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Abstract: Partially automated driving (PAD, Society of Automotive Engineers (SAE) level 2) 
features provide steering and brake/acceleration support, while the driver must constantly 
supervise the support feature and intervene if needed to maintain safety. PAD could potentially 
increase comfort, road safety, and traffic efficiency. As during manual driving, users might engage 
in non-driving related tasks (NDRTs). However, studies systematically examining NDRT execution 
during PAD are rare and most importantly, no established methodologies to systematically evaluate 
driver distraction during PAD currently exist. The current project’s goal was to take the initial steps 
towards developing a test protocol for systematically evaluating NDRT’s effects during PAD. The 
methodologies used for manual driving were extended to PAD. Two generic take-over situations 
addressing system limits of a given PAD regarding longitudinal and lateral control were 
implemented to evaluate drivers’ supervisory and take-over capabilities while engaging in different 
NDRTs (e.g., manual radio tuning task). The test protocol was evaluated and refined across the three 
studies (two simulator and one test track). The results indicate that the methodology could 
sensitively detect differences between the NDRTs’ influences on drivers’ take-over and especially 
supervisory capabilities. Recommendations were formulated regarding the test protocol’s use in 
future studies examining the effects of NDRTs during PAD. 

Keywords: partially automated driving; non-driving related tasks; take-over situations; test 
protocol development; user studies (simulator; closed circuit) 

 

1. Introduction 

1.1. Theoretical Background 

In recent years, researchers and practitioners alike have been increasingly motivated to enhance 
driving assistance and automation resulting in different vehicle automation levels [1], with the 
overarching goal to improve driving comfort, traffic safety and to reduce traffic congestion [2]. 

The Society of Automotive Engineers (SAE) [3] defines six automation levels ranging from no 
automation (level 0) to full automation (level 5). However, only SAE level 1 and level 2 systems are 
currently available to consumers. Of those, partially automated driving (PAD, SAE level 2) provides 
continuous steering as well as brake and acceleration support to the driver; however, the driver must 
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constantly supervise these support features and be prepared to steer, brake, or accelerate as needed 
to maintain safety [3]. 

Even though the driver is partially relieved from the driving task and its demands [4], this does 
not automatically improve driving safety. New problems may arise during PAD when changing the 
drivers’ role from an active to a passive system supervisor [5,6]. For instance, the (partial) relief of 
driving demands and decreased driving task engagement during automated driving can reduce the 
drivers’ workload and cause cognitive underload [4]. In combination with lengthy supervision 
periods that are likely to result in both boredom and monotony [7], it can lead to fatigue and therefore 
inattention towards safety critical aspects of the driving task [8]. Drivers’ inattention can be divided 
into (1) driver restricted attention, which is reflected by the driver’s mind wandering for instance [7] 
and (2) driver diverted attention, emerging through the drivers focusing attention towards driving 
unrelated tasks (i.e., non-driving related tasks (NDRTs)) [9]. 

To a certain degree, engaging in NDRTs while driving might not considerably impair driving 
performance due to drivers’ spare attentional capacity. For the manual driving task, which is a 
predominantly visual task [10], literature proposes that 20–25% [11] or, depending on the driving 
environment’s complexity, even up to 50% [12] of drivers’ visual attention is focused on objects 
unrelated to the driving task (e.g., advertisements, scenery), reflecting drivers’ spare attentional 
capacity during manual driving. This suggests that drivers could execute certain NDRTs during 
manual driving without performance losses in their gaze and driving behavior as the resources are 
obtained from the spare attentional capacity [13]. Secondary tasks, identified as suitable for manual 
driving according to the National Highway Traffic Safety Administration (NHTSA) [14], are likely 
executed based on these resources. An on-road driving study showed that participants tapped into 
this spare capacity to increase visual attention towards a newly provided in-vehicle-display during 
manual driving, indicated by fewer glances towards the speedometer or periphery [15]. Glances 
towards the street ahead or the mirrors were not affected. Nevertheless, the driving environment’s 
complexity and the workload of the driving task itself e.g., [16,17] might influence how much spare 
capacity drivers have (e.g., the more complex driving environment, the less free visual attentional 
capacity available). For PAD, the driving demands are partially reduced since the automated system 
controls longitudinal and lateral position [4]. Hence, it could be assumed that more spare attentional 
capacity would be available, for instance, to execute NDRTs without performance losses. However, 
drivers constantly need to supervise the driving environment as well as the automated system to take 
over the driving task if necessary, which demands a crucial amount of visual attention. Hence, if the 
amount of attentional resources needed exceeds the available spare capacity, NDRT execution during 
PAD will likely negatively impact drivers’ supervisory and take-over performance. 

Several simulator and real-world environment studies have revealed that drivers tended to 
engage in NDRTs (e.g., watching a DVD, reading or interacting with a smartphone) to reduce 
boredom, monotony, and cognitive underload associated with automated driving e.g., [18–20]. 
However, this behavior might overly distract drivers from vigilantly supervising the system and 
driving scene, thus reducing their situation awareness if the resources needed to execute the NDRTs 
are taken from beyond the drivers’ spare capacity. 

In general, cognitive underload, driver inattention and the associated decrease in system 
supervision are all related to slower and poorer reactions [7], complete failures to react and poor 
decision making in the event of a system failure [20,21], which could counteract the potential safety 
benefits of automated driving [22] and exemplify potential new challenges connected with PAD. 
Hence, the drivers’ new passive role leading to the new problems mentioned, together with the fact 
that these intermediate automation levels are not consistently reliable yet [23] underline the 
importance of reasonable usage and implementation of automated driving [14]. 

1.2. Examining the Effects of NDRTs during PAD 

Thus far, many studies have examined the effects of NDRT execution during automated driving. 
However, most of these studies have focused on automation levels other than PAD. For instance, 
Carsten et al. [20] observed voluntary NDRT execution (e.g., eating or watching a DVD) during 
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semiautomated driving, which they defined as automated lateral or longitudinal control, or highly 
automated driving in a simulator. In contrast, other studies have focused on driver NDRT execution 
during higher automation levels, such as conditional automation (i.e., SAE level 3) e.g., [18,24]. 

In addition, many of the PAD studies only included NDRTs as a secondary aspect, while 
focusing on other main aspects. For example, one simulator study [25] mainly focused on how 
anticipatory information affected drivers’ supervisory behavior during PAD while executing NDRTs 
(e.g., reading or interacting with a smartphone) on a voluntary basis. A different simulator study 
mainly centered on how participants’ self-regulation during secondary task engagement would affect 
their supervisory behavior [26]. In contrast, other studies have required participants to execute the 
NDRTs during PAD instead of leaving it optional. However, the core focus still remained on aspects 
other than the NDRT execution itself. For instance, Large et al. [27] compared behavioral cues of 
distraction during NDRT execution (i.e., reading task) across three automation levels: manual 
driving, PAD, and highly automated driving. Another simulator study examined whether a NDRT 
could reduce fatigue during PAD [28]. However, concentrating on the systematic evaluation of NDRT 
execution during PAD is highly important since drivers are likely to engage in these tasks due to their 
spare attentional capacity available and to reduce the monotony and boredom of the supervisory 
task. Moreover, it is essential because these tasks might have similar negative and distractive effects 
on the driver during PAD as they have during manual driving. 

In addition to the fact that NDRT execution is often only a secondary aspect, PAD studies often 
differ considerably regarding their applied methods as well as PAD specifications. For instance, some 
PAD studies involved take-over requests to redirect the participants’ attention towards the driving 
task e.g., [25,27], whereas others have examined the drivers’ ability to detect automation failures 
during NDRT execution without warning [29]. Moreover, several studies did not include any 
situations or automation failures requiring participants to regain vehicle control e.g., [20]. 
Additionally, some studies employed PAD to assist with navigating traffic congestions and 
managing speeds under 50 km/h e.g., [25], while other studies employed PAD for managing higher 
speeds, such as 130 km/h e.g., [30]. 

Hence, even though these studies often applied similar “[…] paradigms when participants are 
instructed to undertake a period of automated driving, and additionally given the option to (and are 
free to when/if comfortable) engage in a range of secondary activities available to them while sitting 
in the driver seat” [p. 3, 22], the varying methods and specifications these studies used complicate 
the generalization of the findings. Moreover, the different studies yielded varying results regarding 
the effects of NDRT execution during PAD. For instance, one simulator study revealed that reaction 
time during hazardous situations clearly increased when driving with NDRT execution compared to 
without NDRT execution [25]. Another simulator study permitted participants to freely engage in 
various smartphone activities during PAD and highly automated driving [30]. On the one hand, 
results showed that drowsiness and highly motivational NDRTs negatively affected driving 
performance during PAD in terms of slower reactions. On the other hand, NDRTs with low to 
moderate visual and mental workloads improved driving performance in a hazardous situation [30]. 

This brief overview underlines the general need to examine the effects of NDRT execution on 
drivers during PAD by systematically manipulating various NDRTs. Moreover, the different 
methods and specifications employed in the studies emphasize the importance of incorporating a 
standardized methodology that is comparable to, for example, the methodology used by the NHTSA 
to examine NDRTs during manual driving [14]. Previous efforts in developing standardized methods 
either focused on higher automation levels, such as the overview of current research questions and 
relevant methodical approaches in the conditional automated driving field (SAE level 3) [31], or on 
evaluating PAD system and human-machine-interface (HMI) designs e.g., [32,33]. This clearly 
emphasizes the need to fill this gap and develop a standardized method to enhance the 
comparability, reproducibility, and generalization of these studies and their results. The 
standardization supports continuing examination of NDRT execution effects on drivers’ supervisory 
and take-over capabilities to reach the important, overarching goal of safe PAD usage. 

1.3. Developing a Standardized Methodology to Evaluate NDRT Execution during PAD 
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For manual driving, well-established methodologies and guidelines exist that detail how the 
effects of NDRTs on driving performance and gaze behavior can be evaluated. For example, 
NHTSA’s well-established methodology focuses on examining different visual-manual NDRTs [14]. 
In addition to the standardized methodology, NHTSA provides guidelines and cut-off values that 
clearly regulate whether a NDRT is suitable for execution during manual driving [14]. For instance, 
to be acceptable, the single gaze durations towards a NDRT should not exceed two seconds. Further, 
neither driving performance nor gaze behavior during NDRT execution should be poorer than 
during execution of the manual radio tuning task [34], which is NHTSA’s [14] recommended 
reference task. Employing the methodology and guidelines standardizes the evaluation of visual-
manual NDRTs and enhances the comparability and reproducibility between the studies 
incorporating them. 

However, the driving task during PAD is considerably different than manual driving. Hence, 
the evaluation specifications for manual driving performance (e.g., lane maintenance, speed or 
distance to another vehicle) no longer apply given that the automated system takes over these tasks 
in PAD. Instead, the drivers’ ability to vigilantly supervise the system during a prolonged PAD 
period and to take over vehicle control immediately and in a safe manner, if necessary, become more 
important during PAD. Moreover, since the driving demands during PAD are lower than those of 
manual driving allowing for more available cognitive resources, the question arises whether the cut-
off values for manual driving proposed by the NHTSA [14] are still applicable for PAD. 

Therefore, to be useful when examining NDRT execution during PAD, existing methods need 
to be adapted and fulfill several additional requirements. Firstly, the new method needs to capture 
and sensitively evaluate drivers’ capabilities to perform the new tasks that are important during PAD 
(i.e., vigilant supervision and taking-over the driving task if needed). To fulfill these requirements, 
the PAD periods must be interrupted by critical situations in which drivers must recognize the need 
and be able to take-over vehicle control due to a system failure or limit based on their vigilant system 
supervision. Secondly, the methodology must be sensitive to different NDRTs with varying 
distractive potentials and to other aspects relevant to the automobile context (e.g., different (in-
vehicle) display locations). Lastly, the methodology must enable the establishment of cut-off values, 
comparable to those for manual driving, based on an adequate number of testing. A further beneficial 
characteristic of the method would be the ability to adapt it based on the research questions of 
interest. 

Due to safety considerations, any new methodology for testing PAD should initially be applied 
in a driving simulator. However, the effects of NDRT execution in a real-world environment are 
potentially more safety critical than in a driving simulator. Therefore, it is also necessary to examine 
the external validity of such methods. Accordingly, a high external validity would greatly enhance 
the methods’ generalizability. 

1.4. Objectives of the Present Research Project 

Since the methodology assessing manual driving is not applicable for PAD, the current project’s 
overarching goal was to fill this methodological gap and take the initial steps towards developing a 
test protocol and providing recommendations for the systematic evaluation of drivers’ supervisory 
and take-over capabilities during PAD while engaging in different NDRTs. To achieve this, the well-
established methodology for manual driving [14] was extended for PAD based on the formulated 
requirements (see Section 1.3). The new test protocol was developed, validated and adapted through 
the course of three studies. 

• The first two studies took place in a driving simulator to determine the potential for a new test 
protocol to assess the effects of NDRT execution during PAD. 

• In the second simulator study, the new test protocol was also extended to other relevant aspects, 
such as (in-vehicle) display locations. 

• The third study was conducted in a partially automated vehicle to validate the test protocol in a 
real vehicle on a closed test track. The main goal was to determine whether the test protocol was 
applicable to a real driving environment. 
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The following research questions were addressed within the three studies: 

• Research question 1 (RQ1): Can the test protocol sensitively detect differences, as they are 
expected based on the literature, in the drivers’ supervisory and take-over capabilities during 
PAD depending on various influencing factors? 

o Research question 1a (RQ1a): Is the new test protocol sensitive to the effects of visual-
manual NDRTs with varying distractive potentials on the drivers’ supervisory and take-
over capabilities during PAD? 

o Research question 1b (RQ1b): Is the new test protocol sensitive to the effects of (in-vehicle) 
display locations with varying proximity to the driving scene on the drivers’ supervisory 
and take-over capabilities during PAD? 

• Research question 2 (RQ2): What parameters are minimally necessary and sufficient to 
sensitively capture and evaluate the take-over and supervisory capabilities of the drivers in light 
of these aspects? 

The focus of the current article and the corresponding research questions solely lie with the 
examination of the proposed test protocols’ suitability to sensitively evaluate the effects of NDRTs 
on the drivers during PAD. The evaluation of the NDRTs’ particular effects on the drivers’ take-over 
and supervisory capabilities using the provided test protocol were not the focus of the current 
manuscript. The presentation of the specific results will be described in more detail in separate 
papers. 

2. Test Protocol Development 

The following chapters will describe the relevant aspects of the test protocol’s development 
based on the literature and existing research and specific implementation by the authors within the 
three studies of the current project, beginning with a presentation of the driving scenario and the 
implemented take-over situations (Section 2.1), followed by a description of the evaluated 
independent variables (Section 2.2) and the assessed dependent variables (Section 2.3). In the 
subsequent chapters, the equipment and materials used are presented (Section 2.4), as well as the 
detailed experimental design and procedure (Section 2.5). This is proceeded by a presentation of the 
data preparation and analysis (Section 2.6). The final chapter (Section 2.7) describes the participants 
of all three studies. In addition, two subchapters are integrated into each chapter, providing unique 
details of the driving simulator studies (Section 2.x.1 Driving Simulator Implementation) and the test 
track study (Section 2.x.2 Test track implementation).  

2.1. Driving Scenario and Take-Over Situations 

This section will describe the development and the specific implementation of the driving 
scenario and the take-over situations. To test how visual-manual NDRTs affect drivers during 
manual driving, the NHTSA methodology recommends incorporating a car-following scenario on a 
highway road [14]. Effects are evaluated by judging the drivers’ gaze behavior and driving 
performance while executing the NDRTs. More precisely, drivers are evaluated on their ability to 
maintain distance to the lead vehicle, speed, proper lane maintenance during the car-following 
scenario, as well as how long, in terms of single and total glance durations, the drivers are glancing 
towards the NDRTs [14]. 

To standardize examination, NHTSA [14] prescribes several specifications for the test track and 
driving scenario. Firstly, NHTSA recommends a car-following scenario where drivers attempt to 
maintain a certain speed (80 km/h) and distance to the lead vehicle (70 m), which allows the 
examination of the drivers’ ability to fulfill this task during NDRT execution [14]. Moreover, NHTSA 
advises using a straight highway route with two lanes per direction and a predefined lane width. 
This reflects a realistic setting and enables examination of the drivers’ ability to stay within the lane 
for instance [14]. Accordingly, straight road segments should be used to examine the drivers’ gaze 
and driving behavior, although curved segments can be included occasionally [14]. Lastly, NHTSA 
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recommends using a generic driving environment that excludes any external cues (i.e., trees, houses) 
[14], though they allow occasional (oncoming) traffic during the car-following task. 

Due to the changed driving task during PAD, parameters for manual driving are not applicable 
anymore and it is necessary to evaluate drivers’ supervisory and take-over capabilities when a system 
limit is reached. Therefore, generic take-over situations had to be implemented that simulate such a 
system limit. The current studies included two take-over situations: (a) lead vehicle deceleration and (b) 
drifting of the participant’s partially automated vehicle (i.e., ego vehicle). Both situations represented 
system limitations directly corresponding to the main driving tasks taken over by the partially 
automated system (lateral and longitudinal vehicle control). 

Although these two take-over situations were based on earlier research see [35], several 
adaptations were made to match the NHTSA scenario specifications more closely. During the take-
over situation with lead vehicle deceleration (addressing longitudinal vehicle control) the lead vehicle 
slowed down without brake lights. To mimic realistic braking movement, the vehicle slowed down 
based on a predefined value. Without any driver intervention (i.e., braking), a collision with the lead 
vehicle would occur. During the second take-over situation involving ego vehicle drifting (addressing 
lateral vehicle control), the vehicle drifted to the left or right see [35]. To prevent a guardrail collision, 
the participants had to notice the drifting and steer in the opposite direction. A collision would occur 
without any driver intervention. To ensure comparability between the two distinct situations, the 
outcome and time to collision (TTC) were identical: without any driver intervention, a collision 
(outcome) with the lead vehicle or guardrails would occur after the same predefined TTC. 

Following Signal Detection Theory (SDT), the most critical situations are missed warnings, in 
which errors or events occur without any warnings to the system supervisor [36]. When a system 
limitation is reached during PAD, the automated system neither gives a warning nor issues any take-
over request for the drivers, thus the drivers must vigilantly supervise any system changes [3]. 
Therefore, any system warning or take-over request for the two take-over situations were excluded. 
All environmental (i.e., trees or houses) and vehicle (i.e., lead vehicle’s brake lights or steering wheel 
movement) visual cues were excluded to reduce the predictability of the take-over situations. 

2.1.1. Driving Simulator Implementation 

The driving scenario and take-over situations were implemented as follows in the two driving 
simulator studies. Based on the NHTSA methodology, an identical car-following scenario on a 
straight, four-lane highway route with two lanes in each direction was included. Moreover, the same 
specifications for speed (80 km/h) and distance to the lead vehicle (70 m) were applied. The 
participants drove a partially automated vehicle that controlled the longitudinal and lateral position. 
The two take-over situations (lead vehicle deceleration and ego vehicle drifting) were implemented with 
the general specifications discussed in Section 2.1. The specific braking speed of the decelerating lead 
vehicle was 2.3 m/s2, which corresponded to an electric vehicle with a regenerative braking 
movement. Without any driver intervention, a collision with the lead vehicle would have occurred 
after seven seconds. A collision with the guardrails would have occurred after seven seconds in the 
ego vehicle drifting scenario if the driver did not intervene in time. The participants were introduced 
to react by braking or steering, respectively, to regain control from the partially automated system. 

The test track was 11 km long in the first and 9 km long in the second simulator study, which 
was programmed using the Silab 5.0 simulation environment. To reduce the predictability of the take-
over situations, the driving environment was as generic as possible, excluding any visual cues (i.e., 
trees). In contrast to the NHTSA guidelines, the simulation did not include any traffic other than the 
lead and ego vehicle. This allowed for a controlled execution of the take-over situations without 
needing to, for instance, check for rear traffic before braking. Further, the aim was to reduce any 
potential distractions, especially during the reference trial, in which boredom might have encouraged 
drivers to gaze towards irrelevant vehicles instead of focusing on the system and lead vehicle. 
Although this aspect is also important in terms of situation awareness, it was not the focus of our 
studies. 
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2.1.2. Test Track Implementation 

To ensure participant safety as well as a standardized data collection free of any interference, 
the third study occurred on a closed test track in a parking lot. The limited space restricted the precise 
application of the specifications used in the driving simulator, resulting in several adaptations. These 
adaptations resulted in differences between the simulator and test track studies regarding, for 
instance, the execution of the driving scenario and take-over situations. These differences potentially 
reduced the comparability between the results of the two study types (see Table 1 for a comparative 
overview). 

Firstly, compared to the simulator studies, the driving scenario was downscaled for the test track 
study in terms of the driving environment (with landmarks), test track (one lane, with curves), speeds 
(max. 25 km/h), the distance between the two vehicles (speed of ego vehicle/2 + 7 m) and the particular 
execution of the two take-over situations. Nonetheless, the goal was to mimic the scenario as much 
as possible by finding a test track with as few curves as possible and with at least one long, straight 
segment for the lead vehicle deceleration take-over situation. The driving scenario and take-over 
situations relied heavily on non-automated, human execution (i.e., lead vehicle or lateral ego vehicle 
control maintained via Wizard-of-Oz). Therefore, the take-over situations were always executed on 
the same track segment to enhance reproducibility and comparability as well as to reduce the chance 
for human error. Figure 1 (top row, left) shows the final test track with the two segments chosen for 
the two take-over situations, the execution of lateral vehicle control (top row, right) and the 
experimental setup within the ego vehicle (bottom row, left) as well as the two vehicles involved in 
the driving scenario (bottom row, right). 

 
Figure 1. Test track depicting the two take-over situation locations (top row, left), the execution of 
lateral vehicle control via Wizard-of-Oz (top row, right), experimental setup within the ego vehicle 
(bottom row, left), and the two vehicles involved in the driving scenario (bottom row, right). 

Table 1. Differences and similarities between the simulator and test track. 

 Simulator Test Track Relevant Differences 

Study Environment Simulator Test track 

Yes, since the experienced risk and situation 
criticality likely differ between the two study 
environments. For instance, they are likely higher in a 
real vehicle (on a test track) than in a simulator, 
where collisions pose no risk to the participants’ 
safety. 

Driving Scenario    
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Car-following 
scenario 

Yes Yes / 

Duration Approx. 8–9 min Approx. 12 min 
No, since the difference is only minor and therefore 
unlikely to elicit different levels of monotony or 
fatigue. 

Route Straight highway 
Test track on 

parking lot with 
many curves 

Yes, because a test track with several curves 
potentially results in different supervisory behavior 
(e.g., enhanced supervision of the street) compared to 
a straight test track. Hence, the supervisory behavior 
on the simulated straight highway might be 
underestimated compared to the more realistic 
curved test track. 

Surrounding 
Without 

landmarks 
With many 
landmarks 

No, since the landmarks (i.e., trees) possessed low 
levels of visual attraction and were static. Hence, they 
were less distractive than, for example, dynamic 
landmarks.  

Take-over 
Situations 

   

Types 

Lead vehicle 
deceleration and 

Ego vehicle 
drifting  

Lead vehicle 
deceleration and 

Ego vehicle 
drifting  

/ 

Number of 
situations per trial 

4 4 / 

Collision risk  Yes No 

No, since participants were aware that the theoretical 
consequence of failing to react in a real vehicle would 
be a collision, a certain level of situation criticality 
still existed. 

Duration (e.g., time 
to collision) 

7 s Not precisely 
realizable 

No, since the time to collision of the take-over 
situations was comparably short in all studies (i.e., 
only several seconds) and participants needed to 
react as soon as they noted the take-over situations. 
The differences in distance and speed would likely 
result in a reduced comparability of the studies’ 
results (see below).  

Occurrence 
Defined in 
simulation 

Predefined by test 
circuit, same track 

segment 

Yes, since it enhances the predictability of the take-
over situation (locally).  

Predictability 
(locally) 

Low High 

Yes, since it potentially influences participants’ 
(supervisory) behavior during the particular segment 
(e.g., more gazes towards the street and therefore 
faster reactions to the take-over situations.) 

Predictability (time-
wise) 

Low Low  / 

Ego vehicle    
Speed  80 km/h Max. 27 km/h Yes, both the lower speeds driven and smaller 

distance to the lead vehicle during the test track 
study potentially influenced the experienced 
situation criticality (e.g., reduced criticality through 
reduced speed; however, partially counteracted 
through decreased distance between the vehicles). 
This might have reduced the comparability between 
the studies’ results (e.g., longer gazes towards the 
NDRTs on the test track due to reduced speeds). 

Distance to lead 
vehicle 

70 m 
Ego vehicle 

speed/2 + 7 m 

Longitudinal control  Automated Automated / 

Lateral control  Automated Wizard-of-Oz 

No, the Wizard-of-Oz execution itself should not 
influence the results or the comparability of the 
studies’ results, provided participants did not notice 
the researcher executing lateral control (which was 
not the case). 

Lead Vehicle    

Speed 80 km/h Max. 25 km/h, 

No, the lead vehicle’s speed generally is not a 
separate factor influencing the comparability of the 
studies’ results. It is due to the reduced speeds driven 
on the test track. Hence, its influence is incorporated 
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into the impact of the ego vehicle’s speed and the 
distance to the lead vehicle.  

Vehicle control 
Simulator 

(preprogrammed) 

Manually driven 
(with cruise 

control and motor 
deceleration/accele

ration) 

Yes, it reduces the standardization, comparability 
and reproducibility of the scenario and the take-over 
situations. Moreover, it influences the driving data 
(e.g., distance when the take-over situations were 
triggered). However, the participants’ supervising 
behavior should not be affected. 

On the corresponding test track segment (Figure 1, top row, left), the lead vehicle deceleration 
situation was employed as follows: During this segment, the lead vehicle was driven in activated 
cruise control mode and only slowed down when the motor decelerated after the cruise control was 
deactivated. The lead vehicle’s brake lights did not activate. During this segment, the ego vehicle was 
not programmed to maintain distance to the lead vehicle and, therefore, moved closer until the 
participants intervened. During the ego vehicle drifting situation, a researcher sitting in the ego 
vehicle’s passenger seat used a small steering wheel to execute the drifting (Figure 1, top row, right). 
To reduce human error likelihood and enhance reproducibility, the researcher always drifted the 
vehicle to the left. 

As in the simulator studies, the participants needed to brake or steer in response to the take-over 
situation, although they could also stop the vehicle by merely touching the steering wheel. Unlike in 
the simulator studies, the two take-over situations did not result in a collision, even when the 
participants did not react. For this matter, several fallback solutions were included in case 
participants failed to intervene, such as programming the ego vehicle to stop automatically if a 
minimal safety distance is reached and a researcher who could stop the ego vehicle by employing the 
emergency brake. 

2.2. Independent Variables 

In Section 1.3, the requirement was formulated that the test protocol must be sensitive to the 
effects of different NDRTs (RQ1a) as well as to other relevant aspects to the PAD context, in this case 
different (in-vehicle) display locations (RQ1b). In the following two sections (Sections 2.2.1 and 2.2.2) 
and the corresponding subsections, the theoretical background as well as the specific implementation 
of the independent variables will be explained.  

2.2.1. Non-Driving Related Tasks 

Several studies have indicated that drivers tend to engage in NDRTs to reduce cognitive 
underload, boredom, and monotony resulting from the reduced driving demands during PAD e.g., 
[18–20]. Due to their potentially safety diminishing effects, the new test protocol must sensitively 
capture the different effects of these NDRTs on the drivers’ supervisory and take-over capabilities to 
evaluate whether a certain NDRT is applicable during PAD. 

Amongst other theories and models, the multiple resource model [37] is regularly used to 
differentiate between NDRTs based on their required modalities as well as between the different 
visual NDRT effects on drivers’ performance and gaze behavior during manual driving e.g., [38,39]. 
Multiple resource theory, which builds the basis of the model, focuses on the idea that when 
executing multiple tasks simultaneously, it is necessary to share time and attention between these 
tasks [37]. Moreover, when these two tasks occupy the same modalities (e.g., both requiring visual 
attention), these tasks interfere with each other as resources and attention are divided [37,40]. This 
results in reduced (attentional) resources for both tasks compared to executing only one task at a time 
[40], thus decreasing performance for one or both tasks [37]. Based on the multiple resource model, 
it is assumed that visual NDRTs are especially distracting during driving e.g., [38] and cause 
decreased performance in the driving task, the NDRT, or both since the driving task itself is highly 
reliant on visual resources [41]. Therefore, visual NDRT execution seems especially problematic 
during manual driving and are thus given priority by NHTSA. In general, NHTSA focuses on visual 
tasks with a manual aspect, where the driver must manipulate a device to execute the task [14]. Since 
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the driving task requires drivers to steer or shift gears, the manual NDRT component would likely 
interfere with these driving tasks as the resources would overlap. During PAD, the driver’s main task 
is to vigilantly supervise the automated system and driving scene. As it is assumed that visual NDRTs 
would especially interfere with supervising, the current project focuses on visual tasks as well. In 
addition, drivers must regain vehicle control during take-over situations and resume steering for 
instance. Hence, visual NDRTs with a manual component are potentially problematic for PAD as 
well. 

Moreover, the NHTSA guidelines prohibit certain visual tasks, known as per se lock outs, due to 
their distractive characteristics [14]. For instance, displaying photos or watching videos unrelated to 
the driving task, reading texts from books, the internet or social media as well as automatically 
scrolling texts or manually entering communication-based texts are prohibited during manual 
driving [14]. In addition, the guidelines propose that tasks should be interruptible at any time, 
completed within a maximum of 12 s total gaze time to the task and single gazes to the task should 
not last longer than 2 s [14]. Congruent with NHTSA, the current project incorporates visual-manual 
NDRTs. Even though NHTSA excludes the following from any examination, the current project 
focused on the effects of these per se lock out tasks on drivers’ supervisory and take-over capabilities 
during PAD. The goal was to validate the new test protocol by using a broad range of guideline 
compliant to guideline non-compliant NDRTs. Regarding the latter group, a sensitive test protocol 
should yield strong effects concerning the drivers’ supervisory and take-over capabilities. 

Eventually, five NDRTs differing in guideline compliancy as well as similarity to everyday 
life/artificiality were chosen. Three of these tasks did not comply with the NHTSA guidelines, for 
instance due to presenting videos unrelated to the driving task. These three tasks included a browsing 
task, a video watching task and a text reading task, which were all similar to everyday life. The two 
tasks complying with the NHTSA guidelines included the artificial surrogate reference task (SuRT) 
[42] and the manual radio tuning task [34]. The latter task, a well-established reference task for 
manual driving, was designed to reduce the total gaze time of one trial to 20 s [34]. To match these 
specifications, the trials of the other tasks were designed to last no longer than 20 s as well. 

During the browsing task, participants manually entered a departure point, a destination, two 
flight dates and the number of passengers. Participants received this information from the 
researchers. During the video task, participants viewed news video segments lasting 20 s and 
answered a question about the visual or general content of the video. The text reading task presented 
the participants with 70–100-character texts, which took approximately 20 s to read [43]. The 
participants had to scroll through the text to read its entirety. After finishing a text, the participants 
answered a question regarding its content. The SuRT task included finding a target (a bigger circle) 
amongst many distractors (smaller circles). During the manual radio tuning task, participants needed 
to set the radio to predefined frequencies. 

2.2.2. Display Locations 

In addition to executing NDRTs during manual driving and PAD, a related trend towards 
integrating increasing amounts of technology into vehicles has increased the potential of driver 
distraction and inattention during manual driving [44]. Another trend exists towards using 
increasing amounts of driving unrelated information [45] as well as smartphones during manual 
driving [46,47]. 

The main problem with different (in-vehicle) displays surrounds their proximity to the driving 
scene. Displays located further away from the windshield and driving scene are associated with 
enhanced reaction times [48]. For instance, head-up displays (HUD) were associated with 
significantly shorter reaction times as they are very close to the driving scene or may even overlay it. 
In contrast, display locations located further away from the driving scene were associated with 
shorter time to collisions [49]. Additionally, focusing on displays with less vertical proximity to the 
normal line of sight led to slower reactions than focusing on displays with equivalent horizontal 
proximity [49]. Moreover, several studies have found that the display location influenced drivers’ 
gaze behavior during manual driving e.g., [45,48,50]. For instance, gazing away from the road 
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towards a head-down display (HDD) was occurring significantly less often than towards a HUD [50]. 
In addition, gaze durations during HUD interactions increased compared to HDD (e.g., the 
instrument cluster or head unit) interaction [45]. However, when focusing on the HUD, driving 
performance was improved (e.g., fewer lane deviations) because the driving scene was visible 
peripherally [45]. 

Hence for manual driving, several studies have shown clear differences in gaze behavior and 
driving performance depending on the display’s proximity to the driving scene. Currently there are 
no comparable studies examining the effects of different display locations on drivers during 
(partially) automated driving. Further, no studies exist examining how different NDRTs during PAD 
affect drivers across display locations. Therefore, the goal of the second study was to incorporate this 
aspect in the method developed in the first simulator study. The (in-vehicle) display locations were 
chosen to reflect well-established displays (i.e., instrument cluster, head unit) as well as newer, more 
innovative technologies (i.e., HUD) and to reflect displays close to the driving scene (i.e., HUD) vs. 
further away (i.e., instrument cluster, head unit). Moreover, since smartphone usage during manual 
driving has increased e.g., [46,47], the smartphone was included as a handheld and forbidden display 
location. In addition, the following three displays were chosen: a head unit, an instrument cluster, 
and a HUD. 

2.2.3. Driving Simulator Implementation 

In the first simulator study, all five tasks were executed on a touch display. Therefore, the 
adapted manual radio tuning task for touch-displays [51] was used. This display was situated in the 
center console, at the same position as the head unit. 

In the second simulator study, the display location was included as an additional independent 
variable since the test protocols’ ability to differentiate their effects and the opportunity to easily 
manipulate these displays could be safely validated. Given that the goal was to ensure an economic 
study design and given that participants performed comparably during the browsing and text 
reading task, the browsing task was excluded. The remaining tasks ranged from slightly visually 
distracting (i.e., SuRT and manual radio tuning task) to highly distracting (i.e., text reading task). The 
video watching task was considered in the middle of this range. With exception of the video watching 
task, the tasks were not adapted from the first simulator study. The results of the first study led to 
the assumption that participants were listening to more than looking at the video segments. 
Therefore, the questions following each video segment were adapted to focus solely on the video’s 
visual content to highlight its importance and enhance the comparability to other, more compelling 
videos (e.g., blockbuster videos). 

The four chosen display locations were implemented as follows. For the head unit, a well-
established HDD, the same 9-inch pre-installed display in the driving simulator’s fully equipped 
vehicle mockup, was used as in the first study. For the instrument cluster, also a well-established 
HDD, a 9-inch display was installed behind the fairing of the vehicle mockup’s built-in displays. The 
installed display thereby covered the tachometer but not the speedometer. Due to the fairing, parts 
of the 9-inch display were covered, thus the presented information (i.e., NDRTs) had to be 
downsized. Regarding the head-up display, a glass plate with mirror foil used to retrofit HUDs in 
vehicles was installed on the dashboard since the vehicle mockup was without a windshield. A 9-
inch display was positioned under the glass plate with its presented information reflected onto the 
mirror foil. For the smartphone, a Huawei P9 with Android was used. Participants needed to hold 
the smartphone close to the gearstick, simulating the realistic attempt to hide phone usage during 
manual driving. Therefore, the smartphone condition was considered a part of the HDD category as 
well. During take-over situations, participants had to put down the smartphone before regaining 
vehicle control. For an overview of the NDRTs and (in-vehicle) display locations assessed within the 
three studies, see Table 2. 
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Table 2. Overview of the independent and dependent variables addressed and assessed within the 
three studies. 

  Study 1—Simulator Study 2—Simulator Study 3—Test Track 

Independent 
variables 

Non-driving related 
tasks 

- Manual radio tuning 
task 

- Surrogate reference 
task 

- Video watching task 
- Text reading task 
- Browsing task 

- Manual radio 
tuning task 

- Surrogate 
reference task 

- Video watching 
task 

- Text reading task 

- Manual radio 
tuning task 

- Video watching 
task 

- Text reading 
task 

(In-vehicle) Display 
locations 

- Head-unit 

- Head-Up display 
- Head-unit 
- Instrument 

cluster 
- Smartphone 

- Head-unit 

Dependent 
variables 

Supervisory capabilities 

- Mean Gaze Duration 
- Total Gaze Duration 
- Maximum Gaze 

Duration 
- Number of Gazes 
- Number of 

Transitions 

- Mean Gaze 
Duration 

- Total Gaze 
Duration 

- Number of 
Transitions 

- Mean Gaze 
Duration 

- Total Gaze 
Duration 

- Number of 
Transitions 

Take-over capabilities 

- Reaction time 
- Minimal distance to 

the lead vehicle at 
initial reaction 

- Maximal brake 
pressure 

- Maximal steering 
angle 

- Number of crashes 

- Reaction time 
- Number of 

crashes 

- Reaction time 
- Minimal 

distance to the 
lead vehicle at 
initial reaction 

2.2.4. Test Track Implementation 

Due to limited time resources, only a reduced NDRT selection was used and the display location 
aspect was excluded entirely. Additional reasons for excluding the latter included safety concerns for 
participants. The three NDRTs implemented in the study (i.e., manual radio tuning task, reading task, 
and video watching task) reflected a broad range of distractive potential (as determined during the 
two simulator studies) and a strong similarity to everyday life. The three tasks were executed on a 
tablet with touch control, attached at the head unit’s position. 

2.3. Dependent Variables 

The new test protocol was required to be sensitive regarding the effects of diverse NDRTs and 
display locations on drivers’ supervisory and take-over capabilities. For that matter, parameters are 
necessary that sensitively capture and evaluate the capabilities (RQ2). To meet the requirement and 
answer the research questions, extensive examinations of different parameters for the supervisory 
and take-over capabilities were completed. 

For manual driving, NHTSA recommends analyzing gaze behavior in terms of mean and total 
gaze duration towards the NDRTs [14]. Congruent with NHTSA, these parameters were included 
when analyzing supervisory behavior during PAD. However, since PAD differs from manual driving 
and the supervisory tasks increased in importance, further parameters were examined to achieve a 
comprehensive view. The assumption behind the additional parameters, including for instance the 
number of gazes or transitions between certain areas of interest (AOIs), is that these were assumed 
to be useful parameters to judge the drivers’ compensatory behavior. For example, if long gazes to 
the NDRTs occur but are accompanied by many transitions between the NDRT and driving scene, 
the length of these gazes is somewhat compensated. Thereby, the driver will likely know more about 
current driving events and might react better to system failures compared to a driver executing long 
gazes to the NDRTs with few transitions. Furthermore, parameters reflecting and examining the 
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supervisory behavior during PAD based on the NHTSA guidelines and cut-off values (i.e., maximal 
2 s per gaze towards the NDRT) were included, such as the maximum gaze duration towards the 
NDRTs. Hence, the following parameters for supervisory capabilities were of interest: 

• the mean gaze duration towards the NDRT 
• the total gaze duration towards the NDRT 
• the maximum gaze duration towards the NDRT 
• the number of gazes towards the NDRT 
• the number of transitions between the driving scene and NDRT AOIs 

Regarding the take-over capabilities, new parameters were proposed for the new test protocol 
given the automated system takes over the driving task during PAD. Firstly, reaction time indicated 
the criticality of the situation when the initial reaction occurred as well as the quality of the drivers’ 
supervisory behavior. Longer reaction times would indicate reduced or insufficient supervision of 
the driving scene and system, probably due to the NDRT’s greater distractive potential. Moreover, 
as reaction times increase, the criticality of the situation increases. For instance, the distance to the 
lead vehicle decreases each second, eventually making collision avoidance impossible. Four 
additional parameters were included to indicate situation criticality: the number of crashes, the 
minimal distance to the lead vehicle at initial reaction, the maximal brake pressure and maximal 
steering angle. For instance, more crashes or a small minimal distance to the lead vehicle would 
suggest a higher situation criticality. In addition, these variables were assumed to provide context to 
the reaction time and indications about potential compensatory behavior. For example, strong 
steering or braking responses might still prevent a collision even with a slow reaction time indicative 
of a critical situation. The parameters of interest were defined as follows: 

• Reaction time—The time between the beginning of a take-over situation until the participants’ 
initial reaction (braking or steering). 

• Number of crashes—The number of collisions with guardrails (lateral) and the lead vehicle 
(longitudinal). 

• Minimal distance to the lead vehicle at initial reaction—The distance between the two vehicles when 
participants initially reacted (braking). Applies only to the lead vehicle deceleration take-over 
situation. 

• Maximal brake pressure—The highest administered brake pressure during the initial braking 
interval. Applies only to lead vehicle deceleration. 

• Maximal steering angle—The greatest administered steering angle during the initial steering 
interval. Applies only to ego-vehicle drifting. 

2.3.1. Driving Simulator and Test Track Implementation 

The parameters were comparably assessed across the three studies. In the first study, all 
described parameters were assessed. However, based on the results of the first study some of the 
parameters were excluded from the following studies. The rationale behind this will be addressed in 
more detail within the result and discussion chapters. Table 2 gives a short overview of the 
parameters assessed within each of the three studies. 

2.4. Equipment and Materials 

In general, both study environments (driving simulator and actual vehicle) had to allow for 
scenario implementation (i.e., car-following) and independent variable examination. Hence, the 
following equipment was implemented within the three studies of the current project. 

Firstly, at least two displays were required: One providing participants information about 
system states (i.e., instrument cluster) and one on which participants could execute the NDRTs (e.g., 
head unit). For the second study, the simulator had to allow to include further, controllable displays 
to examine the effects of display locations. 
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As discussed in Section 2.3, it was essential that the take-over capabilities and gaze behavior 
could be captured. Regarding the former, it was necessary to record participants’ driving or take-
over behavior. For this matter, the simulator software had to be programmed to record all relevant 
variables (see Section 2.3). The real vehicle had to contain data recording devices and the necessary 
sensors as well (e.g., LiDAR) to record data and compute relevant parameters. 

Concerning the supervisory behavior, several methods to capture gaze behavior were employed 
of which the general (dis-)advantages will be discussed in the following section before describing the 
specific implementation within the three studies in the respective subchapters. Head-mounted eye 
trackers are a common tool to assess gaze behavior (e.g., Tobii Pro Glasses). Advantages of head-
mounted eye trackers are, amongst others, the opportunity to analyze gaze data across different 
levels of detail (e.g., level of fixations or gazes). Moreover, AOIs are seen from the participants’ 
perspective and their gazes are directly projected on to these AOIs. This allows for easy and reliable 
manual mapping of gazes towards AOIs, even for relatively small AOIs. In addition, the included 
eye tracking analysis software often provides the opportunity to automatically map raw gaze data 
on to relevant AOIs. However, it is still necessary to check the accuracy of the automatic mapping, 
and often manual remapping is required. An important disadvantage of head-mounted eye trackers 
is that most do not allow participants to wear glasses, thus these participants cannot take part in the 
study. This is especially problematic when examining older age groups as they are more likely to 
wear them. For instance, in 2014, 63.5% of all German citizens wore glasses and 92% of those older 
than 60 wore them compared to only 32% for those aged 20 to 29 and 38% for 30 to 44-year-old citizens 
[52]. Moreover, participants are highly aware of wearing these head-mounted eye-trackers and 
wearing them for prolonged times can be very uncomfortable. 

Another method to assess supervisory behavior is using video annotations, whereby gaze 
behavior is annotated manually using multiple, synchronized videos facing the participants. This 
method is a non-invasive alternative to eye trackers since participants do not have to wear anything 
extra. This also allows participants wearing glasses to take part. Based on detailed annotation 
schemes, including descriptions of the AOIs that should be mapped and instructions on how to detect 
gazes to these AOIs, as well as the inclusion of training annotations with detailed feedback, it is 
possible to reliably annotate gaze behavior even across multiple researchers. However, in contrast to 
head-mounted eye tracking, where AOIs are seen from the participants’ perspective, the videos are 
facing the participants. Therefore, only gaze directions towards a certain region representing AOIs 
(e.g., instrument cluster or street) can be annotated and differentiation between smaller AOIs closer 
together is difficult. Nevertheless, when relatively large AOIs (e.g., instrument cluster, head unit, 
mirrors or street) are of interest, this is less problematic. Another disadvantage is that video 
annotation does not allow the annotation of fixations. However, when focusing predominantly on 
gaze levels, as often done in this type of research e.g., [14], this disadvantage is less relevant. 

In addition to the technical aspects, several formal aspects were necessary, such as information 
regarding the study, an informed consent and a data privacy statement. Furthermore, to standardize 
the information, participants received all instructions (e.g., concerning the partially automated 
system’s activation and deactivation, the NDRT’s system failures and execution) in written form. 

To supplement the performance data, demographics such as participant age, gender and prior 
system experience were assessed. This allowed for an even distribution of gender and age as 
recommended by NHTSA [14], and this information could function as control variables during the 
analyses. Additionally, the participants’ subjective experience regarding, for instance, the PAD or 
NDRT executions during PAD were assessed by questionnaires (e.g., Van-der-Laan-Acceptance-
Scale, NASA TLX, and Trust in Automation). These subjective evaluations enriched the objective 
results or clarified aspects such as the participants’ willingness to execute certain NDRTs during PAD 
before and after the study was completed. 

To run the study as smoothly as possible, at least two researchers were deployed. One researcher 
focused on technical aspects (i.e., starting the simulator or driving the lead vehicle) and the other 
focused solely on supporting and supervising participants, including answering their questions or 
monitoring for simulator sickness. 
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2.4.1. Driving Simulator Implementation 

To employ the developed test protocol in a simulated environment, the driving simulator used 
in the study included simulation software that presented the test track and scenario. The current 
project utilized a fixed-base driving simulator that consisted of a fully equipped mockup of the front 
of a vehicle (up to the B-pillar) with side- and rearview mirrors. Three connected screens presented a 
180° horizontal field of view. In both studies, the driving simulator contained several cameras focused 
on the driving scene, the pedals and the driver (from two different angles). In the first study, drivers’ 
gaze behavior was analyzed based on video annotations. The main reason for choosing this method 
was that no reliable eye tracker was available. Nevertheless, using non-invasive video annotations to 
examine gaze behavior enhanced participant comfort and allowed those with glasses to participate 
as well, thereby increasing the potential participant pool. This method could also reliably assess the 
relevant AOIs (e.g., the street, head unit or the instrument cluster). However, the second study 
incorporated the head-mounted Tobii Pro Glasses eye tracker [53] to record gaze behavior. Even 
though this method excluded glasses-wearing participants, it was very useful to assess more refined 
AOIs (e.g., handheld smartphone) and differentiate AOIs (e.g., differentiation within the instrument 
cluster between one part presenting system-related information and the other presenting the NDRT). 

Moreover, during both studies, the instrument cluster presented the various states of the 
partially automated system (e.g., active, inactive, and deactivated) using a very minimal design. The 
second simulator study implemented a self-turning steering wheel inside the vehicle mockup. This 
reflected the actual PAD experience more closely since an actual vehicle’s steering wheel moves 
during curved segments as well. The slight steering wheel movement during the ego vehicle drifting 
take-over situation could, however, lead to faster recognition of the situation and hence, faster 
reactions. Lastly, two researchers were present for both studies, one focusing on technical aspects 
and the other on participants. Participants received written instructions to enhance standardization 
and also received several questionnaires. 

2.4.2. Test Track Implementation 

To reproduce the test protocol in a real driving environment, it was necessary to include two 
vehicles: (a) A partially automated ego vehicle that was programmable to deliberately trigger system 
failures and enable the capturing of driving and take-over data, and (b) a lead vehicle with (if 
possible) advanced driving assistance systems (ADAS) such as cruise control (see Figure 1 (bottom 
row, right) in Section 2.1.2). 

The lead vehicle’s cruise control started at 25 km/h and was driven manually by a researcher. To 
ensure maximum comparability, the researchers received detailed instructions and absolved several 
training runs. With exception of the lead vehicle deceleration take-over situation, the researcher always 
drove the vehicle in second gear with the motor executing all necessary accelerations or decelerations 
to maintain a constant speed as much as possible (approximately 15 km/h). 

A second, programmable vehicle served as the ego vehicle, equipped with various measurement 
technologies (e.g., Denso LiDAR, Novatel DGPS). The partial automation was achieved through 
combining genuine vehicle automation and Wizard-of-Oz techniques. The automation controlled 
longitudinal movement, vehicle speed (max. 27 km/h), and held constant the distance to the lead 
vehicle relative to speed except during the lead vehicle deceleration take-over situation. The distance 
was set to half of the ego vehicle’s speed with an additional buffer of seven meters (ego vehicle 
speed/2 + 7 m). The Wizard-of-Oz techniques controlled lateral movement. The researcher in charge 
of programing the partial automation sat in the passenger’s seat during the entire study to secure 
safety and execute lateral control (steering) using a small steering wheel unseen by participants (see 
Figure 1 (top row, right) in Section 2.1.2). Although participants did not notice the researcher steering 
the vehicle, this led to a major disadvantage in that the steering movements and lane keeping were 
not completely identical during each drive. 

As in the simulator studies, the ego vehicle contained several cameras focused on the 
participants (from two angles), driving scenario, and vehicle interior. The recordings of the 
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participants were used to analyze drivers’ gaze behavior towards the AOIs (e.g., the street, head unit, 
and instrument cluster) based on video annotations. 

Three researchers were present in this study: one focused on technical aspects and ego vehicle 
steering, one focused solely on driving the lead vehicle and one focused on supervising and 
supporting participants in between trials. Again, participants received written instructions and 
questionnaires with the discussed contents (See Section 2.4). 

2.5. Experimental Design and Procedure 

A within-subjects design was used to test the NDRTs, take-over situations, and other 
independent variables such as the different display locations. This approach allowed to reduce the 
number of participants necessary for high statistical power by directly comparing each participant to 
themselves and excluding any influences from interindividual confounding variables. 

The participants experienced both take-over situations, all NDRTs and a reference trial without 
NDRT execution. During trials with NDRT execution, participants needed to continuously execute 
the task whenever the partial automated system was active and to only cease task execution during 
take-over situations. In the reference trial, participants drove partially automated and experienced 
both take-over situations. The trials with and without NDRTs were randomized and counterbalanced 
to reduce order effects. 

Each trial included four take-over situations and started with a short familiarization segment 
(see Figure 2). The four take-over situations within each trial were to avoid predictability and, hence, 
a change in gaze behavior. With only two take-over situations, participants could easily predict the 
second take-over situation after experiencing the first one. It would also be problematic having three 
take-over situations if the first two were the same, the third would have been easily predictable. With 
four or more take-over situations within one trial, it was possible to make the order of the situations 
unpredictable. The two take-over situations were sequentially counterbalanced across the four 
occurrences to reduce predictability as well as order and learning effects. The first and third 
occurrences always included the two take-over situations: lead vehicle deceleration and ego vehicle 
drifting. The order of the two situations was alternated. For the other two occurrences, the two take-
over situations were randomly assigned to reduce predictability. However, identical situations 
would not follow each other more than twice. 

 
Figure 2. Overview of the four take-over situations presented to the participants per trial. 

Participants began the studies receiving information regarding the goal of the study and an 
informed consent. They experienced manual and partially automated familiarization drives to get 
accustomed to the driving simulator or ego vehicle and partial automated system. Participants 
received written instructions for the partially automated system, the take-over situations and task 
priorities (i.e., giving the safe driving task the highest priority). Moreover, before each trial, the 
corresponding NDRT was introduced and explained to the participants and, if applicable, each 
display location as well. Congruent with NHTSA’s guidelines, participants practiced the tasks during 
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vehicle standstill to ensure a comparable level of understanding before the trial with data recording 
started. 

2.5.1. Driving Simulator Implementation 

In the first simulator study, the NDRTs were included as within-subjects factors, resulting in 
every participant executing all five NDRTs. In addition, all participants experienced the reference 
trial, leading to a total of six trials. The second study contained only four of the five NDRTs (see Table 
2). The reference trial was excluded to ensure an economic study design. For the same reason, 
participants only experienced two out of four display locations. Three of the four NDRTs (i.e., the 
SuRT, text reading, and video watching tasks) were executed on these display locations. The manual 
radio tuning task was executed on an additional display representing the typical location for in-
vehicle sound systems/radios. This resulted in seven trials per participant. The procedure is described 
in Section 2.5. Study participation took 2–2.5 h. 

2.5.2. Test Track Implementation 

In the test track study, three of the five NDRTs (see Table 2) were included as within-subjects 
factors. In addition, all participants experienced a reference trial, resulting in four trials total. The 
procedure was identical to the simulator studies (see Section 2.5) with one small exception: an 
additional manual familiarization drive used to accustom participants to the test track. This drive did 
not include take-over situations. The study lasted approximately two hours for each participant. 

2.6. Data Preparation and Analysis 

Regarding the supervisory behavior, either the data from the head-mounted eye tracker or the 
video annotations were used for further analysis. The data were prepared and analyzed using the 
specification of a gaze towards an AOI, following the ISO standard (EN ISO 15007-1) [54] definition 
of glance duration. This can be defined as the time from when a gaze initially moved towards an AOI 
to when it moved away towards another AOI, which would include all consecutive fixations towards 
this AOI during that time. This includes all saccades occurring within this time as well [54]. The three 
studies focused on gazes towards the following AOIs: 

1. Driving scene—Gazes through the windshield, directed towards the driving scene 
2. NDRT—Gazes inside the vehicle, towards where NDRTs were executed (i.e., towards the head 

unit in the first and third study or to different locations in the second study) 
3. Instrument cluster + steering wheel—Gazes inside the vehicle, towards the instrument cluster 

and steering wheel 
4. Vehicle interior—Gazes inside the vehicle that were not directed to the NDRT or other relevant 

locations (e.g., gazes to the researcher in the passengers’ seat during the third study) 

To analyze participants’ supervisory capability during PAD, a predefined segment prior to a 
system failure and take-over situation occurring was examined (i.e., several seconds before the take-
over situation occurred). 

Data recorded by the simulator or vehicle were gathered for further analyses of the take-over 
capabilities. 

Across the three studies, only the first and third take-over situations including both take-over 
situation types were further analyzed for each trial. This was done to reduce predictability of the 
upcoming situation and to ensure a consistent number of analyzed events for each participant and 
trial. As the first take-over situation was chosen randomly, it was completely unpredictable and thus 
participants’ gaze behavior was assumed to be as natural as possible (i.e., checking for both 
possibilities, lane deviations or reduced distance to the lead vehicle). The second take-over situation 
was chosen randomly as well. Hence, the second situation could be the same take-over situation as 
the first one or it could be the other one. It was believed that participants would likely expect the 
other take-over situation they had not experienced to occur and hence adjust their gaze behavior 
accordingly (e.g., just checking for lane deviations). The third situation was always the take-over 
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situation participants had not experienced in the beginning. It was thought that participants’ will 
once again scan for both possible take-over situations (i.e., show natural gaze behavior) after realizing 
that there is no systematic presentation of the take-over situations (e.g., in an alternating manner). 
The fourth situation was again chosen randomly. 

For take-over capabilities, the performance from when a take-over situation begins to when the 
participants’ make their initial response was analyzed. If participants did not react, their performance 
from when the take-over situation commenced until a crash or an intervention of the vehicle or 
researcher occurred was analyzed. The take-over and supervisory capabilities during the NDRT 
execution trials were compared to each other, to the reference trial without NDRT and, additionally, 
to the manual radio tuning task. 

2.6.1. Driving Simulator Implementation 

In both simulator studies, a 1-km segment equal to a duration of approximately 45 s prior to the 
beginning of the first and third take-over situation for each trial was used to analyze the supervisory 
capabilities based on the relevant parameters (see Section 2.3). It was assumed that the gaze behavior 
prior to the take-over situations did not differ depending on the following situation due to the study’s 
design implemented to reduce predictability (see Section 2.6). As the data supported this assumption, 
the supervisory behavior prior to the situations was averaged across both events. The take-over 
capability was analyzed from the start of the take-over situation until participants’ initial reaction or 
a collision (see Section 2.6). 

To examine the test protocol’s ability of differentiating the effects across different NDRTs and 
display locations, as well as whether these differences are as expected (RQ1), repeated measures 
ANOVAs (rmANOVAs) were used that are highly robust, even with slight deviations from the 
assumption of normality [55]. 

2.6.2. Test Track Implementation 

In the test track study, a 10-s segment prior to the beginning of a system failure and take-over 
situation was examined to determine participants’ supervisory capabilities. The segment length was 
chosen to ensure that the previous take-over situation would not interfere with the analyzed segment. 
Hence, this required the previous take-over situation to be completed and the partially automated 
system to be active again so that the 10-s segment included only actual supervisory behavior during 
PAD. This was necessary because the two take-over situations could have occurred within one round 
with relatively little time in between. 

The take-over capabilities were analyzed identically to those in the simulator studies with one 
exception: The analyzed interval would end with the researcher’s intervention in the ego vehicle or 
with the ego vehicle itself in case participants did not react. 

Due to the within-subjects design, robust repeated measures ANOVAs (rmANOVAs) were 
computed. 

2.7. Participants 

Following NHTSA’s methodology, the goal of the three studies was to balance participants’ 
gender and age across the four age groups described in the methodology [14]. This was to achieve a 
heterogeneous participant group, which allows for controlling and assessing any gender or age 
effects. Table 3 shows the distribution across age groups, gender, and the total number of participants 
in the studies and the total number participants actually analyzed. 

Table 3. Number of participants, age, and gender distributions of participants per study. 

Studies N (Total) 
N 

(Analyzed) 1 

Age Groups Gender 
Distribution 18–24 25–39 40–54 Older than 55 

Study 1—Simulator 57 47 12 15 12 8 
27 male,  

20 female 
Study 2—Simulator 58 50 15 11 13 11 27 male,  
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23 female 

Study 3—Test track 39 36 8 11 9 8 
20 male, 

16 female 
1 Exclusion of several participants due to, e.g., simulator sickness or technical problems, resulted in 
the reduced number of analyzed cases. 

3. Results 

This section shortly covers the results of the formulated research questions that examine the 
sensitivity of the test protocol and necessary parameters to sensitively evaluate participant take-over 
and supervisory capabilities. The current article focused on the examination of the proposed test 
protocol’s suitability to sensitively evaluate the effects of NDRTs on the drivers during PAD and not 
on the NDRTs’ particular effects on the drivers’ take-over and supervisory capabilities. For a better 
understanding, an exemplary description of the supervisory capabilities (i.e., mean gaze duration) 
will be presented. The specific results of the supervisory and take-over capabilities across the NDRTs 
and display locations within the three studies will be described in more detail in separate papers e.g., 
[56]. 

Regarding the supervisory capabilities, several parameters were analyzed (see Section 2.3). 
Table 4 shows the effect sizes for the main effects of NDRTs and display locations across these 
parameters. Following the convention of Cohen [57], the effect sizes were categorized into weak (η2 
< 0.06), medium (η2 between 0.06 and 0.14), and strong effects (η2 > 0.14). All three studies revealed 
predominantly strong effects for the assessed parameters regarding the NDRTs. The results also 
corroborated the expectations. Figure 3 exemplary shows the effects of NDRT execution on the 
drivers’ supervisory capabilities in terms of mean gaze duration towards the executed NDRT (in 
seconds) for the first and third study. In line with the expectations, the non-compliant browsing and 
text reading task resulted in considerably longer mean gaze durations towards the NDRTs than the 
manual radio tuning task. The guideline conform SuRT resulted in comparably long mean gaze 
durations towards the task as the reference task (i.e., manual radio tuning task). Less expectedly, the 
mean gaze duration towards the video watching task in the first study was only slightly longer and 
in the third study even shorter compared to the manual radio tuning task. The main effect of the 
display locations yielded strong effects as well. Again, the results were congruent with expectations. 
For instance, executing NDRTs with the smartphone was more captivating and resulted in less 
supervision of the driving scene than execution on the instrument cluster. Hence, with regard to the 
supervisory capabilities, the strong effects for both independent variables indicated the test protocols’ 
ability to sensitively differentiate between NDRTs with different visually distractive potentials 
(RQ1a) as well as to sensitively detect differences between various (in-vehicle) display locations 
(RQ1b). Moreover, with exception of the video watching task, the results were in line with the 
expectations based on the literature (RQ1). 

Table 4. Effects of the parameters used to examine supervisory capabilities across the three studies. 

 Study 1—Simulator Study 2—Simulator Study 3—Test Track  

 
Non-Driving Related 

Tasks (NDRTs) 
NDRTs Display Locations NDRTs 

Mean Gaze Duration Strong effect 1 Medium effect Strong effect  Strong effect 
Total Gaze Duration Strong effect Strong effect Strong effect Strong effect 

Maximum Gaze 
Duration 

Strong effect / / / 

Number of Gazes Strong effect / / / 
Number of Transitions Strong effect Strong effect Strong effect Strong effect 

1 Following Cohen [57], weak effects are defined as η2 = 0.00–0.06, medium effects as η2 = 0.06–0.14 
and strong effects as η2 > 0.14.  
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Figure 3. Mean gaze duration towards the NDRTs (in seconds) depending on the executed non-
driving related task for study 1 in the simulator and study 3 on the test track. 

Concerning the take-over capabilities, several parameters were analyzed. Table 5 shows effect 
sizes for the main effects of NDRTs and display locations. The first simulator study revealed 
predominantly strong effects regarding the main effects of NDRTs concerning reaction time. In the 
other two studies, NDRT effects regarding reaction time ranged from weak to strong depending on 
the particular display location on which the tasks were executed (or weak in the case of the third 
study). The results were also congruent with expectations. For instance, more distractive NDRTs (e.g., 
browsing task) resulted in impaired take-over capabilities including longer reaction times. Medium 
sized effects existed for the reaction time dependent on the display location. For example, the 
smartphone resulted in longer reaction times as was expected, indicating the test protocol’s ability to 
sensitively detect these differences. The effect sizes regarding the other parameter of the first study 
were predominantly strong and weak regarding the third study. Hence, specific parameters of the 
test protocol (e.g., reaction time) were sensitive to NDRT effects with varying visually distractive 
potentials (RQ1a) and to some extent sensitive to display location effects (RQ1b). Further, the results 
were in line with the expectations based on the literature (RQ1). 

In sum, regarding the first research question (RQ1) and the sub questions (RQ1a and RQ1b), the 
results showed that the test protocol was sensitive to the effects of different NDRTs and (in-vehicle) 
display locations. Especially, the supervisory capabilities were proven very sensitive to these effects. 

Table 5. Effects of the parameters used to examine take-over capabilities across the three studies. 

 Study 1—Simulator Study 2—Simulator Study 3—Test Track 
 NDRTs NDRTs Display Locations NDRTs 

Reaction time Strong effect 1 
Weak—strong 

effect 
Medium effect Weak effect 

Minimal distance to the lead 
vehicle at initial reaction 

Strong effect / / Weak effect 

Maximal brake pressure Strong effect / / / 
Maximal steering angle Weak effect / / / 

Number of crashes Only descriptive analyses. / 
1 Following Cohen [57], weak effects are defined as η2 < 0.06, medium effects as η2 = 0.06–0.14 and 
strong effects as η2 > 0.14. 



Information 2020, 11, 340 21 of 32 

As mentioned earlier (see Section 2.3.1), all parameters described in Section 2.3 were assessed 
within the first study and all parameters concerning the supervisory capabilities yielded strong 
effects. However, the mean gaze duration and the maximum gaze duration were very similar in terms 
of their effect strengths (see Table 4) as well as in terms of the particular results of the effect of NDRT 
execution. More precisely, the maximum gaze duration presented very similar findings as the mean 
gaze duration as presented in Figure 3: visually more distracting tasks (i.e., the browsing and the text 
reading task) resulted in considerably higher mean and higher maximum gaze durations than 
visually less distracting tasks (i.e., manual radio tuning task and SuRT). Further, in contrast to the 
number of gazes towards one AOI, the number of transitions is more useful as it combines the 
information from the number of gazes towards two AOIs and is a good indicator of drivers’ 
compensatory behavior. Hence, the maximum gaze duration and the number of gazes were not 
analyzed in Study 2 and 3. 

Regarding the take-over capabilities, the effects found within the first study were predominantly 
strong as well. However, the minimal distance to the lead vehicle at initial reaction, the maximal 
brake pressure, and the maximal steering angle are logically connected with the reaction time. For 
instance, longer reaction times logically result in a reduced minimal distance towards the lead 
vehicle, hence, demanding stronger initial reactions (e.g., higher brake pressure). Therefore, these 
variables were not assessed in Study 2 and 3. The number of crashes, which was analyzed 
descriptively, was a useful addition to the reaction time. 

Finally, a selection of the most useful parameters was chosen for the following studies based on 
the first study, including: mean gaze duration, total gaze duration, number of transitions between 
the driving scene and NDRT, reaction time and number of crashes (RQ2). However, the number of 
crashes, which was analyzed descriptively, was a useful addition to the reaction time for the second 
study, but could not be assessed within the third study to ensure participants’ safety. In order to 
evaluate the test protocol in light of the changes made for the test track environment, the minimal 
distance to the lead vehicle at initial reaction was assessed within the third study again, but yielded 
only weak effects. 

4. Discussion 

This project’s overarching goal was to take the initial steps towards developing a test protocol 
that systematically evaluates drivers’ supervisory and take-over capabilities during PAD. The 
research questions addressed the test protocol’s ability to sensitively detect differences (as expected 
based on the literature) in drivers’ supervisory and take-over capabilities during PAD across different 
NDRTs (RQ1a) and display locations (RQ1b). Moreover, it was examined which parameters are 
sufficient to sensitively capture and evaluate drivers’ take-over and supervisory capabilities (RQ2). 

The three studies revealed mixed results concerning the test protocol’s sensitivity to detect the 
effects of visual-manual NDRTs (RQ1a) and (in-vehicle) display locations (RQ1b) on drivers’ 
supervisory and take-over capabilities during PAD. Regarding the supervisory capabilities, 
predominantly strong effects existed for most of the analyzed gaze parameters. This firmly indicates 
the test protocol’s ability to sensitively detect differences in the drivers’ supervisory behavior based 
on the executed visual-manual NDRT as well as display location (on which a NDRT is executed) 
(RQ1). As described in Section 3, the mean gaze duration, total gaze duration, and the number of 
transitions were deemed as the most useful parameters that sufficiently examine supervisory 
capabilities during PAD, since they yielded strong effects (RQ2). Additionally, these parameters still 
provide the required data to compute other parameters. For instance, the total gaze duration adds 
together all single gaze durations, from which the maximum gaze duration can be extracted. 
Moreover, with exception of the video watching task, the detected differences were congruent with 
the expectations as was shown exemplary for the mean gaze duration towards the NDRTs. For 
instance, more distractive tasks (e.g., browsing task) resulted in poorer supervision compared to the 
manual radio tuning task. In contrast, the video watching task appeared to be less visually distracting 
than expected, in terms of only slightly poorer supervision than during manual radio tuning task. 
However, the news video segments had low visual attraction and the content was predominantly 
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presented aurally rather than visually. Other videos with greater visual attraction (e.g., blockbuster 
videos) might be more distractive, resulting in longer gazes that might influence drivers’ supervisory 
and take-over capabilities more negatively. Nevertheless, the results of the supervisory capabilities, 
based on the examined parameters, can sufficiently answer the first research question and 
corresponding sub questions. However, the findings concerning take-over capabilities were less 
clear, especially in the third study. Even though reaction time yielded the strongest effect sizes for 
the differentiation between the NDRTs across the simulator studies and, therefore, seemed to be the 
best indicator of drivers’ take-over capabilities and situation criticality (RQ2), this was not replicated 
in the closed test track study. However, the weaker effects were likely due to the changes and 
adaptations made to the test protocol for applicability to the test track scenario’s limited space. 
Especially, having the take-over situations always being executed on the same track segment greatly 
increased the predictability of the take-over situations compared to the simulated environment. After 
the first trial, participants knew where the take-over situations would occur and were then likely 
more attentive during these track segments in the following trials. This likely resulted in weaker 
effects for NDRT differentiation. 

Generally, the vigilant supervision of the driving scene and system enables the drivers to notice 
system failures in a timely fashion and prepares them to make any necessary and timely intervention 
if such a case arises [2,18]. Hence, despite the partially weaker effects regarding take-over capabilities, 
the supervisory capabilities are strongly related to the former. Therefore, the strong effects 
concerning the supervisory capabilities are promising and indicate that the test protocol is useful to 
differentiate between the effects of different visual-manual NDRTs on drivers during PAD (RQ1). 
Nevertheless, it is still necessary to examine the NDRTs’ effects on parameters indicative of the 
situation’s criticality and the drivers’ take-over capability, such as reaction time and the number of 
crashes (RQ2). Both are relevant supplements to the supervisory parameters, when drawing 
conclusions about NDRTs’ influence on drivers during PAD. 

In general, the new test protocol should form the basis to assess how different NDRTs influence 
drivers’ supervisory and take-over capabilities during PAD and, hence, to decide whether certain 
NDRTs are suitable for execution during PAD. Currently, conclusions can only be drawn based on 
the three studies conducted for this project. Nevertheless, based on comparing the tested NDRTs 
versus the manual radio tuning task across the three studies, some NDRTs seem less suitable than 
other tasks. For instance, the browsing and text reading tasks distracted drivers considerably more 
in terms of longer gazes towards the NDRTs and poorer take-over capability than seen with the 
manual radio tuning task. Following the NHTSA guidelines, stating that a task is not appropriate (for 
manual driving) when visual and driving performance are poorer than the manual radio tuning task, 
the browsing and text reading tasks would not be suitable for PAD. In contrast, the video watching 
task and SuRT showed similar results to the manual radio tuning task regarding drivers’ supervisory 
behavior and take-over capabilities. Hence, the SuRT and video watching task might be rendered 
appropriate for PAD. However, final conclusions, especially regarding the suitability of the video 
watching task, should not yet be drawn. Moreover, conclusions regarding NDRT suitability during 
PAD should be handled cautiously since the test protocol is not yet broadly established. 

4.1. Future Research 

To draw conclusions concerning whether a NDRT is suitable for execution during PAD, some 
further steps are necessary. Firstly, further studies conducted in different environments using the 
developed test protocol are necessary to establish cut-off values for PAD comparable to those 
provided by the NHTSA for manual driving [14]. Secondly, the manual radio tuning task [34] needs 
to be evaluated regarding its suitability as a still reasonable reference task for PAD. Since drivers are 
relieved from parts of the driving task, other potentially more distractive tasks might possibly be 
executed during PAD without negative consequences compared to manual driving. If this is the case, 
the manual radio tuning task, which is perfectly congruent with the cut-off values for NDRT 
execution during manual driving (2 s per gaze, 12 s total gaze duration towards the NDRT), might 
be too conservative for PAD. Hence, if the new PAD cut-off values differ from those of manual 
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driving in terms of longer gazes towards the NDRTs being allowed, the manual radio tuning task 
might render more NDRTs unsuitable due to being too conservative. Additionally, participants in 
these three studies were presented with the partially automated system and secondary tasks for only 
short periods. The effects of prolonged PAD periods should be examined to better understand the 
willingness and likelihood of NDRT execution during PAD as well as the development of supervisory 
behavior with increasing system experience. 

For these further studies, the following sections include detailed recommendations regarding 
test protocol usage in both driving environments. 

4.2. Recommendations Regarding Test Protocol Implementation 

When using the developed test protocol for studies evaluating NDRT effects during PAD in a 
simulated or real driving environment, we, the authors, would like to provide the following 
recommendations. These are mainly based on the results and experiences we gathered during the 
three studies conducted for this project. In addition, further literature enriching these 
recommendations focused on standardized NDRT evaluation for manual driving e.g., [14] or higher 
automation levels for instance (i.e., SAE level 3) [31]. In the end, a table is provided giving an 
overview of the recommendations. 

4.2.1. Driving Scenario and Take-Over Situations 

The current project employed NHTSA’s [14] well-established car-following scenario [14] and 
extended it to PAD. Given this scenario is implementable in a simulated or real driving environment 
(i.e., closed test track), we recommend its usage with the necessary extensions (i.e., take-over 
situations) for further PAD studies. Depending on the particular driving environment, certain 
adaptations might be necessary. 

The recommended scenario extensions include take-over situations considered necessary to 
examine participants’ take-over and supervisory capabilities during PAD. We suggest implementing 
at least two types of take-over situations addressing system limitations of lateral and longitudinal 
vehicle control, such as the two take-over situations (lead vehicle deceleration and ego vehicle drifting) 
used in the current project. Other take-over situations that realistically address limitations (e.g., losing 
lateral control due to a curve in the road, missing lane markings, or failing to detect a road obstacle) 
of the partially automated system can be implemented as well. Independent of the situation type, we 
advise excluding any warnings or take-over requests to realistically simulate PAD (SAE level 2) as 
well as any external cues (e.g., trees, houses or brake lights) to reduce predictability of the take-over 
situations. 

The driving simulator scenario can be implemented nearly identically to the NHTSA [14] 
specifications (see Section 2.1). We highly recommend using predominantly straight road segments 
for identical implementation of the two take-over situations used in the current studies. If other take-
over situations are used, the test track can include curved segments as well. However, these increase 
the chances of simulator sickness occurring and therefore should be implemented cautiously. 
Corroborating NHTSA’s guidelines [14], we recommend incorporating multiple lanes (i.e., two lanes 
in each direction) as well, especially with take-over situations addressing lateral vehicle control. 
Additionally, a beginning segment without take-over situations is advisable to allow participants to 
start the scenario, activate the partially automated system and execute the NDRTs without time 
pressure. 

As with NHTSA [14], we used a speed of 80 km/h and a distance of 70 m to the lead vehicle in 
the simulator. A seven second TTC was implemented for the two take-over situations. To enhance 
situation criticality and scenario validity, researchers can change the speed and distance 
specifications or use the lead vehicle’s variable speed profile [14]. However, the latter can complicate 
detection of system failures. For greater situation compatibility, the adaptations should result in 
matching TTCs. 

Even though NHTSA’s guidelines [14] allow for sparse (oncoming) traffic, we excluded all traffic 
except for the lead vehicle to reduce potential distractions (especially during the reference trial) and 
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to implement the take-over situations as described. For instance, when implementing the ego-vehicle 
drifting take-over situation, we recommend excluding other traffic during that interval to prohibit 
any traffic collisions. Other (oncoming) traffic can be included for a more realistic driving scenario or 
a higher situation criticality. 

For real-world driving studies (e.g., closed test track) we recommend implementing the same 
driving scenario. Therefore, a test track allowing the application of scenario and take-over situations 
with similar speed or TTC specifications is highly recommended. For the current test protocol, we 
suggest using a straight track to implement both take-over situations as described. This also ensures 
that the ego vehicle drifting take-over situation is not mistaken for driving around a curve and that 
driving around a curve is not mistaken for a take-over situation itself. Provided other take-over 
situations are chosen, curved segments may be necessary. 

The test track length depends on the number and timing of the take-over situations. Based on 
the simulator studies, when driving 80 km/h and implementing four take-over situations, we 
recommend using an 11-km test track. This allowed an analysis of a 45-s interval, equal to a 1-km 
route segment, prior to each take-over situation. However, combining four take-over situations on 
an 11-km test track results in a relatively high frequency of system failures, which might reduce 
external validity (see Subsection Experimental Design in Section 4.2.5). Hence, using an even longer 
test track is recommended to increase the time and distance between take-over situations to create a 
more realistic experience for the participants.  

If such a test track is not available, adaptations become inevitable. If speed reductions are 
necessary, the TTC should be reduced in relation to the speed. When using a similar test track as in 
the current project, it is important to reduce predictability of the take-over situations in terms of time 
and location as much as possible, as this can strongly influence participants’ supervisory and take-
over behavior. 

Several adaptations should always be made independent of the test track. Firstly, the take-over 
situations cannot result in a collision with, for instance, the lead vehicle or guardrails if the 
participants do not react. For this matter, fallback solutions, as described in Section 2.1.2 (i.e., 
programming of ego vehicle) are necessary to ensure participants’ and involved researchers’ safety 
at all times. For the same reason, additional traffic should be excluded as well or, at least, be 
controlled and reduced to a minimum. 

4.2.2. Independent Variables 

The test protocol was able to discover and distinguish expected differences between different 
visual-manual NDRTs. This allowed evaluating guideline compliant and non-compliant tasks as well 
as artificial tasks and those closer to everyday life. The number of tasks that can be examined is 
flexible; however, it is recommended to strive for an economic study design. Moreover, we 
recommend comparing the effects of a partially automated drive with and without NDRT execution 
or comparing a partially automated drive with NDRT execution to a drive while executing a reference 
task (e.g., manual radio tuning task [34]). Regarding the manual radio tuning task, we recommend 
using the version adapted for touch displays [51] to ensure comparable task execution. As in Schömig 
et al. [31] and NHTSA [14], we recommend predefining the start and finish of task execution when 
examining distractive effects on the drivers instead of spontaneous task execution. Moreover, 
participants should practice the tasks to achieve comparable task understanding before each trial see 
[14]. 

Furthermore, the current project showed the test protocol’s ability to distinguish between the 
effects of NDRT execution on different display locations. Depending on the research question, 
different display locations of interest can be included. In the current studies, it was not always 
possible to use the built-in display locations to present the NDRTs to participants. Even though we 
attempted to present these NDRTs in similar positions as these built-in display locations occupy and 
use comparable control elements for execution (e.g., touch displays), using external displays might 
have reduced the realism of NDRT execution during PAD. It is recommended to use available, built-
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in displays as much as possible (which should be controlled in a similar manner) to strive for an 
economically designed study. 

Moreover, it seems reasonable to validate the test protocol considering other independent 
variables that are meaningful for PAD (e.g., prior system experience or different HMI designs). 

4.2.3. Analyzed Variables 

As previously discussed, several different parameters can be analyzed to evaluate drivers’ 
supervisory capabilities and all parameters that were evaluated, provided strong effects. However, 
to ensure an economic study design, we suggest using mean and total gaze duration towards the 
NDRT (and driving scene) and the number of transitions between the driving scene and NDRT as 
discussed in Section 3. These three parameters can sensitively examine and reflect the supervisory 
capabilities and compensatory behavior during NDRT execution. 

The results showed that take-over capabilities yielded weaker effects than the supervisory 
capabilities. Nevertheless, take-over capabilities must still be assessed and therefore different 
parameters can be analyzed. We recommend using reaction time to measure situation criticality, 
which should be enriched by the number of crashes or lane deviations for example. Other parameters 
can be used as well (e.g., TTC), but these parameters should be chosen based on their ability to 
provide additional and valuable information. 

4.2.4. Equipment and Materials 

Driving Simulator and Test Vehicles 

Depending on the study environment, either a driving simulator with a vehicle mock-up and 
corresponding simulation software or two vehicles (an ego and lead vehicle) are necessary to 
implement the driving scenario and take-over situations. 

For both vehicle mock-up and actual ego vehicle, it is recommended that at least two (in-vehicle 
displays) are available, including the instrument cluster presenting (automated) system-related 
information and another display for NDRT execution (e.g., the head unit). The displays must be 
customizable for study relevant information and the participants must be able to smoothly interact 
with the display during NDRT execution. It is also suggested to equip the mock-up and actual vehicle 
with cameras facing participants, the driving scene, and the task to record study relevant behavior. 
Moreover, any driving input made by participants must be reflected by the simulator or ego vehicle 
and the corresponding partially automated system in a timely fashion to ensure a realistic system 
experience. This input includes braking, steering or system (de-)activation by pushing the 
corresponding buttons on the steering wheel for instance. 

It might be useful to incorporate a self-turning steering wheel in the driving simulator to 
represent a more realistic PAD experience. However, this could cause participants to recognize the 
ego-vehicle’s drifting faster than if there were no movement (especially when driving on a straight 
road). Moreover, in real driving environments, PAD includes hands-on warnings requiring drivers 
to leave one hand on the steering wheel at all times. In the current project, participants needed to 
remove their hands from the steering wheel to mimic an extreme situation. Both aspects must be 
considered based on the relevant research questions. 

For the test track vehicles, we strongly recommend using high automation levels to ensure 
standardized and replicable driving scenario execution and take-over situations, as well as to reduce 
chances for human error. At a minimum, the ego vehicle should take over tasks controlled by the 
partially automated system and should be programmed to deliberately trigger the two take-over 
situations. If higher automation levels are not possible, Wizard-of-Oz approaches are reasonable 
alternatives; however, these reduce comparability. The ego vehicle must include sensors (e.g., LiDAR 
or Novatel DGPS) and devices to record driving data. The lead vehicle should at least include ADAS 
(i.e., cruise control), the drivers should be extensively trained on their tasks, and landmarks should 
exist for comparable execution of take-over situations. Additionally, it is recommended to 
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synchronize the vehicles. This could include using walkie-talkies; however, programmed 
synchronization would be preferable for standardization and replication. 

Human–Machine Interface 

As mentioned by Schömig et al. [31] for SAE level 3 automation, the human–machine interface 
(HMI) should present participants with all relevant system states (e.g., active or inactive) and 
corresponding transitions between these states. The instrument cluster would be the most suitable 
since it presents drivers with further driving related information (e.g., speed). Additionally, the HMI 
must reflect participants’ input (system activation and deactivation) in a timely fashion. When the 
goal is focusing on the effects of different visual-manual NDRTs, as with the current test protocol, we 
recommend using a minimal, intuitively understandable HMI that does not distract drivers from 
NDRT execution or cause mode confusion. 

Eye Tracking 

Driver’s gaze behavior must be recorded to evaluate their supervisory capabilities. Depending 
on the detail level (e.g., AOIs, fixations) examined, study design (i.e., study length and environment), 
or test sample of interest (e.g., younger vs. older participants), the researcher must decide between 
using a head-mounted eye tracking system or video annotations (see Section 2.4 for a more detailed 
discussion of the (disadvantages of both methods). 

Questionnaires 

At the least, we highly suggest collecting participants’ demographic information (e.g., age, 
gender, and prior system experiences). In addition, further questionnaires administered before and 
after trials with and without NDRT execution would supplement the objective data with subjective 
experiences, which would help shed light on possible explanations for their past or potentially future 
behavior such as willingness to execute NDRTs during PAD. 

Instructions 

As with NHTSA [14] and Schömig et al. [31], we recommend using written instructions 
regarding the following aspects to enhance standardization. Firstly, the NDRT execution should be 
clearly communicated, including the NDRT’s goal, what constitutes successful execution, and when 
NDRT should be executed. When examining NDRT’s distractive effects during PAD, we suggest 
instructing participants to continuously execute the NDRTs when the partially automated system is 
active and the situations allow it based on the participant’s judgment, which corroborates Schömig 
et al. [31] and NHTSA’s recommendations [14]. The instructions should also explain participants’ 
task priorities, such as the safe execution of the driving task has the highest priority. Secondly, to 
ensure comparable system understanding, the partially automated system’s usage and states should 
also be explained to participants. Only when researchers are interested in intuitive system interaction 
should these instructions be excluded e.g., [31]. In addition, similar to a partially automated vehicle 
manual, the system limits and corresponding take-over situations should be discussed with 
participants as well. Depending on the research questions, it might be useful to describe the most 
appropriate reaction to the situation, except when attempting to capture participants’ spontaneous 
reactions. 

In general, as with Schömig et al. [31] we recommend explaining system functionalities, limits 
and take-over situations in detail to reduce possible learning effects due to experiencing multiple 
take-over encounters that are recommended for the current test protocol. However, when focusing 
on initial contact with the system and take-over situation, reduced instructions are more suitable e.g., 
[31]. 

4.2.5. Experimental Design and Procedure 
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Experimental Design 

For both study environments, the design depends on the research question. However, we 
recommend including a complete, within-subjects design limiting the number of independent 
variables to ensure an economic study design, reduce test sample size, enhance statistic power, enable 
direct comparisons of participant performance across the independent variables, and exclude 
interindividual confounding variables. Additionally, it is highly important to randomize and 
counterbalance trials to reduce learning and order effects. 

Regarding the number of take-over situations, it is recommended to repeat the encounters and 
in order to reduce learning and first contact effects it is recommended to clearly instruct the 
participants regarding the system’s functionality and limitations [31]. Regarding the number of take-
over situations, aspects such as the length of the analyzed intervals as well as the influence of the 
take-over situations’ number on the system evaluation [31], must be considered. For a duration of 8–
12 min as in the current studies, we recommend a maximum of four encounters, which should be 
randomized and counterbalanced across timing and situation type to reduce predictability. However, 
this recommendation aims at maximizing the number of take-over situations to be analyzed. This 
high frequency of system failures potentially lowering external validity must be considered. 
Depending on the research question, the number of take-over situations should be reduced and the 
route length should be extended (e.g., to evaluate how supervisory and take-over capabilities evolve 
over time and with long periods without system failures). 

Procedure 

The actual procedure depends on, for instance, the study design, employed techniques, 
questionnaires, etc. Generally, we highly suggest including familiarization drives as mentioned in 
Schömig et al. [31]. In both study environments, participants should get accustomed driving 
manually in the simulator or actual vehicle if possible. For the former, this also allows checking for 
signs of simulator sickness. Depending on the research questions, participants should also be 
familiarized with partially automated driving and potentially with the take-over situations. We 
recommend familiarizing participants with partially automated driving but not with the take-over 
situations. This allows to achieve a comparable understanding of PAD across participants as well as 
to analyze the initial contact with these situations during NDRT execution. Nevertheless, the 
possibility of some take-over situations occurring during the trials and take-over situations itself 
should be described to the participants in the instructions. 

Depending on the study’s complexity, we suggest involving two researchers who can divide the 
technical tasks and participant supervision between each other to ensure a smoothly conducted 
study. In case of additional tasks (e.g., driving the lead vehicle), including another researcher is 
advisable. The researchers should receive detailed instructions and extensive trainings regarding 
their tasks, especially considering any driving tasks. 

4.2.6. Data Preparation and Analyses 

Regarding the supervisory behavior, the camera recordings or the eye tracking data must be 
annotated or mapped concerning the relevant AOIs: the NDRT, driving scene, instrument cluster, 
and vehicle interior. Other AOIs can be included if needed. The take-over capability data must be 
extracted from the simulator or ego vehicle and prepared for further analyses. 

When examining supervisory capabilities during PAD, we recommend using an interval prior 
to the take-over situation. In that interval, the partially automated system must be active and should 
exclude any parts of earlier take-over situations. Therefore, the interval length depends on the time 
between the take-over situations. For instance, the current project included a 45-s segment in the 
simulator studies and a 10-s segment in the test track study, whereas Dogan et al. [25] chose a 15-s 
segment before a take-over situation occurred. In general, the interval length should be long enough 
to include at least one complete NDRT execution trial. In the current case, the NDRT trials were 
designed to take no longer than 20 s. Since participants are unlikely to complete a trial within 20 
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consecutive seconds, we recommend using a generous interval of 45 s for instance. Moreover, 
NHTSA [14] specifies that a NDRT trial should be completed within a total gaze duration of 12 s. 
With a 45 s interval, it should be possible to find these cumulative 12 s of total gaze duration as well. 
Moreover, if new PAD cut-off values are less conservative and result in longer total gaze durations 
towards the NDRTs, the 45-s intervals might also provide enough buffer for this. In contrast, to 
examine take-over capabilities, we suggest using an interval from the moment the take-over situation 
is triggered until participants’ initial reaction. If participants do not react, the interval should last 
until the collision occurs or the researcher terminates the situation. 

The current project analyzed the first and third situation (see Section 2.6). Depending on the 
research questions, other analyses can be done as well, such as comparing the first and last take-over 
situation or all take-over situations. However, the latter is only possible if the predictability of the 
take-over situations is low. Comparisons between the trials with and without NDRTs as well as 
between the trial with the reference task (e.g., manual radio tuning task) and the trials with other 
NDRTs are recommended to evaluate drivers’ supervisory and take-over capabilities. The concrete 
analyses depend on the chosen research design. 

4.2.7. Participants 

Concerning the participants, the following aspects must be considered. Firstly, the sample size. 
NHTSA [14] recommends including 24 participants to examine the distractive effects of visual-
manual NDRTs. For studies involving conditional automated driving (SAE level 3), a sample size of 
at least n = 20 is recommended when assessing the suitability of in-vehicle systems or at least n = 12 
participants per experimental test condition [31]. In general, desired sample size depends on the 
research question and intended statistical power. As with Schömig et al. [31], it is recommended to 
include at least n = 12 participants per experimental test condition or n = 20 participants depending 
on the research design. Secondly, the age distribution must be considered. The current studies aimed 
to follow NHTSA’s guidelines of distributing the participants evenly across four recommended age 
groups: 18–24 years, 25–39 years, 40–54 years, and older than 55 [14]. The age distribution had no 
effect in either of the three studies. Nevertheless, we recommend involving all relevant age groups 
in the sample to control for age effects and reflect on different levels of driving experience. As with 
Schömig et al. [31], it is advisable to use the four age groups NHTSA highlights to achieve a 
heterogeneous age group. However, it must be taken into account that evenly distributing 
participants across these four age groups does not realistically reflect the populations’ age 
distribution. Thirdly, the gender distribution must be considered. NHTSA [14] recommends having 
an even gender distribution. Similar to the age distribution, gender did not affect the results in either 
of the current three studies. When examining subjective PAD or NDRT execution experiences, it 
might still be useful to obtain an even gender distribution as Schömig et al. [31] recommend. We also 
recommend including an even gender distribution to control for gender effects. In addition to these 
three aspects, it might be reasonable to examine other sample characteristics as well, such as prior 
system experience, depending on the research questions. 

5. Conclusions 

In conclusion, the current project’s overarching goal was to fill the methodological gap and take 
initial steps towards developing a test protocol for the systematic evaluation of the effects of NDRT 
execution on the drivers’ supervisory and take-over capabilities during PAD. We believe that the 
systematic evaluation of the NDRTs’ effects during PAD using the new test protocol developed 
within this project enhances comparability between different studies and generalizability of the 
studies’ results, as well as provides a basis for developing cut-off values for deciding whether certain 
NDRTs are applicable for PAD. For the matter of using the test protocol, we provide a summarizing 
overview of the most important recommendations in Table 6. 
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Table 6. Short summary of the recommendations for test protocol usage. 

 Recommendations  

Driving scenario 

- Simulator: Driving scenario (car-following task) as described in Section 2.1, without other 
traffic and curved road segments 

- Test track: Same scenario as in simulator, requires appropriate test track (e.g., straight 
segment with minimum 11 km length) 

Take-over situations 

- Types: Responding to both lateral and longitudinal vehicle control (e.g., deceleration of lead 
vehicle and ego vehicle drifting) 

- Specifications: Exclusion of warnings and take-over requests, matching time to collisions 
(e.g., 7 s), multiple, counterbalanced, and randomized encounters 

Non-driving related 
tasks (NDRTs) 

- Types: Visual-manual NDRTs in comparison with reference task (e.g., manual radio 
tuning task [34]) and reference trial without NDRT execution 

- Specifications: Predefined start and finish, continuous execution while system is active 

Analyzed variables 
- Supervisory capabilities: mean gaze duration, total gaze duration, number of transitions 
- Take-over capabilities: reaction time and parameters for situation criticality (e.g., number 

of crashes) 

Equipment 

- Vehicle: Simulated mock-up or (automated) vehicles (see Section 2.4) 
- Human–machine interface: simple, intuitive design with relevant system states, timely 

reactions to input 
- Eye-tracking: head-mounted or video-based depending on level of detail required 
- Questionnaires: at a minimum demographic information  
- Instructions: written form, regarding partially automated system, take-over situations, 

NDRTs, task priorities 

Design and procedure 
- Study design: economic (e.g., limitation of number of NDRTs), for instance within-

subjects design 
- Number of take-over situations: max. 4 per trial of a length of 8–12 min 

Procedure 
- Familiarization: Manual and partially automated drives (without take-over situations), 

NDRT execution 

Data preparation and 
analysis 

- Analyzed intervals: 45 s prior to take-over situations for supervisory capabilities, start of 
take-over situations until participant reaction, collision or fallback solutions 

- Analyzed take-over situations: in case of 4 take-over situations, first and third take-over 
situation 

Participants 
- Number: at least n = 12 per experimental group or at least n = 20 in total 
- Demographics: age and gender controlled (e.g., following NHTSA [14]) 
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