementations. However, below these implementations will be presented 

along with some of their up- and downsides. 

Discussion 
This literature study was performed to summarize and asses published studies with respect to 

automation. The goal was to find an implementation of  automation that can potentially be used in a 

driving simulation to switch between manual and automated driving. 

This study showed that adaptive automation has the possibility of improving automation by 

reducing, or sometimes even eliminating, the downsides of so-called static automation. Foremost 

among these downsides were how static automation affected mental workload and situation 

awareness. Static automation tends to redistribute workload over time (instead of merely reducing 

it), giving rise to 99% boredom and 1% terror situations. Situation awareness might also be affected 

by static automation, as well as related concepts such as vigilance, trust, complacency, and the role 

the operator assumes (active vs. passive). Furthermore, workload and situation awareness were 

found to be dependent on the feedback provided to the human about the way the automation is 

operating. Incorrect feedback could for example lead to a decreasing trust in automation. Especially 
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for machines that provide many false alarms. Thus, the possibility arises that when an alarm is indeed 

correctly given the operator ignores it, due to distrust. 

This literature study also discussed dynamic (or: adaptive) automation as a possible solution to the 

issues encountered with static automation.  This study reviewed different implementations of 

adaptive automation. Parasuraman and Bahri (1992) provided a clear overview of such 

implementations, mentioning critical-event logic, performance measurements, modeling, 

physiological measurements and hybrid methods combining different implementations. Each of the 

different implementations have shown to possess both advantages and disadvantages. However, due 

to the main advantage of physiological measurements, being able to measure continuously, it was 

chosen in the current review to approach it into more detail.  

Many different physiological measures exist, including eye blinks, pupil diameter, respiration rate, 

cardiovascular activity, EEG, event-related potentials (ERP), and other newer measures of brain 

function. In this review, pupillometry was chosen for further assessment. 

Pupillometry is the measurement of the pupil diameter and is considered to be a valid measure of 

workload. Pupillometry was chosen as a very promising physiological measure for workload 

measurement as shown by Schwalm et al. (2008). More specifically, the objectivity, the high 

temporal resolution, and the online availability of the signal are the main advantages for 

pupillometry in an automotive context, which is what the authors of this literature review are 

interested in. 

Although pupillometry shows such promise it still has certain downsides that need to be accounted 

for.  Foremost among these downsides are the light reflex, the accommodation reflex, and the 

effects of emotional arousal on pupil diameter. Usually, the light reflex and the accommodation 

reflex result in much larger pupil dilation than the effects of cognitive load. During driving, this might 

become a problem since in such cases the environment constantly changing and thus the 

illumination levels are highly dynamical.  

There have been studies that used pupil dilation to estimate cognitive workload in a simulated 

driving environment (Palinko et al., 2010; Palinko & Kun, 2011, 2012; Kun et al., 2013). These studies 

showed promising results, in the sense that pupil dilation was an indicator of cognitive workload in 

nearly all applications. However, most of these studies took place in highly constrained environments 

where the light and the focus points were either constant or changing at a slow pace. The authors of 

these publications also often caution for applying their methods in a real world application. 

A related measure, the index of cognitive activity (ICA), was proposed and patented by Marshall 

(2000). The biggest advantage of this method is that it can account for dynamically changing 

illumination levels and it is therefore more broadly applicable in driving simulators and real-world 

situations (Demberg, 2013; Demberg et al., 2013; Dlugosch et al. 2013). The ICA is also based on pupil 

diameter, but it measures the number of times per second that an abrupt discontinuity in the pupil 

signal is detected instead of just measuring and averaging the pupil diameter. However, since the 

algorithm used to calculated the ICA is patented it is not applicable for further research by the 

authors of this review.  

Another possible issue that was not yet approached in this review is the effects of medicine or other 

forms of drugs on pupil diameter. However, these effects were beyond the scope of this review. 
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Research proposal 
As mentioned above, this review was supposed to be used as a basis for further research. The goal is 

to design an automated system in a driving simulator that can detect mental workload and based on 

that measurement decide whether to switch from manual driving to automated driving or vice versa. 

This literature review has shown that adaptive automation would be best suited for this in based on 

a physiological measurement implementation.  

Pupillometry is suggested here as a viable option to measure mental workload during driving. 

However, as has been shown, some factors need to be either controlled or accounted for. Foremost 

among these factors are illumination levels and pupil accommodation requirements. The variable 

suggested by Palinko et al. (2010) as the mean pupil diameter change rate (MPDCR) could prove to 

be useful during a driving (simulation) due to its ability to detect rapid changes in cognitive load. 

As suggested by Klingner et al. (2008), a remote eye tracking device would be most useful in a driving 

simulator since it would be more widely applicable and as mentioned it is also more easily accepted 

by the participants which results in less annoyance (which could influence the cognitive results). 

To make sure that no automation surprises occur, the automation should at all times provide proper 

feedback to the driver. Perhaps, as was also used in an experiment by Hancock (2007), a takeover 

request might be useful to alert the driver in advance of the automation taking over or relinquishing 

control. This could improve situation awareness, decrease automation surprises, and thus prevent 

high workload situations. 

An option to consider might be to use a hybrid automated system combining pupil diameter 

measurements with another or multiple other measures to increase robustness, add diagnosticity, 

and add sensitivity. However, this requires more research before an actual suggestion can be made. 
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