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Abstract: Until automated cars function perfectly, drivers will have to take 
over control when automation fails or reaches its functional limits. Two 
simulator experiments (N = 24 and 27) were conducted, each testing four 
automation levels ranging from manual control (MC) to highly automated 
driving. In both experiments, participants about once every 3 min experienced 
an event that required intervention. Participants performed a secondary divided 
attention task while driving. Automation generally resulted in improved 
secondary task performance and reduced self-reported physical demand and 
effort as compared to MC. However, automated speed control was experienced 
as more frustrating than MC. Participants responded quickly to the events when 
the stimulus was salient (i.e., stop sign, crossing pedestrian, and braking lead 
car), but often failed to react to an automation failure when their vehicle was 
driving slowly. In conclusion, driving with imperfect automation can be 
frustrating, even though mental and physical demands are reduced. 

Keywords: workload; automated driving; secondary task; level of automation; 
critical events; ACC; adaptive cruise control; automated steering; human 
factors. 
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1 Introduction 

In the last decades, the driving task has become increasingly automated. Adaptive cruise 
control (ACC), a system that partly automates longitudinal vehicle motion, was first 
introduced in the 1990s. Our field is now transitioning towards highly automated driving 
(HAD), a concept in which both longitudinal and lateral control are taken over by the 
automation (Akamatsu et al., 2013; Gasser and Westhoff, 2012; Kircher et al., 2014; 
Merat and Lee, 2012). Considering that over 50% of road traffic accidents are attributable 
to human errors such as misjudgement, inattention and distraction (Klauer et al., 2006; 
Storie, 1977; Treat et al., 1979), HAD could provide enormous benefits to society. 

Previous studies in driving simulators and real cars have shown that ACC contributes 
to a reduction of workload (measured with self-reports or secondary tasks) compared to 
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manual control (MC) (Carsten et al., 2012; Nowakowski et al., 2010; Rudin-Brown and 
Parker, 2004; Young and Stanton, 2004; for a review see De Winter et al., 2014). HAD 
reduces self-reported workload to an even greater extent (Damböck et al., 2013; Young 
and Stanton, 2007a). For example, a driving simulator study by De Waard et al. (1999) 
found that the mean score on the Rating Scale Mental Effort after automated platooning 
with 1 s headway was 12 on a range from 0 to 150 (corresponding to ‘almost no effort’), 
substantially lower than the score of 37 (corresponding to ‘some effort’) for MC. 
Similarly, two simulator studies conducted by Young and Stanton (2004; see also Young, 
2000) measured workload using the NASA Task Load Index (TLX) and found that the 
overall workload for HAD was 12%, considerably lower than the scores for MC (57%), 
ACC (44%) and automated steering (AS; 41%) (0% = very low, 100% = very high). 

In principle, driving in a highly automated vehicle is undemanding. Drivers can 
comfortably read a book, watch a movie or even fall asleep, and empirical research 
indicates that these non-driving activities indeed occur in HAD (Carsten et al., 2012; 
Llaneras et al., 2013; Omae et al., 2005). However, there is still an important role for the 
human in HAD, because there are situations where the driver will have to resume MC. 
Such situations may occur because of functional limits of the HAD system or because of 
sensor/computer failure. Ironically, HAD systems that intend to improve safety can 
actually be very dangerous, especially if a driver has to reclaim control within a  
short time span (Flemisch et al., 2008; Stanton et al., 1997). Hence, automation systems 
that reduce workload may actually evoke temporal bursts of high workload. The phrase  
“a high degree of automation tends to reduce supervisory work to 99% boredom and 1% 
sudden terror” (Bibby et al., 1975, p.4) captures the irony that automation makes the 
routine tasks easier and the non-routine tasks harder (see also Bainbridge, 1983; Hancock 
and Krueger, 2010; Hollnagel and Woods, 2005). 

The NASA TLX, which is the most widely used workload questionnaire, measures 
workload across six dimensions: mental demand, physical demand, temporal demand, 
performance, effort and frustration. These six items share positive correlations and 
thereby represent the overall workload construct (Hart and Staveland, 1988). However, 
each item also carries uniqueness, and can diagnose the operator’s state in specific task 
environments. Many researchers who have studied the effect of automated driving system 
reported the overall workload score only, not the scores on the individual items (e.g., 
Saxby et al., 2013; Young and Stanton, 2007a). That is, much of the previous research 
does not recognise that workload is a multi-dimensional construct (and see Tsang and 
Velazquez, 1996; Yeh and Wickens, 1988). 

In the present study, we investigated driver workload and response times to critical 
events in two similar but not identical driving simulator experiments. The main 
difference between the two experiments was that the first was conducted in a low fidelity 
simulator, whereas the second was conducted in a medium fidelity simulator. In each of 
the two experiments, participants drove four short sessions in an urban environment, each 
session with a different level of automation, ranging from MC to HAD. The reason to 
investigate multiple levels of automation was based on the earlier studies stating that 
automation should not be seen as a dichotomous ‘all-or-none phenomenon’ (Sheridan and 
Parasuraman, 2005). Studying multiple levels of automation provides a more 
comprehensive picture on human–automation interaction than comparing full automation 
with MC only (e.g., Endsley, 1999). 

Our experiment differs from previous research on the same topic in the sense that the 
critical event rate was high: Human intervention was required about once every 3 min. 
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Previous research has mostly studied the drivers’ response to rare (e.g., once a session) 
critical events. In such studies, drivers showed severely delayed response times compared 
to manual driving, especially when drivers were engaged in a secondary task that 
required them to take the eyes off the road (e.g., Bianchi Piccinini et al., 2015; De Waard 
et al., 1999; Flemisch et al., 2008; Hoedemaeker and Brookhuis, 1998; Körber et al., 
2015; Louw et al., 2015; Rudin-Brown and Parker, 2004; Stanton et al., 1997, 2001; 
Stockert et al., 2015; Strand et al., 2014; see De Winter et al., 2014, for a review).  
A driving simulator study by Flemisch et al. (2008), for example, found that all 
participants veered off the road when the automation failed right before a curve while the 
participants were performing a task on an in-vehicle display. These previous studies are 
informative about what could happen in worst-case scenarios, and accordingly provide 
important knowledge for the design of takeover warning systems. However, in practice, 
as can be seen in traffic jam assistance systems that automate both longitudinal and 
lateral control, modern automated driving systems require almost constant eyes on the 
road (e.g., De Winter et al., 2014). Indeed, automated driving systems often reach their 
functional limits (e.g., when exceeding the speed envelope, when the camera system 
cannot track the lane, when there are sharp curves or when the sensor system does not 
detect objects on the road, such as crossing animals or pedestrians). 

2 Methods 

2.1 Experiment 1 

2.1.1 Driving environment 

The environment consisted of a 3.7 m wide single-lane two-way road with 12 traffic 
lights (four pedestrian crossings and eight junctions) and a mixture of mildly curved and 
straight sections. The traffic lights were spaced between 270 and 730 m apart. Three 
traffic lights were green; the remaining nine turned red when the driver approached. 
Traffic conditions were reasonably busy, with crossing cars at intersections and 20 
oncoming cars. The mean distance between oncoming cars was 445 m (SD = 280 m). 
There were no vehicles in the driver’s lane. Participants drove 7050 m (about 12 min of 
driving time) in each of the four sessions. 

2.1.2 Automation conditions 

The four automation conditions were: 

• Manual control (MC). The driver was in control of steering (with the steering wheel) 
and speed (with the accelerator and brake pedal). 

• Partially automated steering (PAS). The driver had full control of speed throughout 
the session. The automation controlled the steering when driving on junctions 
(including when approaching and leaving the junctions). Hence, the driver had full 
control of both speed and steering when travelling in between junctions. 
Accordingly, the PAS system resembled a type of automation that takes over steering 
control in demanding traffic scenarios (i.e., on/near junctions). 
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• Partially automated driving (PAD). The automation controlled both steering and 
speed when driving on junctions (including approaching and leaving the junction). 
The driver had full control of speed and steering when travelling in between 
junctions. 

• Highly automated driving (HAD). The automation controlled both steering and speed 
throughout the session. 

The automated speed (in PAD and HAD) maintained the vehicle at 48 km/h (30 mph) in 
between junctions, reduced speed on the approach to red light junctions with about 
1.5 m/s2 to 3 km/h (it did not stop completely), and increased speed with about 1.5 m/s2 
to 48 km/h when leaving these junctions. The automated steering (in PAS, PAD and 
HAD) kept the lateral position with respect to the lane centre at 0 m. The travelled 
distance under PAS/PAD control was 130 m per junction. All four sessions were driven 
using automatic transmission. 

2.1.3 Critical events during driving 

In the PAS, PAD and HAD conditions, a failure rate of the automation was introduced by 
giving control to the driver on approach of two out of 12 junctions. Specifically, for PAD 
and HAD, the vehicle automatically slowed down to 11 km/h, and the automation then 
turned off between 12 and 20 m before the junction so that unless the driver intervened, 
the vehicle would cross a red light. With PAS, the failure of the AS occurred at about 9 m 
in front of the junction. The automation failures did not have an immediate consequence 
on lateral performance, other than that the car could slowly drift away from the lane 
centre. 

In addition, a critical event was included in the form of a pedestrian (in the MC, PAS 
and HAD conditions) or a Dalmatian dog (in the PAD condition) walking onto the road. 
This event was introduced to mimic a situation where the sensors did not detect a 
relatively small object. The pedestrian/dog was initially standing 8 m left of the centreline 
of the two-way road. Once the participant’s vehicle was 7 s away, the pedestrian/dog 
began to walk towards the direction of the road at a speed that would cause a collision if 
the participant did not respond. The participant had to brake or swerve in order to avoid a 
crash. The HAD system was disabled for this event without a warning sign and was 
reactivated 100 m after deactivation. The locations of the three events (i.e., two 
automation failures and one pedestrian/dog) were different for each automation 
condition. The mean (SD) distance to the pedestrian/dog when the pedestrian/dog began 
to walk was 95 m (10), 94 m (9), 92 m (11) and 93 m (0) for the MC, PAS, PAD and 
HAD conditions, respectively. 

Participants could not overrule the automation. Instead, the automation deactivated 
and reactivated at set points along the route. In other words, when a critical event had just 
occurred and manual intervention was necessary, drivers had full MC. Conversely, when 
no intervention was required, it was not possible to disable the automation. 

2.1.4 Secondary divided attention task 

A secondary divided attention task was used to assess workload. This task consisted of a 
diamond shown on both sides of the middle screen. At pre-determined travelled distances  
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in the scenario (including points where the participant was approaching or leaving a 
junction), the left diamond changed into a left-pointing equilateral triangle or the right 
diamond changed into a right-pointing equilateral triangle. At these moments, the 
participants were required to press a button on the steering wheel as quickly as possible. 
There was one button for when the left diamond changed into a triangle and a second  
for when the right diamond changed into a triangle. The triangle changed back to a 
diamond when the participant pressed any of the two buttons, or when the maximum 
response time of 5 s had elapsed. The triangles were activated based on the travelled 
distance, according to a script that was different for each of the four conditions.  
The left- and right-pointing triangles were activated in no discernable order. There were 
26 divided attention events per session, occurring on average every 242 m (min = 30 m, 
max = 710 m). 

The reaction time was determined between the moment a diamond changed into a 
triangle and the participant pressed a button. If the participant pressed the wrong button, 
the event was labelled as an incorrect response. If the participant did not press a button 
within 5 s, the event was labelled as a miss. The software sometimes could not determine 
the response to the divided attention task, either because the divided attention task and a 
critical event occurred at overlapping periods or because a new divided attention event 
started before the participant had pressed a button (this could happen when the participant 
responded late and the distance between events was small, e.g., less than 67 m at an 
assumed constant speed of 48 km/h). Therefore, it was decided to delete events for which 
at least one participant had a missing value. Accordingly, the number of divided attention 
events included in the analysis were 23, 24, 25 and 25 for the MC, PAS, PAD and HAD 
conditions, respectively. 

2.1.5 Simulator hardware and software 

The simulator consisted of three linked monitors (Figure 1). A game controller steering 
wheel and pedals were used to control the virtual vehicle. Rear view and side mirrors 
where rendered on the screen, allowing the driver to see behind them. STISIM Drive 
M500W (build 2.10.07) software was used. Speakers positioned on the desk provided 
vehicle sound. 

2.2 Experiment 2 

2.2.1 Driving environment 

The road environment was the same as in Experiment 1, except that lane width was 4.5 m 
instead of 3.7 m (there was no particular reason for selecting another road width; it was 
the idiosyncratic consequence of our scenario scripting efforts). Participants drove a 
shorter part of the route as compared to Experiment 1 (3760 m in each session; about 
6 min of driving time). Accordingly, participants encountered six traffic lights (two 
pedestrian crossings and four junctions). Two of the traffic lights were green; the 
remaining four turned red. In each session, a vehicle appeared behind the participant and 
then overtook the participant early in the session, after which it continued driving with 
50 km/h in front of the participant’s vehicle. There were six oncoming cars, with a mean 
distance of 590 m (SD = 432 m) between these cars. There were no vehicles on the 
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participant’s lane, except the participant’s own vehicle and the lead car. The lead car 
stopped at the red light junctions. 

Figure 1 Driving simulator used in Experiment 1. The photo illustrates the hardware setup; the 
virtual environment in the actual experiment was not identical to the one shown in the 
figure (see online version for colours) 

 

2.2.2 Automation conditions 

• MC. Same as in Experiment 1. 

• ACC. The automation controlled speed throughout the session while driving behind 
the lead car. The automation maintained headway between 15 m and 30 m. The 
participant was in control of the steering. Note that in reality, ACC systems control 
headway with respect to the car in front. In the present study, such ACC 
functionality was emulated by keeping the speed of the lead car and the participant’s 
car at set values. 

• AS. The automation controlled steering throughout the session. The participant had 
control of speed. 

• HAD. The automation controlled both steering and speed throughout the session.  
The automation maintained headway between 15 m and 30 m. 

The MC condition used a manual transmission, whereas the three other conditions used 
automatic transmission. The reason for selecting a manual transmission in the MC 
condition (as opposed to the automatic transmission in the MC condition in  
Experiment 1) was that the hardware of the medium fidelity simulator in Experiment 2 
facilitated the use of a realistic manual transmission. The automated speed (in ACC and 
HAD) maintained the vehicle at 50 km/h, reduced speed on the approach to red light 
junctions with about 1.5 m/s2 to 3 km/h (it did not stop completely), and increased speed 



   

 

   

   
 

   

   

 

   

   304 J.C.F. de Winter et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

with about 3.5 m/s2 to 50 km/h when leaving these junctions. The automated steering  
(in AS and HAD) kept the lateral position at 0 m. 

2.2.3 Critical events during driving 

Two critical events were scripted:  

• a red ‘stop’ image displayed on the screen for 5 s; the participant was required to 
initiate an emergency stop and 

• the lead car suddenly braked, and the participant was required to make an emergency 
stop in order to avoid crashing into the vehicle. 

The lead car’s deceleration rate was a constant 6.9 m/s2. That is, it took 2 s to decelerate 
from 50 to 0 km/h. The vehicle pulled away once the participant had come to a stop. The 
automation (ACC, AS and HAD) was disabled for these two events and reactivated 
between 30 and 50 m afterwards. 

2.2.4 Secondary divided attention task 

The secondary task was the same as in Experiment 1 (a diamond was shown on both 
sides of the front projection), with the difference that participants were required to press 
buttons on the vehicle centre console instead of on the steering wheel. The divided 
attention events occurred on average every 187 m (min = 30 m, max = 600 m). After 
applying the same filtering criteria as used in Experiment 1, the number of divided 
attention events included in the analysis were 14, 14, 15 and 15 for the MC, ACC, AS 
and HAD conditions, respectively. 

2.2.5 Simulator hardware and software 

The simulator (Figure 2) consisted of a Jaguar XJ saloon car linked to a STISIM Drive 
M500W (build 2.10.09) with comprehensive vehicle dynamics model and active steering 
feedback. Three projectors provided a 135° field of view and a fourth projector provided 
the rear view. Two liquid crystal displays were used for the side mirrors. A surround 
system provided aural feedback. 

2.3 Participants (Experiments 1 and 2) 

The participants were mostly students recruited from the Faculty of Engineering and the 
Environment of the University of Southampton. They did not receive financial 
compensation for participating. Details about the participants are provided in Table 1. 
Experiments 1 and 2 were conducted with different participants. Overall, 61% of the 
participants were males. They all had their driving licence for at least two years, but had 
fairly low mileages (75% of participants reported a mileage of less than 10,000 miles per 
year). The participants in Experiment 2 were significantly younger than the participants 
in Experiment 1 (p = 0.013 according to an independent samples Student’s t-test, 
df = 49). 
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Figure 2 Driving simulator used in Experiment 2. The photo illustrates the hardware setup; the 
virtual environment in the actual experiment was not identical to the one shown in the 
figure (see online version for colours) 

 

Table 1 Participant details of Experiments 1 and 2 

 Experiment 1 Experiment 2 
Number of participants 24 27 
Number of males 15 16 
Mean age 27.42 (SD = 11.61, min = 19,  

max = 53) 
21.52 (SD = 2.53, min = 18,  

max = 30) 
Mean years holding a full 
driving licence 

9.38 (SD = 11.10, min = 2,  
max = 35) 

4.35 (SD = 2.39, min = 2,  
max = 12) 

Number of participants per 
mileage category (miles) 

  

0–5000 13 7 
5000–10,000 6 12 
10,000–15,000 3 5 
15,000–20,000 1 1 
20,000+ 1 2 

2.4 Procedure (Experiments 1 and 2) 

Participants were invited, one at a time, to the simulator laboratory. Participants were 
welcomed and read an information sheet that explained the background and procedures of 
the experiment. In Experiment 2, the information sheet had also been emailed to all 
participants on beforehand. All participants provided written informed consent. 

The information sheet mentioned that participants would be driving four sessions, 
each with a different level of automation in any order. The information sheet of 
Experiment 1 stated that they would be driving with “Manual Control – Driver 
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responsible for all tasks”, “Assistive Technology – Control of steering shared between 
vehicle and driver”, “Advanced Technology – Control of speed and steering shared 
between vehicle and driver” and “Full Automation – Vehicle controls all driving tasks” 
(corresponding to MC, PAS, PAD and HAD, respectively). The information sheet of 
Experiment 2 stated that they would be driving with “Manual Control – Driver has full 
control of the vehicle; responsible for all tasks”, “Active Steering – Vehicle controls 
steering, driver controls all other tasks”, “Adaptive Cruise Control – Vehicle controls 
speed, driver controls all other tasks” and “Full Automation – Vehicle controls all driving 
tasks” (corresponding to MC, AS, ACC and HAD, respectively). In other words, 
participants were provided with knowledge about the types of systems they would be 
driving with, but not with details about the functionality of these systems. 

The information sheet mentioned that all conditions used automatic transmission 
(Experiment 1) or that all conditions except MC used automatic transmission 
(Experiment 2). It further informed participants that automation was imperfect as follows: 
“Please note that automation may fail at any time” (Experiment 1) or “There is the 
possibility of a critical event upon which the automation will deactivate and you will be 
required to take a suitable approach to the situation” (Experiment 2). We provided 
participants with this information, because, in reality, drivers of new vehicles will 
probably also have at least rudimentary knowledge about the fact that their automated 
driving system has functional limits. 

Next, the participants signed the consent form and completed a short questionnaire to 
establish their driving experience. Afterwards the experimenter explained the controls of 
the simulator, and made clear that driving was the primary task. Participants were also 
told that they should only complete the secondary divided attention task if they felt that 
they could so without affecting their driving performance. Regarding Experiment 2, 
where a lead car was present, participants were told to follow this car at a comfortable 
distance. 

The participants undertook a short (approximately 5 min) practice drive without 
automation, in order to get used to the driving controls and the divided attention task. 
Next, participants undertook the four sessions in counterbalanced order. Immediately 
after completing each session, participants completed a NASA-TLX on paper 
(Experiment 1) or on a computer (Experiment 2; Sharek, 2011), in which they had to rate 
mental demand, physical demand, temporal demand, effort and frustration from ‘very 
low’ to ‘very high’ and performance from ‘perfect’ to ‘failure’. 

Participants noted down any comments on the automation condition, after each 
session (Experiment 1), or at the end of all four sessions (Experiment 2). Specifically, in 
Experiment 1, the form read:  

• “manual drive comments:” 

• “assistive automation comments:” 

• “advanced automation comments:” 

• “full automation comments:”. 

Similarly, in Experiment 2, the form stated “Comments on each phase:” followed by  

• “manual control:” 

• “assisted steering:” 
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• “adaptive cruise control:” 

• “full automation:” 

• “any other comments:”. 

On both forms, there were a few centimetres of space below each condition to write down 
any comments. 

2.5 Dependent measures (Experiments 1 and 2) 

The following measures of workload were determined per participant per session. 

• Ratings on each of the six TLX items (%). The workload items were expressed on a 
scale from 0 to 100%, which is common practice (Hart and Staveland, 1988). 

• Percentage of correct responses, percentage of incorrect responses and percentage of 
misses on the divided attention task (%). These three percentages add up to 100%. 

• Mean reaction time on the divided attention task (s). Misses and incorrect responses 
were excluded. In addition, we calculated the ‘adjusted’ reaction time task by 
imputing the maximum possible reaction time of 5 s for missing or incorrect 
responses. The adjusted reaction time was used to combine the number of misses and 
reaction time into a single measure. 

We calculated the following commonly used measures of driving performance, to 
describe speed and lane keeping performance. For these three measures, the first 60 s 
were excluded to remove lead-in effects. 

• Mean speed (km/h). 

• Maximum speed (km/h). 

• Standard deviation of lateral position (SDLP; m). SDLP is a measure of swerving 
along the average lateral position in the session. 

In addition, we calculated the brake reaction times, defined as the time difference 
between stimulus presentation and first brake pedal movement, to establish how quickly 
participants responded to the critical events. Note that brake reaction time is sometimes 
called ‘total braking time’ in the literature (Liebermann et al., 1995; Young and Stanton, 
2007b). For the PAD and HAD automation failure before the red light in Experiment 1, 
we counted the number of red light violations. 

The results were statistically analysed by means of a repeated measures analysis of 
variance (ANOVA). An alpha value of 0.05 was used. Pairwise comparisons were 
conducted using a Tukey–Kramer test. 

3 Results 

3.1 Self-reported workload 

Table 2 shows the means and standard deviations of the TLX items. A reduction of  
self-reported workload with increasing level of automation is observed for mental 
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demand, physical demand, temporal demand and effort in Experiment 2 and to a lesser 
extent in Experiment 1. For Experiment 1, PAD and HAD were rated as significantly 
more frustrating than MC and PAS. For Experiment 2, HAD was rated as significantly 
more frustrating than AS. Figure 3 provides an illustration of individual differences of the 
TLX physical demand and frustration items. It can be seen that most of the participants 
reported decreased physical demand but increased frustration for HAD with respect to 
MC. 

Figure 3 Frustration percentage in highly automated driving (HAD) minus frustration percentage 
in manual control (MC) vs. physical demand percentage in the HAD condition minus 
physical demand percentage in the MC condition (N = 24 for Experiment 1; N = 27 for 
Experiment 2). It can be seen that most participants are located in the second quadrant. 
In other words, HAD resulted in higher frustration but lower physical demand than MC. 
TLX = NASA task load index. The mental demand and frustration items were measured 
on a scale from ‘very low’ (0%) to ‘very high’ (100%) (see online version for colours) 

 

3.2 Performance on the divided attention task 

One participant in the MC condition of Experiment 2 did not react to any of the stimuli 
(for unknown reasons). Hence, a reaction time could not be established, and the mean 
reaction time and mean number of correct/incorrect/missed responses was based on 
N = 26 instead of N = 27. 

Table 2 shows that for Experiment 2, a higher level of automation was associated 
with faster reaction times on the divided attention task (all combinations of adjusted 
reaction times were statistically significant, except ACC vs. AS). For Experiment 1, HAD 
yielded significantly faster adjusted reaction times than MC and PAS. 

Table 3 provides Pearson correlation coefficients between the mean scores on the 
TLX items on the one hand, and the mean raw reaction times, mean adjusted reaction 
times, and the percentage of correct response on the divided attention task on the other. 
The correlation coefficients are reported for the eight experimental conditions of 
Experiments 1 and 2 combined, and for Experiments 1 and 2 separately. The correlation 
of 0.93 between TLX mental demand and the raw reaction time is illustrated in Figure 4. 
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Table 2 Means (standard deviations in parentheses) of dependent measures for Experiments 1 
and 2 
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Table 2 Means (standard deviations in parentheses) of dependent measures for Experiments 1 
and 2 (continued) 
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Figure 4 Mean raw reaction time on the divided attention task vs. mean mental demand on the 
NASA task load index (TLX). Circles = Experiment 1 (average across 24 participants); 
Squares = Experiment 2 (average across 27 participants, but N = 26 for MC). The 
mental demand item was measured on a scale from ‘very low’ (0%) to ‘very high’ 
(100%). TLX = NASA task load index, MC = manual control, PAS = partially 
automated steering, PAD = partially automated driving, HAD = highly automated 
driving, ACC = adaptive cruise control, AS = automated steering (see online version  
for colours) 

 

Table 3 Pearson correlation coefficients (r) between mean TLX item scores and mean reaction 
time on the divided attention task 

 Raw reaction time 

 Experiments 1 and 2 combined 
(N = 8 sessions) 

Experiment 1 
(N = 4 sessions) 

Experiment 2  
(N = 4 sessions) 

 r p value r r 

TLX Mental demand (%) 0.93 0.001 0.92 0.95 
TLX Physical demand (%) 0.64 0.087 1.00 0.97 
TLX Temporal demand (%) 0.36 0.374 0.85 1.00 
TLX Performance (%) –0.52 0.184 –0.83 –0.08 
TLX Effort (%) 0.68 0.061 0.88 1.00 
TLX Frustration (%) –0.48 0.229 –0.88 –0.45 

 Adjusted reaction time 
 r p value r r 

TLX Mental demand (%) 0.91 0.002 0.94 0.99 
TLX Physical demand (%) 0.63 0.093 0.95 0.94 
TLX Temporal demand (%) 0.30 0.469 0.93 0.99 
TLX Performance (%) –0.67 0.069 –0.66 –0.13 
TLX Effort (%) 0.67 0.070 0.92 0.99 
TLX Frustration (%) –0.61 0.109 –0.72 –0.62 
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Table 3 Pearson correlation coefficients (r) between mean TLX item scores and mean reaction 
time on the divided attention task (continued) 

 Divided attention task, percentage correct responses 

 r p value r r 

TLX Mental demand (%) –0.87 0.005 –0.91 –0.99 
TLX Physical demand (%) –0.66 0.075 –0.91 –0.81 
TLX Temporal demand (%) –0.36 0.377 –0.95 –0.91 
TLX Performance (%) 0.66 0.074 0.55 0.36 
TLX Effort (%) –0.71 0.050 –0.92 –0.91 
TLX Frustration (%) 0.68 0.062 0.62 0.78 

TLX = NASA task load index, DA = secondary divided attention task. The correlation 
coefficients were calculated among the means of the experimental conditions (see  
Figure 4, for an illustration). 

3.3 Vehicle centred measures 

The mean speed was similar for both experiments and for all conditions, averaging at 
values between 32.9 (AS in Experiment 2) and 34.8 km/h (MC in Experiment 1, see 
Table 2). Standard deviations of mean speed and maximum speed were small (<1 km/h) 
for ACC and HAD, because speed was under automatic control for most of the driving 
time. Furthermore, a lead car was present in Experiment 2, setting an upper limit to the 
participants’ driving speed. SDLP values were the lowest for the AS and HAD 
conditions, because the automation held the lateral position of the car at the lane centre 
for the entire driving time except for the occasions per session during which the 
participant drove manually in response to the critical event. 

3.4 Brake and steering reaction to the critical events 

In Experiment 1, eight participants driving in the PAD condition made a red light 
violation at one of the two junctions where automation failed, and a further two 
participants made a red light violation at both junctions. For HAD, eight participants 
made a red light violation. In comparison, for the MC and PAS sessions (during which 
speed was controlled by the driver and which therefore had 12 opportunities for crossing 
a red light), there were four and six participants, respectively, who made at least one red 
light violation. 

All participants, except one participant driving with PAS, avoided collision with the 
pedestrian/dog. The participant who crashed with the pedestrian/dog did not press the 
brakes, but applied an evasive steering correction. An evasive steering correction was 
defined here as a lateral motion of more than 2 m from the lane centre. Almost all 
participants (21, 22, 23 and 19 participants in the MC, PAS, PAD and HAD conditions) 
braked in response to the crossing pedestrian/dog and did not make an evasive steering 
action. A small number of participants made an evasive manoeuvre but did not press the 
brakes (2, 1, 1 and 1 participants in the MC, PAS, PAD and HAD conditions). There was  
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one participant in the MC condition and four participants in the HAD condition who 
made both an evasive manoeuvre and braked. Furthermore, there was one participant in 
the PAS condition who did not apply the brakes and did not make an evasive manoeuvre. 

The mean brake reaction times since the moment the pedestrian/dog started to walk 
for the MC, PAS, PAD and HAD conditions were, respectively, 3.74 s (SD = 0.85 s, 
N = 22), 3.69 s (SD = 0.90 s, N = 22), 4.48 s (SD = 0.67 s, N = 23) and 3.83 s (SD = 0.70, 
N = 23). According to a repeated measures ANOVA, these reaction times were 
significantly different from each other (p = 0.001, after excluding three participants who 
did not brake in one or more conditions). A post hoc analysis indicated significantly 
longer brake reaction times for PAD compared to MC, PAS and HAD. 

In Experiment 2, the mean (SD) brake reaction times to the stop sign were similar for 
all automation conditions: 0.93 s (0.15), 1.00 s (0.32), 0.79 s (0.13) and 0.87 s (0.24), for 
MC, ACC, AS and HAD, respectively (N = 27; p = 0.002 according to the ANOVA; 
ACC significantly longer than AS), see Figure 5 for a boxplot. 

Figure 5 Boxplot of brake reaction times to the stop sign (Experiment 2). MC = manual control, 
ACC = adaptive cruise control, AS = automated steering, HAD = highly automated 
driving. N = 27 for all conditions (see online version for colours) 

 

There were five collisions with the decelerating lead vehicle in Experiment 2, all 
occurring in the ACC condition. The mean (SD) brake reaction times were 1.53 s (0.58), 
1.29 s (0.42), 1.79 s (0.73) and 1.01 s (0.45), for MC, ACC, AS and HAD, respectively. 
Headway plays an important moderating role in explaining these reaction times: One 
participant in the MC condition and five participants in the AS condition did not press the 
brakes at all; they avoided collision because their headway was large (>80 m) when the 
lead car started to decelerate. The Pearson correlation coefficients between headway and 
brake reaction time were 0.71 for MC (N = 26, p < 0.001) and 0.93 for AS (N = 22, 
p < 0.001), indicating that participants with larger headways had longer reaction times 
(Figure 6). The mean (SD) headway when the lead car started to decelerate was 40 m 
(18), 23 m (0), 41 m (17) and 21 m (0) for the MC, ACC, AS and HAD conditions, 
respectively (Figure 6). 
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Figure 6 Brake reaction time vs. headway at the moment the lead car started to decelerate 
(Experiment 2). MC = manual control (N = 26), ACC = adaptive cruise control 
(N = 26), AS = automated steering (N = 22), HAD = highly automated driving (N = 27) 
(see online version for colours) 

 

3.5 Participants’ comments on the automation conditions 

Regarding Experiment 1, 10 participants remarked that they did not notice any activity of 
the PAS system. Eighteen participants made a negative remark about PAD: they 
mentioned lack of trust, pointed out the automation failure or stated they were annoyed, 
uncertain or irritated. Only one participant stated that the PAD system was helpful. 
Fourteen participants made a similar negative remark about HAD, and another five 
participants mentioned that HAD made them distracted, bored or lose concentration. 
Some participants (two for PAS, one for PAD and four for HAD) noted down that they 
disliked the lack of feedback about the automation status. Two participants who drove 
with PAD and two who drove with HAD stated that they shadowed the controls 
regardless of automation status. This could also be seen in the recorded data, as some 
participants pressed the brakes and/or turned the steering wheel even when automated 
speed was active. 

Regarding Experiment 2, 11 participants stated that AS was the easiest or preferred 
condition. Twelve participants who drove with ACC stated that the system made them 
feel stressed or uneasy, and six participants mentioned lack of trust regarding whether the 
vehicle would brake automatically or not. Seventeen participants stated that the HAD 
system made them complacent or distracted, and four participants mentioned lack of trust 
during braking. Participants commented that the traffic lights in particular made them feel 
uncomfortable due to an uncertainty of whether they would stop in time. 

4 Discussion 

4.1 Effects of automation on driver performance and workload 

We performed two experiments, each testing four levels of automation in short driving 
sessions (about 12 and 6 min per session, in Experiments 1 and 2, respectively). When 
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the automation was active (i.e., the vast majority of the time for ACC, AS and HAD, and 
only on junctions for PAS and PAD), the technology ensured a constant speed in between 
junctions, safe negotiation of junctions and pedestrian crossings, and/or zero lane centre 
error. It is therefore not surprising that the automation contributed to statistically 
significantly lower self-reported mental demand (Experiment 2), physical demand 
(Experiments 1 and 2), temporal demand (Experiment 2) and effort (Experiments 1 and 
2), as well as faster raw (Experiment 2) and adjusted (Experiments 1 and 2) reaction 
times to the divided attention task compared to MC. The mean reaction times on the 
secondary task and four items of the TLX (mental demand, physical demand, temporal 
demand and effort) were positively correlated (Table 3; Figure 4), suggesting that both 
the reaction times and these self-report workload items tap the same underlying construct. 

Participants reported a relatively high frustration level for PAD (Experiment 1), ACC 
(Experiment 2) and HAD (Experiments 1 and 2), and expressed dislike of these 
conditions. Our results correspond to Omae et al. (2005), who asked participants whether 
they wanted to use automatically driven vehicles if they were required to supervise the 
system; 23 of 30 drivers answered ‘no’ to this question. Our results also mirror what 
some car manufacturers and human factors researchers have mentioned all along, namely 
that pleasure is an important component of the driving experience and that humans 
should not be forced into a monotonous supervisory role (e.g., Hancock, 2015; Neubauer 
et al., 2011; Walker et al., 2001). It was commented by 40% of participants in 
Experiment 2 that the AS condition was the easiest and/or preferred condition, possibly 
because the critical events did not require an evasive steering action. Human factors 
experiments in the medical and nuclear power plant domains have also shown that poorly 
designed automation can yield elevated levels of frustration (Lin et al., 2010; Luz et al., 
2010). 

Our results clearly differ from previous research into ACC and HAD. Specifically, 
previous research indicates that the TLX frustration item behaves in line with the other 
five TLX items, with all the TLX items showing either significantly lower (Flemisch  
et al., 2008; Ma, 2006) or about the same (Bjørkli et al., 2003; McDowell et al., 2008; 
Nilsson, 1995; Nilsson and Nåbo, 1996; Peters, 2001; Törnros et al., 2002) ratings 
between manual and automated driving. In these previous studies, the automation 
required either no intervention or included an occasional ‘surprise’ event that required a 
human response, but drivers were not put into the role of supervisor of automation. 

Our study is unique in the sense that the automation required manual intervention 
about once every 3 min. We believe that an automated driving system that requires 
frequent human intervention is realistic from a technological point of view, considering 
that sensor systems cannot detect all possible hazards. Formal definitions of levels of 
driving automation, as proposed by BASt, SAE and NHTSA, make explicitly clear that at 
intermediate levels of automation, constant human alertness to the roadway is required 
(Gasser and Westhoff, 2012; Smith, 2013). 

In retrospect, it is not surprising that automation in some cases can contribute to 
frustration. More generally, it is known that vigilance tasks in which humans are required 
to detect infrequent events are typically experienced as stressful or frustrating (Szalma  
et al., 2004; Warm et al., 2008). Driving in a highly automated car that requires frequent 
intervention may be similarly frustrating, as it requires sustained attention and puts 
participants ‘on-guard’ in order to detect when to resume MC. Furthermore, it may be 
frustrating for people to not be able to take over control. For example, Comte (2000) 
found that intelligent speed adaptation (ISA) yielded a score of 60% on the TLX 
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frustration item compared to only 15% for manual driving, presumably because the ISA 
prevented the participants from overtaking other vehicles. 

4.2 Response to critical events 

In both experiments, there were critical events that required intervention with the brake 
pedal and/or steering wheel. Participants in Experiment 1 successfully avoided crashing 
into the crossing pedestrian (in MC, PAS and HAD) or the crossing dog (in PAD). The 
one collision that did occur was in the PAS condition that was never operative in between 
junctions, so this collision was probably a conventional driver error related to perception 
or action execution (for a review of human errors in driving, see Stanton and Salmon, 
2009). The mean brake reaction times to the pedestrian/dog were about 4 s since their 
initial movement, for all four conditions. These seemingly long reaction times can be 
explained by the fact that the walking pedestrian/dog was not a threat until it actually 
entered the road, and participants likely delayed their response until braking was 
required. The low standard deviations of the brake reaction times (about 0.8 s for all four 
conditions) are consistent with the idea that participants reacted rapidly as soon as the 
situation demanded an intervention. The reaction times in the PAD condition were 
significantly longer than in the other three conditions, which may be caused by the fact 
that the PAD condition featured a dog rather than a pedestrian. It is possible that 
participants were less willing to perform an emergency brake for an animal than for a 
human. The fact that the crossing pedestrian/dog event occurred at different points along 
the route for each of the four conditions may have also had an influence on the brake 
reaction times. 

Many participants in Experiment 1 made a red light violation after the PAD/HAD 
failed. The automation provided no warning feedback upon failure. However, in 
principle, the drivers could have been primed through sound cues: Once the automation 
switched off, the acceleration ceased, and so there should have been a noticeable change 
in vehicle sound. The minimum feedback that could have been provided was an 
indication of the status of the automation or an alert in the event of automation failure. 
We doubt, however, whether feedback per se could alleviate much of the frustration, 
considering that warning/feedback systems themselves are known to be a source of 
mental demand and frustration, potentially leading to automation disuse (Parasuraman 
and Riley, 1997; Stanton et al., 2011; Tango et al., 2011). In our experiment, most 
participants did not notice the PAS and kept turning the steering wheel as they did during 
manual driving, a phenomenon possibly also caused by lack of automation-status 
feedback. Although a warning signal may have been useful in case the automation fails or 
malfunctions, a warning cannot be provided in other types of critical events (e.g., the 
pedestrian/dog scenario in Experiment 1), because the automation cannot have 
knowledge of events that are beyond its programming logic or detection capabilities.  
In other words, in a real car, no warning can be provided to situations that are not 
detected by the sensor system. 

Participants in Experiment 2 reacted rapidly to the stop sign, with mean brake 
reaction times of about 1.0 s for all four conditions. This is considerably faster than the 
3.5 s reaction time to an unexpected automation failure reported by Young and Stanton 
(2007b). Green (2000) argued that the level of expectation is a primary factor influencing 
brake reaction times, with an average brake reaction time of 0.7 s for situations that are 
entirely expected up to 1.5 s for scenarios in which an object suddenly enters to road (for 



   

 

   

   
 

   

   

 

   

    The effects of driving with different levels of unreliable automation 317    
 

    
 
 

   

   
 

   

   

 

   

       
 

a review, see Summala, 2000). Thus, brake reaction times in our experiment represent 
those in normal driving, and suggest that participants in our study were vigilant and 
prepared for intervention. The brake reaction times in the AS condition were significantly 
faster than the ACC condition. A possible explanation is that participants in the AS 
condition were engaged in the longitudinal control loop (i.e., they had their feet close to 
the pedals and paid attention to the road, as in the MC condition), yet freed from the 
physical and cognitive demands of steering (i.e., they did not have to turn the wheel or 
pay attention to lateral disturbances, which is similar to the HAD condition). This could 
mean that participants in the AS condition were optimally prepared to react to events that 
require the longitudinal response of braking. 

Participants in Experiment 2 reacted rapidly to the braking lead car, with reaction 
times of 1.01 for HAD and 1.29 s for ACC. The MC and AS conditions yielded longer 
mean brake reaction times (1.53 and 1.79 s), likely because participants in these two 
conditions drove with a longer mean headway than participants driving with the ACC and 
HAD systems, and so were able to delay their braking response (cf. Figure 6). These 
results may have implications for the validity of brake reaction times in general. Drivers 
clearly do not brake immediately, but decide to wait until the situation becomes urgent, 
which means that longer brake reaction times do not imply worse driving per se. 

In summary, the responses to the critical events suggest that participants were alert 
throughout the experiment and prepared to intervene whenever necessary. These findings 
differ considerably from those of previous research, in which drivers of automated cars 
were exposed to emergency situations that were a surprise to them (e.g., Flemisch et al., 
2008). We argue that our study represents a realistic case of how future automation may 
be used in city environments. 

4.3 Limitations of this research 

There has been considerable debate about whether driving simulators can provide valid 
outcomes regarding research into human factors of automated driving (e.g., Farber, 1999; 
Neale and Dingus, 1998; Neubauer et al., 2010), and the present study sheds further light 
on this topic. Our results showed that the experimental effects were relatively similar 
between the two experiments. For example, both the low and medium fidelity driving 
simulator studies showed that automation improves reaction times to the secondary task. 
This suggests that even low fidelity simulators are useful for this type of experimental 
research. However, we suspect that in absolute terms, the results cannot be immediately 
translated to real world driving. For example, the SDLP in the manual condition was 
0.23 m in Experiment 1 and 0.27 m in Experiment 2. These numbers are considerably 
greater than the SDLP values of 0.15–0.20 m typically observed in on-road experiments 
(Godthelp et al., 1984; Veldstra et al., 2015; Verster and Roth, 2011). Such discrepancy 
in SDLP between simulation and reality has also been observed in previous research 
(Helland et al., 2013) and may be owing to the imperfect visual, tactile and vestibular 
cues offered by driving simulators (Kemeny and Panerai, 2003). The results in Table 2 
showed that effects were more often statistically significant in the medium fidelity setup 
than in the low fidelity setup, which tentatively suggests that the medium fidelity setup is 
more sensitive to experimental manipulations than the low fidelity configuration  
(for similar results, see Santos et al., 2005). Note, however, that Experiments 1 and 2 
were different in various ways, including the type of transmission, length of the sessions, 
lane width, types of critical events, presence of a lead car, types of automated driving 
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systems, methods of collecting the TLX ratings and the age of participants). It should also 
be remembered that any simulator, be it a low fidelity (Experiment 1) or a medium 
fidelity one (Experiment 2), provides only an abstraction of real driving. 

A second limitation is that the participants in our study were not provided with any 
training in the use of the automation systems. Participants had to learn how to respond to 
automation failures during the experiment itself. Perhaps, drivers will find PAD and 
HAD less frustrating if they have the opportunity beforehand to develop an appropriate 
mental model about automation failure modes. Providing participants with such training 
could have facilitated appropriate reliance (see also Bahner et al., 2008; Lee and See, 
2004; Parasuraman and Riley, 1997). However, prior vigilance research indicates that 
ratings of frustration rise linearly with time, in conditions where one has to monitor a 
display for three quarters of an hour (Dember et al., 1993; Szalma et al., 2004). 
Accordingly, participants may consider long driving sessions to be more frustrating than 
short sessions. 

Another limitation of the present research is that the tested systems may be seen as 
‘unrealistic’. The automated driving systems in our experiment were tested in a low speed 
city environment featuring traffic lights and vulnerable road users. It may be the case that 
automation technology will be first deployed in simpler environments, such as highways. 
However, we argue that automation systems might also be used in complex 
environments, exactly because drivers need help in such situations. On highways, 
automation may be more of a comfort feature rather than fulfilling an actual safety need. 

The inability to override the automated driving systems may also be regarded as 
unrealistic. However, we argue that this feature is actually realistic, because future 
human–machine interfaces may be designed in such a way as to “prevent unwarranted 
human driving” (Tsao et al., 1997, p.11). Furthermore, our approach of pre-programmed 
automation is useful with regard to experimental control. Previous driving simulator 
research shows that when automation can be enabled and disabled at will, a large share of 
drivers choose to disable the automation and drive manually instead (Neubauer et al., 
2012). Letting drivers enable or disable automation at their own discretion compromises 
the experimental results if the goal of the study is to compare automated driving with 
manual driving. 

A fifth limitation is that participants in this research were recruited from the 
university community with relatively little driving experience. University students are not 
representative of the general population (Henrich et al., 2010) and are known to have 
relatively strong cognitive and spatial abilities (Wai et al., 2009). Furthermore, young 
people in general have higher tendencies for sensation seeking and committing traffic 
violations than older persons (Zuckerman et al., 1978). Thus, it remains to be investigated 
whether these results are generalisable to the overall driving population. 

Sixth, our experiment had involved only 25–50 min of driving per person, equivalent 
to most previous driving simulator research on automated driving (see De Winter et al., 
2014, for an overview of experiment durations). Hence, our research design does not 
allow us to draw conclusions about the long-term effects of automated driving on 
workload, brake reaction times and drivers’ opinions. 

A seventh and final limitation is that drivers in our experiments had to perform an 
artificial secondary task while driving. In real car driving, drivers also perform secondary 
tasks, such as using a mobile phone, route navigation device or car radio. However, our 
secondary task stimulated the participants to keep focused on the visual projection, and 
allowed us to obtain a quantitative indication of drivers’ spare attentional capacity. It is 
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possible that the secondary and primary task interfered with each other. Indeed, previous 
research showed that executing a spatial secondary task while driving yielded increased 
NASA TLX scores, and somewhat deteriorated drivers’ lane keeping performance 
compared to driving without the secondary tasks (Young and Stanton, 2007c). 

4.4 Implications of this research 

What implications do the present findings have for automation design? Our research 
suggests that having no automation is less frustrating than automation that requires 
frequent human intervention. This is a reason for concern, because ratings of frustration 
are probably closely associated with willingness to buy. One recommendation would be 
to only bring to the market automation that has extremely high reliability such that the 
driver is relieved from the supervisory task. The same approach is now followed by 
Google, who recently removed the steering wheel and pedals from their prototypes of 
their driverless cars because human test drivers were observed to be no reliable backup 
(Teller, 2015). However, the Google car is still a prototype, and a fully automated car 
without steering wheel may remain technologically unfeasible for commercial 
applications (Shladover, 2015). A parallel may be drawn with aviation here, where pilots 
are still needed to fly the aircraft despite high levels of automation. Having a possibility 
for voluntary (de-)activation of automation may also help to reduce frustration  
(cf. Comte, 2000, 2001). Another option is to provide salient feedback about automation 
status, or to develop so-called ‘human centred automation’, which involves and informs 
the human driver, a message expressed by others (Billings, 1991; Young et al., 2007) in 
an aviation context. If the human driver is continuously involved and aware of the 
automation’s capacities and limitations, frustration ratings may reduce, while the rapidity 
and quality of manual takeovers may improve (see Louw et al., 2015 for a discussion). 
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