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Abstract  
IMPACT OF ALERT DESIGN AND HAZARD DIRECTION ON DRIVER BEHAVIOUR 
AND UNDERSTANDING IN A SIMULATED AUTONOMOUS VEHICLE 
Benjamin Peter Cortens       Advisors: 
University of Guelph       Dr. Blair Nonnecke 
          Dr. Lana Trick 

Future autonomous vehicles may offer systems where control authority varies between human 
and full automation. These vehicles are most dangerous when human intervention is required 
after long periods of supervising autonomous during which they become distracted and are left 
unprepared to retake control. This thesis investigates the importance of examining both the 
hazard situation and the design of the alert requesting driver intervention or attention. Two alert 
designs were tested, one provided only auditory feedback and one provided audio-visual 
feedback featuring a heads-up-display. Results indicated audio-visual alerts allowed participants 
to respond more quickly and improved their situation awareness relative to audio-only alerts. 
These differences were largest for peripheral rather than frontal hazards, highlighting the 
importance of testing takeover in a variety of situations. Though further research is necessary, 
both alert design and the nature of the hazardous situation contribute the time required to safely 
retake control from automation.  
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1 Introduction 

Autonomous vehicles can take over some or all of the driving task, and in these systems 
responsibility for safe vehicle operation is shared between the autonomous system and the 
human driver. While drivers retain some level of responsibility for monitoring the vehicle, 
autonomous systems allow drivers to take their hands of the wheel and their foot off of the gas 
and brake pedals. Autonomous vehicles promise drivers the opportunity to relax, read, or even 
work while commuting or traveling. Unfortunately, though this sounds idyllic, autonomous 
vehicles are incapable of handling many complex but common situations, requiring the driver to 
retake control. Since these systems are capable of operating for long periods of time without any 
driver involvement, the driver may become distracted or their mind might start to wander. When 
this happens and the system asks them to retake control their ability to do so safely is 
compromised. Safe takeover from autonomous control requires drivers understand why they are 
being asked to take control and to pay attention to the appropriate parts of the road environment. 
It also requires that they are able to take-over quickly enough to respond to the hazard and avoid 
a collision. When autonomous vehicles prompt the driver to take control they do so via alerts, 
e.g., a visual prompt in the gauge cluster and an audio sound. If alerts are poorly implemented 
drivers may be unaware of the reason for the alert which may hinder their ability to take control 
of the vehicle safely. 

In our study, the focus of this thesis, we compared two different alert modalities, audio-
only and audio-visual, to warn of hazard or takeover from the autonomous system. These two 
alerts were compared across three different hazard directions, left, front, and right, and two 
different levels of hazards, a warning only and a situation in which the driver must takeover. The 
goal of this research was to determine whether or not different hazard alert designs for takeover 
support can improve the drivers’ ability to take-over safely. 

This thesis is organized into four chapters. In the introductory chapter supporting 
research is presented, the experiment is outlined, and we present our predictions. In the 
methodology chapter the design is presented, and the experimental apparatus and procedure are 
described in detail. In the next chapter the results are presented and in the final discussion 
chapter our results are given context in light of previous research and conclusions drawn.  

This introductory chapter begins with a brief introduction to autonomous vehicles 
discussing their history and classification. Next, we discuss the main issues that arise when 
drivers use autonomous vehicles. Then, a discussion of the primary inspiration for this research 
followed an outline of our experiment, and finally, we will present our predictions. 
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1.1 History and Classification of Autonomous 
Vehicles  

Modern autonomous vehicle efforts began in the early 2000s with the DARPA urban challenge 
in which true driverless vehicle automation began to take shape. This challenge helped lay the 
foundation by determining the sensors and technology combinations which would go on to be 
used in commercial self-driving vehicles (Chow, 2014; DARPA, 2007). Today the most 
advanced vehicles offer limited self-driving capabilities, able to take control of not just the 
acceleration and braking (as in adaptive cruise control) but lane-keeping and even lane change 
maneuvers (Adams, 2017; Tesla, 2018). For a more detailed history of the development of 
autonomous vehicles see Appendix D. 

When discussing autonomous vehicles, we are interested in systems which control the 
moment-to-moment acceleration and braking (longitudinal control) and the lane-keeping and 
steering (lateral control) at the same time. The Society of Automotive Engineers (SAE) define 6 
levels of vehicle automation, level-0, no automation, through level-5, full automation (SAE 
International, 2018). In this thesis we are interested in vehicles with level-3 conditional 
automation or level-4 high automation. These levels allow the driver to completely cede 
moment-to-moment control to the autonomous system but still require the driver be able to 
retake control with minimal notice.  

Level-3 (conditional automation) vehicles feature automated lateral and longitudinal 
control which operate together for moment to moment vehicle control while the driver is 
required to monitor the vehicle and be prepared to retake control at any moment. Current Tesla 
Autopilot and Mercedes Distronic Plus and Active Lane Keeping Assistance Systems operate at 
or near this level (Mercedes-Benz, 2016; Tesla, 2018). Level-4 (high automation) vehicles are 
fully autonomous in certain conditions and when these conditions are met no human input will 
be required, however the human will have the option of driving even in these situations. For 
more information on the SAE automation levels, including the definitions for the remaining 
levels, see Appendix C. 

The definitions of level-3 and level-4 vehicles somewhat overlap, as a level-3 vehicle 
behaves identically to a level-4 most of the time. The primary benefit of a level-4 vehicle is that 
it provides a transition period during which the driver may retake control. This period allows the 
driver to reengage with the driving task over a period of time (during which the autonomous 
system is still providing safe control of the vehicle) instead of the autonomous system 
disengaging immediately on encountering a problem (as in level-3 vehicles). Despite listing 
existing systems from Tesla and Mercedes-Benz as being level-3 (since they may simply drop 
the driver back into control) there are some hazards, such as forward collisions, for which they 
are able to prompt the driver before the collision occurs giving them some transition time (as a 
level-4 vehicle would).  
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The autonomous system presented in our research didn’t ask the driver to pay continuous 
attention, but it did require them to retake control at short notice, and as such (though it is on the 
border between level-3 and level-4) will be referred to as a level-4 system throughout this thesis 
(Marinik et al., 2014; Trimble, Bishop, Morgan, & Blanco, 2014). In the next section issues 
associated with safe takeover from autonomous vehicles are discussed. 

1.2 Human Factors Issues in Autonomous Vehicles 
When an automated vehicle allows the driver to completely disengage from the moment-to-
moment control of the vehicle, the driver’s role in the vehicle fundamentally changes. This 
change is one from vehicle operator, to automation supervisor. No longer is the driver directly 
controlling steering, acceleration, braking, or lane-keeping operations, instead they are merely 
monitoring the autonomous system and ensuring it behaves appropriately. In this supervisory 
role, without direct control of the vehicle, they are no longer able to effectively integrate 
continuous feedback from the vehicle and environment (Kaber & Endsley, 1999). This decrease 
in information integration can lead to problems with safe vehicle operation due to a breakdown 
in automation-human communication. 

The ways in which the human drivers and autonomous systems interact have been 
classified into four categories (Parasuraman & Riley, 1997). These four categories are 
automation use, misuse, disuse, and abuse and have been widely applied to understanding the 
automation human interaction (Abbink, Mulder, & Boer, 2012; J. D. Lee, 2008; Parasuraman & 
Riley, 1997; Wickens, Clegg, Vieane, & Sebok, 2015). Automation use is when the vehicle was 
operated correctly, where the driver and autonomous vehicle were able to work together to 
ensure a safe journey. Automation misuse occurs when the driver does not understand the system 
and is unable to appropriately judge which situations are within the system’s capabilities and 
which are not. When misusing automation drivers may delegate to automation when 
inappropriate or ignore prompts to retake control. Automation disuse may occur when the system 
isn’t reliable, or users aren’t comfortable trusting it to perform the task for which it was designed 
(Lee et al. 2008, Mulder, Abbink, & Boer, 2012). Drivers may also disable (disuse) systems that 
generate many false alarms, considering them unreliable (Adell, Várhelyi, & Fontana, 2011). 
Abuse refers to systems that are designed and deployed without sufficient attention to how the 
system affects the human operator. This misunderstanding can lead to changes in the behaviour 
of the operator, as the quality of their control of the vehicle is diminished. When an autonomous 
system is poorly designed (abuse) the operator may have also to compensate for flaws in the 
automated system (Parasuraman, & Riley, 1997, Lee, 2008). This abuse can also lead to vicious 
cycles, where human error is thought to be solvable with automation but misunderstanding and 
poor design lead to further misuse/abuse which leads to further automation (Parasuraman, & 
Riley 1997, Lee, 2008).  

The result of misuse or abuse is a failure of the autonomous system and driver to work 
together effectively. Two such failures modes are responsibility diffusion and ineffective transfer 
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of control (Gibson et al., 2016). Responsibility diffusion occurs when a driver becomes too 
trusting of the autonomous system and becomes over-reliant on highly reliable automation 
(misusing it) and thus a failure may occur as drivers are unprepared to retake control when 
required. Responsibility diffusion was examined in this thesis by prompting drivers to retake 
control after they hadn’t been engaged in the driving task for a long period of time. If drivers 
failed to retake control when requested, if they assumed the autonomous system was capable of 
handling the situation, this would be an example of a responsibility diffusion failure through 
automation misuse. The second failure mode examined was ineffective transfer of control. This 
failure occurs when the driver is asked to retake control when distracted and thus unprepared to 
do so. This ineffective transfer of control may be brought about by automation abuse or misuse; 
abuse if it is an example of the developer of the automation failing to design the autonomous 
system to adequately compensate for changes in driver behaviour when the vehicle is automated, 
and misuse if the system has been designed to help the driver, but the driver is choosing to ignore 
instructions on proper use. Thus, when a driver misuses the autonomous system, they may 
experience a failure due to responsibility diffusion. Additionally, when the system is designed 
poorly (abuse), or if they use it inappropriately (misuse) they may experience a failure due to an 
ineffective transfer of control (Gibson et al., 2016; Parasuraman & Riley, 1997). When drivers 
disengage and experience this responsibility diffusion their perception and understanding of the 
driving situation drops as their ability to integrate information decreases.  

The process of perceiving of elements in the driving environment, understanding their 
importance, and predicting what they are going to do next, is known as situation awareness 
(Endsley, 1995). Thus, when drivers using a highly automated vehicle disengage from the 
driving task, they have reduced situation awareness. The reduced situation awareness leaves 
drivers in a precarious position as they are no longer keeping track of the state of the road around 
them (Merat, Jamson, Lai, Daly, & Carsten, 2014). The reduced vigilance and situation 
awareness mean that drivers are more likely to be distracted (Carsten, Lai, Barnard, Jamson, & 
Merat, 2012). When drivers are in this state, with poor situation awareness, reduced integration 
of road information, and are (potentially) distracted, their ability to retake control is impaired, 
and they are said to be out-of-the-loop (Wiener & Curry, 1980). When drivers are out-of-the-
loop their response times to hazards are delayed as they must spend time regaining situation 
awareness during the takeover process. This slowdown in the takeover process may increase the 
likelihood of a collision (Desmond & Matthews, 1997; Jamson, Merat, Carsten, & Lai, 2013; 
Young & Stanton, 2007). Since regaining situation awareness and getting back-in-the-loop is 
critical to safely taking over from an autonomous system, situation awareness is explored in 
more depth next. 

1.2.1 Situation Awareness in Autonomous Vehicles 
Attention and situation awareness are critical components of safe driving and regaining situation 
awareness is vital during takeover from an autonomous system. Situation awareness is a 
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continuous cognitive process involving the perception of elements in the environment, 
understanding the meaning of the elements, and projecting that understanding into the future to 
predict the future state of the environment (Endsley, 1995). A driver with good situation 
awareness has sufficient knowledge of the driving environment and the potential hazards 
contained within to ensure that they are able to safely control the vehicle, and also predict and 
respond to hazardous situations both before and as they develop.  

There have been many different theories of situation awareness, such as those developed 
by  Endsley (1995), Gibson, et. al. (2016), and Durso and Sethumadhavan (2008).  Endsley’s 
model is used in this thesis though it should be noted that an understanding of the other two 
models help better understand Endsley’s model. In both regaining and maintaining the situation 
awareness needed for safe driving there are multiple bottom-up and top-down cognitive 
processes involved. An example of a bottom-up process is change detection that happens below 
the level of conscious awareness. For example, driver attention is drawn towards a road region 
by a visually arresting stimulus or sound, and that attention percolates upward though the 
perceptual levels until it enters conscious awareness and can be acted upon. An example of a top-
down process is the driver knowingly directing attention towards a region in the environment 
they remember featuring something (perhaps an erratic driver) to watch out for in the past 
(Gugerty, 2011).  

The Endsley model of situation awareness used in the research presented includes three 
levels of situation awareness (Endsley, 1995a, 1995b, 1996). Level-1, perceptual, is the level of 
elements of the environment, such as where and what things are, e.g., a blue car to the left, a red 
semi to the right. Level-2 is comprehension, what things are doing, e.g., a green truck behind me 
is accelerating. Finally level-3, is projection, what is going to happen next, e.g., if I don’t change 
lanes that green truck is going to rear end me, (Endsley, 1995a, 1995b, 1996). These three levels 
are all important during the process of taking over from automation, as seen in Figure 1, where 
the driver works to figure out what is in the environment, what it is doing, and how it will affect 
the drivers vehicle. 

Level-1 is driven by bottom up processes but additional information can be better 
remembered by the driver as they use top down processes to focus their attention on particular 
regions. Level-2 situation awareness is the comprehension level, where drivers have understood 
what is happening; for example, that vehicle in front of me is not braking for the stoplight. 
Level-2 relies on higher level cognitive processes and driver experience to help better understand 
what is going on around them; this level is fed by level-1 situation awareness. Finally, level-3 is 
the projection into the future level in which drivers predict what will happen next and relies, 
almost exclusively, on higher-level processes as drivers pull from long term memory to predict 
the future based on their previous experience. This prediction is critical to safe driving as drivers 
use this knowledge to help make decisions about what to do next. Situation awareness is a 
continuous process of information feeding from level-1 to level-3 and level-3 predictions can 
help direct attention and thus influence level-1 perceptions. This entire process is critical to safe 
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driving. If a driver misses something at level-1 situation awareness they are unlikely to predict its 
motion at level-3 and may make poorer decisions about what to do next.  

 

 
Figure 1. Diagram of driver takeover process integrating the Endsley model of situation 
awareness; time moves from left to right.  

Situation awareness can be measured by objective measures such as the situation 
awareness global assessment technique (SAGAT), (Mica R Endsley, 2000). Previous research 
found that situation awareness scores from SAGAT can continue to increase up to 20 seconds 
after a takeover request is issued even though the driver may only need 7 seconds for safe 
takeover (Lu, Coster, & de Winter, 2017).  While we could provide drivers infinite time and get 
very accurate measures of their understanding and knowledge of the situation not all of the 
information will be relevant (i.e. colour is less important than position and velocity). Thus, while 
Endsley’s three levels provide a useful tool for understanding situation awareness they must be 
used with care. It is therefore important to understand how a driver is behaving when out-of-the-
loop to best understand how their situation awareness, and thus takeover time and safety, will be 
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affected. When a driver is out-of-the-loop (as a result of reduced situation awareness) they may 
become complacent, starting to daydream or distract themselves with secondary tasks they feel 
are more interesting than their job of supervising the autonomous system (Carsten et al., 2012). 
When distracted or daydreaming drivers may spend less time with their eyes on the road and end 
up with poorer situation awareness, leaving them unprepared to retake control (De Winter, 
Happee, Martens, & Stanton, 2014).  

Further, distracted, daydreaming or otherwise inattentive drivers have slower response 
times when asked to retake control (Merat & Jamson, 2008; Merat, Jamson, Lai, Daly, et al., 
2014; Strand, Nilsson, Karlsson, & Nilsson, 2014). The more highly automated and boring to 
drive a vehicle the more likely a driver is to engage in a secondary distracting tasks (Carsten et 
al., 2012). In addition, drivers who use a vehicle with lateral (lane-keeping) automation feel more 
comfortable engaging in secondary tasks than those using longitudinal (adaptive-cruise-control) 
automation (Lee, Joo, & Nass, 2014). This is a reflection of drivers’ perception of safety and 
difficulty in engaging in a secondary task. Since automating longitudinal control with adaptive 
cruise control still keeps the driver’s hands on the wheel, while lateral control allows the driver 
to take their hands off the wheel, drivers find it easier to engage with an interesting secondary 
task when lateral control is automated. 

Distraction can be broken down into three categories, perceptual, physical, and cognitive 
which reflect the differing demands that the distracting secondary task can place on the driver 
(Regan, Young, & Lee, 2008). A secondary task, for example Sudoku (Puzzles.ca, 2017), may 
place demands on all of these resources, requiring drivers to read the puzzle (perceptual), use 
their hands to fill out answers (physical), and engage in problem solving (cognitive). By placing 
demands on all three systems drivers are kept completely out-of-the-loop and will have to forego 
the task of supervising the automation. While drivers may be distracted or daydreaming when 
out-of-the-loop, there is also the possibility that they become drowsy or fatigued when using an 
autonomous system. Since this is another factor that can reduce a driver’s readiness to retake 
control in a timely manner and is discussed briefly next. 

Drivers experiencing a situation in which they have too little mental stimulation (such as 
when supervising an autonomous system) are in a state known as cognitive underload. When 
drivers are underloaded they may disengage from the supervisory task which can negatively 
impact their ability to takeover in a timely fashion (Hancock et al., 2013; P. A. Hancock & 
Parasuraman, 1992). Additionally, when drivers disengage and experience the underload 
associated with supervision of a well behaved autonomous system they may then become 
fatigued or drowsy, further reducing their readiness to retake control if necessary (Jamson et al., 
2013; C Neubauer, Matthews, Langheim, & Saxby, 2012). This is the irony of automation, if it 
misused it leads to the very thing it was designed to get us away from, an increase in workload, 
fatigue, and stress (Parasuraman & Riley, 1997).  

When taking over from autonomous systems drivers need to regain manual control as 
quickly as possible. Drivers may have difficulty taking control when they were out-of-the-loop, 
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(whether they are distracted, fatigue, or merely daydreaming) and they may take longer to take-
over than if they had been driving manually (Merat, Jamson, Lai, & Carsten, 2014). Since 
takeover requires the driver have a good understanding of the situation to do so safely, the 
reduced or absent situation awareness when drivers are out-of-the-loop may result in an 
ineffective transfer of control. This is especially true if the autonomous system does not give the 
driver enough time to retake control safely. Previous research investigating how much time 
drivers need to takeover safely from autonomous systems when out-of-the-loop is discussed 
next. 

1.2.2 Retaking Control in Autonomous Vehicles 
Takeover time cannot be solely captured by how long it takes a driver to place their hands on the 
wheel or the foot on the gas or brake. A driver may do these things but still be unprepared to 
respond safely to the hazard requiring their input. As such, takeover safety must encompass not 
only takeover response time but also situation awareness and hazard evasion time. Research to 
determine the amount of time required for takeover have come up with estimates from 1-5 
seconds, to as much as 40 seconds before lane-keeping and velocity control are back up to 
reference manual levels (Gold, Damböck, Lorenz, & Bengler, 2013; Merat, Jamson, Lai, Daly, et 
al., 2014; Mok et al., 2015).  

Driver takeover safety and decision making ability both increases the more time they 
have available (Gold et al., 2013). Unfortunately, the amount of time can vary, and distracted 
drivers require more time to achieve the same level of takeover safety as attentive drivers. 
Further, the more quickly a driver is forced to retake control, the worse their decision making 
will be (Gold et al., 2013). Takeover time is critical to takeover safety and it is difficult for 
drivers to do so quickly when they lack situation awareness and are out-of-the-loop. To help 
prompt drivers to get back-in-the-loop during takeover autonomous systems present them with 
an alert to get their attention. Research into the design of these alerts and their importance to 
autonomous vehicle safety are now discussed.  

All hazard alert design choices have tradeoffs. Some designs may be intrusive and drivers 
may choose to change their behaviour while using the system to avoid hearing the alert (Adell et 
al., 2011). Other alerts may not be salient enough when a drive is distracted and drivers may thus 
miss them entirely (Naujoks, Mai, & Neukum, 2014). If drivers dislike the system, or feel it 
works counter to their expectations, they may be disinclined to use the system (automation 
disuse). Alternatively, if drivers fail to understand autonomous driving systems and their 
limitations and features, they may use it improperly (misuse). Therefore, alerts should provide an 
appropriate amount of relevant information to help the driver get back-in-the-loop and regain 
sufficient situation awareness to takeover as safely as possible.  

Driver support systems for autonomous vehicles convey a variety of information to the 
driver, e.g., whether the state of the autonomous system is active or not, and is usually conveyed 
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for both longitudinal and lateral control with two separate icons or indicators. These are usually 
visually presented somewhere in the dashboard, see Figure 2 for an example of the Tesla alert, 
(Honda of Canada Mfg., 2018; Tesla, 2018). In addition to the current state of the automation 
being provided, unexpected or important events, such as lane departure or braking vehicles 
ahead, are brought to the driver’s attention by a chime and visual display.  

 
Figure 2. Alert requesting the driver retake steering control in a Tesla Model S. 

While these alerts are typically modal, appearing only when necessary and disappearing 
thereafter, it is possible that they may offer continuous visual feedback. There is however some 
concern that continuous information flow may contain too much irrelevant information and itself 
become a driver distraction (Morris, Reed, Welsh, Brown, & Birrell, 2015). Drivers must 
continuously monitor a system operating normally and parse out and ignore all of the continuous 
irrelevant information and may become complacent or distracted (Biondi, Strayer, Rossi, 
Gastaldi, & Mulatti, 2017). For this reason, in our research, alerts are modal appearing only 
when they provide salient information about a change in the environment to the driver. 

Another important aspect of alert design is perceptual channel modality. Alerts may 
provide information to the driver via one or more perceptual channels: audio, visual, or 
vibrotactile (perception of vibrations through touch). Previous research has shown that alerts 
which combine perceptual channels (multimodal), for example audio-vibrotactile, may offer 
superior performance than unimodal audio-only or vibrotactile-only alerts in both warning (Ho, 
Reed, & Spence, 2007; Spence & Ho, 2008), and takeover contexts (Biondi et al., 2017). This is 
not to suggest that ensuring alerts are multimodal is sufficient to ensure that driver response 
times will improve. The choice of modality to present to the driver matters quite a lot. Previous 
research considering a unimodal visual-only alert and a multimodal audio-visual alert found that 
multimodal audio-visual alerts offered significantly faster hands-on steering wheel time (Naujoks 
et al., 2014).  
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It is also important to ensure that when evaluating different alert modalities that the extra 
information they provide is easily processed by the driver and provides them with information 
more quickly than simply looking up would provide. Indeed, some previous research found that 
providing extra visual information offered limited improvements in safety when hazards were 
presented primarily in the front visual field of the driver (van den Beukel, 2016).  

When a driver is completely out-of-the-loop, e.g., when engaged in a distracting 
secondary task, and the autonomous system requests their attention, they are unlikely to know 
where to look first. The notion that directing the driver’s attention towards a hazard may improve 
takeover performance is indicated by previous work (Louw, Madigan, Carsten, & Merat, 2017). 
Unfortunately, their research was limited to front hazards and they did not include directional 
information in the takeover request. Nevertheless, they did find that drivers who look at a hazard 
during a takeover request are more likely to respond quickly and safely. This lent support to the 
notion that raising situation awareness and identifying the hazard is key to safe takeover. Our 
own research hopes to draw on the benefits of both alert modality and direction to improve driver 
safety during the takeover process.  

In summary, human factors are vital to understanding the safety of new autonomous 
vehicle designs. When in an autonomous vehicle, a driver’s role changes from operator to 
supervisor, and this changed role takes them out-of-the-loop and reduces their situation 
awareness. Situation awareness can be modelled as a three-level continuous process in which 
raw perceptual information from the driving environment is continuously integrated, understood, 
and projected into the future to help drivers make decisions and respond to hazards. When 
drivers are out-of-the-loop the are more likely to become distracted, and thus when it comes time 
to retake control from the autonomous vehicle their performance and safety may be 
compromised. Alerts can help drivers get back-in-the-loop and raise their situation awareness 
and the design of these alerts impacts how well they are able to do so.  

1.3 The van den Beukel Benchmark 
These human factors issues lead one researcher, (van den Beukel, 2016), to develop and test a 
series of different hazard alert designs in different modalities: audio-only, audio-visual (text), 
audio-visual (icon), and audio-visual (edge illumination). His research examined the impact 
these alert designs had on collision avoidance, situation awareness, and driver mental workload 
in a variety of different driving situations in a driving simulator with a 180º viewing angle. While 
he found improved situation awareness favouring audio-visual systems in some driving 
scenarios, the effect was limited when drivers needed to retake control from an autonomous 
system. The research presented in this thesis was inspired by and the design heavily influenced 
by the Ph.D. research of van den Beukel (2016). As such his research exploring human factors 
issues in autonomous vehicles is presented in more depth in this section. The following describes 
his alerts, scenarios used for testing, measures used to evaluate the effectiveness of the alerts, and 
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finally his results. After presenting the van den Buekel (2016) results our research is presented, 
highlighting limitations in his work and the ways our design addresses these limitations.  

1.3.1 Alert designs of van den Beukel 
To improve driver takeover and monitoring safety van den Beukel designed and tested five 
different alert designs, which he labeled Concept A-E. The first audio-only (Concept A) design 
simply prompted drivers to retake control or monitor their surroundings with an audio tone. The 
second combined the audio tone with a visual text display (Concept B) in the gauge cluster 
explaining why they need to retake control. The third was also audio-visual but added images 
representing the location of the danger to the textual display (Concept C), and the fourth 
(Concept D) was similar to the third but used only the images (without the text). The final alert 
illuminated the edges of the windshield (Concept E) to indicate the position of a hazard. The 
latter three alert designs, using imagery and edge illumination were designed to provide 
additional directional information to the driver about the location of the hazard requiring them to 
takeover or monitor the situation. Three of these designs, audio-visual with icons and text 
(Concept C), audio-visual with icons (Concept D), as well as the audio-visual using edge 
illumination (Concept E) are presented in Figure 3 below. The audio-visual concept not shown 
in the figure, the audio-visual with only text (Concept B) would be identical to the left image 
(Concept C) but showing only the text at the bottom. He hypothesized that the edge illumination 
concept would offer the best support for takeover and monitoring as it provides strong directional 
cues while requiring minimal interpretation (no reading of text). 

 
Figure 3. Audio-visual alert with icons and text (Concept C, at left), audio-visual with icons 
only, (Concept D, middle), and audio-visual using edge illumination (Concept E, at right), from 
van den Beukel (2016). 
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1.3.2 Scenarios developed by van den Beukel 
Six scenarios were developed, three which exceeded the capabilities of the autonomous system 
requiring driver intervention, scenarios of this type are hereafter referred to as takeover 
scenarios. An additional three scenarios were developed which approached but did not exceed 
the boundaries of the autonomous system and the driver was asked to monitor their surroundings; 
these scenarios are hereafter referred to as warning scenarios. The first takeover scenarios 
included emergency braking in which a vehicle leading the autonomous vehicle (a lead vehicle) 
braked hard, thus decelerating too quickly for the autonomous system designed by van den 
Beukel. The second was merge out, in which a lead vehicle which was being tracked by the 
autonomous vehicle’s adaptive cruise control merges out of the lane requiring the driver to retake 
velocity control. The third and final takeover scenario was close-cut-in, in which a hazard 
vehicle cuts in between the lead vehicle and the autonomous vehicle and the driver needs to take 
control to brake to increase the gap to the new lead vehicle. The time between when the hazard 
began and when a collision would occur without driver intervention in takeover scenarios was 
not reported by van den Beukel. The first of the three warning scenarios included a complex road 
in which the autonomous vehicle approached a combined on-off ramp. The second warning 
scenario involved a vehicle passing the autonomous vehicle on the right (when the passing lane 
is more appropriately the left lane). The final warning scenario involved speed oscillation in 
which the lead vehicle did not maintain a consistent speed and accelerated to a speed beyond that 
supported by the autonomous system. While his warning scenarios did not have a takeover 
component there is still reason to examine driver behaviour when monitoring their surroundings. 
If driver situation awareness was improved in warning scenarios, then, if those scenarios were to 
develop into takeover scenarios, the drivers would be better prepared to retake control. 

1.3.3 Measures used by van den Beukel 
In order to measure the effect of the different alert designs in these scenarios van den Beukel 
used several objective driver behaviour measures in takeover scenarios, as well as several 
questionnaire-based measures for situation awareness and workload, which were used in all 
scenarios (both takeover and warning).  

Driving Behaviour Measures in van den Beukel 

To measure takeover safety in takeover scenarios van den Beukel used three different driver 
behaviour measures; first, collision avoidance/occurrence to determine whether or not the driver 
responded in time and was able to avoid a collision; second, response time, was used to measure 
how long it took drivers to retake control after being prompted to do so by the alert; third, time-
to-collision, which measured the gap between the driver vehicle and the lead vehicle (smaller 
time-to-collision values indicated that the two vehicles were closer together). 
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Situation Awareness and Workload Measures in van den Beukel 

Safe takeover is influenced by whether or not drivers know where to look and understand why 
they are being asked to retake control. If drivers direct their attention correctly, they are likely to 
be more successful in takeover. Two measures of situation awareness were used by van den 
Buekel; one measured participant knowledge directly by asking factual questions about the 
environment, the situation awareness global assessment technique (SAGAT); and the other 
measured subjective evaluations of driver awareness, the situation awareness rating technique 
(SART), (Endsley, Selcon, Hardiman, & Croft, 1998; Endsley, 2000). To measure workload 
after taking control or monitoring an autonomous system van den Beukel collected drivers 
subjective evaluations using the Rating Scale of Mental Effort (RSME), (Zijlstra, 1993).  

1.3.4 Results of van den Beukel 

Results in takeover scenarios in van den Beukel (2016) 

Of the three takeover scenarios only two resulted in a collision without driver intervention: 
emergency brake, and close-cut-in. In the other, merge out, the loss of the lead vehicle required 
the driver to retake control but there was no threat of immediate collision. In two of the scenarios 
where a collision was possible van den Buekel found no significant effects of alert design on 
driver behaviour. Time-to-collision, accident avoidance, and whether or not participants took 
control of the vehicle were not significantly affected by alert design. Likewise, the scenario itself 
had no effect on driver behaviour. There were more collisions in the emergency brake scenario 
than the close-cut-in scenario, but these differences were not significant. The time-to-collision 
was also not significantly different but, again, emergency braking had a longer time-to-collision 
and van den Beukel hypothesized that this was a result of the greater perceived urgency of the 
situation. Drivers swerved out to avoid collisions in both these scenarios with no significant 
differences between alert designs on participants swerving out to avoid collisions. In terms of 
situation awareness measures, there were no effects of alert design in emergency brake scenarios 
but in close-cut-in scenarios audio-only alerts (Concept A) offered the highest scores. When 
examining situation awareness in all scenarios together the audio-only (Concept A) and audio-
visual with icons only (Concept D) offered the highest scores. These results surprised van den 
Beukel as the audio-visual (icon and text, and edge illumination) were expected to offer the best 
support for driver takeover and yet there were cases in which audio-only alerts offered the same 
or better performance.  

Results in warning scenarios in van den Beukel (2016) 

When examining the effect of alert design on driver’s ability to successfully monitor in warning 
scenario van den Beukel found no significant effects on either direct or indirect measures of 
situation awareness. Comparisons between each alert design individually suggested better 
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support for monitoring when using an audio-visual alert than an audio-only alert but this effect 
was only significant in the scenario where vehicles were approaching a complex on-off ramp.  

1.3.5 Summary  
While the work of van den Beukel laid important foundations for future research it was 
surprising, based on previous research by Biondi et. al. (2017),  that the multimodal audio-visual 
warnings did not offer more improvements in driver behaviour measures in takeover scenarios. 
We suspected that some aspects of the design of the experiment contributed to the limited effects 
of alert design and that by using different scenarios and slightly changing the driver state during 
takeover we would find the expected effect of alert design. Our experimental outline is discussed 
in more detail in the next section with an emphasis on the changes we made.  

1.4 Experiment Outline  
Our research draws from the experimental design of van den Beukel but also made important 
changes and improvements addressing some of the limitations of his design. Our work slightly 
modified the alerts, replaced the hazard scenarios, and added new measures of takeover and 
response times, and new measures of driver workload. In this section we discuss the changes we 
made. A summary comparison of our work and van den Beukel’s can be found in Table 1. First 
our alerts are discussed briefly, as they are quite similar to van den Beukel’s. Then, as we have 
not reused van den Beukel’s scenarios, we discuss the limitations of his scenarios, and introduce 
our own. Then we cover some limitations of his measures of driving behaviour and workload and 
our solutions to said limitations. Finally, we summarize our experiment and highlight our key 
innovations.  

1.4.1 Updated Alerts for Driver Takeover and Monitoring 
We evaluated the effect of two different kinds of alerts, audio-only and audio-visual. Our audio-
only scenarios improved on van den Buekel by adding directionality to the alerts to make the 
comparison between audio-only and audio-visual more direct with fewer differences between the 
two modalities. The audio-visual alert resembled van den Beukel’s Concept D alert design but 
was changed by presenting the visual component of this alert on a heads-up display (HUD) 
rather than in the gauge cluster (see Figure 5 in the Methodology). This was done with the aim 
of helping the driver direct their attention towards the hazard more quickly by placing it in a 
heads-up-display closer to the driver’s gaze direction when they look up and forward at the 
driving environment. 
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Table 1. Comparison of the research presented in this thesis and the Ph.D. research of van den 
Beukel (2016). 

 Cortens van den Beukel 
Alert Designs  Audio 

Audio-visual 
Audio 

Audio-visual (Text) 
Audio-visual (Icon complex) 

Audio-visual (Icon minimalist) 
Audio-visual (Edge illumination) 

Scenarios Warning 
Takeover 

Warning 
Takeover 

Takeover Hazard 
Directions 

Left 
Front 
Right 

Front 
Front-Right 

Warning Hazard 
Directions 

Left 
Front 
Right 

Left 
Front-Left 

Front  
Front-Right 

Right 
Takeover Safety 

Measures 
Steering wheel grip time 

Lane change time 
Break press time 

Evasive action (yes/no) 
Collisions (yes/no) 

Time-to-collision 
Brake press time (1 scenario only) 

Collisions (yes/no) 

Situation 
Awareness 

SAGAT 
SART 

SAGAT 
SART 

Workload 
Measures 

NASA-TLX RSME 

 

1.4.2 Improvements to Takeover and Warning Hazard Scenarios 
We used the same two levels of hazard scenario (takeover and warning) by van den Buekel but 
did not use any scenarios mimicking his designs. Our research aimed to improve the design of 
the hazards by placing focus on the direction of the hazard. While van den Beukel’s research 
included additional directional information with the alerts to make them more effective, there 
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were no takeover hazards appearing immediately to the left or right of the vehicle (though there 
was a single warning hazard scenario that appeared to the right). Instead most takeover hazard 
scenarios were hazards from the front-left, front and front-right. When drivers are distracted, an 
alert is likely to cause them to look up and towards the front first; having only front hazards 
means it is likely that benefits of the support systems abilities to direct attention are going to be 
minimal. Indeed, van den Beukel found no significant differences in takeover safety between his 
different hazard alert designs. It is our belief that one reason he found these results was due to a 
lack of directional variety in scenarios. Our research goal was to rectify this limitation by 
including hazard scenarios for both the warning and takeover conditions in three directions. To 
this end, hazards approached the driver vehicle from immediately to the left and right as well as 
the front. These left and right hazards required head movement to visually focus on the hazard. 

1.4.3 Improvements to method and measures 
We made several important methodological improvements on the earlier van den Beukel study. 
Of primary importance, we added an explicit distraction task. Full level-4 autonomous vehicles 
will allow the driver to disengage fully and therefore it is important to test the effectiveness of 
different alerts when drivers are out-of-the-loop, thus a demanding secondary task such as 
Sudoku was added in our experiment. This is a critical addition for two reasons. First, previous 
research on automation suggests that when in a level-4, most drivers will engage in some sort of 
overt secondary task (Merat, Jamson, Lai, Daly, et al., 2014). Second, this change provides a 
stronger challenge to the alerting system. It is possible that differences between the two types of 
alerting system did not emerge in van den Buekel because the drivers were not sufficiently 
challenged (they were all fairly alert). The research by van den Beukel expected that drivers 
would distract themselves, but they were not given an explicitly distracting secondary task. 
Using Sudoku placed heavy demands on driver cognitive resources, distracting them not only 
mentally, but also physically and visually (as they looked at the puzzle instead of the road). This 
distraction ensured our drivers were thoroughly out-of-the-loop when it came time for them to 
retake control or monitor the driving environment.  

We also added additional measures. To gather an understanding of driver workload van 
den Beukel used the RSME, (Zijlstra, 1993). While this measure has been used in other research 
it is not the most commonly used measure in the driving research literature. Consequently we 
chose to use the NASA-Task Load Index (NASA-TLX) which is widely adopted in the driving 
research literature and captures more workload information than the RSME (Biondi et al., 2017; 
De Winter et al., 2014; Matthews & Desmond, 2007; Catherine Neubauer, Matthews, & Saxby, 
2014; Wickens et al., 2015). The NASA-TLX measures not just mental workload, but also time 
and physical demands, frustration, effort, and task success as perceived by drivers. As such our 
work used the NASA-TLX to capture driver perception of their experience. 
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1.4.4 A note on driver behaviour measures 
Some tools used to evaluate driver safety and performance in conventional driving research, such 
lane-keeping capabilities and speed control, are no longer as relevant when evaluating takeover 
from autonomous systems. An autonomous system is capable of near perfect control of speed 
and lane position up until the moment that takeover occurs, and it can take up to 40 seconds for 
drivers driving performance to return to normal after takeover (Merat, Jamson, Lai, Daly, et al., 
2014). Another reason to avoid measuring lane-keeping and speed control during driver takeover 
from automation is that drivers often have to change speed or lane position in order to respond 
safely to the hazard. Instead it is more important when evaluating the safety of an active 
autonomous system to investigate the readiness of a driver to take control (situation awareness), 
the speed at which they take control (response time), and their safety in doing so (collision 
avoidance and evasive action). As such these measures of driver readiness and behaviour are 
those we included in our experiment leaving out lane-keeping and speed control measures.  

1.4.5 Summary of our experiment 
In our research we tested two different alert modalities, audio-only and audio-visual, and our 
alert designs were similar to van den Beukel, but we have made minor changes (directional audio 
and a heads-up-display (HUD). We tested these alerts in the same two levels of scenario, 
takeover and warning as van den Beukel but used different scenarios, 3 takeover, and 3 warning 
with one in scenario of each level in the left, front, and right directions. Importantly, whereas van 
den Beukel relied upon voluntary distraction, we added an explicit (Sudoku) distraction task to 
helped us better direct driver attention while the autonomous system was in control of the 
vehicle. We added new driving behaviour measures in takeover scenarios including steering 
wheel grip time, lane change time, and brake press time, a measure for evasive action taken in 
addition to collision avoidance/occurrence. We used the same measures for situation awareness, 
the SAGAT and SART but used the NASA-Task Load Index (NASA-TLX) to capture not only 
mental workload but also physical workload, temporal workload, performance, effort, and 
frustration.  

1.5 Summary  
Reliable and accurate communication of the state autonomous system at the moment driver 
attention is requested may help improve takeover performance by giving the driver a greater 
understanding of why they are being asked to takeover (Seppelt & Lee, 2007). This improved 
understanding may reduce takeover times in adaptive cruise control systems and our proposal is 
that this also applies to fully autonomous vehicles. It thus falls to researchers and industry to 
determine the optimal hazard alert design for conveying this information to the driver. Our 
research aimed to determine if directional information in audio and audio-visual warnings can be 
used to provide useful directional information to the driver. By giving the driver a direction in 
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which to pay attention we aimed to improve their ability to get back-in-the-loop quickly. By 
improving their situation awareness, they would better understand the reason they were being 
asked to takeover, reducing the time required to do so, thereby leading to improved safety. 

1.6 Predictions 
We made the following predictions for our research: 

1. Based on previous research by Biondi et al. (2017) finding improved performance when 
using a multimodal audio-vibrotactile alert, we predicted that our audio-visual alert would 
offer superior participant response times for steering, lane change, and braking than an 
audio-only alert in takeover scenarios and that this effect would be more pronounced 
(interaction effect) for side hazards than for front hazards. 

2. Based on this research we also predicted that fewer collisions would occur when participants 
were presented with audio-visual alerts than when presented with audio-only alerts in 
takeover scenarios, and again, that this effect would be larger for side hazards than for front 
hazards. 

3. We predicted that an audio-visual alert would improve the situation awareness scores 
(measured using SAGAT and SART) relative to an audio-only alert in both takeover and 
warning hazard scenarios and that this effect would be more pronounced (an interaction 
effect) for side hazards than for front hazards. This is based on research showing that if 
drivers looked at the hazard they were able to takeover more safely, likely due to improved 
situation awareness (Louw, Madigan, Carsten, & Merat, 2017). 

4. Finally, based on previous research showing reduced workload in adaptive cruise control, 
(De Winter et al., 2014), we predicted that participants would experience reduced mental, 
and physical workload, effort, and frustration, in both warning and takeover scenarios 
(measured using NASA-TLX) when they experienced audio-visual alerts (rather than audio-
only alerts) and that this effect would be more pronounced (an interaction effect) for side 
hazards than for front hazards. 
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2 Methodology 

2.1 Design 
There were two types of alerts which prompted drivers: alerts that prompted immediate driver 
takeover to avoid collision (takeover alerts) and those that directed drivers to attend to elements 
on the road that had the potential to develop into hazards (warning alerts). Takeover alerts were 
presented to participants in takeover scenarios, and warning alerts were presented only in 
warning scenarios. For each alert/scenario type we used a mixed (between-within) 2x3 design. 
The driver alert modality was the between subject variable and had two levels, audio-only and 
audio-visual. Hazard direction was the within subject variable and had three levels, left, front, 
and right. Given the two types of hazard scenario (takeover and warning) and the three levels of 
hazard direction, this produced 2x3 = 6 different conditions for which six unique scenarios were 
developed (which will be described in subsection 0, Simulations and Hazard Scenarios, later in 
this chapter). Each participant was tested on all six scenarios. The order of the six scenarios was 
counter balanced and alternating assignment was used to assign participants to each of the two 
hazard level groups (takeover and warning). 

Some dependent measures are shared between both takeover and warning scenarios and 
some are only used in takeover scenarios. For takeover scenarios we have three hazard response 
time measures, an evasive action measure, and a measure of collision avoidance/ occurrence. The 
three response time measures consisted of steering wheel grip time, lane change time, and 
braking response time. Evasive action was measured by examining whether or not a participant 
took action to avoid the hazard. Collision avoidance/occurrence was measured based on whether 
or not the participant responded to the hazard in time to avoid a collision. These measures were 
not used in warning scenarios as drivers did not need to take-over and there were no collisions to 
avoid or evasive actions to take. Additionally, there were three measures which were collected in 
both takeover and warning scenarios. These shared dependent measures included the Situation 
Awareness Global Assessment Technique (SAGAT), the Situation Awareness Rating Technique 
(SART), and the National Aeronautics and Space Administration-Task Load Index (NASA-
TLX).  

2.2 Participants 
A total of 93 participants were recruited from the University of Guelph Psychology Participant 
Pool. Participants had normal or corrected to normal vision, no hearing problems, at least a G2 
Ontario or equivalent driver’s license, and were at low risk for simulator adaptation syndrome 
(SAS). Ontario has a graduated licensing program in which drivers must first pass a written test 
to obtain a G1 level license, which comes with a variety of restrictions, including among them 
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the requirement to be accompanied by a fully qualified driver in the front passenger seat. An 
Ontario G2 license allows the new driver to drive alone and to drive on multiple-lane divided 
highways and is obtained after passing a road test. After possessing a G2 license for a minimum 
of 1 year drivers are be eligible to take the road test to obtain the standard G license which is the 
level typically held by adults in Ontario and the level after which a road test is not typically 
required for renewal. There were 61 participants with a G2 or equivalent license, and 28 with a G 
or equivalent license. Participants were pre-screened for simulation adaptation syndrome (SAS) 
and only took part if they were at low risk. Pre-screening took place prior to the electronic signup 
process and participants were screened again upon arrival in the laboratory (Appendix E.I – SAS 
Lab Procedure). 

Participants were screened by age to ensure that only novice drivers were included in the 
sample as younger or novice drivers are likely to underestimate the risks of different situations 
and are more likely to engage in driving behaviours that put them at risk (Deery, 1999a). After 
age screening there were 89 participants including 19 males and 70 females alternatingly 
assigned to either the audio-only or the audio-visual alert modality conditions. Participants 
ranged in age from 17 to 27 with a mean age of 18.933 years (SD = 1.592 years) and had been 
driving for a minimum of 0.5 years, a maximum of 10 years, and an average of 2.820 years (SD 
= 1.560). Participants were compensated with course credit for their participation in the study. 
The data for the first two participants was lost due to a programming problem leaving a sample 
size of 87.  

Driving history information was gathered and can be found in Table 2. This information 
revealed that 10 had been in at least one accident as the driver, 29 had been in at least one 
accident as a passenger, and 17 had been charged with at least one driving infraction (either a 
speeding ticket or reckless driving). Participant history with driver assistance systems is 
summarized in Table 3 below. Participants experience with longitudinal automation 
(acceleration braking) included 9 who had previously encountered adaptive cruise control (which 
maintains a set distance to the vehicle ahead as well as helps maintain a set speed) and 6 who had 
any experience with collision mitigating braking systems. For lateral (steering and lane-keeping) 
automation, 13 had experienced lane departure warning systems and 6 had experience with lane 
keeping assistance systems. When considering level-2 autonomous driving systems such as 
Tesla’s autopilot or Mercedes DRIVE PILOT only 2 participants cited any previous experience. 
This information suggests that while autonomous and driver assistance systems are beginning to 
be deployed more widely, they are not yet common enough to believe that the majority of people 
in Canadian society will have encountered them.  

Table 2. Driving history and accident information of participants. 

Percent of 
participant who 

own vehicle 

Weekly average 
hours driven 

Percent involved 
in accidents as 

driver 

Percent involved 
in accident as 

passenger 

Percent 
charged with 
infractions 

41.0% 1.19 9.7% 28.0% 15.1% 
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Table 3. Percentage of participants with experience with advanced driver assistance systems. 

Cruise 
control 

Adaptive 
cruise 
control 

Collision 
mitigating 
braking 

Lane 
departure 
warning 

Lane 
keeping 

assistance 

Blind spot 
monitoring 

Full 
self-

driving 
53.7% 9.7% 5.4% 14.0% 6.5% 28% 2.2% 

 

2.3 Apparatus and Materials 

2.3.1 Driving Simulator.  
The University of Guelph Driving Research in Virtual Environments (DRiVE) lab features a 
fixed base 300º surround driving simulator (Figure 4). The simulator consists of a convertible 
(Cabriolet) Pontiac G6 sedan with the engine removed and replaced with instrumentation, 6 
projector screens and the Oktal SCANeR simulation software. Controls such as steering, braking, 
and gas pedal are operated as in a real vehicle. The vehicle uses a surround sound system to 
simulate road, wind, and engine noise, vibration transducers to simulate bumps and acceleration. 
The electronically assisted power steering and spring resistance brake pedal provide force 
feedback similar to that experienced in a real vehicle.  

A toggle button on the centre console above the central air vents was used to toggle the 
autonomous driving system on and off. Participants could also disengage the autonomous system 
by overriding the steering with manual input, accelerating beyond the speed set by the 
autonomous system, or braking. Once the autonomous system had been disabled by steering, 
accelerating, or braking, it needed to be reengaged manually using the toggle switch on the 
centre console. The autonomous system indicated that it was on using a blue steering wheel and 
cruise control indicator light (Figure 5) that appeared on the heads up display in the audio-visual 
alert condition and in the instrument cluster in both audio and audio-visual alert conditions. The 
blue steering wheel and cruise control indicator lights were turned off when the autonomous 
system was disabled (using the previously described methods).  
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Figure 4. The University of Guelph driving simulator with the convertible top down. 

The simulated autonomous driving system was provided by the Oktal SCANeR driving 
simulator software system (Oktal Sydac, 2019). Participants switched the vehicle into 
autonomous mode at the beginning of each scenario at which point it would perform as a level-4 
autonomous vehicle, maintaining its position in the centre of the lane and controlling 
acceleration and braking to ensure a safe gap between itself and the vehicle ahead and behind. 
The autonomous vehicle accelerated to 80km/h and drove in the lane in which it started for the 
duration of the simulation. The autonomous vehicle would increase or decrease vehicle velocity 
in order to maintain a 2 second safety time to the lead vehicle, present in all scenarios. The 
vehicles following the participant’s vehicle also maintained a 2 second gap to the participant 
vehicle and would accelerate or decelerate to ensure the maintenance of this gap. The 
autonomous vehicle was not responsible for changing lanes or emergency braking in response to 
any hazards present in the driving scenarios. When an emergency maneuver was required 
participants were notified by an alert, presented either as an audio-only alert or an audio-visual 
alert.  

2.3.2 Alert Modalities for Takeover and Warning 
In our autonomous system we tested out two different types of alert: immediate takeover alerts, 
which told the driver that they had to resume control of the vehicle immediately to avoid 
collision, and warning alerts, which told the driver to pay attention to their surroundings because 
they were in a hazardous situation where they might have to take over control in the future.  
Furthermore, we presented these alerts in two different ways (modalities), audio-only alerts, and 
audio-visual alerts.  
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Audio-only alerts present warning and takeover sounds to the participant in either the left, 
the front, or the right direction. Providing an alert with directional information provides a 
directional cue which is designed to better direct participant attention to the hazard. These audio 
alerts were presented in 3D space using the DRiVE Lab driving simulator surround sound system 
to play sounds directly to the left of the driver seat, directly in front of the driver seat, or directly 
to the right of the passenger seat, depending on where the hazard was located. The audio sound 
for warning was a 2500 Hz high clear sine wave tone presented in the appropriate audio channel 
(Gold, Körber, Hohenberger, Lechner, & Bengler, 2015) . The audio sound for takeover requests 
was a 100 Hz buzzing sawtooth wave (van den Beukel, 2016). The audio-visual alert system 
used the same audio alerts presented in the same channels as the audio-only system but added a 
heads-up display (HUD) with an image of the vehicle and icons to indicate the presence of a 
hazard to one of the sides of the vehicle (Figure 5). Warning hazards were indicated on the HUD 
by yellow indicators and takeover hazards were indicated on the HUD by red indicators. In 
Figure 5 all 3 of the red takeover indicators are present to demonstrate the location of 
presentation, during the experiment they were only presented one at a time indicating the 
direction of the hazard relative to the vehicle. The yellow warning hazard directional indicators 
were positioned in exactly the same place as the red indicators in Figure 5. 

 
Figure 5. The HUD with all 3 of the red takeover indicators visible around the car as well as the 
2 blue cruise control and steering icons indicating the autonomous system is active. 
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2.3.3 Simulations and Hazard Scenarios 
A total of 6 scenarios were tested: 3 warning scenarios, one for each hazard direction of left, 
front and right, and 3 takeover scenarios, again one for each left, front, and right directions. The 
scenarios all have some design features in common. All scenarios feature between 4 and 6 km  
(Figure 6) of gently curving road (with a 600m curve radius) which curves back and forth prior 
to the warning or takeover event, all take place on a 6-lane divided highway and all have 
moderate traffic surrounding the participant vehicle and light traffic in the oncoming lanes. The 
simulation is of a 6-lane divided highway with a grass median, this roadway design is similar to 
many of the 400-series highways in Southern Ontario. When the participant vehicle is driving it 
always has vehicles in front and behind it during the simulation, these vehicles drive with a 2 
second safety time between themselves and the participant vehicle. There was between 2 and 6 
rows of vehicles occupying all lanes behind and in front of the participant vehicle, this was to 
simulate driving in dense traffic with an autonomous system. 

 
Figure 6. An overhead view of the general design of the scenarios. 

For the first 4 to 6 km of the drive the vehicle was always in autonomous mode with a 
velocity of approximately 80 km/h. After 210 to 310 seconds (3.5 – 5.2 minutes) of autonomous 
driving (Figure 6) a hazard was presented and either an audio-only or audio-visual alert was be 
presented to the driver for 2.5 seconds. Drivers were provided with 210-310 seconds (3.5 – 5.2 
minutes) of fully autonomous driving in order to give them time to fully engage with the 
distracting Sudoku task and get used to the autonomous system operating normally. The 2.5 
second alert duration was chosen as previous research has shown that 1-3 seconds may be 
sufficient for safe takeover, (Gold et al., 2013). This 2.5 seconds during which the alert was 
presented was known as the hazard event. The hazard event alert began after the road had 

2.5 seconds alert presentation 

Hazard and Alert Start 
Scenario Start 

5 seconds after alert ends 

~ 210 to 330 seconds 

 

Hazard and Alert End 

Scenario End 
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straightened out and the entire hazard event took place on a straight portion on the road to 
remove road curvature as a variable when taking control or monitoring surroundings. In takeover 
scenarios the participant needed to take control from the autonomous system and drive the 
vehicle in manual mode after the alert was presented and take evasive action in order to avoid the 
hazard by the end of the hazard event. In warning scenarios, the participant needed to monitor 
their surroundings and the autonomous system continued to drive the vehicle. After the alert 
presentation ends there was a 5 second period after which the simulator was paused and SAGAT, 
SART, and NASA-TLX questionnaires for that scenario were administered. The scenarios either 
featured a summertime grass field background or a wintertime snow-covered background. The 
scenarios will now be described in more detail, first the three takeover scenarios, then the three 
warning scenarios.  

Takeover Scenarios.  

When a driver encounters a situation which exceeds the design parameters of the autonomous 
system they will need to take control of the vehicle, these are takeover scenarios. For the 
research for this thesis a level-4 autonomous system was implemented. This implies that there 
will be a period of time after the alert sounds during which the driver can take over safely and a 
collision will not occur immediately after the alert sounds. Takeover scenarios give the driver 2.5 
seconds of alert time during which they should take control of the vehicle and take evasive action 
to avoid a collision. A directional takeover request is issued to the driver, either an audio-only 
alert or audio-visual alert depending upon the group. The driver is then expected to immediately 
begin the process of taking control of the vehicle from the autonomous system.  

The left takeover scenario (Figure 7) began with the participant vehicle in the centre 
lane of the 3-lane highway and the hazard vehicle in the lane to the immediate left. At the 
beginning of the hazard event a takeover request was issued, either audio-only or audio-visual 
depending on alert modality, and this alert lasted for 2.5 seconds. During the 2.5 seconds of the 
alert the hazard vehicle moved into the centre lane position occupied by the participant driver 
vehicle (see Figure 7) and in order to avoid a collision the participant had to take control of the 
vehicle before the end of the 2.5 seconds and change lanes. After the 2.5 seconds of the hazard 
event the hazard vehicle moved into the same space as the participant driver’s vehicle. At this 
point, if the participant took evasive action, they would avoid colliding with the hazard vehicle. 
After the hazard event the scenario continued for 5 seconds during which the participants drove 
normally in manual mode after which time the scenario ended. Participants responded to the left 
takeover hazard by either: braking to allow the hazard vehicle to merge in front of them; 
accelerating to allow the hazard vehicle to merge behind them; or changing lanes to allow the 
hazard vehicle to merge beside them. 
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Figure 7. The left takeover scenario at the beginning of the 2.5 second hazard event. 

For the front takeover scenario (Figure 8) the vehicle ahead of the participant vehicle 
changes lanes in response to closed lanes due to construction. A takeover request is then issued 
when the time to collision for the participant vehicle with the first construction pylon in the lane 
is 2.5 seconds and the takeover request is either a front audio alert or a front audio-visual alert 
depending on alert group. Participants can respond to the front takeover hazards by either 
braking before they collide with the construction pylons or changing lanes to continue in the 
leftmost lane which is not closed by construction. 

 
Figure 8. The front takeover scenario at the beginning of the 2.5 second hazard event. 

Direction of Traffic 

Hazard Vehicle 

Driver Vehicle 

Hazard vehicle moves into driver position over 2.5 seconds 

Direction of Traffic 

Hazard Cones 

Driver Vehicle 

Driver has 2.5 seconds to brake or change lanes 
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In the right takeover scenario (Figure 9) the participant vehicle was driving in the 
centre lane of the 3-lane highway and the hazard vehicle was in the lane immediately to the right. 
At the beginning of the hazard event a takeover request was issued, either audio-only or audio-
visual depending on alert modality, and this alert lasted for 2.5 seconds. During the 2.5 seconds 
of the alert the hazard vehicle moved into the centre lane position occupied by the participant 
driver vehicle (see Figure 9) and in order to avoid a collision the participant had to take control 
of the vehicle before the end of the 2.5 seconds and change lanes. After the 2.5 seconds of the 
hazard event the hazard vehicle moved into the same space as the participant vehicle. At this 
point, if the participant took evasive action, they would avoid collision. After the hazard event 
the scenario continued for 5 seconds during which the participants drove normally in manual 
mode after which time the scenario ended. Participants responded to the right takeover hazards in 
the same manner as the left by either braking, accelerating, or changing lanes. 

 
Figure 9. The right takeover scenario at the beginning of the 2.5 second hazard event. 

Warning Scenarios.  

Sometimes there are scenarios in which a situation may develop where surrounding traffic may 
be behaving erratically or another vehicle is performing a maneuver where the driver should be 
paying extra attention in case they are required to takeover. These scenarios, in which the driver 
should pay attention to the surrounding conditions but is not required to take control are warning 
scenarios. The autonomous system issued a directional alert warning to the driver, either an 
audio-only warning, or an audio-visual warning, to prompt drivers to pay attention in the 
indicated hazard direction.  

In the left warning scenarios (Figure 10) the participant’s vehicle was driving 
autonomous mode in the far-right lane. Approximately 210-330 seconds after starting fully 
autonomous driving a warning alert was issued, either audio-only or audio-visual, indicating a 
hazard to the left which was followed by a vehicle in the far lane of the three-lane highway 

Direction of Traffic 

Hazard Vehicle 

Driver Vehicle 

Hazard vehicle moves into driver position over 2.5 seconds 
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moving to the middle lane, which is adjacent to the participants vehicle. The warning alert was 
issued as the hazard vehicle began to change lanes and lasted for the 2.5 seconds which the 
hazard vehicle took to change lanes. While the hazard vehicle was changing lanes, the participant 
was expected to monitor their surroundings. After the warning alert ended the scenario continued 
for 5 seconds before the simulation was ended.  

 
Figure 10. The left warning scenario hazard event, over the course of 2.5 seconds the hazard 
vehicle will move into the centre lane of the road. 

For the front warning scenario (Figure 11) the traffic ahead had come to a stop due to a 
collision closing all lanes. As soon as the vehicles in front of the participant’s vehicle began to 
slow down a warning alert was issued, either audio-only or audio-visual, indicating a hazard in 
front of the vehicle. The alert would last for 2.5 seconds during which vehicles ahead continued 
to slow down. After the alert ended the simulation continued for 5 seconds during which time the 
vehicles ahead and the driver vehicle (which was still in autonomous mode) continued to slow 
down after which the simulation ended. 

Direction of Traffic 

Driver Vehicle 

Hazard Vehicle 

Hazard vehicle moves to centre over 2.5 seconds 



29 

 
Figure 11. The front warning scenario hazard event in which over 2.5 seconds the lead vehicles 
slow down across all lanes of the road in response to stopped traffic ahead. 

The right warning scenario (Figure 12) consisted of the participant’s vehicle driving in 
autonomous mode in the far-left lane. After approximately 210-330 seconds of fully autonomous 
driving a warning alert was issued, either audio-only or audio-visual, indicating a hazard to the 
right (Figure 12) which was accompanied by a vehicle in the far right lane of the three-lane 
highway moving to the middle lane, which was adjacent to the participant’s vehicle. The warning 
alert was issued as the hazard vehicle began to change lanes and lasted for the 2.5 seconds which 
the hazard vehicle took to change lanes. While the hazard vehicle was changing lanes, the 
participant was expected to monitor their surroundings in case intervention was required. After 
the warning alert ended the scenario continued for 5 seconds before the simulation was ended. 

Direction of Traffic 

Driver Vehicle 

Hazard Vehicle 

Hazard vehicles slow down over 2.5 seconds 

Stopped traffic due to truck across road 
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Figure 12. The right warning scenario hazard event, over 2.5 seconds the hazard vehicle will 
move into the centre lane of the road. 

2.3.4 Response Times, Evasive Action and Collision Avoidance 
in Takeover Scenarios 

To determine whether or not the different alert modalities had an effect on the safety of the 
autonomous system response times, evasive action, and collision avoidance were measured. 
There are different response times which are of importance to driver safety: steering wheel grip 
time, brake response time, accelerator response time, and the lane change time. The first three 
(steering wheel grip time, brake response time, and accelerator response time) measured the 
time required for a participant to take control back from the autonomous system. Steering wheel 
grip time was measured as either an increase in steering wheel speed beyond a rate of 7º/second 
(chosen as it exceeds the maximum speed generated by the autonomous system during the 
duration of the drive) or an increase in steering wheel angle beyond 8º (chosen as it exceeds the 
maximum steering angle observed during the autonomous portion of the drive prior to the 
takeover warning sound). Brake response time, and accelerator response time were measured 
based on whenever the driver began to place a non-zero amount of pressure on the brake or 
accelerator pedal, respectively. The lane change time was the time from the end of the steering 
wheel grip time to the time when the participant vehicle centre crossed the lane divider moving 
into an adjacent lane.  

Evasive action and collision avoidance were binary measures to determine whether or not 
the participant was able to take-over in the time allowed to them. If the participant was able to 
take appropriate action (braking, accelerating, or changing lanes) prior to the 2.5 second collision 
time then they were said to have successfully avoided a collision. However, if participants 
attempted to take appropriate action, either before or after the 2.5 second collision time, they 
were said to have attempted evasive action. The evasive action measure was added in order to 

Direction of Traffic 

Hazard Vehicle 

Driver Vehicle 

Hazard vehicle moves to centre over 2.5 seconds 
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help determine whether or not the participant detected and responded to the hazard even if the 
failed to respond in time. 

2.3.5 Questionnaires for Situation Awareness and Workload 

Situation awareness  

The situational awareness of participants was measured in two different ways. First, situation 
awareness was evaluated by asking participants factual questions about the state of the 
simulation, these were the Situation Awareness Global Assessment Technique (SAGAT) 
questions (Mica R Endsley, 2000). After each scenario participants were asked a set of questions 
using a paper questionnaire. The questionnaire included 4 questions which asked about the 
colour and kind of vehicle around the participant vehicle. Participants were asked 1 question 
inquiring as to why the system requested they take control or sought their attention, and 1 
question inquiring what would happen next if the simulation were to resume. The total number of 
correct answers to all SAGAT questions for each scenario was calculated for each participant 
and the percentage of correct answers was compared using factorial repeated measures of 
analysis of variance.  

The second situation awareness measure was the situation awareness rating technique 
(SART).  Participants subjectively evaluated their situation awareness over 10 dimensions 
grouped into 3 subsections: demands placed on attention, supply of attentional resources, and 
understanding of the situation. Similar to the SAGAT, after each scenario the simulation was 
paused and the SART questionnaire was filled out by participants. Each of the three subsections 
were analyzed using factorial repeated measures of analysis of variance and the overall 
combined score was also evaluated using factorial repeated measures of ANOVA.  

Workload 

To measure subjective experience of workload while performing the monitoring and takeover 
tasks the National Aeronautics and Space Administration Task Load Index (NASA-TLX) 
questionnaire was used (G.Hart & E.Staveland, 1988). It consists of a series of 6 subscales, 
mental workload, physical workload, temporal demand, performance demand, effort, and 
frustration. Each subscale uses a 21-point Likert scale to measure a participant’s subjective 
evaluation of their workload during a complex task. The results for the 6 subscales will be 
presented individually and an average of all 6 subscales will also be presented. The NASA-TLX 
results were analyzed using factorial repeated measures of ANOVA for each of the 6 subscales 
and for the combined average.  
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2.4 Procedure 
Upon arrival in the DRiVE Lab each participant received a verbal description of the procedure 
and consent form after which they were asked to read the consent document to themselves. 
During this introduction participants were encouraged to ask questions if they had any about any 
particular task but were asked to hold questions about the design and rational of the study till the 
end (Appendix 5.1.4 – Consent Form). The participants were then verbally administered a pre-
screening questionnaire to ensure they were at low risk of experiencing Simulator Adaptation 
Syndrome (SAS) (Appendix 5.1.1 – SAS Form). Simulator adaptation syndrome can cause 
feelings of discomfort in mild cases, or, in more severe cases, nausea. Those who passed this 
questionnaire were considered at low risk and were able to continue. Those who were found to 
be at risk for simulator adaptation syndrome were thanked for their time but did not continue. 

Participants were next asked to fill out a driving and automation background 
questionnaire (Appendix 5.1.5 – Introductory Questionnaire) to gather information about their 
driving habits and experience, as well as their experiences with in-vehicle automation and 
support technologies. The participants were then shown to the driving simulator, the controls 
were described, and the participant was encouraged to ask for clarification if any instructions 
were unclear or if they encountered any obstacles in operating the simulator. Participants then 
engaged in a practice drive for 10 minutes during which they experienced the driver alert concept 
(either audio-only or audio-visual depending on the group to which they were assigned) 6 times: 
3 times for warning hazards and 3 times for takeover hazards. The participants then began the 
first drive. In this drive the participant experienced the simulation of a vehicle driving 
autonomously in heavy traffic. During this first drive, which was approximately 5 minutes long, 
they were driving while not engaged in any secondary tasks and they were told to look around 
and relax while the system drove the vehicle. Participants were requested to take control of the 
vehicle if a takeover alert was issued and to monitor their surroundings if a warning alert was 
issued. In order to give participants experience with and build participant trust in the autonomous 
system there were no hazards that would require driver intervention in this scenario. 

This first test drive was followed by the 6 experimental test drives. In each test drives 
participants began in autonomous mode and were instructed to work on the Sudoku puzzles 
while the system was operating in autonomous mode (Puzzles.ca, 2017). Participants were again 
instructed to take control of the vehicle if a takeover alert was issued and to monitor their 
surroundings if a warning alert was issued. After each test drive, questionnaires were 
administered to the participants: 2 situation awareness questionnaires (SAGAT and SART), and 
the NASA-TLX workload questionnaire (Appendices 5.1.6, 5.1.7, and 5.1.8). While filling out 
the questionnaires the participants were evaluated to ensure they were not showing early signs of 
simulator adaptation syndrome.  

On completion of the test drives the participants filled out a final set of questionnaires 
(Appendices 5.1.9, and 5.1.10): a questionnaire gathering their opinions on the automated system 
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and a questionnaire capturing what the participant understands to be the parameters under which 
the automated system operates and makes decisions. Before leaving participants were given their 
incentive (course credit), debriefed by providing further rational and information on the research 
(Appendix 5.1.11), and were encouraged to ask further questions. When participants departed 
they were provided with their copy of the consent form and the debriefing form and thanked for 
their time and participation.   
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3 Results 

In the analyses that follow we investigate the effects of alert modality (audio-only, audio-visual) 
and hazard direction (left, centre, right) in both takeover scenarios (those in which the driver 
needs to intercede to avoid collision) and warning scenarios (those that do not require driver 
intervention).  Measures collected in takeover and warning scenarios are summarized in Table 4 
below. Driver behaviour measures (collected by the driving simulator) included response time, 
evasive action, and collision avoidance, and were examined for takeover scenarios only. 
Measures of situational awareness and mental workload were collected using questionnaires and 
were analyzed for both types of scenario. The majority of the results were analyzed using mixed 
factorial analyses of variance (ANOVA). However, Chi square analyses (χ") were used on the 
data involving the proportions of drivers who took evasive action or experienced a collision. For 
the mixed factorial ANOVA, the independent measures were alert modality (between-subject) 
and hazard direction (within-subject). To correct for violations of the assumption of sphericity 
(sphericity is the assumption that the variance between all possible pairs of within subject 
conditions are equal) the conservative Greenhouse-Geisser correction was used in the ANOVA, 
(see Abdi, 2010 for more information). Bonferroni pairwise tests were used for post-hoc 
comparisons of means. Partial eta squared values, (#$"), measured the effect size, specifically the 
proportion of explained variance in the results accounted for by the independent variables under 
consideration. All ANOVA and Bonferroni analysis were performed using IBM SPSS Statistics 
V. 25 (IBM Corp., 2018). 

Table 4. Measures collected in takeover and warning scenarios. Note measures indicated with an 
asterisk (*) were not analyzed as too few participants engaged in the measured behaviour.  

 Takeover Scenarios Warning Scenarios 
Driver Behaviour Steering wheel grip time 

Lane change time 
Brake response time* 

Acceleration response time* 
Evasive Action 

Collision avoidance/occurrence 

N/A 

Situation Awareness  SAGAT 
SART 

SAGAT 
SART 

Workload NASA-TLX NASA-TLX 
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Extreme scores (outliers) can unduly bias results, thus when participant scores were more 
than 2 standard deviations from the mean in an ANOVA analyses they were dropped. The data 
for the first two participants was dropped due to a programming error that was corrected for all 
subsequent participants. The driver behaviour measures, brake response time, and acceleration 
response time were not analyzed as no participants responded to hazards by accelerating and 
only 7 participants braked for left hazards and 5 participants for right hazards. Additionally, 10 
participants were dropped from analysis for situation awareness and workload results for failing 
to fill out forms, and 2 participants were dropped for not following directions. The results will be 
discussed in two sections, first the takeover scenarios and second the warning scenarios. When 
presenting the results for takeover scenarios the driver behaviour measures will be presented 
first, then the situation awareness results and finally the workload results. The warning scenario 
results will begin with situation awareness, followed by the subjective workload results. Because 
there are a large number of analyses, for the convenience of the reader, the results are for the 
takeover scenarios are summarized in Table 5 and the warning scenarios are summarized in 
Table 6.  

3.1 Takeover Scenarios 
To begin with an overview (see Table 5) some of the results for the takeover scenarios are 
broadly as expected, including the steering wheel grip time, which showed improved 
performance with the audio-visual alert vs. the audio-only alert. However, other results, such as 
the situation awareness scores, were not in the expected direction, often the left and right hazards 
having higher situation awareness scores than front hazards. Despite this increase in situation 
awareness for left and right hazards the number of collisions was higher for left and right hazards 
than for front hazards regardless of alert modality. The details of these analyses are described in 
the following sections, first situation awareness (SAGAT and SART), second NASA-TLX 
workload, and finally, response times (steering wheel grip and lane change) and collisions. 
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Table 5. Takeover scenario results analyses summary:  Steering Wheel Grip Time, Evasive 
Action, Collisions, SAGAT, SART, and NASA-TLX Columns indicate ANOVA main effects 
for alert modality (audio-only, audio-visual), hazard direction (left, front, right) and the 
interaction between alert modality and hazard direction. Note: “~” indicates marginal 
significance (p < 0.1), “*” indicates significance p < 0.05, “**” indicates significance (p < 0.01) 
and a blank field indicates no significance.  

 Alert type Direction Interaction 
Alert x 

Direction  

Figure 

Steering wheel grip time * **  Figure 13 
Lane change time  *  Figure 14 

Evasive Action  *   
Collisions     
SAGAT ~ **  Figure 15 

SART Overall    Figure 27 
Demand  ~  Figure 16 
Supply    Figure 25 

Understanding    Figure 26 
NASA-TLX Average  ~  Figure 17 

Mental    Figure 28 
Physical * ~  Figure 18 

Temporal    Figure 29 
Performance * ** * Figure 19 

Effort    Figure 30 

Frustration    Figure 31 

3.1.1 Driver Behaviour in Takeover Scenarios: Response Times, 
Evasive Action, and Collision Avoidance 

Summary of Driver Behaviour in Takeover Scenarios 

Response times for steering wheel grip time, and lane change time were analyzed to determine 
whether or not there was an effect of alert modality and hazard direction on response time. Brake 
and acceleration response time were not analyzed as these behaviours were exceedingly rare 
(less than 10% of participants). The steering wheel grip time was significantly affected by the 
alert modality, and by hazard direction (Figure 13). Participants responded the fastest to front 
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hazards and slowest to the hazards on the left, and they gripped the steering wheel faster in 
response to an audio-visual alert than audio-only alerts. When analyzing the lane change times 
participants changed lanes most quickly in response to left hazards and most slowly for right 
hazards (Figure 14). As predicted drivers were significantly better at taking evasive action for 
front hazards than left or right hazards. Contrary to predictions, whether or not participants 
experienced a collision was not significantly affected by either alert modality or hazard direction. 

Steering wheel grip time was analyzed for a total of 63 participants. A total of 68 
participants changed lane as the evasive action choice for the left hazard, 78 participants changed 
lane for the front hazards, and only 56 changed lanes to avoid the right hazard. Only participants 
who changed lanes for all three hazard directions were analyzed, all others were ignored, 
subsequently 52 participants were analyzed for lane change time. 

Steering Wheel Grip Time and Lane Change Time 

 
Figure 13. Steering wheel grip times with standard error bars.  

There was a significant effect of alert modality on the time required to grip the wheel, F 
(1,61) = 5.277, p = 0.025, #$"   = 0.080 (Figure 13). As predicted audio-visual alert offered 
significantly faster steering wheel grip time of 2,058 milliseconds compared to 2,331 
milliseconds for the audio-only alert, a difference of 273 milliseconds. There was a significant 
effect of hazard direction on steering wheel grip time, F (1.908,116.408) = 68.680, p < 0.001, #$"  

= 0.530, and Bonferroni post hoc tests showed that all directions were significantly different 
from one another. Response to hazards from the front were the fastest, with mean = 1,675 
milliseconds, which was significantly different hazards from the right, p = 0.007, and from 
hazards from the left, p < 0.001. Hazards from the right offered the the next fastest steering 
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wheel grip times with mean = 2,007 milliseconds and SE = 85, which was significantly different 
from front hazards, p = 0.007, and from left hazards, p < 0.001. Hazards from the left offered the 
slowest steering wheel grip time with mean = 2,903 milliseconds and SE 109, this was 
significantly different from both front hazards, p < 0.001, and right hazards, p < 0.001. There 
was no significant interaction between of alert modality and hazard direction, F (1.908,116.408) 
= 1.651, p = 0.198, #$"  = 0.026. 

 
Figure 14. Lane change times with standard error bars.  

There was a main effect of hazard direction on lane change time, F (1.585,52.302) = 
5.761, p = 0.009, h2 = 0.149, and Bonferroni post hoc tests showed that the left hazards, mean = 
1450 milliseconds were significantly faster, p = 0.016, than front hazards, mean = 2022 
milliseconds (Figure 14). The front hazards were not significantly different from either the right 
or the left hazards. The participants were fastest to respond to, and change lanes for, left hazards 
at just 1450 milliseconds, front hazards were the next quickest to trigger a response, at 1759 
milliseconds, and participants were slowest to change lanes in response to right hazards, 2022 
milliseconds. There was no main effect of alert modality on lane change times, F (1,33) = 0.139, 
p = 0.712, h2 = 0.004. There was no interaction between alert modality and hazard direction, F 
(1.585,52.302) = 0.119, p = 0.842, h2 = 0.004. 

Evasive Action and Collision Avoidance 

Hazard direction had the predicted significant effect on whether or not drivers took evasive 
action, with more drivers taking evasive action in front hazards, 98%, than in left hazards, 79%, 
or right hazards, 65%, χ"(2, 86) = 6.10, p < 0.05. There was no significant effect of alert 
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modality on whether or not participants took evasive action, χ"(1, 86) = 0.04, p > 0.10. Collision 
avoidance was not significantly affected by either alert modality or hazard direction, χ"(1, 86) = 
0.15, p > 0.10, and  χ"(2, 86) = 2.40, p > 0.10, respectively. 

3.1.2 Situation Awareness in Takeover Scenarios 
For objective situation awareness measures (SAGAT) we found the predicted effect of alert 
modality (Figure 15) but an effect opposite to the predicted effect on hazard direction. Audio-
visual alerts offered superior SAGAT scores to audio-only whereas left and right hazards offered 
superior scores to front hazards. For the subjective evaluations of situation awareness (SART) 
there was a marginal effect of hazard direction on the SART demand subscale. SAGAT data was 
analyzed for 67 participants who filled out the SAGAT for all three hazard directions. For the 
SART scores data was analyzed for the 65 participants who filled out the SART form for all 
three directions. 

 
Figure 15. SAGAT percentage correct answers for takeover scenarios with standard error bars. 

SAGAT scores correspond to the percentage of correct answers to questions about the 
state of the situation when paused. Our results (Figure 15) showed the predicted effect of alert 
modality on SAGAT scores, though the effect was only marginally significant, (F (1,66) = 3.187, 
p = 0.079, h2 = 0.046). Audio-visual alerts offered higher average percent correct SAGAT 
scores, mean = 59.93%, than the audio-only alerts, mean = 54.93%. There was a significant main 
effect of hazard direction on SAGAT percentage of correct responses, F (1.912,126.216) = 
39.985, p < 0.001, h2 = 0.377. While there was no significant difference between left and right 
hazards, p = 0.264, there was a significant difference between right, mean = 62.35% and front 
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hazards, mean = 41.70%, p < 0.001, and between left, mean = 68.25%, and front, mean = 
41.70%, p < 0.001. These results are opposite of our prediction that front hazards would offer 
superior SAGAT scores to left or right hazards. There was no significant interaction main effect 
between alert modality and hazard direction F (1.912,126.216) = 0.276, p = 0.750, h2 = 0.004.  

 

 
Figure 16. SART demand scores for takeover scenarios with standard error bars (0-7 Likert 
rating scale) where 0 is low demand and 7 is high demand. 

The SART subscale scores were rated on a scale of 0 to 7 with lower numbers interpreted 
as better scores. For the demand subscale 0 indicated very low demand and 7 high demand. On 
the understanding subscale 0 indicated good understanding and 7 poor understanding. Finally, on 
the supply subscale 0 indicated a good supply of attention and 7 minimal available supply of 
attention. Thus, for overall average scores 0 indicated a score which indicated less demand, 
better understanding and a better supply of attention than 7 did. For takeover scenarios there was 
a marginally significant main effect of hazard direction on SART score for demand (Figure 16) 
F (1.883,120.532) = 2.661, p = 0.077, h2 = 0.040. There was no significant effect of alert 
modality, F (1,64) < 0.001, p = 0. 993, #$"   < 0.001, nor an interaction effect of alert modality and 
hazard direction, F (1.883,120.532) = 0.272, p = 0.749, #$"   = 0.004, on the demand SART 
subscale. When examining the Bonferroni pairwise comparisons for the effect of hazard 
direction on the demand subscale, only left, mean = 2.65, and right, mean = 2.87, hazard 
directions were marginally significantly different from each other, p = 0.086. This difference was 
not predicted as it was expected that the left and right would be different from the front hazard 
direction but not differ from each other. It was expected that front hazards would place lower 
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perceived demands on attentional resources than left or right. In takeover scenarios there were no 
other significant main or interaction effects for either the SART supply or understanding 
subscales, nor for the overall SART scores. The figures and statistical results for supply, and 
understanding SART subscales, and overall SART scores, are collected in Appendix B.I.  

3.1.3 Workload in Takeover Scenarios. 
There was a marginal effect of direction on average NASA-TLX scores (Figure 17) a significant 
effect of alert modality, and a marginal effect of hazard direction on physical effort respectively 
(Figure 18). And for the performance subscale (Figure 19) there were significant effects of alert 
modality, hazard direction and a significant interaction. For the NASA-TLX scores there was no 
significant effect of alert modality or hazard direction on the mental demand, subjective temporal 
demand, frustration, or effort subscales, the statistics for these subscales can be found in 
Appendix B.II. For the NASA-TLX scores a total of 70 participants were evaluated. 

  
Figure 17. NASA-TLX average scores for takeover scenarios with standard error bars (0-21 
Likert rating scale) where 0 is low and 21 is high. 

When examining the average NASA-TLX score across all subscales (Figure 17) only 
hazard direction was marginally significant, F (1.908,131.641) = 2.536, p = 0.086, #$"  = 0.035, 
however none of the individual pairwise comparisons reached marginal significance. For average 
NASA-TLX scores in takeover scenarios neither alert modality, F (1,69) = 0.256, p = 0.615, #$"  = 
0.004, nor the interaction between alert modality and hazard direction, F (1.908,131.641) = 
0.590, p = 0.548, #$"  = 0.008, were significant. 
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Figure 18. NASA-TLX physical workload subscale scores for takeover scenarios with standard 
error bars (0-21 Likert rating scale) where 0 is low workload and 21 is high workload. 

The physical effort NASA-TLX subscale scores (Figure 18) were significantly different 
for alert modality, and audio-only alerts required significantly less physical effort than audio-
visual alerts, F (1,67) = 4.446, p = 0.039, #$"  = 0.062. This was the opposite of predictions, where 
it was expected that the audio-visual system would reduce the effort required. The physical 
NASA-TLX subscale scores were also significantly different for hazard direction, F 
(1.801,120.655) = 3.079, p = 0.055, #$"  = 0.044, with left hazards requiring significantly more 
effort than right hazards, p = 0.010, but with front hazards not differing significantly from left or 
right hazards. There was no significant interaction effect between alert modality and direction for 
physical NASA-TLX subscale scores, F (1.801,120.655) = 1.116, p = 0.326, #$"  = 0.016.   
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Figure 19. NASA-TLX performance subscale scores for takeover scenarios with standard error 
bars (0-21 Likert rating scale) where 0 is high performance and 21 is low performance. 

For the performance NASA-TLX subscale (Figure 19) there were significant main 
effects for both alert modality, F (1,66) = 5.665, p = 0.020, #$" = 0.079, and direction, F 
(1.792,118.253) = 7.815, p = 0.001, #$"  = 0.106. Audio-visual alerts offered significantly better 
perceived performance than the audio-only alerts. The left and right hazards were significantly 
different as well, p = 0.006, with right hazards leading to the best subjective evaluations of 
performance. This was repeated when comparing front to left, with front hazards offering 
significantly better performance, p = 0.004. Front and right hazards did not differ significantly in 
the level perceived performance. Furthermore, there was an interaction between alert modality 
and direction for performance, F (1.792,118.253) = 3.713, p = 0.032, #$"  = 0.053, showing a 
different pattern of scores between the two alert modalities. In the audio-only alert modality 
scores were best for right hazards and worst for left hazards while for audio-visual alerts scores 
were best for front hazards it was left hazards which were worst in this case. No predictions were 
made with regard to perceived performance. 

3.2 Warning Scenarios  
Overall, there were few significant effects for the Warning Scenarios (Table 6) and most results 
were only marginally significant. Results on the SART understanding subscale showed no effect 
of alert modality but the expected effect of hazard direction, with front hazards rated as offering 
better understanding than left or right hazards. For the SART demand subscale there was, again, 
no effect of alert modality but, in contrast to SART understanding, the effect of hazard direction 
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was opposite to our predictions, with participants rating the front hazards as placing greater 
demands on their attention than left or right hazards. For the NASA-TLX mental workload 
subscale we found the expected effect of alert modality, with audio-visual alerts requiring less 
mental effort than audio-only alerts. Additionally, participants perceived their NASA-TLX 
performance to be best for audio-visual alerts and worst for audio-only alerts. These findings will 
be discussed in more detail in the following sections, first the situation awareness measures will 
be highlighted, then the workload measures.  

Table 6. Warning scenario results analyses summary for SAGAT, SART, and NASA-TLX. 
Columns indicate ANOVA main effects for alert modality (audio-only, audio-visual), hazard 
direction (left, front, right) and the interaction between alert modality and hazard direction. Note: 
“~” indicates marginal significance (p < 0.1), “*” indicates significance p < 0.05, “**” indicates 
significance (p < 0.01) and a blank field indicates no significance. 

 Alert type Direction Interaction 
Alert x 

Direction 

Figure 

SAGAT    Figure 20 
SART Overall    Figure 33 

Demand  ~  Figure 21 

Supply    Figure 32 
Understanding  ~  Figure 22 

NASA-TLX Average    Figure 38 
Mental ~   Figure 23 

Physical    Figure 34 

Temporal    Figure 35 
Performance * ** ** Figure 24 

Effort    Figure 36 
Frustration    Figure 37 

3.2.1 Situation Awareness in Warning Scenarios 

Summary of Situation Awareness Results 

For objective situation awareness measures (SAGAT) we found none of the predicted 
effects of alert modality, or hazard direction (Figure 20). The pattern of the scores was however 
in the expected direction even if the differences did not reach significance. Audio-visual alerts 
lead to higher SAGAT scores than audio alerts, and front hazards had better scores than left or 
right scores. For the subjective evaluations of situation awareness (SART) there was a marginal 
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effect of hazard direction on the SART demand (Figure 21), and understanding (Figure 22) 
subscales. SAGAT data was analyzed for 77 participants who filled out the SAGAT for all three 
hazard directions. For the SART scores data was analyzed for the 76 participants who filled out 
the SART form for all three directions. In warning scenarios there were no significant main or 
interaction effects for the SART supply subscale, nor were there any effects for the overall 
SART scores. The figures and statistical results for supply, and overall SART scores, are 
collected in Appendix B.III.  

SAGAT and SART Results 

 
Figure 20. SAGAT percentage correct answers for Warning Scenarios with standard error bars. 

The predicted effects of alert modality and hazard direction were not found in SAGAT 
scores in warning scenarios (Figure 20). There was no main effect of alert modality, F(1,78) = 
0.304, p = 0.583, #$"	= 0.004, or hazard direction F(1.924,150.054) = 1.945, p = 0.146, #$"	= 
0.024. Nor was an interaction effect between alert modality and hazard direction on SAGAT 
score observed, F(1.924, 150.054) = 0.484, p = 0.610, #$"	= 0.006. 
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Figure 21. SART demand scores for Warning Scenarios with standard error bars (0-7 Likert 
rating scale) where 0 is low demand and 7 is high demand. 

When examining the results of the SART demand subscale in warning scenarios we 
found no effect of alert modality F(1,75) = 0.710, p = 0.402, #$"	= 0.009. However, for hazard 
direction we found a marginal effect opposite to the one predicted (Figure 21) F(1.983,148.743) 
= 2.691, p = 0.072, #$"	= 0.035. Examining the Bonferroni pairwise comparisons for the effect of 
hazard direction on the demand subscale, we found only the difference between left and front, 
reached marginal significance, p = 0.075. And left hazards placed fewer perceived demands on 
attentional resources than front hazards. The interaction effect of alert modality and hazard 
direction was not significant, F(1.983,148.743) = 0.696, p = 0.499, #$"	= 0.009, respectively.  
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Figure 22. SART understanding scores for Warning Scenarios with standard error bars (0-7 
Likert rating scale) where 0 is low understanding and 7 is high understanding. 

Likewise for the understanding SART subscale (Figure 22) we saw no effect of alert 
modality, F(1,76) = 0.001, p = 0.971, #$"	< 0.001.  However, we did see the predicted effect of 
hazard direction, though this effect only reached marginal significance F(1.945,147.821) = 
2.853, p = 0.062, #$"	= 0.036. When examining the Bonferroni pairwise comparisons for the 
effect of hazard direction on the understanding subscale, despite reaching marginal significance 
for the main effect, none reached marginal significance. Again, the interaction effect of alert 
modality and hazard direction on the understanding SART subscale was not significant 
F(1.945,147.821) = 0.136, p = 0.868, #$"	= 0.002.  

3.2.2 Workload in Warning Scenarios 
3.2.2.1 Summary of Workload Results 
For warning scenarios there was a marginal effect of alert modality on the mental workload 
NASA-TLX subscale (Figure 23) and a significant effect of alert modality on perceived 
performance (Figure 24). Data was analyzed for 78 participants for NASA-TLX scores in 
warning scenarios. There were no significant main or interaction effects of alert modality or 
hazard direction on scores for physical workload, temporal demand, effort, and frustration. Nor 
were there any significant or main effects for average NASA-TLX scores. The figures and 
statistical results for the subscales and the average NASA-TLX scores which were not significant 
are collected in Appendix B.IV. 
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NASA-TLX Results 

 
Figure 23. NASA-TLX mental workload subscale scores for warning scenarios with standard 
error bars (0-21 Likert rating scale) where 0 is low workload and 21 is high workload. 

Alert modality had a marginally significant effect on mental effort NASA-TLX subscale 
scores (Figure 23) with audio-only alerts requiring more mental effort than audio-visual alerts, 
F(1,84) = 0.001, p = 0.088, #$"	= 0.034. This was opposite to our prediction that audio-visual 
alerts would require more mental effort. For mental workload there was no significant effect of 
hazard direction, F(1.829,153.662) = 1.751, p = 0.180, #$"	= 0.020, nor a significant interaction 
effect between alert modality and hazard direction, F(1.829,153.662) = 1.753, p = 0.180, #$"	= 0.  
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Figure 24. NASA-TLX performance subscale scores for warning scenarios with standard error 
bars (0-21 Likert rating scale) where 0 is high performance and 21 is low performance. 

The performance NASA-TLX subscale scores (Figure 24) were significantly affected by 
alert modality, F(1,77) = 5.917, p = 0.017, #$"	= 0.071, hazard direction, F(1.830,140.886) = 
7.318, p = 0.001, #$"	= 0.087, and the interaction effect between alert modality and hazard 
direction F(1.883,120.532) = 7.364, p = 0.001, h2 = 0.087. Audio-visual alerts lead to 
significantly better subjective ratings of performance than audio-only alerts. Bonferroni pairwise 
comparisons showed that left and front were significantly different, p = 0.006, with performance 
rated better for left hazards than front. Right and front also were significantly different, p = 0.012 
with right being rated better than front. Left and right hazards were not significantly different, p 
= 1.000 on subjective evaluations of performance.  
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4 Discussion 

In this study, we had drivers responding to alerts in an autonomous vehicle when they were 
partially distracted by a secondary task (playing Sudoku, Puzzles.ca, 2017). Our research 
highlights the importance of understanding how alert modality and hazard direction impact 
autonomous vehicle takeover. This chapter begins by examining the effects of alert modality and 
hazard direction in takeover scenarios (those which required driver takeover to avoid a collision). 
We began by looking at the effects of alert modality and hazard direction on actual driving 
performance measures (steering wheel grip and evasive maneuvers) and then moved on to look 
at their effect on driver understanding of the situation and perceived difficulty (situation 
awareness and workload). We then discuss the effects of alert modality and hazard direction on 
situation awareness and workload in warning scenarios (where there was no need for immediate 
driver takeover). Next, the limitations of our approach are discussed, including the limited time 
participants had with the system, and issues in gauging situation awareness. Then, ways in which 
these limitations can be overcome are discussed. Finally, conclusions are presented highlighting 
the importance of studying autonomous vehicle takeover using a variety of scenarios and user 
interface designs.  

4.1 Takeover scenarios: 
In this section we examine first the effect of alert modality (audio or audio-visual) on takeover 
safety, which included steering wheel grip time, collision avoidance and evasive action, situation 
awareness, and driver workload. We predicted that the audio-visual alerts would lead participants 
to respond more quickly to the hazard and avoid more collisions, have better situation awareness 
scores, and lower measures of mental workload.  

Next, we discuss effects of hazard direction on the same measures; we predicted that 
response time and collision avoidance would be best for front hazards and worst for left and right 
hazards but with no differences between left and right. We also predicted that front hazards 
would have better situation awareness scores, and better workload scores compared to the left 
and right hazards.  

In the final portion of our discussion on takeover scenarios we discuss interactions 
between alert modality and hazard direction. It was predicted that the effects of alert modality 
would be strongest in left and right hazards and smallest in front hazards, i.e., the improvements 
in steering wheel grip time, collision avoidance, situation awareness scores, and workload 
measures, would be largest for audio-visual alerts for left and right hazards and that the 
differences between audio and audio-visual alerts would be smallest for front hazards.  
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4.1.1 Alert Modality in Takeover Scenarios:  
Are audio-visual alerts more effective than audio alerts? 

Driver behaviour when taking-over: Steering wheel grip time, collision avoidance, 
and evasive action – effects of alert modality 

We found the predicted effect of alert modality, with audio-visual alerts improving steering 
wheel grip times by a quarter of a second on average and almost half a second for left hazards, 
when compared to audio-only alerts. This is an important improvement considering that the 
hazard vehicle in our scenarios was set to collide with the participant vehicle 2.5 seconds after 
the alert began. This means that since in audio-visual alerts drivers retake control by gripping the 
steering wheel after around two seconds and about two and a third seconds for audio-only alerts, 
drivers have an extra 1/3 of a second to safely respond to the hazard when prompted by audio-
visual alerts. 

This result was surprising given that van den Beukel (2016) found no significant 
differences between audio-only and audio-visual alerts. However, one of the limitations of van 
den Beukel’s research was his limited use of driver behaviour measures during in scenarios in 
which the driver was requested to resume control. In two scenarios he measured reaction time 
(time from the start of the takeover alert to the first pressure on the accelerator) and then 
compared the different alert modalities tested in these situations. This limited the conclusions 
about which modalities offered the fastest takeover times. Our research by contrast, measured 
steering wheel grip time, lane change time, accelerator time, and brake time, which allowed us to 
compare alert modalities across all of our takeover scenarios. The results of van den Beukel’s 
research revealed large variability within each of the alert modalities with faster reaction times to 
audio-only alerts than audio-visual alerts, however none of these differences were significant. In 
contrast, our research found the audio-visual alerts offered faster steering wheel grip times than 
audio-only alerts. A possible explanation for this reversal is that van den Beukel’s scenarios 
consisted of hazards in the driver’s front visual field, so there was little use for extra visual 
information. In our research hazards appear in the front visual field as well as to the left and right 
of the driver, requiring them to move their head. Notably, the largest differences in steering 
wheel grip time were observed for the peripheral hazards. Steering wheel grip time was almost 
half a second faster for audio-visual in left hazards and over a quarter of a second faster in right 
hazards, compared to less than a tenth of a second faster in front hazards.  

Similarly, Naujoks, Mai, & Neukum (2014) also found little advantage to providing 
multimodal alerts when they compared audio-visual alerts with visual-only, though in this study 
they measured steering wheel grip times. Their choice of alert modalities, audio-visual alerts and 
visual-only alerts was surprising as a visual only alert should be less effective for visually 
distracted drivers. Their subsequent research increased the salience of the alert by flashing it at 
5Hz (Burge & Chaparro, 2012; Naujoks et al., 2014). Unlike our research, Naujoks et al (2014) 
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found only small differences in steering wheel grip time between the two alert modalities (which 
did not reach significance). 

However, our results are consistent with those of Biondi, et. al. (2017). They found 
multimodal audio-vibrotactile alerts to offer significantly reduced reaction times (defined as the 
difference between when time-to-collision dropped below 5 seconds to the time the driver began 
to press the brake pedal) when compared to either audio-only or vibrotactile-only alerts. Like 
them we found that response times (steering wheel grip times) were improved when using 
multimodal audio-visual alerts when compared to audio-only alerts. However, steering wheel 
grip time was not the only measure of driver behaviour during takeover that we collected; two 
additional measures, evasive action and collision avoidance, are discussed next. 

While understanding driver response time is important, it is often more important to 
determine if drivers are able to take evasive action in time to avoid a collision. Contrary to our 
predictions, the alert modality had no effect on whether or not participants collided with the 
hazard. Previous research indicated that 1-3 seconds may be enough time to retake control from 
an autonomous vehicle (Gold et al., 2013; Merat, Jamson, Lai, & Carsten, 2014). In our research, 
in both audio and audio-visual alerts 92% of participants collided with the hazard. This suggests 
that when drivers are distracted (as they were in our study) and hazards may approach from 
multiple directions, more time is required to retake control safely. This extremely high collision 
rate represents a floor effect, suggesting that the task was so difficult that it was almost 
impossible for any drivers to achieve success. It is important to note that while almost all 
participants collided with the hazard, they tried to take evasive action; 80% took evasive action 
in response to audio alerts and 81% in response to audio-visual alerts (this difference was not 
significant). However, even if our participants attempted to take evasive action, they were almost 
always too late to avoid the hazard. This collision rate is far higher than van den Beukel (2016) 
who found a collision rate of just 10% when drivers were cut off and just 22% when they had 
engaged in an emergency braking maneuver. Our Sudoku distractions engaged drivers’ cognitive 
processes as they solved the puzzle, physically required them to write down their answers, and 
kept their eyes off the road. This may partially explain why our collision rate was so high. 
Additionally, our drivers were young and inexperienced, with approximately 10% having 
previously been involved in a collision in which they were the driver.  

To avoid a collision and get back-in-the-loop quickly takeover depended on both 
understanding why the system was asking the driver to takeover and understanding what action 
was needed. How the two alert modalities impacted participants ability to regain this situation 
awareness when prompted by an alert is discussed in the next section. 

Driver situation awareness when taking-over – effects of alert modality 

As predicted, situation awareness global assessment technique (SAGAT) scores were higher 
when prompted by the audio-visual alert than the audio alert. This disagrees with van den 
Beukel’s (2016) results, in which he found that the audio-visual alerts lead to reduced situation 
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awareness in takeover scenarios. It is interesting to note that our audio-visual alert modality also 
resulted in faster steering wheel grip time and this corresponded to improved SAGAT scores 
during takeover scenarios. This correspondence of situation awareness and steering wheel grip 
times during takeover helps demonstrate the usefulness of the van den Beukel (2016) assessment 
framework.  

While it is important to understand the effect of alert modality on situation awareness and 
driver behaviour during takeover, it is also important to understand the effect on the driver 
workload. If a driver support system offers better safety but also leads to an increase in mental or 
physical effort it is possible that with sustained use the system could lead to fatigue. The effect of 
alert modality on workload is examined in the next section.  

Driver workload when taking-over – effects of alert modality 

Measures of subjective workload were gathered using the NASA Task-Load-Index questionnaire 
(NASA-TLX). This gathered workload perception along six dimensions: mental, physical, 
temporal, performance, effort, and frustration. Contrary to predictions no differences between 
audio-visual alerts and audio-only alerts were found for temporal demand, effort, or frustration. 
However, in light of the improved situation awareness and steering wheel grip time measures the 
workload scores indicate that multimodal audio-visual alerts can offer better safety than audio-
only alerts without adversely affecting driver cognitive load, feelings of time pressure, or 
frustration with the system. Opposite to our predictions, the improvements in SAGAT scores and 
steering wheel grip time came at the expense of perceived physical workload; drivers found the 
audio-visual system required more physical effort than the audio-only system. As predicted, 
participants in takeover scenarios correctly perceived their performance as improved when 
supported by the audio-visual alerts, as both situation awareness and steering wheel grip times 
reflect this improved performance.  

Although the NASA-TLX is a standard measure, van den Beukel did not use it in their 
study. However, it was used in the multimodal alert research by Biondi et al (2017), who found 
that effects of multimodal alerts were detectable in NASA-TLX subscales. In our research a 
similar pattern of results emerged, i.e., improved takeover performance for multimodal alerts in 
various hazard scenarios with no concomitant increases in the participant’s mental workload. 
However, our research found universally higher values than Biondi and colleagues for all 
NASA-TLX subscales across both alert modalities. There are a variety of possible reasons for 
these higher values: our participants were inexperienced and may have been overwhelmed by 
their task. Alternatively disengaging from our Sudoku task to reengage with their environment 
may have required greater mental effort.  

It is important to notice that for hazard scenarios presented primarily in the driver’s front 
visual field, alert modality has a smaller role in steering wheel grip times and evasive action. 
This was shown by our own results as well as previous research (Biondi et al., 2017; van den 
Beukel, 2016). This highlights the critical importance of designing alerts that are both salient to 
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the driver of an autonomous vehicle and relevant to the specific hazard scenario they are 
encountering (Naujoks et al., 2014; van den Beukel, 2016). The effect of the direction of the 
hazard on takeover, situation awareness, and workload is discussed in the following section. 

4.1.2 Hazard Direction in Takeover Scenarios:  
Do drivers respond differently depending on the origin of 
the hazards (left, front, right)?  

Driver behaviour when taking-over: Steering wheel grip time and collision 
avoidance – effects of hazard direction 

One of the most critical findings of our research is the demonstration that, because of the large 
effect of direction on takeover safety, it is insufficient to study only hazards appearing in the 
drivers front visual field. Different types of hazard emerge from different directions and it is 
therefore crucial to investigate hazard response as a function of the location of the hazard. 

In our study three different takeover scenarios were investigated, one with a hazard on 
the left, one on the right, and one in front. This is a key extension and improvement on previous 
research (Biondi et al., 2017; Naujoks et al., 2014; van den Beukel, 2016). Previous research 
featured takeover requests in multiple different scenarios but did not vary the direction of the 
hazard to which the driver responded. The hazard was always in the front field of view, allowing 
drivers to merely look ahead to gain the necessary safety critical information rather than looking 
around the vehicle. In contrast, and as predicted, we found that hazard direction to have a large 
and significant effect on steering wheel grip (up to 1.25 seconds faster steering wheel grip time 
for front vs left, and a third of a second faster for front vs right). These differences show that 
hazards from either side of the vehicle will require more time for drivers to retake control than 
those from a frontal field of view.  

In this section the effect of hazard direction on whether or not the participants were able 
to avoid a collision in time will be discussed. Despite participants often failing to take evasive 
action quickly enough to avoid the hazards (92% collision rate) they did attempt to take evasive 
action: for front hazards drivers took evasive action 98% of the time; they appropriately changed 
lanes 79% of the time in response to left hazards; and 65% of the time for right hazards. There 
was a large and significant effect of direction on participants’ ability to take evasive action.  

Most of the previous research focused on front hazards and comparing autonomous to 
manual takeovers to purely manual driving (Gold et al., 2013; Merat, Jamson, Lai, Daly, et al., 
2014; Naujoks, Purucker, Neukum, Wolter, & Steiger, 2015). In those cases, response times 
were often worse in autonomous systems but still sufficient to retake control safely. This was not 
the case for the peripheral hazards tested in this research, which required over 2 seconds to grip 
the steering wheel before beginning to take evasive action. 
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Driver situation awareness when taking-over – effects of hazard direction 

The effect of hazard direction on situation awareness is discussed in the context of hazard 
direction in this section. There is limited previous work comparing situation awareness between 
different hazard scenario directions, with most previous research in autonomous vehicles and 
situation awareness looking at the topic more generally (De Winter et al., 2014; Lu et al., 2017; 
Ma & Kaber, 2005; van den Beukel, 2016). Our research sought to correct this oversight with 
hazards that approached not just from the front, but from the left and right. Understanding how 
hazard direction affects situational awareness is paramount to learning when drivers require the 
most support during takeover. Our results show that hazard direction had a strong effect on 
situation awareness in takeover scenarios. The results were not as predicted, with our left and 
right takeover scenarios scoring significantly better than the front takeover scenarios. 

However, despite higher SAGAT scores, left and right scenarios had the worst steering 
wheel grip times. This suggests that hazard direction may not be sufficient to explain situation 
awareness and that good situation awareness is not required for safe takeover. Consider that Lu 
et al (2017) found level-3 situation awareness took longer to acquire than level-1 and level-2. In 
our research the extra time spent observing the hazard before gripping the wheel may involve 
regaining level-2 and level-3 situation awareness, partially explaining the higher situation 
awareness scores in peripheral hazards. Further, consider that the left and right takeover 
scenarios consisted of a vehicle merging into the driver’s vehicle where the front takeover 
scenario was a closed lane ahead due to construction. In the case of the front takeover scenario 
most drivers responded by changing lane rather than braking, and in the left and right takeover 
scenarios driver response was also changing lane. Since the time to grip the steering wheel was 
lower in the front scenarios and situation awareness was much lower, it may imply that the 
amount of situation awareness information required to take safe action in this scenario is less 
than that required for the left and right hazards. Alternatively, previous research found that driver 
perception and comprehension of another vehicle changing lanes occurs more quickly than 
perception of another driver changing speed (Lu et al., 2017). Thus it may be the case that the 
vehicles were not perceived to be moving towards the participant vehicle particularly quickly 
(Lu et al., 2017). In left and right takeover scenarios drivers may have been ultimately aware of 
the nature of the situation but the time required to gain this information took too long, thus 
increasing the time before they perceived the threat to be sufficient to place their hands on the 
steering wheel. 

Despite worse situation awareness scores when responding to front hazards participants 
were nevertheless significantly more likely to take evasive action (98%) than in left or right 
hazards (79% and 65% respectively). It is likely due to a combination of elements: drivers failing 
to perceive the urgency of the takeover alerts; not having a high enough level-3 situation 
awareness (projection into the future); and the hazard approach speed being slow enough that 
they felt that perhaps they didn’t need to take evasive action. This implies that longer transition 
times may be required for safe takeover for ambiguous hazard scenarios. While not quantified, 
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we did observe that when drivers were asked to takeover for left and right hazards there was a 
tendency for participants to watch the hazard vehicle as it moved closer to their vehicle and only 
take control to take evasive action at the very last moment. This suggests that either drivers did 
not perceive the vehicle moving towards them to be an urgent hazard, or that participants placed 
unwarranted trust in the autonomous system’s ability to handle the situation.  

Given that hazard direction had such a strong effect on takeover safety and situation 
awareness, it is important to determine whether or not that effect carried over to drivers’ 
subjective workload evaluations. In the next section the effect of hazard direction on driver 
workload is explored. 

Driver workload when taking-over – effects of hazard direction 

When examining the effect of hazard direction on workload only subjective performance 
evaluations were significant. Subjective estimates of performance were correct for hazard 
direction, as drivers correctly perceived that the front hazards were the ones they had the best, 
and the right the worst (at least as far as steering wheel grip time was concerned). This suggests 
that participants interpretation of their performance was usefully related to their ability to 
takeover. Unfortunately, since participants scored poorly on situation awareness for front hazards 
and highly for peripheral hazards, subjective performance evaluations did not correlate well with 
situation awareness and provided little insight. There are many possible reasons for this: perhaps 
participants were not evaluating their awareness when they rated their performance; or they were 
unaware of their higher situation awareness.  

Our research has shown that both hazard scenario direction and alert modality are vital 
considerations when evaluating takeover support systems for autonomous vehicles. In the next 
takeover, section situation awareness and workload are discussed in context of both alert 
modality and hazard direction.  

4.1.3 Interactions between Alert Modality and Hazard Direction 
in Takeover Scenarios: 
Does the modality of the alert affect drivers differently 
depending on the origin of the hazard (left, front, right)? 

Driver behaviour when taking-over: Steering wheel grip time and collision 
avoidance – interaction effects between alert modality and hazard direction 

While steering wheel grip time was significantly impacted by both alert modality and hazard 
direction, the interaction between the two did not reach significance. Previous investigations 
(Biondi, et. al. 2017) of the interaction between alert modality and hazard scenario (whether it 
occurred in high-density or low-density traffic) also failed to find significance. Despite this, we 
found the differences between the two alert modalities were smallest in the front scenarios and 



57 

largest in the left and right scenarios, indicating that there may be an interaction between alert 
modality and hazard scenario. The fact that the differences between the modalities were so small 
in front hazards aligns nicely with van den Beukel (2016) who found that accident avoidance 
was not significantly different affected by alert modality as he used primarily front hazards. 

While objective measures of situation awareness (SAGAT) were affected by both alert 
modality and hazard direction, subjective evaluations were not. These subjective measures are 
discussed in the next section, highlighting the notion that drivers’ subjective evaluations may not 
always be trustworthy. 

Driver situation awareness when taking-over – interaction effects between alert 
modality and hazard direction 

Our results indicated that objective measures of situation awareness (SAGAT) aligned nicely 
with our findings for alert modality, showing that situation awareness can be raised more 
effectively by an audio-visual alert and this was reflected in steering wheel grip time. Situation 
awareness varied largely with the takeover hazard direction and the situation awareness was 
highest in the scenarios with the largest steering wheel grip times. This brings to light the notion 
that the amount of information necessary for safe takeover may vary from one takeover scenario 
to another and that more support may be required in some scenarios than others.  

As an alternative to our more objective measure of situation awareness (SAGAT) the 
situation awareness rating technique (SART) measures subjective evaluation of driver situation 
awareness. Like van den Beukel (2016), we found there was no significant effect of alert 
modality on drivers’ situation awareness. Furthermore, our SART scores (like those of van den 
Buekel - within 1 SD of ours) were at a relatively modest level (averaging a rating of 4.13 out of 
7, where 7 indicates highest situation awareness) suggesting that participants did not feel that the 
takeover and warning scenarios placed undo demands on their attention. Novice drivers are often 
not as aware of which information is relevant and which is not, and as such, are not accurate 
judges of whether or not they gained the information needed in order to engage in safe takeover 
(Deery, 1999b). This may help explain the modest level of situation awareness measured by 
SART; novice drivers weren’t able to accurately judge their understanding of the situation thus 
providing equal ratings for all scenarios.  

The difference in perceived situation awareness SART and objective measures of 
situation awareness SAGAT suggests that drivers may not be cognizant that they are aware of 
certain safety critical facts. Alternatively, drivers may believe that they are aware of more safety 
relevant information than is warranted based on objective evaluations of their understanding. 
SART evaluations were similar in both alert modalities, and all hazard directions aligned with 
our findings on workload. A similar lack of an interaction of alert modality and hazard direction 
on most workload measures is discussed very briefly in the next section. 
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Driver workload when taking-over – interaction effects between alert modality 
and hazard direction 

While most workload measures showed no differences between the two alert modalities, for 
those that did, the differences in workload measures between the two alert modalities were 
approximately the same regardless of which direction the hazard came from. This suggests that 
while the audio-visual alerts required more physical effort, having the hazard come from the left, 
front, or right, did not change how much more effort audio-visual alerts required than audio-only 
alerts.  

Takeover scenarios are critical to understanding the risks associated with autonomous 
vehicles. However, there may be occasions where the autonomous system can detect a situation 
developing well in advance of an actual need to take-over. In such situations the driver could be 
prompted to pay attention in advance to ensure that, if intervention was required, they were 
already paying attention and ready to retake control. To investigate these situations, we used 
warning scenarios in which the driver was asked to pay attention but did not need to retake 
control. These warning scenarios are discussed in the next section. 

4.2 Warning Scenarios 
In warning scenarios alerts prompted drivers to pay attention to their surrounds and be ready to 
retake control if they see a problem. For warning scenarios, we found few effects and as such 
they are discussed only briefly. As warning scenarios did not require drivers to retake control and 
we did not observe any retaking control unnecessarily, we did not examine takeover measures. 
We explore whether or not drivers understood why they were asked to monitor the situation and 
that they did not need to retake control. To do this we examined effects of alert modality (audio 
or audio-visual) and hazard direction on situation awareness. We predicted better situation 
awareness in audio-visual alerts, and better situation awareness for front hazards. Additionally, 
audio-visual alerts and front hazards would place lower demands on cognitive resources and 
have lower workload. The following discusses the impact of alert modality and hazard direction 
on participant workload.  

4.2.1 Alert Modality and Hazard Direction in Warning Scenarios 

Driver situation awareness when monitoring  

Contrary to our expectations, differences between the two alert modalities were minimal (and not 
significant) in warning scenarios. This suggests that since the drivers did not have to devote any 
cognitive resources to the takeover task, they had sufficient cognitive resources available to take 
in all relevant situational information in the absence of any directional information cueing their 
gaze. This is an important finding as these results are opposite to those of van den Beukel (2016), 
who found that audio-visual alerts lead to reduced situation awareness in takeover scenarios but 
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improved situation awareness in warning scenarios. We found the reverse pattern, improved 
situation awareness in audio-visual in takeover scenarios and no differences due to alert modality 
in warning scenarios. Likewise, we found no effect of hazard direction on situation awareness in 
warning scenarios. However, average situation awareness scores on SAGAT were a mere 51.9%, 
suggesting that we were perhaps seeing a ceiling effect (all participants achieved the maximum 
score they were able). Alternatively, we observed, while running the participants, that in warning 
scenarios participants sometimes returned to their Sudoku puzzles before the end of the alert. 
This would have led them to miss key information asked in the SAGAT questions and thus have 
lower than expected situation awareness. As discussed in the next section, workload was also 
measured in warning scenarios.  

Driver workload when monitoring – effects of alert modality 

Participants were only asked to monitor their surroundings in warning scenarios. In this role they 
felt that their mental workload was lower when provided with audio-visual alerts than audio-only 
alerts. This, combined with the fact that the situation awareness scores were the same for both 
alert modalities, suggests that participants were able to raise their situation awareness with less 
mental effort when supported by the audio-visual alerts. Participants in warning scenarios also 
felt that their performance improved when using multimodal audio-visual alerts as compared to 
audio-only alerts. However, this is likely an artifact of their reduced mental workload as their 
SAGAT scores did not improved when prompted by audio-visual alerts. The participants 
workload was not significantly different across the different hazard directions, suggesting that 
the participants did not feel undue mental and physical pressure when they felt they did not need 
to intervene. 

There are a wide variety of road situations requiring takeover from an autonomous 
vehicle, from snow or other debris obstructing a sensor, to erratic behaviour of other road users, 
or simply due to poor software programming. Some of these situations may offer the driver a 
clear and fairly straightforward understanding of why they are being asked to retake control 
(such as a closed lane ahead with clearly visible traffic cones). Others may be more complex or 
impossible for the driver to understand without further guidance and support from the 
autonomous system (such as an adjacent vehicle merging into their vehicle position). This 
research has highlighted the importance of investigating a variety of scenarios with different 
characteristics when evaluating different alert modalities. While it may be possible to predict 
with some accuracy which types of scenarios require which modality of alert, it is important to 
validate these predictions experimentally and to determine which alerts offer the most benefit in 
which scenarios. However, there are limitations which limited the strength of our conclusions, 
these are illuminated in the next section. 
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4.3 Limitations   
Our research has several limitations to be addressed in future work and one issue which is 
unlikely to be resolvable by future work. In this section the limitations will be discussed first, 
followed by a brief discussion of the confusion of hazard kind and hazard direction in our 
scenarios.  

4.3.1 System experience and learning limitations 
One problem with this study was that participants did not have enough time to learn the system 
well enough to understand the difference between warnings and takeover requests. Participants 
were given a cumulative 45 minutes of driving time using the autonomous system. They were 
unable to gain deep familiarity with the driving environment and it may have taken them longer 
to determine if they were supposed to take control or merely monitor their surroundings. Further, 
the limited time spent with the system meant that they had little time to determine the accuracy 
of the alerts and whether or not they could trust in the system. A lack of trust in an autonomous 
system may have led to them disregarding takeover requests as irrelevant or wait to verify if the 
danger was real before taking action.  

4.3.2 Situation awareness questionnaire limitations 
The results of steering wheel grip time and situation awareness (SAGAT) lead to the conclusion 
that front hazards were perceived less accurately than left and right hazards and yet were 
responded to more quickly and safely. This finding is perhaps at first glance, seemingly 
contradictory. That is of course because we were assuming that all of the information gathered 
by the SAGAT questions was relevant to safe takeover. If the driver does not need all the 
information we were looking for to take over safely (colour of vehicle is often irrelevant) then 
these results make more sense. In which case participants did not perceive peripheral takeover 
hazards as urgent, and spent extra time observing their surroundings, and thus responding more 
accurately to situation awareness (SAGAT) queries rather than using their time to quickly take 
control. This difficulty could potentially be mitigated by modifying the SAGAT queries used in 
future work to feature more level-2 and level-3 questions to aid in determining how much 
participants knew about their situation in order to increase the sensitivity of the SAGAT tests for 
the understanding and projection levels.  

Additionally, measurements and queries regarding perceived urgency could be taken to 
help determine whether or not it is the difference in hazard type, rather than just direction, that 
are resulting in the differences in performance. In this research we referred to both the nature and 
direction of the hazard, and it may not be possible to fully disentangle them. A takeover hazard 
in front, e.g., a closed lane ahead, is not a takeover hazard if it is a closed adjacent lane, and 
likewise a vehicle merging into another lane is unlikely be a front takeover hazard if it is 
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occurring in front of you (though it may be a warning hazard). Due to the fact that the hazards 
that occur in different directions may necessarily be different in the nature of the hazard, it may 
always be necessary to refer to hazards by both kind and direction. 

This research used the situation awareness global assessment technique (SAGAT) to 
measure objective situation awareness, however, another useful measure of level-1 (perception) 
situation awareness is eye gaze fixation points (Salmon, Stanton, & Walker, 2009). Lacking an 
eye tracker, we were unable to measure gaze fixations, would have allowed us to determine if 
participants were fixating on the hazards and simply not perceiving them to be a hazard or if they 
were not looking at the hazards at all. Additionally, eye gaze measures would allow us to 
determine if the participants were fixating on the heads-up-display (audio-visual alert) before or 
after they looked at the hazard to better understand how they were using the heads-up-display to 
improve their situation awareness and steering wheel grip time.  

4.3.3 Hazard scenario kind and direction confusion 
The problem which may be difficult to address is that hazards which come from different 
directions were necessarily hazards that differed in type. In our research we focused on hazard 
direction as it was the most salient difference between the different scenarios. However, this is 
not the whole story; consider a vehicle changing lanes and merging into the participant’s vehicle, 
then consider a closed lane ahead for construction. These hazards are not just in two different 
directions but also different kinds of hazards which may differ in their perceived urgency. A 
vehicle changing lanes into the participant vehicle may trigger a different response as drivers 
have a mental model of other drivers that includes driver agency; the other driver may notice 
they are engaging in a risky maneuver and change their behaviour. A closed construction zone is 
a fixed hazard which cannot be moved by the construction workers. However, it is likely to be 
impossible to fully disentangle the kind and direction of hazard as events when the hazard 
involves another vehicle’s behaviour which is only a hazard if it occurs in a particular lane but 
not if it occurs in any other lane. For example, a vehicle braking ahead of the participant vehicle 
is a hazard that may lead to a collision however a vehicle braking in the adjacent lane is not 
necessarily a hazard. While this is a limitation of our design, it is in common in other research in 
autonomous vehicle research (Biondi et al., 2017; Merat, Jamson, Lai, & Carsten, 2014; van den 
Beukel, 2016). Furthermore, this limitation supports our contention that it is vital to test 
autonomous vehicles in scenarios which vary in direction.  

4.3.4 Limitations summary  
While these issues represent limitations for the current study, they also present opportunities for 
future research to help us better identify gaps and issues in current frameworks. Future directions 
which build upon the work presented in this thesis are briefly detailed below. 
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4.4 Future Directions and Improvements  
This thesis presents preliminary investigations into the effects of alert modality (audio or audio-
visual), hazard level (takeover or warning), and hazard scenario kind and direction (front closed 
lane, front stopped traffic, right/left merge into adjacent or right/left merge into participant 
vehicle). The approach presented extended and lent additional support to the usefulness of the 
experimental paradigm initially developed by van den Beukel (2016) and can be extended in 
future research projects. For example, previous research found that where drivers direct their 
attention is related to their takeover performance (Louw et al., 2017). Thus, future studies should 
include eye tracking measures to better track participants attentional focus prior to and during 
takeover and warning requests. A variety of other future directions are explored below, including 
improved situation awareness questions, more scenarios, measures of sleepiness, and different 
age groups. 

4.4.1 Improved SAGAT questions  
The SAGAT questions used in this study were based on the examples provided by van den 
Beukel (2016). While the SAGAT scores showed minor differences in performance between 
alert modalities and stronger differences between directions the questions used were biased 
towards level-1 situation awareness, perception. Improved questionnaires could feature more 
questions per level to allow a statistical analysis of the differences between situation awareness 
levels (and thus greater insight into takeover and warning performance). Additionally, expanding 
upon the situation awareness questions may help better elucidate which information about the 
driving scene, what understanding of the scene, and which predictions about what will happen 
next are necessary for drivers to takeover safely in a variety of different situations (level-1, 2, 
and 3 situation awareness respectively). By understanding what information is necessary at each 
level of situation awareness we can make better predictions about the kinds of takeover support 
systems that will provide drivers with the best chance to takeover safely. 

4.4.2 Additional Scenarios: Warnings that develop into takeover 
requests, manual driving, and different distractions. 

In our research more than 16 different hazard scenarios for warning and takeover were 
developed. These scenarios included examples which are of additional relevance to Canada, such 
as snow obscuring lane markings and radar sensors, requiring driver takeover, or vehicles ahead 
being obscured by blowing snow requiring the driver to monitor their surroundings. As we found 
a large effect of hazard kind and direction on takeover performance it is important to continue to 
add to and explore additional scenarios in future research. Furthermore, as additional scenarios 
are examined and developed, a careful examination of the properties of each scenario will allow 
the construction of a theoretical framework. This framework could help researchers understand 
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what ties scenarios which have similar takeover characteristics together. This will help with the 
development of safer takeover alert modalities and designs. 

Warning Scenarios that Develop into Takeover Scenarios 

In this study one of the proposed benefits of the warning alerts and scenarios was to draw driver 
attention to the roadway in order that they might be aware of potential hazards before they 
develop instead of as they develop. For example, drawing driver attention to slowing vehicles 
ahead may be helpful so that the driver can keep an eye out for vehicles which are not slowing 
down appropriately behind or in case sudden front braking is required to mitigate or prevent a 
collision. However, in this research no such situations ever developed, which runs the risk of the 
warning scenarios being treated as irrelevant. If the participant mental model of the autonomous 
system begins to view warnings as unreliable, they may start to treat them as false alarms. As 
previous research has shown, if drivers treat warnings as false alarms the usefulness of the 
warnings is eliminated (Parasuraman & Wickens, 2008). Future research examining warnings 
which turn into takeover requests will need to vary the number of warnings which do and do not 
turn into takeover requests in order to determine how the false alarm rate affects driver takeover 
performance. As previous research has shown, false alarms can often have a more detrimental 
effect than simply dropping the automation entirely (Wickens et al., 2015).  

Add a Manual Driving Condition Comparison 

Future research could include manual driving responses to hazards. This would provide 
additional information: time to change lane; how often drivers take evasive action; and drivers 
situation awareness at the time they respond to the hazard. When driving manually and 
responding to hazards (which would require takeover in the automated condition) the situation 
awareness measures will help identify the kinds of questions asked by the SAGAT which are 
predictive of safe takeover and which are not. This will help us better understand whether or not 
drivers are not taking in sufficient information to take over safely (based on SAGAT scores). 
Additionally, we will be able to ask whether or not the very act of disengaging and becoming a 
supervisor changes their perception of the urgency of hazards. If this is the case, we expect that 
even if participants have sufficient situation awareness information for safe takeover they may 
not do so as they do not perceive the hazards to be particularly urgent after becoming a 
supervisor. 

Additional or Absent Distractions 

Another direction for future research is to test takeover and warning performance without a 
distracting task. This will help determine how much, if any, higher drivers score on measures of 
situation awareness when they are able to monitor their surroundings rather than paying attention 
to a secondary task. There is also the possibility of drivers becoming complacent or sleepy when 
disengaged from the driving task without other way of occupying their mind (Miller et al., 2015; 
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Parasuraman & Manzey, 2010). As a result, it may be that asking drivers to merely supervise an 
autonomous system may reduce awareness scores rather raise them. 

Different in-vehicle tasks, which may be more or less distracting than Sudoku, will allow 
researchers to investigate the impact of the level of distraction has on the takeover task and the 
interaction between alert modality and level of distraction. A takeover alert modality that is 
richer in information may offer better takeover time and evasive action than one which offers 
less information when the driver is severely distracted. However, this may not always be the 
case, since, i.e., the information richness of the alert may itself be a distraction when drivers 
emerging from deep focus on a secondary task need all their cognitive resources available to 
reengage safely with the driving task. Examples of secondary tasks which may be less distracting 
include listening to an audiobook or conversing on the phone, and an example of more 
distracting tasks may include watching a movie the driver finds interesting or a highly engaging 
video game. 

4.4.3 Sleepiness Measures: Automation and driver fatigue and 
sleepiness. 

In this research, one participant fell asleep during the autonomous driving section (while filling 
out the Sudoku puzzle). This suggests that measures of driver sleepiness may be useful in future 
research. Sleepiness is a known problem in driving research and secondary tasks have already 
been broached as a potential mechanism for reducing fatigue (MacLean, Davies, & Thiele, 2003; 
Neubauer, Matthews, Langheim, & Saxby, 2012; Neubauer, Matthews, & Saxby, 2014). 
Combined with previous suggestions for a manual condition and an automation condition free of 
distraction, sleepiness measures are warranted for inclusion in future work.  

4.4.4 Driver Age Groups: Automation and older or more 
experienced drivers 

Finally, as drivers spend years behind the wheel, they may gain the skills and experience 
necessary for the driving task itself to become second nature. If a task is so well known, through 
repeated practice or training, that individuals are capable of carrying it out with little to no 
conscious attention or awareness that task is said to be carried out using automatic processing 
(Shiffrin & Schneider, 1977; Trick, Enns, Mills, & Vavrik, 2004). As shown by previous 
research, (Gugerty, 2011), as drivers become more skilled they gain the ability to move some of 
the driving tasks to more automatic processing, allowing their conscious attention to primarily 
focus on hazard detection. Our study focused primarily on inexperienced (and younger) novice 
drivers, with a little less than 3 years of driving experience on average, and an average age of just 
19 years. It takes time and extended practice for the various components of the driving task to 
become automatic (Shiffrin & Schneider, 1977; Trick et al., 2004), which is to say young and 
inexperienced drivers may be the least capable of automatically monitoring the situation while 
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carrying out other tasks (such as Sudoku).This may leave them more vulnerable than other, more 
experienced, drivers who are able to automate more of the driving task and thus have additional 
attentional resources for monitoring during the takeover process. Additionally, young and 
inexperienced drivers are the most open to the use of automation, (Brandon & Michael, 2014; 
Kyriakidis, Happee, & De Winter, 2015) and yet they are simultaneously the most vulnerable to 
automation failures. This is because young and inexperienced drivers have not automatized 
hazard detection, or even the use of vehicle controls. This leaves them in a precarious position 
when taking over as they require additional time that experienced drivers likely would not. This 
may explain the number of collisions in this study, the young drivers, required more time to 
reengage with the driving task because they had not yet automatized the user of vehicle controls. 
Future studies which incorporate experienced and older and more experienced drivers, who are 
thus more likely to be able to use automatic processes are required to determine if the same 
pattern of takeover times would be replicated. 

4.5 Conclusions 
This research presented vital preliminary investigations into different hazard scenario kinds and 
directions, showing a strong effect of kind/direction on takeover safety. This highlights the 
importance of testing autonomous vehicles in a wide variety of situations in order to better 
ensure that the autonomous systems prompt the driver for takeover in sufficient time for them to 
do so safely.  

Additionally, we showed that the modality design of the alert can also impact takeover 
safety, by reducing the time before the driver retakes control of the vehicle, and better situation 
awareness scores. This finding, in favour of multimodal audio-visual alerts, clearly demonstrates 
the importance of designing effective takeover alerts for driver safety and understanding. This 
result contrasts with previous research and is likely a result of including more hazard directions 
(van den Beukel, 2016). While the interaction effect did not reach significance, there was 
evidence of an interaction in the form of greater differences in magnitude between the two alert 
modalities for peripheral than front hazards. This highlights just how important it is to ensure 
that takeover from autonomous systems is tested in a wide variety of situations. This is a 
preliminary study and while the conclusions drawn are promising they must be backed up by 
further research to replicate the results and add more conditions to gain a better understanding of 
the mechanisms which lead to the differences in performance.  

It is an exciting time for driving research as autonomous vehicle technologies begin to be 
deployed by automobile manufacturers and more powerful tools become available for 
investigating their effects. It continues to be important to understand how the driver-machine 
interface effects safety as the roll of the driver changes from operator to supervisor. 
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Appendices 

A. Glossary of Terms 
Alerts 

An alert is a physical stimulus presented to a participant in order to attract their attention. Alerts 
may be through the audio, visual, or vibrotactile perceptual channels. 

Audio-only Alerts 

Audio-only alerts presented warning and takeover sounds to the participant in either the left, the 
front, or the right direction. These audio alerts were presented in 3D space using the DRiVE Lab 
driving simulator surround sound system to play sounds directly to the left of the driver seat, 
directly in front of the driver seat, or directly to the right of the passenger seat, depending on 
where the hazard was located. The audio sound for warning was a high clear sine wave tone 
presented in the appropriate audio channel, left, front, or right, (Gold et al., 2015). The audio 
sound for takeover requests was a buzzing sawtooth wave in the appropriate audio channel, (van 
den Beukel, 2016). 

Audio-visual Alerts 

The audio-visual alerts system used the same audio alerts presented in the same channels as the 
audio-only system but added a heads-up display (HUD) with an image of the vehicle and icons to 
indicate the presence of a hazard to one of the sides of the vehicle (Figure 5). Warning hazards 
were indicated on the HUD by yellow indicators and takeover hazards were indicated on the 
HUD by red indicators.  

Automation Abuse  

When the designers of a system fail to adequately understand the way in which the autonomous 
system will be used and how it will interact with the human driver they may design it in a way 
that leads to automation failures.  

Automation Disuse 

Disuse of an autonomous system occurs when drivers either do not trust the system to take 
control or do not understand that it is capable of controlling the vehicle in a particular situation. 



73 

Automation Misuse 

When a driver does not understand the limits (or does not care about those limits) of an 
autonomous system and fails to retake control or monitor in situations which are beyond the 
limits of the system they are misusing the system.  

Automation Use 

When a driver is using the system correctly and the autonomous vehicle and driver work together 
to maintain safe monitoring and takeover when appropriate. 

Autonomous Driving/Control 

In a level-4 highly automated vehicle, Appendix C, autonomous driving implies that the vehicle 
computer is in control of both the lateral (lane-keeping and steering) and longitudinal 
(accelerating and braking) control of the vehicle. 

Collision Avoidance/Occurrence 

Whether or not a collision occurred when a driver retook control from an autonomous system in 
response to a hazard. 

Diffusion of Responsibility 

Responsibility diffusion occurs when a driver becomes too trusting of the autonomous system 
and becomes over-reliant on highly reliable automation (misusing it) and thus a failure may 
occur as drivers are unprepared to retake control when required. 

Directional Cue 

A directional cue is the information which is added to an alert which provides spatial information 
about where the hazard is located. For example, audio-only alerts takeover sounds to the 
participant through either the left, the front, or the right speakers providing an alert with 
directional information. 
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Driver Distraction 

When a driver is engaged in some task other than that of driving (or monitoring if the vehicle is 
in driving autonomously) the vehicle they are said to be distracted. Distraction can be cognitive, 
in which the driver is not thinking about the driving task, physical, in which the driver is using 
their hands to engage in some activity other than controlling the vehicle, or visual, in which 
drivers are directing their eyeline away from the road. 

Evasive Action  

An action taken by a participant to avoid colliding with a hazard. Specifically, in this research it 
implies that the participant accelerated, braked, or change lanes to prevent their vehicle from 
colliding with another vehicle or road hazard. 

Hazard Scenario 

The driving situation the participant finds themselves in, when asked to either takeover from the 
autonomous vehicle or monitor their surroundings. The scenario includes aspects of the 
environment such as other vehicles (their position, velocity, and trajectory), the weather and road 
conditions, and any other objects in the environment (including pedestrians and cyclists). 

Ineffective Transfer of Control  

Ineffective transfer of control occurs when the driver is asked to retake control when distracted 
and thus unprepared to do so. This ineffective transfer of control may be brought about by 
automation abuse or misuse.  

Manual Driving/Control 

Manual driving implies that the participant/driver is in control of both the lateral (lane-keeping 
and steering) and longitudinal (acceleration and braking) control of the vehicle. Driver aids such 
as systems which monitor the blind-spot systems, and anti-lock brakes are not considered 
automation and may be active in manual driving. 

Monitoring 

When a driver is in a vehicle driving autonomously they are often asked to monitor their 
surroundings to ensure that they are aware of any potential hazards and able to respond if 
necessary.  

Multimodal Alerts 

Alerts which are presented to participants via more than one perceptual channel. For example, an 
audio-visual alert presents the alert as both a sound and an image or text, or an audio-vibrotactile 
alert which presents the alert both as a sound and a vibration of some element of the vehicle.  
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Operator 

When a driver is engaged in full manual driving, they are said to be the in the role of vehicle 
operator. 

Out-of-the-loop 

A cognitive state that arises in drivers using an autonomous vehicle when the vehicle’s computer 
system is in control and the driver is merely supervising. This state occurs when drivers have 
poor situation awareness and thus reduced understanding and integration of information in the 
driving environment and will thus have difficulty retaking taking control (drivers may or may not 
be distracted) (Wiener & Curry, 1980). 

Rating Scale of Mental Effort (RSME) 

The rating scale of mental effort is a 25-point scale which measures participants subjective 
feelings of mental load. How much extra attention do they believe is available and how much is 
being used by the task they are performing.  

Situation Awareness 

The cognitive process of perceiving of elements in the driving environment, understanding their 
importance, and predicting what they are going to do next  (Endsley, 1995).  

Steering wheel grip time 

The steering wheel grip time was defined as the time from when the alert was issued by the 
autonomous system to the time the participant gripped the steering wheel. Gripping the steering 
wheel was measured as either an increase in steering wheel speed beyond a rate of 7º/second 
(chosen as it exceeds the maximum speed generated by the autonomous system during the 
duration of the drive) or an increase in steering wheel angle beyond 8º (chosen as it exceeds the 
maximum steering angle observed during the autonomous portion of the drive prior to the 
takeover alert). 

Supervisor 

When a driver is asked to monitor the vehicle when it is driving autonomously, they are said to 
be in the role of a supervisor.  

Takeover 

The process of a driver reengaging with the driving task in order to retake manual control of the 
vehicle when the vehicle was driving autonomously.  
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Takeover Scenarios 

A takeover scenario is a hazardous situation that develops in the road environment, such as a 
vehicle merging into the autonomous vehicle, that occurs when the autonomous system is active 
which exceeds the capabilities of the autonomous system and thus requiring human intervention. 
In these scenarios the driver is required to retake control of the vehicle to ensure continued safe 
operation.  

Time-to-collision 

If one vehicle is following another, the time that would elapse before the following vehicle 
impacted with the lead vehicle if the lead vehicle were to come to a sudden stop. Smaller time-
to-collision values indicated that the two vehicles were closer together. 

Unimodal Alerts 

Alerts which are presented to participants in only one perceptual channel. For example, alerts 
with only an audio component, or alerts with only a visual component.  

Warning Scenarios 

A warning scenario is a hazardous situation in the road environment that develops while an 
autonomous system is active, and the system detects that it is approaching the boundaries of its 
capabilities. In this situation the driver should pay attention to their surroundings in case they are 
needed to retake control of the vehicle. 

B. Additional Results Figures and Statistics 
When examining the results of situation awareness rating technique (SART) and NASA Task 
Load Index (NASA-TLX) in many cases no statistical significance was found. To keep the 
results concise many of these results were removed from the results section and collected here as 
supplementary material. As presenting the results visually makes it easier to comprehend these 
figures are included here for references purposes. First the figures for takeover scenarios the 
SART subscale and NASA-TLX subscales (where no significance was found) are presented. 
And then the figures for warning scenarios for SART subscale and NASA-TLX subscales (where 
no significance was found) are presented. 
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B.I Situation Awareness in Takeover Scenarios 

 
Figure 25. SART supply of available attention scores for takeover scenarios with standard error 
bars (0-7 Likert rating scale) where 0 is low supply and 7 is high supply. 

 
Figure 26. SART understanding of the situation scores for takeover scenarios with standard error 
bars (0-7 Likert rating scale) where 0 is low understanding and 7 is high understanding.  
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Figure 27. SART overall scores for takeover scenarios with standard error bars (0-7 Likert rating 
scale) where 0 is low and 7 is high. 

For the supply SART subscale (Figure 25) in takeover scenarios there were no main 
effects of alert modality, F(1,65) = 0.602, p = 0.441, #$"   = 0.009, hazard direction, 
F(1.791,116.388) = 0.486, p = 0.596, #$"   = 0.007, or an interaction main effect between alert 
modality and hazard direction, F(1.791,116.388) = 0.102, p = 0.883, #$"   = 0.002. Likewise for 
the understanding subscale (Figure 26) there were no of the main effects of alert modality, 
F(1,64) = 0.561, p = 0.456, #$" = 0.009, hazard direction, F(1.949,124.759) = 1.967, p = 0.144, 
#$"   = 0.030, nor a main interaction effect of alert modality and hazard direction, 
F(1.949,124.759) = 0.299, p = 0.736, #$" = 0.005. Finally, for overall SART scores (Figure 27) 
in takeover scenarios, there were no significant main effects for alert modality, F(1,64) = 0.304, 
p = 0.583, #$"  = 0.005, hazard direction, F(1.913,122.423) = 0.366, p = 0.685, #$"   = 0.006, or the 
interaction between alert modality and hazard direction, F(1.913,122.423) = 0.024, p = 0.973, #$" 
< 0.001. 
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B.II Workload in Takeover Scenarios 

 
Figure 28. NASA-TLX mental workload subscale scores for takeover scenarios with standard 
error bars (0-21 Likert rating scale) where 0 is low workload and 21 is high workload. 

 
Figure 29. NASA-TLX temporal workload subscale scores for takeover scenarios with standard 
error bars (0-21 Likert rating scale) where 0 is low workload and 21 is high workload. 
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Figure 30. NASA-TLX effort subscale scores for takeover scenarios with standard error bars (0-
21 Likert rating scale) where 0 is low performance and 21 is high performance. 

 
Figure 31. NASA-TLX frustration subscale scores for takeover scenarios with standard error 
bars (0-21 Likert rating scale) where 0 is low performance and 21 is high performance.  

For the mental workload subscale (Figure 28) of the NASA-TLX, there were no 
significant main effects in takeover scenarios for alert modality, F(1,72) = 2.457, p = 0.121, #$"  = 
0.033, or direction F(1.648,118.715) = 1.445, p = 0.240, #$"  = 0.02. Nor was there an interaction 
effect, F(1.648,118.715) = 0.333, p = 0.675, #$"  = 0.005. There were no significant main effects 
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for the temporal NASA-TLX subscale (Figure 29) for alert modality, F(1,71) = 0.015, p = 0.901, 
#$"  < 0.001, or direction, F(1.912,135.781) = 1.290, p = 0.278, #$"  = 0.018, nor was there an 
interaction effect of alert modality and direction F(1.912,135.781) = 0.507, p = 0.595, #$"  = 
0.007. For the effort subscale (Figure 30) in takeover scenarios there were no significant main 
effects for alert modality, F(1,69) = 0.238, p = 0.627, #$"	=0.003, hazard direction, 
F(1.787,123.305) = 0.566, p = 0.550, #$"  = 0.008, nor was there an interaction effect of alert 
modality and hazard direction, F(1.787,123.305) = 2.014, p = 0.143, #$"  = 0.028. For the 
frustration NASA-TLX subscale (Figure 31) there was no significant main effect for alert 
modality, F(1,71) = 1.435, p = 0. 235, #$"  = 0.020, hazard direction, F(1.997,141.816) = 1.622, p 
= 0.201, #$"  = 0.022, nor was an interaction effect between alert modality and hazard direction 
found, F(1.997,141.816) = 0.387, p = 0.680, #$"  = 0.005.  

B.III Situation Awareness in Warning Scenarios 

 
Figure 32. SART supply of attention scores for Warning Scenarios with standard error bars (0-7 
Likert rating scale) where 0 is low supply and 7 is high supply.  
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Figure 33. SART overall scores for Warning Scenarios with standard error bars (0-7 Likert 
rating scale) where 0 is low and 7 is high.  

For the Supply subscale (Figure 32) none of alert modality, F(1,74) = 1.766, p = 0.188, 
#$"	= 0.023, or hazard direction, F(1.883,139.322) = 0.946, p = 0.386, #$"	= 0.013,  nor  the 
interaction F(1.883,139.322) = 0.511, p = 0.590, #$"	= 0.007, were significant. Likewise, for the 
overall SART scores (Figure 33) none of the effects of alert modality, hazard direction, nor the 
interaction effect were significant, F(1,73) = 0.002, p = 0.967, #$"	< 0.001, F(1.957,142.897) = 
0.059, p = 0.950, #$"	= 0.001, and F(1.957,142.897) = 1.787, p = 0.172, #$"	= 0.024, respectively. 
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B.IV Workload in Warning Scenarios 

 
Figure 34. NASA-TLX physical workload subscale scores for warning scenarios with standard 
error bars (0-21 Likert rating scale) where 0 is low workload and 21 is high workload.  

  
Figure 35. NASA-TLX temporal workload subscale scores for warning scenarios with standard 
error bars (0-21 Likert rating scale) where 0 is low workload and 21 is high workload. 
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Figure 36. NASA-TLX effort subscale scores for Warning Scenarios with standard error bars (0-
21 Likert rating scale) where 0 is low effort and 21 is high effort. 

 
Figure 37. NASA-TLX frustration subscale scores for Warning Scenarios with standard error 
bars (0-21 Likert rating scale) where 0 is low frustration and 21 is high frustration. 
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Figure 38. NASA-TLX average scores for warning scenarios with standard error bars (0-21 
Likert rating scale) where 0 is low and 21 is high. 

Contrary to the predictions for the physical workload (Figure 34) NASA-TLX subscale, 
there was no effect of alert modality, F(1,75) = 0.198, p = 0.658, #$"	= 0.003, hazard direction, 
F(1.821,136.608) = 0.595, p = 0.538, #$"	= 0.008, nor an interaction effect of alert modality and 
hazard direction, F(1.821,136.608) = 0.519, p = 0.579, #$"	= 0.007. There were no significant 
main effects for alert modality, hazard direction, nor was there an interaction effect, on the 
temporal demand (Figure 35) NASA-TLX subscale, F(1,84) = 0.119, p = 0.731, #$"	= 0.001, 
F(1.852,155.549) = 0.332, p = 0.701, #$"	= 0.004, and F(1.852,155.549) = 0.532, p = 0.575, #$"	= 
0.006, respectively.  For the effort NASA-TLX subscale we did not find the predicted effects 
(Figure 36). There were no significant main of alert modality, F(1,81) = 0.382, p = 0.538, #$"	= 
0.005, or hazard direction, F(1.939,157.066) = 1.390, p = 0.252, #$"	= 0.017, on the effort 
subscale. Nor were there interaction effects between alert modality and hazard direction on the 
effort NASA-TLX subscale, F(1.939,157.066) = 1.129, p = 0.325, #$"	= 0.014. There were also 
none of the predicted effects of alert modality, or hazard direction, on the frustration NASA-TLX 
subscale (Figure 37). The effects of alert modality, hazard direction, and the interaction effect, 
were significant for frustration, F(1,80) = 0.578, p = 0. 449, #$"	= 0.007, F(1.937,154.939) = 
1.913, p = 0.152, #$"	= 0.023, and F(1.937,154.939) = 0.468, p = 0.621, #$"	= 0.006, respectively. 
For the overall NASA-TLX scores (Figure 38) there were no main effects of alert modality, 
F(1,83) = 0.674, p = 0.414, #$"	= 0.008, or hazard direction, F(1.937,160.791) = 1.583, p = 0.209, 
#$"	= 0.019. Nor was there an interaction between alert modality and hazard direction on overall 
NASA-TLX scores, F(1.937,160.791) = 1.005, p = 0.366, #$"	= 0.012. 
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C. Autonomous Vehicle Definitions 
It is important in this thesis to have a precise definition of autonomous vehicles in order to better 
understand the risks and how they can best be mitigated as autonomous vehicles begin to be 
widely deployed. When discussing autonomous vehicles, it is important to understand what we 
don’t mean as much as what we mean. For instance, what we don’t mean are automation of 
functions such as antilock brakes, the transmission, or vehicle stability assist. When speaking of 
autonomous vehicles, we are primarily interested in automating the moment to moment 
acceleration and braking (longitudinal) control of the vehicle as well as the lane-keeping and 
steering (lateral) control. The Society of Automotive Engineers (SAE) define 6 levels of vehicle 
automation, level-0, no automation, through level-5, full automation (SAE International, 2018). 

Level-0 (no automation) vehicles are those we are most familiar with today, no 
automation of either the longitudinal control or lateral control. This is the level at which systems 
such as antilock brakes and vehicle stability assist operate, hence, as mentioned above, these are 
grouped with the no automation category of vehicles. 

Level-1 (driver assistance) vehicles may include such driver assistance features as 
forward collision warning, and lane departure warning, and blind spot monitoring systems, and 
may include adaptive cruise control. 

These level-1 vehicles are common but while adaptive cruise control may be a form of 
limited automation findings suggest that drivers do not considered it to be a particularly 
intelligent vehicle technology (K. J. Lee et al., 2014). 

However, despite the fact that fully manual vehicles, or maybe level-1 vehicles, are those 
which most readily comes to mind they are rapidly being displaced on the road by the new level-
2 vehicles. 

Level-2 (partial automation) vehicles are those which have both semi-autonomous 
longitudinal and lateral control features which are capable of operating simultaneously such as 
adaptive cruise control and collision mitigating braking working together with advanced lane-
keeping assistance systems. These vehicles are already being widely deployed such as on most 
new Toyota and Honda vehicles. These are considered partially autonomous vehicles as the 
driver is required to remain engaged with the driving task at all times and is required to keep 
their hands on the wheel even when both the lateral and longitudinal control features are working 
together. 

Level-3 (conditional automation) vehicles feature automated lateral and longitudinal 
control which operate together for moment to moment vehicle control while the driver is 
required to monitor the vehicle and be prepared to retake control at any moment. Current Tesla 
Autopilot and Mercedes Distronic Plus and Active Lane Keeping Assistance Systems operate at 
or near this level (Mercedes-Benz, 2016; Tesla, 2018). 
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Level-4 (high automation) vehicles are fully autonomous in certain conditions and when 
these conditions are met no human input will be required, however the human will have the 
option of driving even in these situations.  

There is some overlap between level-2 and level-4, where some vehicles may not be fully 
capable of operating at their maximum autonomous level in all situations. 

Finally, level-5 (full automation) vehicles are fully capable of driving themselves in all 
situations and while the human operator may have the option of driving, they are no longer 
required for safe operation in any circumstance. 

The autonomous system used in this thesis simulated a level-3/4 vehicle, where the driver 
will be able to fully disengage from the driving task in certain situations but should be ready to 
retake control at any given moment (Marinik et al., 2014; Trimble et al., 2014).  

Waymo, formerly Google’s self-driving car initiative, has been attempting to roll out 
fully autonomous vehicles with the hope of offering a fully autonomous taxi service in limited 
markets. Unfortunately they have had limited success thus far and have struggled to remove the 
safety driver from their vehicles, limiting the financial benefits self-driving taxis are supposed to 
provide (T. B. Lee, 2018). 

While these level-5 vehicles are interesting they are not being widely deployed nor are 
they presently being marketed to consumers. Instead consumers are marketed vehicles in the 
level 2-3 range, where they may occasionally be able to take their hands off of the wheel they 
will still have to retake control of the vehicle (Honda of Canada Mfg., 2018; Tesla, 2018). 

D. Autonomous Vehicle History 
Autonomous vehicles have been the dream of manufacturers and researchers alike for almost 100 
years. Very early attempts at autonomous vehicles were mostly gimmicks, relying on remote 
control to provide vehicle automation (The Free Lance-Star, 1932), or roadways with a 
specialized electric wires which required specially designed vehicles (GM Heritage Center, 
2013), these systems weren’t feasible for widespread adoption and offered no realistic prospects 
for freeing the operator from the driving task.  

Over the decades many vehicle systems that once required manual management have 
since been automated, including but not limited to the transmission, anti-lock brakes, and cruise 
control, these systems still leave the moment to moment decision making in the hands of the 
driver. In the early 2000s with a series of challenges culminating in the DARPA urban challenge 
true driverless vehicle automation began to take shape, laying the foundations by helping to 
determine the sensors and technology combinations which would go on to be used in commercial 
self-driving vehicles (Chow, 2014; DARPA, 2007). 

Early technologies were largely used for safety and convenience, e.g., adaptive cruise 
control (which can control both acceleration and braking) went in to production in 1998, and 
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blind spot monitoring systems first introduced in 2007 have since become a standard feature on 
many of the most common vehicles (Ford Motor Company, 2018; Norris, 1998; Thomas, 2007).  

This lead to the introduction of semiautonomous technologies such as adaptive cruise 
control, lane keeping assistance systems, and collision mitigating braking systems (Honda of 
Canada Mfg., 2018).  

The most advanced vehicles today offer limited self-driving capabilities, able to take 
control of not just the acceleration and braking (as in adaptive cruise control) but lane-keeping 
and even lane change maneuvers (Adams, 2017; Tesla, 2018).  

However even these systems are capable of operating only in limited contexts and require 
the driver to be always on guard, monitoring the road ahead and the autonomous system itself for 
signs of potential failure and responding to crises exceeding the limits of the autonomous 
systems capabilities. 
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E. Research Forms 

E.I Simulator Adaptation Syndrome (SAS) Protocol 

Pre-Experiment Manual of procedures and  
prescreening questionnaire for SAS 

Simulator Adaptation Syndrome (SAS): Lab 

Procedures 

MANUAL (For researchers): 
Whenever people are exposed to simulated environments, there is a chance that simulator sickness may occur. Also 
known as simulator adaptation syndrome, it is characterized by a range of complaints and discomfort, such as: 

• Visuomotor dysfunction (eyestrain, blurred vision, difficulty in focusing), 
• Mental disorientation (difficulty in concentrating, confusion, apathy) 
• Nausea including vomiting 
• Drowsiness, fatigue, eyestrain, headache 
• Sweating, extreme pallor (paleness) 

In order to increase our understanding of this phenomenon, and to reduce the occurrence, it is necessary that the 
following procedures be followed.  

Before the Testing Session 
1) When the potential participant is contacted about the study, it is necessary that they are aware of the risks 

involved before agreeing to take part. Therefore, each person needs to provide informed consent that he/she is 
willing to participate in the simulation, before coming in for the study. 

2) Certain factors can predict the likelihood that an individual will experience simulator sickness. In order to 
assess whether the potential participant is at particular risk, the SAQ must be administered. This questionnaire 
asks about driving related history, as well as general and specific factors associated with simulator sickness. Let 
them know if something on their questionnaire indicates they may be at a slightly higher risk and let them 
choose for themselves if they would like to participate.  This should be done at least 24 hours before the 
participant is scheduled to use the simulator. SEE APPENDIX A FOR A COPY OF THE QUESTIONNAIRE.  

3) The day before a participant is scheduled to use the simulator, it is necessary to call him/her. Not only do we 
want to remind them of their appointment, but we also need to assess their current well-being. In order to 
participate in a simulation, an individual must be in their regular state of health.  
a) If a participant is experiencing fatigue, an upset stomach, hangover, flu, ear infection, or cold then they 

should not participate. Tell the participant they can reschedule when they are feeling normal again.  
b) We need to know what medication the person is taking. The following medications should not be taken if 

someone is using the driving simulator: 
i) Decongestants/ cold medications (e.g. diphenhydramine) 
ii) Antihistamines / allergy medications 
iii) Some prescription anxiety medications (benzodiazepines, such as Ativan) 
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c) Participants should be encouraged to avoid alcohol, caffeine, drugs, and cigarettes at least the night before 
the simulation.  

During the Testing Session 
1. When the participant arrives, it is necessary that they give consent again. We also need to confirm what 

medications they are taking.  
2. Administer the SSQ (to be done both before and after the simulation). This can act as a baseline to give you 

an idea of how much the simulator has affected the participant. SEE APPENDIX 6.5.3 FOR A COPY OF 
THE QUESTIONNAIRE AND SCORING INFORMATION.  

Additional things to do to reduce the chances of simulator sickness: 
• Make sure the room is cool  
• Don’t let the participant think they will definitely get sick. Although they should be aware of the risk, they 

should not feel it is inevitable.  Other simulation labs suggest that there is an element of suggestion in 
simulator sickness. People who expect to feel sick, begin to feel sick. Furthermore, do not allow a 
participant to see someone else get sick.  

• Offer the participant some ginger tea (this settles the stomach) before exposure to the simulator.  
• Have some cookies (e.g. ginger snaps – ginger helps the stomach) and crackers for people to snack on if 

they are feeling uneasy. 
• Always have cold water available.  
• Make sure the participant is set and ready to begin before turning on the simulator. 
• If possible, use low light intensity. 
• Take lots of breaks. People will often want to keep going, but you need to ensure that frequent breaks are 

taken. Some research has shown that symptoms of simulator sickness increase as a function of time spent in 
the simulator, so it is important to have brief periods of exposure.   

• Encourage participants to concentrate. Research suggested that when someone is concentrating this can 
reduce the incidence of simulator sickness.  

• If someone is feeling unwell, advise him or her to close his or her eyes or look at the floor. 
• Find other tasks for them to do or prepare short explanations of various perceptual phenomena (e.g. hazard 

perception) to keep them interested while they rest.  
• Check in with the participant every few minutes. Ask them how they are feeling on a scale of 1 to 10 (1 is 

awful, 10 is great). Keep track of these responses and how they vary as time passes.  
• Monitor their faces for any changes (redness, increased swallowing). 

Factors associated with the actual simulator that can increase the chances of 
simulator sickness:  

• Bright images 
• Wide fields of view 
• Motion at 0.2 hz 
• CRT systems (rather than dome projection systems). 
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If a person displays signs of simulator sickness, follow this protocol: 
Mild Symptoms  
(uneasiness, flush, increased temperature) 

• Ask the participant how he/she is feeling. 
• Determine if the participant wants to continue.  
• If no, end the scenario immediately.  
• If yes, ask if the participant wants to take a break.  
• If they say no, continue with the simulation when the person is ready.  
• If they say yes, stop the simulation, turn on all the lights in the room, and escort the person to a chair. Make 

sure they are steady on their feet before getting up. Make sure the person is back to normal before resuming 
simulation.  

• Indicate to the person that these feelings will soon pass. 

Medium Symptoms 
(uneasiness, flush, increased temperature, dizziness, mild nausea) 

• Ask the participant how he/she is feeling. 
• Determine if the participant wants to continue.  
• If no, end the scenario immediately. 
• If yes, encourage the participant to take a short break.  
• Turn on all the lights in the room and escort the person to a chair. Make sure they are steady on their feet 

before getting up. Make sure the person is back to normal before resuming simulation. Resume simulation 
only if the participant again indicates that they want to continue.  

• Indicate to the person that these feelings will soon pass. 
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5.1.1 Pre-experiment SAS Questionnaire 

Simulator Adaptation Syndrome Pre-screening 
Questionnaire (SAQ) 

It is critical that we are certain that the participant really understands the items; thus, we READ this to the 
participant and have them answer orally rather than in writing. We, the experimenters, will write down the responses 
for them. 

TO BE READ TO THE PARTICIPANT 
This study will require that you drive in a driving simulator. We need to first find out a little about how often you 
drive in order for us to help understand how you will adapt to the simulator. Some participants have felt uneasy after 
participating in studies using a simulator. To help identify people who might be prone to this feeling, we would like 
to ask the following questions. 

Specific Predictors 
1. Do you experience migraine headaches?          

Yes  No 
 

2. Do you experience claustrophobia (fear of closed in spaces)?        

Yes    No 
 

3. Do you have a history of motion sickness?         

Yes  No 
 

If yes, please describe where (for example, car, boat, train, or airplane) and when (for example, recently or as a 
child): 
 

4. Have you ever experienced dizziness or nausea while watching a movie on a wide-screen (e.g. Silver City or 
Omnimax Theatre)? 

Yes No 
 

If yes, please describe: 
 

5. Do you experience dizziness or nausea while reading in a moving car? 

Yes No 
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6. Do you prefer to be the driver, compared to the passenger, because otherwise you experience dizziness or nausea? 

Yes No 
 

Note to Researcher: If a participant answers yes to any of these questions, tell them that they may be at higher risk 
for problems resulting to simulator exposure. In particular, viewing a computer screen may cause eye-strain and eye-
strain triggers migraines for some migraine sufferers; the confined space may be a challenge for claustrophobics; 
people who have had experiences of dizziness or nausea as a result of motion (especially if these are recent 
experiences) or viewing wide screen movies may experience similar symptoms in a simulator.  However, the motion 
sickness experienced on a boat is much more typical in the population. We are especially worried about people who 
get carsick or train sick. 
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General Medical history questions.  
1. Do you have heart problems, or have you had a heart attack?  

Yes    No 
 

2. Do you experience lingering effects from stroke, tumor, or head trauma?    

Yes    No 
 

3. Do you have any inner ear problems (vertigo)? 

Yes    No  
 

4. Do you have diabetes for which insulin is required?      

Yes    No 
 

5. Do you have problems with low blood sugar (hypoglycemia)?  

Yes  No 
 

6. Do you have epileptic seizures?      

Yes   No 
 

7. Are currently taking medications that make you feel extremely nauseated or dizzy? 

Such as:  Decongestants/ cold medications (e.g. diphenhydramine)  
Antihistamines / allergy medications 
Prescription anxiety medications (benzodiazepines, such as Ativan) 

Yes    No 
 

8. How are you feeling today?  

 

 

 

 

Note to researcher: If a participant answers yes to any of these questions,  or if the participant indicates that they are 
sick (an in particular, hungover, nauseated) they may be at higher risk for problems resulting to simulator exposure 
and ask them if they want to continue. If participants answer yes to 2 of these questions, do not permit them to go on 
into the second phase of the study. If they indicate that they are already nauseated try to reschedule the appointment 
to a time when they are feeling better. 
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5.1.2 Post-experiment SAS Questionnaire 

Post-Experiment Questionnaire (SSQ) 
There is a small risk associated with driving in the driving simulator. Some individuals experience feelings of 
dizziness or nausea, and an increase in body temperature, which are symptoms of a temporary condition called 
Simulator Adaptation Syndrome. We are tracking the severity of any discomfort felt by those who drive in the 
driving simulator.  

• How many times have you been in the driving simulator? (Check one) 

First time______ Second Time______ More than two times______ 

• Please rate the following symptoms of discomfort on a scale of 0 to 3, where 0 = none, 1 = slight, 2 = 
moderate, and 3 = severe.  

For Experimenter Use Only  

Weight 

Symptom   Rating   Nausea  Oculomotor Disorientation 

General Discomfort   _____   1_____  1_____  0_____ 

Fatigue    _____   0_____  1_____  0_____ 

Headache   _____   0_____  1_____  0_____ 

Eyestrain   _____   0_____  1_____  0_____ 

Difficulty Focusing  _____   0_____  1_____  1_____ 

Increased Salivation   _____   1_____  0_____  0_____ 

Sweating   _____   1_____  0_____  0_____ 

Nausea    _____   1_____  0_____  1_____ 

Difficulty Concentrating  _____   1_____  1_____  0_____ 

Fullness of Head  _____   0_____  0_____  1_____ 

Blurred Vision   _____   0_____  1_____  1_____ 

Dizzy (Eyes Open)  _____   0_____  0_____  1_____ 

Dizzy (Eyes Closed)  _____   0_____  0_____  1_____ 

Vertigo    _____   0_____  0_____  1_____ 

Stomach Awareness  _____   1_____  0_____  0_____ 

Burping    _____   1_____  0_____  0_____ 

 

 

      Totals ______  ______  ______ = ___ 

To compute the scale scores for each column, the reported value for each symptom is multiplied by the weight in 
each column and then summed down the columns. The total SSQ score is obtained by adding the scale scores across 
the three columns and multiplying by 3.74. Weighted scale scores for each column individually can be found by 
multiplying the “Nausea” scale score by 9.54; the “Oculomotor” subscale by 7.58; and the “Disorientation” subscale 
by 13.92. 
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5.1.3 Recruitment advertisement 

Driver Support Systems for Automated Driving 

REB CODE: REB# 
You are asked to participate in a research study conducted by Dr. Lana Trick (Professor, Department of Psychology, 
University of Guelph), Blair Nonnecke (Professor, School of Computer Science, University of Guelph) and 
Benjamin Cortens (Master’s Student, School of Computer Science, University of Guelph). Benjamin Cortens will be 
the person conducting the study as this research is for his Master’s thesis. 

Wanted:  
We are looking for individuals who have an Ontario G2 class drivers’ license or Ontario G class drivers’ license or 
equivalent to participate in a study examining the effects of automated vehicle human-machine interfaces on driver 
situation awareness. This study will be conducted in the new University of Guelph driving simulator. The driving 
simulator is a full-sized car surrounded by wrap around screens onto which a virtual driving environment is 
projected. The driving simulator lets you experience the sights and sounds of driving without the risks. You will be 
asked to drive with an automated system on a simulated congested multilane highway. There will be questionnaires 
asking about your general health and driving history. In this research with an automated system you will be asked to 
rate and evaluate the systems you experience and give feedback. 

This study requires 2 hours of your time (on one occasion). For your time you will be awarded 2 credits in the 
SONA subject pool. 

 

Contact person: Benjamin Cortens (bcortens@uoguleph.ca) 

 

If you have questions regarding your rights and welfare as a research participant in this study (REB#), please 
contact: Director, Research Ethics; University of Guelph; reb@uoguelph.ca; (519) 824-4120 (ext. 56606) 

 

This project has been reviewed by the Research Ethics Board for compliance with federal guidelines for research 
involving human participants 
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5.1.4 Participant consent 

CONSENT TO PARTICIPATE IN RESEARCH 
“Driver Support Systems for Automated Driving” 

REB CODE: REB#  
You are asked to participate in a research study conducted by Dr. Lana Trick (Professor, Department of Psychology, 
University of Guelph), Blair Nonnecke (Professor, School of Computer Science, University of Guelph) and 
Benjamin Cortens (Master’s Student, School of Computer Science, University of Guelph). Benjamin Cortens will be 
conducting the study,  which will be part of work towards his Master’s Thesis. Ryan Toxopeus (DRiVE Lab 
Technician, Department of Psychology, University of Guelph) and Mallory Terry (Research Intern, Department of 
Psychology, University of Guelph) may also be involved in carrying out the testing. 

If you have any questions or concerns about the research, please feel free to contact Benjamin Cortens 
(bcortens@uoguelph.ca), Blair Nonnecke (nonnecke@uoguelph.ca), or Dr. Lana Trick (ltrick@uoguelph.ca, ext. 
53518). 

PURPOSE OF THE STUDY 
Automated vehicles are changing the way in which people drive and it is critical that we understand how this 
changing role from driver to supervisor impacts driver safety. In this study we are looking at how drivers experience 
several of these systems. In this study you will be driving in a driving simulator (a full car body surrounded by 
viewing screens) and having your eye movements measured. That will involve you wearing a special pair of glasses 
(shown below) that will enable us to measure to measure what you are looking at and if you are beginning to 
drowse. 

 
The University of Guelph DRiVE Lab Simulator  
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PROCEDURES 
If you volunteer to participate in this study, we would ask you to do the following things: 

1. We will ask you to show your drivers’ license. Only drivers with an Ontario G2 class drivers’ license or Ontario 
G class drivers’ license are eligible to participate in this study.   

 
2. You will be asked to fill out a pre-screening questionnaire. The questions on the pre-screening questionnaire 

will be about your health to determine if you are appropriate for this study. If you are not appropriate for this 
study we will not be able to allow you to participate in the study, you will still receive course credit; and, any 
information we have collected from you about your health or anything else will be destroyed if we find you are 
not able to participate in the study. 

 
3. If you pass the pre-screening questionnaire we will then give you an intake questionnaire that asks you some 

basic demographic information (such as age, gender, etc.…), general questions about your driving history and 
history with automated vehicle technologies and in-vehicle assistance technologies. You will also be given a 
questionnaire that asks you about your feelings about self-driving cars.  

 
4. Following the intake questionnaire you will be shown to the driving simulator, a full car body surrounded by 

300º wrap around screens. You will be given an overview of the simulator and its controls, 
 

5. You will then be given the opportunity to practice “driving” the driving simulator and then you will get a 
chance experience what the automated vehicle can do and practice turning it on and off.  

 
6. After the practice drive you will a short drive during which you evaluate the direction of various audio sounds. 

 
7. Next you will experience a series of simulated test drives. During these drives you will be driving with the aid 

of an automated driving system while filling out Sudoku puzzles. After each drive you will be asked questions 
about your experiences so far. 

 
8. At the end of the study you will fill out questionnaires evaluating how you feel as well as collecting your 

opinions about the study and your experiences with the system. We will then give you more background on the 
study. 

Throughout the study you will be given many opportunities to ask questions or ask for clarification if you need it 
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Total time required:  
This study will require a maximum of 2 hours of your time. 

POTENTIAL RISKS AND DISCOMFORTS 
When driving in a driving simulator, some people begin to feel uncomfortable or strange. They may begin to 
temporarily experience one or more of the following: light-headedness, eyestrain, headache, disorientation, pallor, 
sweating, and stomach sensitivity (discomfort). However, for healthy people and people who have passed the pre-
screening test (see stage 2 of the procedure above), this is unlikely to occur. Nonetheless, should you begin to feel 
any of these symptoms, please tell us and the simulation will be stopped immediately. If these feelings are extremely 
mild, you will be given a chance to continue if you like, but otherwise we will stop the study and take care of you 
until you feel better (cold water, rest). The simulator is equipped with cameras so that the research personnel can 
also keep an eye on you while you are driving to make sure you are not beginning to experience these symptoms. If 
they see you are showing signs of discomfort, they may stop the simulation for you. Whether you stop the 
simulation, or it is stopped for you, you will be taken care of until you feel better. There is no penalty to stopping 
early (you will receive the course credit regardless).  

POTENTIAL BENEFITS TO PARTICIPANTS AND/OR TO SOCIETY 
Participants often enjoy ‘driving’ in the simulator and experiencing a new immersive situation. You will also gain 
the opportunity to experience an automated congestion assistant as well as to learn more  about how it feels   to 
interact with such a system. Society may benefit as the information gleaned from this research may help inform 
future design of automation assistance support systems and it may help improve safety standards on future vehicles.  

COMPENSATION FOR PARTICIPATION 
You will receive 2 course credits towards your research participation requirements in the Psychology Participant 
Pool (the SONA system). You are free to withdraw at any point without penalty. 

CONFIDENTIALITY 
Every effort will be made to ensure confidentiality of any identifying information that is obtained in connection with 
this study. 

Your name will never be directly associated with your data. Your data will be assigned a subject code number and 
this number will never be written down with the name at any point. Questionnaire data, and simulator test data will 
be stored in a secured laboratory; access to the laboratory will be limited to the experiment investigators. Only group 
statistics will be reported, individual data will not be reported and your name will not be reported to anyone. Your 
consent form, and other identifying information will be stored securely and separately from experiment data and 
questionnaire responses so there is no way to associate your name with your data. Only the persons who are carrying 
out your testing today will have access to your identifying information. The faculty investigators for this study, Dr. 
Lana Trick and Dr. Blair Nonnecke, will not have access to your identified data and will not know whether or not 
you participated in this study. Your data will be stored in locked labs and on encrypted computers. Identified data 
from this study will be kept until April 30, 2018 and then it will be securely destroyed. Test data, which will not 
have your name associated with it in any way, will be kept for 5 years and then it will be securely destroyed. In no 
case will the identity of a participant be released or referenced.  
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PARTICIPATION AND WITHDRAWAL 
You can choose whether to be in this study or not. If you choose to be in this study, you may withdraw at any time 
without consequences of any kind. You may refuse to answer any questions you don’t want to answer and still 
remain in the study. You may also exercise the option of removing your data from the study before April 7, 2017.  

 

RIGHTS OF RESEARCH PARTICIPANTS 
This project has been reviewed by the Research Ethics Board for compliance with federal guidelines for research 
involving human participants.  

If you have questions regarding your rights and welfare as a research participant in this study (REB#), please 
contact: Director, Research Ethics; University of Guelph; reb@uoguelph.ca; (519) 824-4120 (ext. 56606).  

  

SIGNATURE OF RESEARCH PARTICIPANT 
I have read the information provided for the study “Driver Support Systems for Automated Driving.” as described 
herein.  My questions have been answered to my satisfaction, and I agree to participate in this study.  I have been 
given a copy of this form. 

  

______________________________________ 

Name of Participant (please print) 

 

______________________________________   ______________ 

Signature of Participant       Date 
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5.1.5 Intake participant background questionnaire 

Participant Characteristic Questions 
1. Sex/Gender (circle one):   

 
Male  Female  Transgender      Other (please specify)  _______   
 

2. How old are you? _______ 
 

3. Have you ever been diagnosed with any problems with your eyes or vision?   
 
Yes  No 
 
• If yes, what type of eye or vision problems?  

 
4. Have you ever been diagnosed with any problems with your ears or hearing?  

 
Yes    No 

 
If yes, what type of ear or hearing problems?  
 

5. Have you ever been diagnosed with ADHD? 
 
Yes   No   If so, did you take medication for it today?  ______  

 
6. Do you play driving-related video games (where you are driving an automobile)?    

 
Yes   No 
 

7. If you play driving-related video games, how many hours per week do you play video games?  
 
 

8. If you play video games, how many years have you played video games?    
 
 

9. Is there anything else that you think may be useful for us to know about you? If so, please tell us in the space 
below.  
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Driving Questions 
1. At what age did you first start driving?  

 
 

2. At what age did you first get your license?  
 

 
3. What level of driver’s license do you currently have?  

 
 

4. How many months ago did you get your most recent license? 
 

 
5. Do you own a car?  

 
 

6. How many days ago did you last drive?  
 

 
7. How many days a month do you drive on average (Maximum = 31)?  

 
 

8. How many months per year to you drive? (Maximum = 12).  
 
 

9. How long do you drive on an average day (in hours)?  
 
 

10. How far do you drive on an average day (in kilometers)?  
 
 

11. What kind of driving do you do most often (circle one)?   
 
Urban   Rural   Highway 
 

12. How many years have you been driving in Ontario?    
 
 

13. Did you first obtain your license in Ontario?   
 

Yes   No  
 

14. Have you ever been in an accident when you were a passenger?   
 
Yes   No 
 
If so, how many? 
 

15. Have you ever been in an accident, when you were a driver?   
 
Yes  No 
 
If so, how many?  
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16. Have you ever had a speeding ticket?      
 
Yes   No 
 
If so, how many? 
 

17. Have you been charged with reckless driving?      
 
Yes   No 
 
If so, how many times?  
 

18. Is there anything else you would like to add about your driving experience? (i.e., summer driving habits)  
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Automated Driving Questions: 
1. Do you have any previous experience with cruise control in vehicles? 

 
Yes  No 
 
If yes , describe your experience with and understanding of the cruise control systems: 
 

2. Do you have any previous experience with adaptive cruise control (cruise control that maintains a set gap 
between your vehicle and the vehicle ahead of you and the vehicle behind you)? 
 
Yes   No 
 
If yes, describe your experience with and understanding of the adaptive cruise control systems: 
 

3. Do you have any experience with collision mitigating braking systems (systems which will brake the vehicle for 
you if you fail to brake in time)? 
 
Yes   No 
 
If yes, describe your experience with and understanding of the collision mitigating braking systems: 

 
4. Do you have any experience with lane departure warning systems (systems which provide a warning if you are 

beginning to stray out of your lane)? 
 
Yes  No 
 
If yes, describe your experience with and understanding of the lane departure warning systems: 

 
5. Do you have any experience with lane keeping assistance systems (systems which add force to the steering 

wheel in order to help maintain your position within your lane)? 
 
Yes  No 
 
If yes, describe your experience with and understanding of the lane keeping assistance systems: 

 
6. Do you have any experience with blind spot monitoring systems (systems which provide a warning if there is a 

vehicle in your blind spot)? 
 
Yes  No 
 
If yes, describe your experience with and understanding of the blind spot monitoring systems: 
 

7. Do you have any experience with vehicles with automated driving systems (such as Tesla Autopilot or the 2016 
Mercedes E series automatic driving system)?  
 
Yes No 
 
If yes, describe your experience with and understanding of the automated driving systems: 
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Automated Driving Usage Questions 
Place an X in the box you feel best describes your answer. 

 

1. I would like to choose which devices in my vehicle are automated. 

                     

                     

Strongly Disagree         Strongly Agree 

 

2. If driving was boring to me, I would rather delegate it to the automated driving system instead of driving 
manually.  

                     

                     

Strongly Disagree         Strongly Agree 

 

3. I would rather use the automated system driving on the highway than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

4. I would rather use the automated system driving on city roads than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

5. I would rather use the automated system in light traffic than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

6. I would rather use the automated system in heavy congestion than driving myself.  

 

                     

                     

Strongly Disagree         Strongly Agree 
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7. I would like to retake control from an automated system if I do not like the way it is driving.  

                     

                     

Strongly Disagree         Strongly Agree 

 

8. If I had passengers in my automated car, I would rather drive by myself than delegating to the automated driving 
system.  

                     

                     

Strongly Disagree         Strongly Agree 

 

9. I would delegate to the automated driving system if I was over the legal drink driving limit.  

                     

                     

Strongly Disagree         Strongly Agree 

 

10. I would delegate to the automated driving system if I was too tired to drive safely.  

                     

                     

Strongly Disagree         Strongly Agree 

 

11. I would rather keep manual control of the automated vehicle than delegate to the automated driving system in all 
situations.  

                     

                     

Strongly Disagree         Strongly Agree 

 

12. I would delegate to the automated driving system if I had taken medication which impaired my ability to drive. 

                     

                     

Strongly Disagree         Strongly Agree 
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5.1.6 SAGAT Questionnaires 

Takeover drive with left hazard  
When answering the questions please select only one option by circling it (and for those questions where you 
selected ‘other’ or ‘something different’, please fill in an answer).  

Level of SA: Question: Options: 

1) Perception The simulation was just 
paused, what type of vehicle is 
alongside you? 

• Minivan 
• Hatchback 
• Delivery Van 
• Sportscar 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was alongside you?  

• Red 
• White 
• Black 
• Dark Blue 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what type of vehicle is 
in front of you? 

• Transport Truck 
• Passenger Car 
• Delivery Van 
• Hatchback 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was in front of you?  

• Red 
• White 
• Gray 
• Dark Blue 
• Other: _________________ 
• I don’t know 

2) Comprehension What caused the system to seek 
your attention?  
 
 
 
 
 

• There is a multi-lane interchange ahead 
• A neighbouring vehicle came too close 
• I am being passed on the right 
• There is no vehicle ahead of me 
• Other: _________________ 
• I don’t know 

3) Projection 
(Anticipated Future 
State) 

When the simulation restarts 
after this pause, what situation 
might require your extra 
attention or intervention? 

• Lane markings are not visible 
• Need to watch vehicles braking ahead 
• Will need to change lanes safely 
• Need to monitor surrounding vehicles  
• Something Different: ________________ 
• I don’t know 
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Takeover drive with front hazard 
When answering the questions please select only one option by circling it (and for those questions where you 
selected ‘other’ or ‘something different’, please fill in an answer).  

Level of SA: Question: Options: 

1) Perception The simulation was just 
paused, what type of vehicle is 
behind you? 

• Minivan 
• Hatchback 
• Passenger Car 
• Delivery Van 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was behind you?  

• Blue 
• White 
• Black 
• Red 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what type of vehicle is 
in front of you? 

• Transport Truck 
• Passenger Car 
• Delivery Van 
• Sport Utility Vehicle (SUV) 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was in front of you?  

• Red 
• Gray 
• Dark Blue 
• White 
• Other: _________________ 
• I don’t know 

2) Comprehension What caused the system to seek 
your attention?  
 
 
 
 
 

• There is a multi-lane interchange ahead 
• There is a closed lane ahead 
• I am being passed on the right 
• There is no vehicle ahead of me 
• Other: _________________ 
• I don’t know 

3) Projection 
(Anticipated Future 
State) 

When the simulation restarts 
after this pause, what situation 
might require your extra 
attention or intervention? 

• Lane markings are not visible 
• Need to watch vehicles braking ahead 
• Need to drive slowly in single narrow lane 
• Need to monitor surrounding vehicles  
• Something Different: ________________ 
• I don’t know 
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Takeover drive with right hazard 
When answering the questions please select only one option by circling it (and for those questions where you 
selected ‘other’ or ‘something different’, please fill in an answer).  

Level of SA: Question: Options: 

1) Perception The simulation was just 
paused, what type of vehicle is 
alongside you? 

• Minivan 
• Hatchback 
• Delivery Van 
• SUV (Sport Utility Vehicle) 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was alongside you?  

• Red 
• White 
• Black 
• Dark Blue 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what type of vehicle is 
in front of you? 

• Transport Truck 
• Passenger Car 
• Delivery Van 
• SUV (Sport Utility Vehicle) 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was in front of you?  

• Red 
• White 
• Black 
• Dark Blue 
• Other: _________________ 
• I don’t know 

2) Comprehension What caused the system to seek 
your attention?  
 
 
 
 
 

• There is a multi-lane interchange ahead 
• A neighbouring vehicle came too close 
• I am being passed on the right 
• There is no vehicle ahead of me 
• Other: _________________ 
• I don’t know 

3) Projection 
(Anticipated Future 
State) 

When the simulation restarts 
after this pause, what situation 
might require your extra 
attention or intervention? 

• Will need to change lanes safely 
• Lane markings are not visible 
• Need to watch vehicles braking ahead 
• Need to monitor surrounding vehicles  
• Something Different: ________________ 
• I don’t know 
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Warning drive with left hazard 
When answering the questions please select only one option by circling it (and for those questions where you 
selected ‘other’ or ‘something different’, please fill in an answer).  

Level of SA: Question: Options: 

1) Perception The simulation was just 
paused, what type of vehicle is 
alongside you? 

• Transport Truck 
• Hatchback 
• Minivan 
• SUV (Sport Utility Vehicle) 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was alongside you?  

• Red 
• White 
• Black 
• Dark Blue 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what type of vehicle is 
in front of you? 

• SUV (Sport Utility Vehicle) 
• Minivan 
• Passenger Car 
• Delivery Van 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was in front of you?  

• Red 
• Brown 
• Gray 
• Dark Blue 
• Other: _________________ 
• I don’t know 

2) Comprehension What caused the system to seek 
your attention?  
 
 
 
 
 

• A vehicle has moved closer to me 
• There is a multi-lane interchange ahead 
• A neighbouring vehicle came too close 
• I am being passed on the right 
• Other: _________________ 
• I don’t know 

3) Projection 
(Anticipated Future 
State) 

When the simulation restarts 
after this pause, what situation 
might require your extra 
attention or intervention? 

• Will need to change lanes safely 
• Need to monitor surrounding vehicles 
• Lane markings are not visible 
• Need to watch vehicles braking ahead 
• Something Different: ________________ 
• I don’t know 
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Warning drive with front hazard 
When answering the questions please select only one option by circling it (and for those questions where you 
selected ‘other’ or ‘something different’, please fill in an answer).  

Level of SA: Question: Options: 

1) Perception The simulation was just 
paused, what type of vehicle is 
behind you? 

• Hatchback 
• Transport Truck 
• Van 
• SUV (Sport Utility Vehicle) 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was behind you?  

• Red 
• White 
• Black 
• Dark Blue 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what type of vehicle is 
in front of you? 

• SUV (Sport Utility Vehicle) 
• Sports car 
• Pickup truck 
• Delivery Van 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was in front of you?  

• White 
• Brown 
• Gray 
• Dark Blue 
• Other: _________________ 
• I don’t know 

2) Comprehension What caused the system to seek 
your attention?  
 
 
 
 
 

• A vehicle has moved closer to me 
• Vehicles ahead have stopped 
• A neighbouring vehicle came too close 
• I am being passed on the right 
• Other: _________________ 
• I don’t know 

3) Projection 
(Anticipated Future 
State) 

When the simulation restarts 
after this pause, what situation 
might require your extra 
attention or intervention? 

• Will need to change lanes safely 
• Need to monitor surrounding vehicles 
• Lane markings are not visible 
• Need to watch vehicles braking behind  
• Something Different: ________________ 
• I don’t know 
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Warning drive with right hazard 
When answering the questions please select only one option by circling it (and for those questions where you 
selected ‘other’ or ‘something different’, please fill in an answer).  

Level of SA: Question: Options: 

1) Perception The simulation was just 
paused, what type of vehicle is 
alongside you? 

• Minivan 
• Hatchback 
• Delivery Van 
• SUV (Sport Utility Vehicle) 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was alongside you?  

• Red 
• White 
• Black 
• Dark Blue 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what type of vehicle is 
in front of you? 

• Hatchback 
• Minivan 
• Passenger Car 
• Delivery Van 
• Other: _________________ 
• I don’t know 

The simulation was just 
paused, what colour of vehicle 
was in front of you?  

• Red 
• White 
• Gray 
• Dark Blue 
• Other: _________________ 
• I don’t know 

2) Comprehension What caused the system to seek 
your attention?  
 
 
 
 
 

• There is a multi-lane interchange ahead 
• A neighbouring vehicle came too close 
• I am being passed on the right 
• A vehicle has moved closer to me 
• Other: _________________ 
• I don’t know 

3) Projection 
(Anticipated Future 
State) 

When the simulation restarts 
after this pause, what situation 
might require your extra 
attention or intervention? 

• Will need to change lanes safely 
• Lane markings are not visible 
• Need to watch vehicles braking ahead 
• Need to monitor surrounding vehicles  
• Something Different: ________________ 
• I don’t know 
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5.1.7 SART Questionnaire 
 Aspect Low             High 

 Instability of situation – How changeable is the situation? Is 
the situation very stable and straightforward (Low) or highly 
unstable and likely to change suddenly (High)? 

1      2       3       4       5       6       7 

      
 

Complexity of situation – How complicated is the situation? 
Is it simple and straightforward (Low) or complex with many 
interrelated components (High)? 

1      2       3       4       5       6       7 

      
 

Variability of situation – How many variables are changing 
within the situation? Are there only a few variables changing 
(Low) or a large number of factors varying (High)? 

1      2       3       4       5       6       7 

      
 

 Arousal – How aroused are you in the situation? Do you 
have a low degree of alertness (Low) or are you alert and 
ready for activity (High)? 

1      2       3       4       5       6       7 

      
 

Concentration of attention – How much are you 
concentrating on the situation? Low or High? 

 

1      2       3       4       5       6       7 

      
 

Division of attention – How much is your attention divided 
in the situation? Are you focused on only one aspect (Low) or 
are you concentrating on many aspects (High)? 

1      2       3       4       5       6       7 

      
 

Spare mental capacity – how much mental capacity do you 
have to spare in the situation? Do you have nothing to spare 
(Low) or do you have sufficient attention to attend to many 
more variables (High)? 

1      2       3       4       5       6       7 

      
 

 Information quantity – How much information have you 
gained about the situation? Have you received very little 
(Low) or have you received a great deal of knowledge about 
the situation (High)? 

1      2       3       4       5       6       7 

      
 

Information quality – How much information have you 
understood about the situation? Have you understood very 
little (Low) or have you understood a great deal of 
knowledge (High)? 

1      2       3       4       5       6       7 

      
 

Experience with situation – How familiar are you with the 
situation? Is it a new situation (Low) or do you have a great 
deal of relevant experience (High)? 

1      2       3       4       5       6       7 
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5.1.8 NASA-TLX Questionnaire 
NASA Task Load Index 

 
Hart and Staveland’s NASA Task Load Index (TLX) method assesses work load on five 7-point scales. Increments 
of high, medium and low estimates for each point result in 21 gradations on the scales. 
__________________________________________________________________________________________ 

Mental Demand  How mentally demanding was the task? 

                     

                     

Very Low                         Very High 

 

Physical Demand How physically demanding was the task? 

                     

                     

Very Low                         Very High 

 

Temporal Demand How temporally demanding was the task? 

                     

                     

Very Low                         Very High 

 

Performance  How successful were you in accomplishing what you were asked to do? 

                     

                     

Perfect                                      Failure 

 

Effort   How hard did you have to work in order to accomplish your level of performance? 

                     

                     

Very Low                         Very High 

 

Frustration  How insecure, discouraged, irritated, stressed, and annoyed were you? 

                     

                     

Very Low                         Very High 
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5.1.9 Post-experiment system evaluation questionnaire (audio-
only) 

Evaluation of the Automated System (Audio Alerts) 
Place an X in the box you feel best describes your experience. 

 

1. During the drive how useful did you find the driver support system with audio only alerts? 

                     

            

Not Useful                       Very Useful 

 

2. When asked to monitor the situation do you feel the audio only driver support warnings helped you reorient to the 
correct area quickly? 

                     

            

Not Helpful                        Very Helpful 

 

3. When asked to take over driving from the automated system do you feel the audio only driver support warnings 
helped you reorient to the task and take over quickly? 

                     

            

Not Helpful                        Very Helpful 

 

4. How safe did you feel when driving with the audio only warning automated system? 

                     

            

Not Safe                          Very Safe 

 

5. When you were asked to monitor/supervise the audio only system, how safe was the system? 

                     

            

Not Safe                   Very Safe 
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6. When you were asked to intervene and take over the driving task with the audio only system, how safe was the 
system? 

                     

            

Not Safe                      Very Safe 

 

7. When you were asked to monitor/supervise the audio only system, how distracting was the system? 

                     

            

Not at all Distracting          Very Distracting 

 

8. When you were asked to intervene and take over the driving task, how distracting was the audio only system? 

                     

            

Not at all Distracting           Very Distracting 

 

9. The audio only warning system would receive an overall rating of: 

                     

            

Very poor                  Very good 

 

10. When you were asked to monitor/supervise the situation during automated driving did the system provide you 
with enough time to orient to the task after the warning? 

                     

            

Not enough Time                   Plenty of Time 

 

11. When you were asked to take over driving from the automated system did the system provide you with enough 
time to orient to the task after the warning? 

                     

            

Not enough Time                   Plenty of Time 

 

12. Are there any general comments/thoughts you would like to let us know about? 
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Evaluation of the Automated System Capabilities 
Place an X in the box you feel best describes your experience. 

 

1. The automated system maintains appropriate speed in the appropriate lane. 

                     

            

Completely Disagree        Completely Agree 

 

2. The automated system steers appropriately and maintains the expected position within the lane. 

                     

            

Completely Disagree        Completely Agree 

 

3. The automated system reacts to stationary objects. 

                     

            

Completely Disagree        Completely Agree 

 

4. The automated system works on curvy roads. 

                     

            

Completely Disagree        Completely Agree 

 

5. The automated system can be overruled by pressing on the brake pedal. 

                     

            

Completely Disagree        Completely Agree 

 

6. The automated system can be overruled by pressing on the accelerator pedal. 

                     

            

Completely Disagree        Completely Agree 
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7. The automated system can be overruled by turning the steering wheel. 

                     

            

Completely Disagree        Completely Agree 

 

8. The automated system adapts the speed to slower vehicles ahead. 

                     

            

Completely Disagree        Completely Agree 

 

9. The automated system reacts to obstacles in the lane ahead. 

                     

            

Completely Disagree        Completely Agree 

 

10. The automated system warns the driver when intervention is required. 

                     

            

Completely Disagree        Completely Agree 

 

11. The automated system warns the driver when supervision is required. 

                     

            

Completely Disagree        Completely Agree 

 

12. The automated system reacts to other vehicles changing lanes. 

                     

            

Completely Disagree        Completely Agree 

 

13. The automated system reacts to vehicles changing speed. 

                     

            

Completely Disagree        Completely Agree 
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14. The automated system obeys right of way traffic rules. 

                     

            

Completely Disagree        Completely Agree 

 

15. The automated system reacts to vehicles driving ahead in the same lane. 

                     

            

Completely Disagree        Completely Agree 

 

16. The automated system can slow down to a complete stop. 

                     

            

Completely Disagree        Completely Agree 

 

17. The automated system warns the driver when approaching a stationary object. 

                     

            

Completely Disagree        Completely Agree 

 

18. The automated system keeps a set distance to slower vehicles driving ahead in the same lane. 

                     

            

Completely Disagree        Completely Agree 

 

19. The automated system can regulate difference in speed when a slower vehicle is driving in the lane ahead. 

                     

            

Completely Disagree        Completely Agree 

 

20. The automated system warns when approaching construction zones. 

                     

            

Completely Disagree        Completely Agree 
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Automated Driving Usage Questions: 
Place an X in the box you feel best describes your answer. 

 

1. I would like to choose which devices in my vehicle are automated. 

                     

                     

Strongly Disagree         Strongly Agree 

 

2. If driving was boring to me, I would rather delegate it to the automated driving system instead of driving 
manually.  

                     

                     

Strongly Disagree         Strongly Agree 

 

3. I would rather use the automated system driving on the highway than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

4. I would rather use the automated system driving on city roads than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

5. I would rather use the automated system in light traffic than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

6. I would rather use the automated system in heavy congestion than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 
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7. I would like to retake control from an automated system if I do not like the way it is driving.  

                     

                     

Strongly Disagree         Strongly Agree 

 

8. If I had passengers in my automated car, I would rather drive by myself than delegating to the automated driving 
system.  

                     

                     

Strongly Disagree         Strongly Agree 

 

9. I would delegate to the automated driving system if I was over the legal drink driving limit.  

                     

                     

Strongly Disagree         Strongly Agree 

 

10. I would delegate to the automated driving system if I was too tired to drive safely.  

                     

                     

Strongly Disagree         Strongly Agree 

 

11. I would rather keep manual control of the automated vehicle than delegate to the automated driving system in all 
situations.  

                     

                     

Strongly Disagree         Strongly Agree 

 

12. I would delegate to the automated driving system if I had taken medication which impaired my ability to drive. 

                     

                     

Strongly Disagree         Strongly Agree 
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5.1.10 Post-experiment system evaluation questionnaire (audio-
visual) 

Evaluation of the Automated System (Audio and Visual Alerts) 
Place an X in the box you feel best describes your experience. 

 

1. During the drive how useful did you find the driver support system with audio and visual alerts? 

                     

            

Not Useful                       Very Useful 

 

2. When asked to monitor the situation do you feel the audio and visual driver support warnings helped you reorient 
to the correct area quickly? 

                     

            

Not Helpful                        Very Helpful 

 

3. When asked to take over driving from the automated system do you feel the audio and visual driver support 
warnings helped you reorient to the task and take over quickly? 

                     

            

Not Helpful                        Very Helpful 

 

4. How safe did you feel when driving with the audio and visual warning automated system? 

                     

            

Not Safe                          Very Safe 

 

5. When you were asked to monitor/supervise the audio and visual system, how safe was the system? 

                     

            

Not Safe                          Very Safe 
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6. When you were asked to intervene and take over the driving task with the audio and visual system, how safe was 
the system? 

                     

            

Not Safe                          Very Safe 

 

7. When you were asked to monitor/supervise the audio and visual system, how distracting was the system? 

                     

            

Not at all Distracting           Very Distracting 

 

 

8. When you were asked to intervene and take over the driving task, how distracting was the audio and visual 
system? 

                     

            

Not at all Distracting           Very Distracting 

 

9. The audio and visual warning system would receive an overall rating of: 

                     

            

Very poor              Very good 

 

10. When you were asked to monitor/supervise the situation during automated driving did the system provide you 
with enough time to orient to the task after the warning? 

                     

            

Not enough Time                   Plenty of Time 

 

11. When you were asked to take over driving from the automated system did the system provide you with enough 
time to orient to the task after the warning? 

                     

            

Not enough Time                   Plenty of Time 

  

12. Are there any general comments/thoughts you would like to let us know about? 
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Evaluation of the Automated System Capabilities 
Place an X in the box you feel best describes your experience. 

 

1. The automated system maintains appropriate speed in the appropriate lane. 

                     

            

Completely Disagree                 Completely Agree 

 

2. The automated system steers appropriately and maintains the expected position within the lane. 

                     

            

Completely Disagree                 Completely Agree 

 

3. The automated system reacts to stationary objects. 

                     

            

Completely Disagree                 Completely Agree 

 

4. The automated system works on curvy roads. 

                     

            

Completely Disagree                 Completely Agree 

 

5. The automated system can be overruled by pressing on the brake pedal. 

                     

            

Completely Disagree                 Completely Agree 

 

6. The automated system can be overruled by pressing on the accelerator pedal. 

                     

            

Completely Disagree                 Completely Agree 
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7. The automated system can be overruled by turning the steering wheel. 

                     

            

Completely Disagree                 Completely Agree 

 

8. The automated system adapts the speed to slower vehicles ahead. 

                     

            

Completely Disagree                 Completely Agree 

 

9. The automated system reacts to obstacles in the lane ahead. 

                     

            

Completely Disagree                 Completely Agree 

 

10. The automated system warns the driver when intervention is required. 

                     

            

Completely Disagree                 Completely Agree 

 

11. The automated system warns the driver when supervision is required. 

                     

            

Completely Disagree                 Completely Agree 

 

12. The automated system reacts to other vehicles changing lanes. 

                     

            

Completely Disagree                 Completely Agree 

 

13. The automated system reacts to vehicles changing speed. 

                     

            

Completely Disagree                 Completely Agree 
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14. The automated system obeys right of way traffic rules. 

                     

            

Completely Disagree                 Completely Agree 

 

15. The automated system reacts to vehicles driving ahead in the same lane. 

                     

            

Completely Disagree                 Completely Agree 

 

16. The automated system can slow down to a complete stop. 

                     

            

Completely Disagree                 Completely Agree 

 

17. The automated system warns the driver when approaching a stationary object. 

                     

            

Completely Disagree                 Completely Agree 

 

18. The automated system keeps a set distance to slower vehicles driving ahead in the same lane. 

                     

            

Completely Disagree                 Completely Agree 

 

19. The automated system can regulate difference in speed when a slower vehicle is driving in the lane ahead. 

                     

            

Completely Disagree                 Completely Agree 

 

20. The automated system warns when approaching construction zones. 

                     

            

Completely Disagree                 Completely Agree 
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Automated Driving Usage Questions: 
Place an X in the box you feel best describes your answer. 

 

1. I would like to choose which devices in my vehicle are automated. 

                     

                     

Strongly Disagree         Strongly Agree 

 

2. If driving was boring to me, I would rather delegate it to the automated driving system instead of driving 
manually.  

                     

                     

Strongly Disagree         Strongly Agree 

 

3. I would rather use the automated system driving on the highway than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

4. I would rather use the automated system driving on city roads than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

5. I would rather use the automated system in light traffic than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 

 

6. I would rather use the automated system in heavy congestion than driving myself.  

                     

                     

Strongly Disagree         Strongly Agree 
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7. I would like to retake control from an automated system if I do not like the way it is driving.  

                     

                     

Strongly Disagree         Strongly Agree 

 

8. If I had passengers in my automated car, I would rather drive by myself than delegating to the automated driving 
system.  

                     

                     

Strongly Disagree         Strongly Agree 

 

9. I would delegate to the automated driving system if I was over the legal drink driving limit.  

                     

                     

Strongly Disagree         Strongly Agree 

 

10. I would delegate to the automated driving system if I was too tired to drive safely.  

                     

                     

Strongly Disagree         Strongly Agree 

 

11. I would rather keep manual control of the automated vehicle than delegate to the automated driving system in all 
situations.  

                     

                     

Strongly Disagree         Strongly Agree 

 

12. I would delegate to the automated driving system if I had taken medication which impaired my ability to drive. 

                     

                     

Strongly Disagree         Strongly Agree 
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5.1.11 Debriefing 

Debriefing 
Automotive manufacturers have been investing heavily in the development of technologies which will automated 
some or all of the driving task. These technologies promise improved safety, greater comfort and convenience, and 
greener, less stressful, commutes. The widespread enthusiasm for automation among industry and rapid 
advancement of the technology over the last decade has led to the deployment and release of a wide range of 
vehicles which are capable operating a number of different vehicle systems. These systems can provide lane keeping 
assistance, blind spot monitoring, collision mitigating braking, and adaptive cruise control to provide velocity and 
gap assistance.  

Despite the widespread implementation of automation and driver support systems only a few, such as that available 
on the new Mercedes E class and in Tesla’s with Autopilot, are currently capable of allowing the driver to cede 
complete control of the driving task to the automated systems, and then only in specific situations. As humans grant 
vehicle control to the automated systems it is important to understand the way in which the role of the driver 
changes, from an active operator, to a passive supervisor, and, critically, how driving safety is impacted by this 
changing role. Existing research has shown that simple transition support systems, that simply handoff control of the 
vehicle from the automation to the human, are inadequate to the task of ensuring safe takeover.  

As a driver becomes a supervisor it becomes more difficult to maintain awareness of the surrounding driving 
situation, this is in part since humans are quite poor at maintaining a consistent level of alertness for a task in which 
they are not participating, particularly one, such as driving, which is quite monotonous. As such, it becomes 
important to ensure that the automated systems provide adequate support to the driver, ensuring that when attention 
or intervention is required, the driver is able to orient to the surrounding situation and undertake the appropriate 
response. The aim of this research has been to investigate several in-vehicle human machine interface designs to 
determine which type of support system is best suited to which type of driving situation, in order to ensure that 
drivers’ have the maximal level of awareness of the driving situation. The results of this research will help provide 
guidance to industry and government when deciding upon regulations and on how best to design in-vehicle human 
machine interface systems. 

Contact Information  
If you would like to learn about the results of this research or how this research is progressing please feel free to 
contact Benjamin Cortens at bcortens@uoguelph.ca, Dr. Lana Trick at ltrick@uoguelph.ca, or Dr. Blair Nonnecke at 
nonnecke@uoguelph.ca. 
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F. Driving Assessment Accepted Conference Paper 
EFFECT OF ALERT PRESENTATION MODE AND HAZARD DIRECTION 

ON DRIVER TAKEOVER FROM AN AUTONOMOUS VEHICLE 
 

Benjamin Cortens, Blair Nonnecke, & Lana M. Trick 
University of Guelph, Guelph, ON, Canada 

Email: bcortens@uoguelph.ca; nonnecke@uoguelph.ca; ltrick@uoguelph.ca 
 

Summary:  Autonomous vehicles are becoming increasingly common. Although 
the level of automation varies between vehicles even the most advanced 
occasionally require driver input when the driving situation is complex, or the 
quality of the sensory data is poor. If driver input is needed the system must alert 
drivers that they will have to take over but these alerts may vary in their 
effectiveness in prompting rapid driver takeover (time to grip the steering wheel, 
percentage of appropriate takeover maneuvers) and situational awareness (driver 
attention to the threat that necessitated take over and understanding for why take 
over is necessary). In this study, we used a driving simulator operating in 
autonomous mode to compare 2 alert types (audio-visual, and audio alone) in 3 
different takeover scenarios where hazards emerged from the front (a construction 
zone) or the left or right side (erratic behaviour in another driver: a rogue vehicle 
heading toward the drivers’ lane). We found that the takeover-time was faster after 
the audio-visual alert than the audio alert and situation awareness was better. The 
nature and direction of the hazard also had an effect. Situation awareness was 
poorer for hazards in front of the vehicle (a looming construction zone) as compared 
to the left and right of the driver (rogue vehicles heading toward the driver). These 
findings have important implications for interface design in autonomous vehicles.   
 

INTRODUCTION 
 
Autonomous vehicles where automated computer systems control the steering, braking, and 
acceleration, are becoming increasingly prevalent on the roads. However, even the most 
advanced autonomous vehicle occasionally requires the driver to take over because the 
conditions on the road exceed those for which the system was programmed (e.g., snow obscures 
lane markings, erratic behavior in other drivers). Consequently, autonomous systems need to 
rapidly signal drivers to take over driving. Furthermore, these alerting signals must provide 
drivers relevant information about the situation to help them understand the situation or threat 
that necessitated human intervention, a task that is especially challenging given that drivers may 
be distracted by other tasks.  In this study, we compared 2 systems for signaling driver takeover, 
an audio-only signal and another with both audio and visual signals, assessing their relative 
effectiveness based on the origin and type of hazard (something that has not been explored). 
 
If drivers are to respond appropriately to a takeover request, they need to understand the the 
conditions (threat or hazard) that made the takeover from automation necessary. This is critical 
given evidence that the situational awareness of drivers may be compromised in autonomous 
vehicles, impeding or delaying their response (e.g., Merat et al. 2014). At first glance, it would 
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seem that an alerting system that signals the driver through the use of 2 sensory modalities 
(audition and vision) would have an advantage over one that relies on one (e.g. audition), in that 
it would give the driver more chances to perceive the alert and more information about the 
source of the threat (an in-vehicle display showing the origin of the threat). However, there may 
be disadvantages to bimodal presentation of this type. Drivers may find redundant signals 
annoying – and the signals themselves may serve to distract drivers from conditions on the road 
thus delaying response. As well, there is a danger that with redundant signals drivers might 
become more complacent, which means the drivers will be more “out of the loop” when required 
to take over. At this point, there is some support for the idea that bimodal alerts are more 
effective from the collision warning literature (e.g., Biondi et al. 2017), and that an audio alert 
can lead to increased use of visual information, (e.g., Hurwitz et al., 2010), but there are 
conflicting findings. For example, in a series of studies, van den Beukel (2016) found no 
significant differences between audio and audio-visual alerts when it came to takeover 
performance in an autonomous vehicle. However, the effectiveness of an alerting system may 
vary based on the origin of the threat and previous studies were limited to frontal hazards. 
 
In this study, we increased the range of hazards tested, with hazards originating from the left, 
front and right. We compared the effectiveness of audio and audio-visual alerts in a simulated 
autonomous vehicle, testing drivers who were distracted by Soduko game. Takeover performance 
(time to grip the wheel, time to evasive maneuvers) was measured and questionnaires were used 
to assess situational awareness, perceived workload, as well as driver trust. We predicted that the 
audio-visual alerts would improve takeover performance, situational awareness and driver trust, 
but that the nature and position of the hazard would have an effect on the measured variables, 
with peripheral threats producing higher grip times, lower situational awareness, and greater 
workload. We also predicted that differences between audio and audio-visual alerts would be 
largest for peripheral (left and right) hazards as compared to front hazards. 
 
METHODS 
 
Design and Participants 
 
There were 2 independent variables. The first was alert type (audio, audio-visual); participants 
were randomly assigned to the audio-only or the audio-visual alerts. The second was hazard 
position/type (left, right, or centre), a within subjects comparison with condition order 
counterbalanced. To ensure the alerts were put to a challenging test, we performed the study on 
sample of young drivers based on evidence  that young drivers are both more accepting of 
automation in driving (Brandon & Michael, 2014) and the least equipped to retake control (e.g., 
McKnight & McKnight, 2003). Drivers 18-27 years of age were recruited from the university 
participant pool (n = 87, 66 females; M age = 18.9 years, M years independent driving = 2.8).  
 
Apparatus and Materials 
 
Driving Simulator and Simulations. An Oktal Driving simulator was used: a full car-body 
surrounded by 300º wrap-around viewing screens and equipped with speakers and vibration 
transducers. The Oktal simulator can be switched between normal (manual) and self-driving 
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(autonomous) mode with a toggle switch on the center console. Automation can be disengaged 
through manual input (steering, acceleration, braking).  
 
All driving simulations involved a divided highway with 3 lanes in each direction. The driver 
was in the center lane with vehicles in all 3 lanes ahead and behind to simulate congestion (500 
vehicles/hour). The speed limit was 80 km/hour. Three takeover scenarios were developed to 
correspond to the 3 directions of interest, left, front, or right. Each scenario consisted of 4-5 
minutes of autonomous driving, the hazard event (2.5 seconds), and 5 seconds of manual driving 
after the end of the hazard event. The alert occurred at the onset of the hazard (and remained on 
for the 2.5 second hazard duration) and the driver would have to respond within that time to 
avoid collision by either braking, accelerating or changing lanes. This 2.5 second duration was 
chosen as previous research found that 1-3 seconds was sufficient for takeover (Gold, Damböck, 
Lorenz, & Bengler, 2013).  The front hazard consisted of a construction zone ahead. The left and 
right hazards were rogue vehicles (erratic drivers) heading towards drivers from the left or right. 
 
Automation and Alert Types. The autonomous system indicated that it was active using a blue 
steering wheel and cruise control indicator light. In the audio-visual condition the indicators 
appeared on the heads-up display (HUD), and in both audio-visual alert and audio conditions it 
appeared in the instrument gauge cluster (Figure 1). The blue steering wheel and cruise control 
indicator lights were turned off when the autonomous system was disabled.  
 

 
Figure 1.The heads-up-display (HUD) with takeover indicators and autonomous system state active 

indicators 
 
The alerts were based on those in van den Beukel (2016). The audio alerts tones used a saw tooth 
(buzzing) waveform. Sounds were presented through the left, right, or front central speaker (over 
the driving seat) to represent left, right, or frontal hazards. The audio-visual alert combined the 
audio signal with a HUD: an image of the vehicle with red icons to the left, right, or front of the 
vehicle icon to represent the location of the hazard (see Figure 1). The HUD was chosen rather 
than the instrument cluster as HUDs have been shown to offer faster response to hazards 
compared to traditional gauge cluster presentation (Horrey & Wickens, 2005).  
 
Questionnaires. Situation awareness was measured using the Situation Awareness Global 
Assessment Technique (SAGAT) which involved direct questions about the conditions on the 
road (Endsley, 2000). The SAGAT measures 3 levels of situation awareness, level-1 perception, 
what drivers saw (e.g. vehicles and their position), level-2 comprehension, did drivers understand 
what they were seeing (e.g. other vehicle behaviour), and level-3 projection, were drivers able to 
predict what would happen next (e.g. vehicle would change lanes). Workload was assessed using 
the NASA-TLX (Task-Load Index), a questionnaire measuring perceived workload and 
performance (Hart & Staveland, 1988). Perceived safety, helpfulness, timeliness of alerts and 
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willingness to delegate to the autonomous system in different situations were also measured with 
questionnaires (21-point Likert scale where 1 = completely disagree, 11 = neither agree nor 
disagree, and 21 = completely agree).  
 
Procedure 
 
To acclimatize to the simulator drivers first did 5 minutes of hazard-free normal driving and 
another 5 minutes with the simulator in autonomous mode, practicing takeover 3 times. Then 
they did another 6-minutes in autonomous mode with no need for takeover. The 3 takeover 
scenarios followed. In each, participants were instructed to fill out a Sudoku puzzle while the 
simulator was driving in autonomous mode. They worked on this puzzle for 4-5 minutes and 
then there was an alert; drivers had to take control of the vehicle to avoid collision. After each 
scenario participants filled out the SAGAT and NASA-TLX.  At the end of the study, drivers 
completed questionnaires on perceived safety and helpfulness of the system, the timeliness of the 
alerts and their willingness to delegate control to the autonomous system in different situations. 
 
RESULTS 
 
Most of the analyses involved fixed factorial analysis of variance (ANOVA), with Greenhouse-
Geisser corrections applied to the degrees of freedom in the event of violations of the sphericity 
assumption.  Bonferroni pairwise tests were used for post-hoc comparisons of means. Partial eta 
squared values, (#$"), were used to measure effect size. c2 analyses were used to evaluate only 
whether evasive action taken was different between alert types and hazard directions. 
 
As predicted, steering wheel grip response times (SWGRT), Figure 2, were significantly faster 
for the audio-visual than the audio-only condition (F (1,61) = 5.28, p = 0.025, #$"  = 0.080, M 
difference = 273 ms) and hazard direction also had a significant effect, (F (1.91,116.41) = 68.68, 
p < 0.001, #$"  = 0.530). Post-hoc tests revealed significant differences between left, front, and 
right hazards, with the fastest SWGRT for frontal hazards as predicted. There was a trend to 
smaller differences between alerts for frontal hazards but the predicted Alert X Hazard Direction 
interaction was not significant (F (1.91,116.41) = 1.65, p = 0.198, #$"  = 0.026). 
 

 
Figure 2. Steering wheel grip response time (left) and hazard response time (right)  

with standard error bars 
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Hazard response times (HRT) were defined as the time between when the participant took the 
wheel and when they initiated their response to the hazard. There was a significant effect of 
hazard direction (F (1.59,52.30) = 5.76, p = 0.009, #$" = 0.149); and post-hoc tests revealed 
significant differences between the left and right hazards, but no significant differences between 
the front and either the left or the right hazards. However, contrary to prediction, neither the 
Alert or Alert X Hazard interaction were significant (F (1,33) = 0.14, p = 0.712,	#$" = 0.004; F 
(1.59,52.30) = 0.12, p = 0.842, #$" = 0.004 respectively). Furthermore, alert type had no 
significant effect on whether or not participants took appropriate evasive action (c2 (1, 86) = 
0.04, p > 0.100) Participants took evasive action on average 80.30% of the time with audio alerts 
and 81.75% on average with audio-visual alerts. There was a significant effect of hazard 
direction (c2 (2, 86) = 6.55, p < 0.050). For frontal hazards 98.83% took evasive action, for left 
79.07% took evasive action, and for right 65.11% took evasive action.  
 
SAGAT scores can be seen from Figure 3 (higher scores indicate more situational awareness). 
The audio-visual alerts produced higher SAGAT scores than the audio alerts though the effect 
was marginal (F (1,66) = 3.19, p = 0.079, #$"  = 0.046, M difference = 5%). Hazard direction had 
a significant effect though, but the pattern was opposite to that predicted, with scores for left and 
right hazards significantly higher than those for frontal hazards (F (1.91,126.22) = 39.99, p < 
0.001, #$"  = 0.377). It appears that drivers may have been more aware of the behavior of their 
fellow drivers than the looming construction zone in front of them. The predicted Alert X Hazard 
direction interaction was not significant (F (1.91,126.22) = 0.28, p = 0.750, #$"  = 0.004). 
 

 
Figure 3. SAGAT total mean percent correct with standard error bars  

 
Analysis of the NASA-TLX scores revealed significant effects for the physical workload and 
perceived performance scale (see Figure 4). Perceived physical workload for the audio alerts was 
significantly lower than that for the audio-visual alerts, which is to be expected given that there 
was no need to look at a display (F (1,67) = 4.45, p = 0.039, #$"  = 0.062). However, perceived 
performance was better after the audio-visual alerts than after audio alerts (F (1,66) = 5.67, p = 
0.020, #$" = 0.079). Hazard direction also had the predicted effects on perceived performance (F 
(1.79,118.25) = 7.82, p = 0.001, #$"  = 0.106). Post-hoc tests revealed perceived performance was 
significantly better for the front hazard than those in the periphery, though performance was 
better for the right than the left. A significant Alert X Hazard direction interaction emerged in 
perceived performance as well, with larger differences between directions in the audio-visual 
condition than the audio-only condition, (F (1.79,118.253) = 3.71, p = 0.032, #$"  = 0.053).  
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Alert type had no significant effect on ratings of system distraction, helpfulness, safety, and 
whether they provided drivers with enough time to takeover (p > 0.2). Overall averages were 5.0, 
7.5, 7.0, and 5.6 respectively based on 21-item scales. Low values indicate that drivers did not 
find the systems distracting, did not perceive them to be safe or helpful; drivers felt the alerts did 
not give them adequate time to respond.  There was also no effect of alert type on intention to 
delegate to automation (p > 0.2), when over the legal limit, tired, bored, in the city, or in the 
country, or all the time (overall average scores: 14.8, 13.3, 9.2, 11.8, and 11.9 respectively). 
These averages indicate drivers were somewhat willing to delegate driving to the automated 
systems if they were over the legal limit for alcohol or bored (one sample t, p < .01) but were 
otherwise relatively neutral. 
 

 
Figure 4. NASA-TLX scores with standard error bars 

 
DISCUSSION 
 
Although this study was only preliminary, and at this point limited to young drivers (mostly 
female), it provides support for the idea that in an autonomous vehicle, audio-visual takeover 
alerts lead to better performance than audio alone, as shown by faster SWGRT, better self-
perceived performance, and higher situation awareness scores. This result is consistent with 
findings on collision warnings (e.g. Biondi et al., 2017) but in conflict with those on autonomous 
vehicle takeover (e.g., van den Beukel, 2016). Nonetheless, there were also signs of tradeoffs; 
HRT were slightly higher for audio-visual alerts than for audio alone and the percentage of 
appropriate evasive responses was slightly smaller, as might be expected if the visual displays 
delayed response. Neither effect was statistically significant, but these results are of concern and 
should be followed up in a larger scale study (more drivers, more HRT per driver). The drivers 
also indicated more physical workload for audio-visual than audio alerts but in many cases, the 
nature of the alerting cue had no effect (e.g. perceived helpfulness, safety, willingness of the 
driver to delegate control). In general, drivers indicated that neither system was particularly 
helpful or safe. Nonetheless, and alarmingly, they also indicated willingness to delegate driving 
to autonomous systems if they were bored or impaired (over the legal limit).  
 
However, the limitations in this study that suggest a need for further research. First, a proper 
assessment of driver trust in an automated system would require more extended practice 
(preferably weeks). In this study, there was too little time for automation complacency to 
develop, and too little reason given the novelty and periodic need for takeover. Second, in 
assessing the benefits of alerts, it is important to measure what would have happened if there was 
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no takeover alert. Third, although we did not have a (functional) eye tracker, eye tracking data 
would have improved our understanding of behaviour during takeover. We only have rough 
indication that participants were looking downwards (toward the Soduko game) before the alert. 
Finally, it is possible that relative effectiveness of the alerts vary with the nature of threat 
requiring takeover (Radlmayr et al. 2014). In our study, we only looked at rogue vehicle 
incursions and construction, but weather and road conditions may also necessitate takeover (e.g. 
disappearing lane markings, pot holes). Our research highlights the importance of alert modality 
design and the importance of choosing a variety of testing hazard scenarios when examining 
takeover safety in highly automated vehicles. 
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