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Adaptive cruise control (ACC), a driver assistance system that controls longitudinal motion,
has been introduced in consumer cars in 1995. A next milestone is highly automated driv-
ing (HAD), a system that automates both longitudinal and lateral motion. We investigated
the effects of ACC and HAD on drivers’ workload and situation awareness through a
meta-analysis and narrative review of simulator and on-road studies. Based on a total of
32 studies, the unweighted mean self-reported workload was 43.5% for manual driving,
38.6% for ACC driving, and 22.7% for HAD (0% = minimum, 100 = maximum on the NASA
Task Load Index or Rating Scale Mental Effort). Based on 12 studies, the number of tasks
completed on an in-vehicle display relative to manual driving (100%) was 112% for ACC
and 261% for HAD. Drivers of a highly automated car, and to a lesser extent ACC drivers,
are likely to pick up tasks that are unrelated to driving. Both ACC and HAD can result in
improved situation awareness compared to manual driving if drivers are motivated or
instructed to detect objects in the environment. However, if drivers are engaged in
non-driving tasks, situation awareness deteriorates for ACC and HAD compared to manual
driving. The results of this review are consistent with the hypothesis that, from a Human
Factors perspective, HAD is markedly different from ACC driving, because the driver of a
highly automated car has the possibility, for better or worse, to divert attention to second-
ary tasks, whereas an ACC driver still has to attend to the roadway.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The idea of fully automated driving is certainly not new. In 1863, Jules Verne envisioned a future Paris featuring driverless
trains and carriages propelled by pneumatic and electromagnetic infrastructures (Verne, 1996). In the same period, the
Beach Pneumatic Transit Company actually built a driverless wagon transporting passengers through a tunnel beneath
Broadway (Beach, 1870). A scale model of an automated highway system was demonstrated at the 1939 New York World’s
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Fair (Fotsch, 2001; Geddes, 1940). Between 1950 and 1990, various researchers in the United States, Europe, and Japan
equipped consumer cars with systems that automatically controlled steering and speed (Shladover, 1995). In 1997, demon-
strations of automated platooning and lane changing were held on a section of a highway in San Diego (Thorpe, Jochem, &
Pomerleau, 1997). Soon after the 1997 demonstrations, the stakeholders of the project agreed that a fully automated high-
way system was ‘‘too much of a ‘conceptual leap’” (National Automated Highway System Consortium [NAHSC], 1998, p. 1).

Although many research projects allude to a revolutionary introduction of fully automated driving, the development of
automated driving is better described as an evolutionary process. As early as the 1970s, Verplank (1977) stated that this
evolution had already been going on for a long time through developments such as spark-advance, choke, automatic trans-
mission, and cruise control, and he predicted that automatic headway and steering control would be introduced in the
future. Adaptive cruise control (ACC) can be found in consumer cars since 1995 (Beiker, 2012). ACC is a system that controls
longitudinal vehicle motion only and therefore qualifies as driver assistance according to the definition proposed by the
German Federal Highway Research Institute (BASt) (Gasser &Westhoff, 2012). Note that the Society of Automotive Engineers
(SAE) and the National Highway Traffic Safety Administration (NHTSA) have introduced similar definitions of levels of driv-
ing automation (see Smith, 2013, for a comparison of definitions).

Developments in stereo cameras, radar, laser, and artificial intelligence have recently given rise to automation that can
take over longitudinal and lateral control simultaneously. Some examples are Acura’s ACC combined with Lane Keeping
Assist (Acura, 2014), BMW’s Traffic Jam Assistant (BMW, 2013), General Motor’s Super Cruise (Fleming, 2012), Lincoln’s
Lane-Keeping System with ACC (Lincoln, 2014), Mercedes’ Distronic Plus with Steering Assist (Daimler, 2013), Toyota’s
Automated Highway Driving Assist (Toyota, 2013), and Volvo’s ACC with steer assistance (Volvo, 2013). For safety reasons,
these systems require the driver to permanently monitor the road and/or intermittently touch the steering wheel (which can
be detected by means of a torque sensor; Pohl & Ekmark, 2003). These types of systems qualify as partial automation accord-
ing to the BASt definition. A next step in technological evolution is highly automated driving (HAD) where the driver can
release the hands from the steering wheel and is no longer required to permanently monitor the road. Note that with
HAD the human still has to reclaim manual control occasionally, for example when the functional limitations of the auto-
mation are reached. A HAD system provides a warning signal in advance if manual takeover is required.

Until the driving task is wholly automated there will be an appreciable role for the human driver (Alecandri & Moyer,
1992; Barfield & Dingus, 1998; Fenton, 1970; Hancock & Parasuraman, 1992; Sheridan, 1970). Many Human Factors
researchers would probably agree that workload and situation awareness are two of the most important Human Factors con-
structs that are predictive of performance and safety (McCauley & Miller, 1997; Parasuraman, Sheridan, & Wickens, 2008;
Sarter & Woods, 1991; Stanton & Young, 2000). Accordingly, the aim of this study is to quantify the effects of ACC and
HAD on workload and situation awareness.

Workload and situation awareness are constructs rather than causal agents (Flach, 1995) and therefore require well-
defined measurement procedures (Hand, 1996). We define workload as the outcome of questionnaires or tests that assess
the cost (Hart & Staveland, 1988) or difficulty (Fuller, 2005) experienced by the driver. HAD and ACC could raise workload
with respect to manual driving if the driver has to remain vigilant and monitor the automation status. HAD, and to a lesser
extent ACC, could also reduce workload, as the driver is relieved from the cognitive activity associated with manual driving
and from the physical activity of moving the pedals and steering wheel. A review study by Dragutinovic, Brookhuis,
Hagenzieker, and Marchau (2005) found that in 6 out of 6 driving simulator studies, ACC resulted in lower self-reported
workload than manual driving, but quantitative results were not provided. The review of Dragutinovic et al. (2005) requires
updating, because a large number of studies have been conducted since and because this review did not include studies on
HAD.

We define situation awareness as ‘‘knowing what’s going on so you can figure out what to do” (Adam, 1993, p. 319).
Adam’s definition parsimoniously captures the essence of situation awareness, including the classical formulation of
Endsley (1988) which states that situation awareness is ‘‘the perception of the elements in the environment within a volume
of time and space, the comprehension of their meaning and the projection of their status in the near future” (p. 97). Concerns
have been expressed that HAD (Merat, Jamson, Lai, & Carsten, 2010) and ACC (Carsten, 2004) lead to impoverished situation
awareness. Situation awareness can be measured by testing whether the driver has observed and understood the host
vehicle’s state, the road infrastructure, objects in the environment, and the behaviours of other road users. A well-known
technique is SAGAT (Situation Awareness Global Assessment Technique), an approach whereby the simulation is temporarily
frozen and the screens blanked. During a simulation freeze, participants fill out a questionnaire sheet probing them about
objects and conflicts in the environment. Situation awareness can also be operationalized as the driver’s response during
a critical event scenario, or it can be inferred from eye-movements.

Using our conceptual driver model in Fig. 1, we hypothesize that HAD induces a major change in workload and situation
awareness compared to manual driving or driving with ACC. When using ACC, the control of speed and headway (task 1) is
automated, but the driver still closes the lateral loop (task 2). Drivers who steer manually need to visually sample the road
and apply steering corrections at least every 3 s (Godthelp, 1984). So when using ACC, there is little opportunity to divert
visual attention to non-driving tasks. Directing attention away from the road to competing activities is generally regarded
as unsafe, and is more commonly known as ‘‘driver distraction” (Ferdinand & Menachemi, 2014; Foley, Young, Angell, &
Domeyer, 2013; Green, 1999; National Highway Traffic Safety Administration, 2012; Spiessl & Mangold, 2010).

During HAD, the longitudinal and lateral control loops (tasks 1 and 2) are both automated and it therefore becomes
possible to divert attention away from the road and to pick up other tasks, depending on incentives and motivation. If,



Driver

1. Closing 
the

longitudinal 
control 
loop 2.Closing 

the lateral 
control loop

3.
Performing 
a task on in-

vehicle 
display 

(workload)

4.
Performing 
a non-visual 

task
(workload)

5. Reacting 
to visual 
stimuli 

(workload)

6. Object 
detection & 
comprehen-

sion (SA)

7. Engaging 
in a non-

driving task, 
e.g., reading

(SA)

(a) Experienced 
workload

(b) Physiological 
consequences (workload)

(c) Eye movements 
(workload & SA)

(d) Response to 
critical event (SA)

Fig. 1. Conceptualization of the driver’s task. The driver can attend to six types of subtasks: (1) longitudinal vehicle control, (2) lateral vehicle control, (3) a
task on an in-vehicle display used by an investigator to infer workload (a high score on this secondary task implies low workload), (4) a non-visual task used
by an investigator to infer workload (a high score on this secondary task implies low workload), (5) a visual reaction-time task used by an investigator to
infer workload, (6) scanning the environment (when the driver perceives and comprehends more objects in the environment, his/her situation awareness is
better), (7) a non-driving task such as reading or sleeping (engaging in a non-driving task implies diminished knowledge of the environment and therefore
low situation awareness). Tasks that can relatively easily be timeshared are depicted as a cluster of overlapping circles. Tasks that are mutually exclusive are
represented as non-overlapping circles. For example, it is impossible to spend a prolonged time attending to an in-vehicle display (task 3) while having to
close the longitudinal (task 1) and lateral (task 2) control loops. On the contrary, task 4 can be performed during driving, as it can be performed without
taking the eyes off the road. The dashed rectangles represent offline or online measurements that can be used to infer the driver state. SA = Situation
awareness.
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for example, the driver of a highly automated car has been instructed by an experimenter to perform a task on an in-vehicle
display as an indicator of workload (task 3), the driver will probably outperform an ACC driver at this task, and the exper-
imenter will accordingly conclude that the driver of the highly automated car has a lower workload than the ACC driver. If
the driver of a highly automated car has received no specific instructions, he or she may engage in non-driving tasks, such as
using in-vehicle entertainment, reading a book, or reaching a rear compartment (task 7). Distraction from the road is
associated with reduced situation awareness (Dozza, 2012; Rogers, Zhang, Kaber, Liang, & Gangakhedkar, 2011; Young,
Salmon, & Cornelissen, 2012). Hence, engaging in ‘task 7’ will probably mean that the driver of the highly automated car will
score poorly on a situation awareness test.

In addition to the driving tasks represented as clusters of circles, Fig. 1 also shows auxiliary dashed boxes representing
ways to probe the driver’s state. Several researchers have used physiological measurements for inferring workload (box b
in Fig. 1). Eye gaze patterns (box c) are useful for inferring both situation awareness (Gugerty, 2011) and workload, with
reduced variance of gaze associated being indicative of higher workload (Victor, Harbluk, & Engström, 2005). We expect that
drivers in a highly automated car are more likely to direct their attention away from the road than manual drivers and ACC
drivers, because HAD drivers are more likely to engage in tasks 3, 6, and 7 of Fig. 1. In the remainder of this article, we will
review the effect of ACC and HAD on workload and situation awareness, using the conceptual driver model in Fig. 1.

2. Method

2.1. Study eligibility criteria

We included only studies that evaluated ACC versus manual driving, HAD versus manual driving, and/or ACC versus HAD.
For the purpose of our literature review, we defined ACC as any system that automatically maintained headway to a vehicle
in front while the driver steered manually, and we defined HAD as any system in which longitudinal and lateral control were
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simultaneously taken over by the automation. Consistent with the research aims and the driver model proposed in Fig. 1, we
included studies with at least one of the following measures:

(1) self-reported workload using a questionnaire after driving (box a).
(2) performance on a self-paced in-vehicle display task (task 3).
(3) physiological measurements while driving (box b).
(4) performance on a non-visual task (task 4).
(5) reaction times to artificial visual stimuli (task 5).
(6) eye-movement (box c).
(7) performance on tests of object detection and/or comprehension (task 6).
(8) measures describing whether drivers picked up tasks that are unrelated to driving, such as eating or reading (task 7).
(9) drivers’ response to critical events in the environment (box d).

Categories 1–5 were used to assess workload, and categories 7–9 were used to assess situation awareness. Eye-
movements (category 6) were used to assess both workload and situation awareness. Studies that did not evaluate any of
the above nine categories, but instead used other types of self-reports (e.g., ratings of acceptance, arousal, comfort, fatigue,
feeling of risk, trust, or stress), vehicle-centred measures (e.g., lateral position, headway, speed, time-to-line crossing), or
self-reported situation awareness (e.g., Situation Awareness Rating Technique [SART, Stanton & Young, 2005] or the Mission
Awareness Rating Scale [MARS]) were not included. To obtain a relatively homogeneous metric for category 1, we included
only those studies that used the NASA Task Load Index (TLX) or Rating Scale Mental Effort (RSME). Hence, studies that used
custom mental demand, effort, or task-difficulty scales (e.g., Ma & Kaber, 2005; Nowakowski, O’Connell, Shladover, & Cody,
2010; Piccinini et al., 2013; Vollrath, Briest, & Oeltze, 2010; Volvo, 2004) were not included in category 1. Both driving
simulator studies and studies in real cars were included. Studies in which the automation occasionally malfunctioned or
in which the driver was required to take over manual control were eligible for inclusion. However, studies in which drivers
used the automation less than 75% of the driving time (e.g., Gempton, Skalistis, Furness, Shaikh, & Petrovic, 2013; Neubauer,
Matthews, Langheim, & Saxby, 2012; Van Driel & Van Arem, 2006) were not included in category 1, since extensive periods of
manual driving were expected to dilute post-drive workload ratings. The work by Sterling, Perala, and Blaske (2007) was
excluded because it evaluated crews of operators, rather than individual drivers. All types of publications (including confer-
ence proceedings, theses, and reports) were eligible. However, studies in non-Latin languages (Kuo, 2006) were not included
because of limited accessibility and the practical difficulties of translation.

2.2. Literature search methods

Our literature search was conducted using Google Scholar, because this search engine adopts full-text search and has
broad coverage (De Winter, Zadpoor, & Dodou, 2014; Gehanno, Rolin, & Darmoni, 2013; Shariff et al., 2013). Searches were
performed in January 2014 with the Publish or Perish software (Harzing, 2011) using one of the five following keywords:
‘‘automated driving” ‘‘automatic steering”, ‘‘automatic driving”, ‘‘automated highway”, ‘‘adaptive cruise control” combined
with one of the five following keywords: ‘‘human factors”, ‘‘secondary task”, ‘‘situation awareness”, ‘‘workload”, and
‘‘eye-tracking”, resulting in 25 individual searches. Several additional searches were performed of sources that are not fully
covered by Google Scholar (i.e., Web of Knowledge, http://www.ntis.gov, & http://trid.trb.org) with search terms related to
workload, situation awareness, and automated driving. Furthermore, a selective updated Google Scholar search was con-
ducted in March and June 2014, and various authors were contacted for retrieving potentially eligible studies. The reference
lists of all included studies were checked for further eligible studies. When workload or situation awareness data were not
(clearly) reported, we attempted to contact the authors for further information.

2.3. Meta-analysis versus narrative review as a synthesis approach

A meta-analysis is a preferred tool for synthesizing results across studies, but is feasible only when the included studies
address the same research question and use similar dependent measures. We deemed a meta-analysis to be feasible for the
first two research categories mentioned in Section 2.1 (i.e., workload measured with a questionnaire and workload based on
performance on a self-paced in-vehicle display task). For the other seven categories we offered a narrative review of the
quantitative evidence.

A methodological decision that has to be made prior to conducting a meta-analysis is whether to use a random effects or
fixed effect model (Hedges & Vevea, 1998). We synthesized the available data in both ways: by weighting each study accord-
ing to their sample size (resembling a fixed effect meta-analysis) and by assigning equal weight to the individual studies
(corresponding to a random effects meta-analysis when effects would be extremely heterogeneous).

2.4. Extracted variables for meta-analysis

For each included study, we extracted the self-reported workload scores and the performance on the self-paced in-vehicle
display task for the manual, ACC, and HAD conditions. Studies that provided incomplete data or selective results based on
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statistical significance (e.g., Davis, Animashaun, Schoenherr, & McDowell, 2008; Desmond, Hancock, & Monette, 1998;
Flemisch et al., 2008; Ward, Fairclough, & Humphreys, 1995) were not included. If data were not available in numerical form
but provided in a figure, we used graphics software to extract the numerical values. To enable a comparison across studies,
we converted the self-reported workload into a percentage using the minimum and maximum units on the scale. For exam-
ple, the RSME scale runs from 0 to 150 mm, and the scores were therefore divided by 1.5 to obtain a workload score from 0%
to 100%. The performance on the visual task was linearly scaled such that the score for the manual condition was 100%. For
example, if drivers completed on average 20 tasks per minute during HAD and 10 tasks per minute during manual driving,
then the converted scores were 200% and 100%, respectively. If workload was measured at different time instances or for
different conditions (e.g., types of ACC, types of traffic conditions, types of visibility conditions) then the arithmetic mean
across these dimensions/instances was calculated. If both the TLX and RSME scores were reported, we used only the TLX
in the meta-analysis.

2.5. Summary measures for meta-analysis

We used the raw means for meta-analysis, because raw data is more easily interpreted than a standardized effect size
(Bond, Wiitala, & Richard, 2003). The choice for raw means also reflects a practical necessity, because many studies did
not report the standard deviations of the workload scores, as a result of which calculating a standardized effect size was
impossible.

3. Results

Our searches in Google Scholar yielded 4271 titles. If the title of the article was related to Human Factors and transpor-
tation then the abstract or full text was read. Twenty-one studies fulfilled the inclusion criteria of categories 1 and 2 of Sec-
tion 2.1. Using additional search methods, 16 more studies were included. Accordingly, the meta-analysis of self-reported
workload and performance on a self-paced in-vehicle display task included 37 studies and 1049 participants (Table 1).

3.1. Meta-analysis of self-reported workload measured using a questionnaire after driving

Thirty-two studies were included that evaluated workload by means of a questionnaire. ACC resulted in lower self-
reported workload than manual driving in 22 out of 24 studies (grey versus white bars in Fig. 2). HAD resulted in lower
self-reported workload than manual driving in 15 out of 15 studies (black versus white bars). The mean workload, assigning
equal weight to each study (sample-size weighted means between parenthesis) was 43.5% (42.9%) for manual driving, 38.6%
(38.9%) for ACC driving, and 22.7% (23.7%) for HAD. In other words, ACC results in a relatively small reduction of workload
and HAD results in a large reduction of workload compared to manual driving.

3.2. Meta-analysis of workload measured as performance on a self-paced in-vehicle display task

Twelve studies used a self-paced visual task paradigm to measure workload with ACC and/or HAD versus manual driving
(Fig. 3). In 9 out of 10 studies (grey versus white bars), more secondary tasks were completed with ACC than with manual
driving. In 9 out of 9 studies, more secondary tasks were solved with HAD than with manual driving (black versus white
bars). The mean number of tasks completed (sample-size weighted means between parenthesis) was 100% for manual driv-
ing, 112% (111%) for ACC, and 261% (252%) for HAD. In other words, when using ACC, drivers are able to complete approx-
imately 12% more tasks on a visual display than when driving manually. However, for HAD, drivers are able to over 2.5 times
as many tasks than when driving manually.

3.3. Workload measured through physiological measurements

It has been found that HAD reduces skin conductance (Cha, 2003), increases eye-blink rate (Cha, 2003; Damböck et al.,
2013; Merat, Jamson, Lai, & Carsten, 2012), and increases the percentage of time that drivers close their eyes (Jamson,
Merat, Carsten, & Lai, 2013) compared to manual driving. Various ACC and HAD studies have measured heart rate variability
(e.g., Brookhuis, Van Driel, Hof, Van Arem, & Hoedemaeker, 2009; De Waard et al., 1999; Mayser, Piechulla, Weiss, & König,
2003; Takada & Shimoyama, 2001; Takano & Kobayashi, 2004; Törnros et al., 2002; Uyttendaele & Terken, 2014; Wille,
Röwenstrunk, & Debus, 2007). However, algorithms for calculating heart rate variability are diverse, which makes a quan-
titative synthesis problematic. Heart rate appears to be the most commonly used physiological measure, and will be
reviewed below.

3.3.1. Heart rate for ACC versus manual driving
In what appears to be a single-subject study in real traffic, Kondo, Asanuma, Ishida, Ikegaya, and Tanaka (1999) found that

the driver’s heart rate was higher for ACC driving as compared to manual driving (57.7 vs. 53.8 beats/min). The driver’s heart
rate clearly decreased with driving time across the two-hour drive (from 58 to 52 beats/min averaged across the two



Table 1
Overview of meta-analysed studies measuring self-reported workload and/or performance on a self-paced in-vehicle display task.

Nr Authors Workload
(%)

Number of tasks solved

M ACC HAD Scale M ACC HAD Type of task Apparatus Critical
event

Duration
(hours)

N Age Females
(%)

Design Vehicle

1 Bjørkli, Jenssen, Moen, and Vaa (2003) 41 43 TLX SimH No 0.14 18 W Car
2 Brook-Carter, Parkes, Burns, and Kersloot

(2002)
46 32 TLX SimM No 28 42.5 50 W Car

3 Damböck, Weißgerber, Kienle, and Bengler
(2013)*

55 33 TLX_lh SimM Yes 1.67 24 30.5 17 W Car

4 De Waard, Van der Hulst, Hoedemaeker,
and Brookhuis (1999)

24 11 RSME SimM Yes 0.93 20 29.8 20 W Car

5 De Winter, Stanton, Price, and Mistry
(2014)

32 31 TLX_vlvh SimL Yes 0.88 24 27.4 38 W Car

6 De Winter et al. (2014) 43 37 31 TLX_vlvh SimM Yes 0.48 27 21.5 41 W Car
7 Flemisch et al. (2008) 6.6 35.2 Visual search SimH Yes 0.19 10 32.7 50 W Car
8 Flemisch, Kaussner, Petermann, Schieben,

and Schöming (2011)
14.2 35.0 Menu navigation SimH Yes 1.00 12 27.0 42 W Car

9 Freitag et al. (2004) 42 37 TLX_vlvh SimM Yes 0.50 11 50 B Car
10 Funke, Matthews, Warm, and Emo (2007) 34 32 TLX_lh SimL No 0.92 56 20.4 59 B Car
11 Hoedemaeker (1999)# 31 26 RSME SimM Yes 1.63 30 38.8 20 W Car
12 Hoedemaeker and Kopf (2001) 23 20 TLX Real Yes 1.50 8 32.5 0 W Car
13 Ma (2006) 57 37 TLX_lh SimL No 1.00 10 28.1 B Car
14 Martens, Wilschut, and Pauwelussen

(2008)
25 25 18 RSME SimH Yes 1.58 14 47.6 33 B Car

15 McDowell, Nunez, Hutchins, and Metcalfe
(2008)

51 40 TLX Real No 2.68 11 33.0 0 W Truck

16 Nilsson and Nåbo (1996) 42 39 TLX_vlvh SimH No 1.13 20 35.7 50 B Car
17 Nilsson (1995) 34 31 TLX_vlvh SimH Yes 1.00 10 36.0 50 B Car
18 Peters (2001) 32 28 TLX_vlvh SimH No 1.05 20 39.8 15 W Car
19 Rudin-Brown and Parker (2004) 34 29 TLX_vlvh** 3.9 4.4 Visual search &

scrolling
Real Yes 2.00 18 27.5 22 W Car

20 Saffarian, Happee, and De Winter (2012) 32 27 TLX_vlvh SimM No 0.47 27 28.9 19 W Car
21 Saxby, Matthews, Warm, Hitchcock, and

Neubauer (2013)
43 34 TLX_lh SimL No 0.55 36 19.9 61 B Car

22 Saxby et al. (2013) 29 27 TLX_lh SimL Yes 0.45 56 19.4 64 B Car
23 Schermers, Malone, and Van Arem (2004) 39 23 RSME SimH Yes 1.25 18 40.0 0 W Truck
24 Stanton, Young, and McCaulder (1997)# 22.2 31.3 Figure comparison SimM Yes 0.17 12 21.0 50 W Car
25 Stanton, Young, Walker, Turner, and

Randle (2001)
73.3 77.9 152.6 Figure comparison SimM Yes 0.83 20 26.0 50 W Car

26 Tango, Minin, Aras, and Pietquin (2011) 64 59 TLX_lh SimM Yes 1.71 10 31.0 50 W Car
27 Törnros, Nilsson, Ostlund, and Kircher

(2002)
38 34 TLX SimH No 1.48 24 40.0 50 W Car

28 Uyttendaele and Terken (2014)# 58 34 RSME SimL No 0.01 29 22.0 30 W Car
29 Van der Hulst, Rothengatter, and Heino

(1996)
33 25 RSME SimM Yes 20 27.0 50 B Car

30 Vollrath et al. (2010) 87.7 86.3 Visual search SimH Yes 3.00 22 38.0 45 W Car
31 Young (2000) 52 23 TLX_lh SimM No 0.42 18 21.7 28 W Car
32 Young and Stanton (2004) 54 42 12 TLX_lh 129.0 136.8 200.5 Figure comparison SimM No 0.92 12 24.7 67 W Car

(continued on next page)
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Table 1 (continued)

Nr Authors Workload
(%)

Number of tasks solved

M ACC HAD Scale M ACC HAD Type of task Apparatus Critical
event

Duration
(hours)

N Age Females
(%)

Design Vehicle

33 Young and Stanton (2004) 61 47 12 TLX_lh 125.0 146.6 223.8 Figure comparison SimM No 0.92 12 28.6 33 W Car
34 Young and Stanton (2007) 66 57 11 TLX_lh 58.7 71.9 203.1 Figure comparison SimM No 0.92 24 20.2 46 W Car
35 Young and Stanton (2007) 65 59 13 TLX_lh 70.7 74.8 196.2 Figure comparison SimM No 0.92 30 21.3 70 W Car
36 Young and Stanton (2007) 63 61 20 TLX_lh 108.5 111.3 214.3 Figure comparison SimM No 0.92 30 25.3 43 W Car
37 Young and Stanton (2007) 59 54 24 TLX_lh 84.0 92.4 176.4 Figure comparison SimM No 0.92 30 48.4 17 W Car

Notes: M = Manual driving; ACC = adaptive cruise control; HAD = highly automated driving; W =Within-subjects design; B = Between-subjects design; TLX_lh = Raw NASA Task Load Index ranging from low to
high; TLX_vlvh = Raw NASA Task Load Index ranging from very low to very high; RSME = Rating Scale Mental Effort; SimL = low fidelity driving simulator defined as a desktop based simulator or a simulator
providing the environment through computer monitors; SimM = medium fidelity driving simulator defined as an instrumented-cabin simulator or a simulator providing more than 120 deg horizontal field of
view; SimH = high fidelity simulator defined as a simulator with motion platform; Real = Real vehicle. N = average number of participants per condition (i.e., for between-subjects studies, the total number of
participants is N ⁄ 2 or N ⁄ 3). Duration of the experiment represents the total driving time including training sessions. When not reported in the paper, the mean age and duration of the experiment were
estimated/derived based on the data reported in the paper. The works of De Winter et al. (2014), Saxby et al. (2013), and Young and Stanton (2007) included more than one study.

* Only the results of the hands-off condition were used.
** Not including the physical demands item.
# All participants drove under the manual driving condition first (i.e., conditions not counterbalanced/randomized).
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Fig. 2. Self-reported workload percentages by study number. The horizontal lines represent the mean across studies, assigning equal weight to each study.
The study numbers correspond to Table 1.
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Fig. 3. The number of visual tasks completed by study number. For each study, the results of manual driving are normalized at 100%, allowing for a
meaningful comparison between the three conditions. The horizontal lines represent the means across studies, assigning equal weight to each study. The
study numbers correspond to Table 1.
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conditions). A simulator study by Vollrath et al. (2010) found lower heart rate for ACC driving compared to manual driving
(74.6 vs. 76.3 beats/min, N = 17). Again, a time-on-task effect was observed, with lower heart rates in the second half of the
experiment compared to the first half (77.5 vs. 74.4 beats/min; average of both conditions). A driving simulator study by
Hoedemaeker (1999) found similar heart rates for ACC and manual driving (74.8 vs. 74.8 beats/min; N = 30), but the condi-
tions were not randomized as all drivers started the experiment in the manual condition. In another driving simulator study,
Uyttendaele and Terken (2014) found a mean heart rate of 71.4 beats/min for ACC and 76.0 for manual driving (N = 29), an
effect which was statistically significant. However, in this study the manual and ACC conditions were not randomized either.
A simulator study by Van Driel and Van Arem (2006) found a lower heart rate when driving with a congestion assistant com-
pared to manual congestion driving (69.8 vs. 71.3 beats/min; N = 37). Törnros et al. (2002) observed a lower heart rate when
driving with ACC as compared to driving manually (75.3 vs. 77.6 beats/min; N = 8), but this effect may be inflated as some
non-significant results were not reported.
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3.3.2. Heart rate for HAD versus manual driving
A simulator study by Carsten, Lai, Barnard, Jamson, and Merat (2012) found that the mean heart rate was 82.3 beats/min

for manual driving, 78.0 for ACC driving, and 75.6 for HAD (N = 49 for manual and HAD, and N = 25 for ACC). All participants
started in the manual condition and drove the final session in the HAD condition. A driving simulator study by De Waard
et al. (1999) found that heart rate was slightly lower for HAD than for manual driving (73.2 vs. 74.0 beats/min). A simulator
study by Wille et al. (2007) found a higher mean heart rate in highly automated truck driving compared to manual driving
(72.4 vs. 70.3 beats/min; N = 16), an effect which was not statistically significant. A driving simulator study by Young (2000)
found lower heart rate for HAD than for ACC (78.9 vs. 84.8 beats/min, N = 44). No clear time-on-task effects were found in
their 10-min driving sessions.

3.3.3. Summary
The above studies show that both ACC and HAD tend to reduce heart rate as compared to manual driving, indicating a

reduction of workload. However, not all studies are consistent in this respect. A number of studies have found time-on-task
effects, whereby heart rate drops as participants become more accustomed to the experiment.

3.4. Workload measured as performance on a non-visual task

3.4.1. ACC versus manual driving
A simulator study by Nilsson and Nåbo (1996) used a working memory span test performed via a hands-free telephone

(N = 20 for both the ACC and manual groups). The number of correct judgements (i.e., sensible or nonsense) and the number
of correctly recalled words were about the same for the ACC and manual groups (67.0 vs. 67.3; 42.4 vs. 44.7). In another driv-
ing simulator study (Seppelt & Lee, 2007; N = 24), participants were required to listen and verbally respond to messages
related to upcoming restaurants. The authors found no statistically significant differences between ACC and manual condi-
tions (quantitative results not reported). In a driving simulator study by Hoedemaeker (1999), participants had to add up the
total length of traffic congestions reported through the car radio (N = 38). Again, the task performance was not statistically
different between ACC and manual driving. Takada and Shimoyama (2001) found slightly better performance on a mental
calculation task for ACC as compared to manual driving (accuracy rate: 96% vs. 93%; response time 2.85 s vs. 2.87 s; N = 6).

3.4.2. HAD versus manual driving
A simulator study by Merat et al. (2010, see also 2012) found no statistically significant difference in secondary task per-

formance between manual driving and HAD. The secondary task was the Twenty Questions Task, requiring the participants
(N = 49) to guess an item from within an overriding category by asking a maximum of 20 questions. The response to each
question was binary (i.e., either yes or no). Secondary task performance was measured by the number of guesses and the
number of questions asked.

3.4.3. Summary
Workload measured with non-visual tasks shows no significant differences between HAD/ACC and manual driving. How-

ever, the number of experiments using non-visual tasks is small.

3.5. Workload measured as reaction time to artificial visual stimuli

3.5.1. ACC versus manual driving
In a study by Brook-Carter et al. (2002), a red rectangle appeared on the simulator screen and the participant had to respond

as quickly as possible by pressing the horn. The reaction time was slightly faster for driving with ACC than for manual driving
(1.23vs. 1.39 s;N = 28). Similarly,NilssonandNåbo (1996)measureddrivers’ reaction time fromtheappearanceof a red square
until theparticipants pressed abuttonon the steeringwheel. The red squarewaspresented four times along the test route. Both
the ACC group and themanual group had amean reaction time of 1.18 s. Peters (2001) found slightly shorter reaction times for
ACC compared tomanual driving in response to a total of four red squares that appeared on the screen during driving (1.32 vs.
1.44 s; N = 20). In a driving simulator study byMa (2006), participants were requested to press a button on the steering wheel
when the navigation aid was activated, which occurred after about 9 min of driving. A considerably fastermean response time
wasobserved for theACCgroup than for themanual group (2.1vs. 4.2 s;N = 10pergroup). VanDriel andVanArem(2006) found
shorter mean peripheral detection times when driving with a low-speed ACC system in a traffic jam as compared to driving
manually in the traffic jam (0.49 vs. 0.52 s; N = 34). Törnros et al. (2002) found no statistically significant differences between
manual and ACC driving on a peripheral detection task (N = 8; quantitative data not reported). Uyttendaele and Terken (2014)
measured reaction times toblue LED lamps lighting every20–40 s on the centre screenof the simulator. Themean reaction time
was 0.51 s for ACC driving and 0.60 s for manual driving (N = 29). The ACC group had fewer misses (defined as a reaction time
longer than 1.5 s) than the manual group (11.2% vs. 25.6%).

3.5.2. HAD versus manual driving
De Winter et al. (2014) found that drivers responded faster to arrow-shaped stimuli projected on the simulator screen

during HAD as compared to manual driving (1.80 vs. 1.94 s in Experiment 1, N = 24, and 1.35 vs. 1.97 s in Experiment 2,
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N = 27). The percentages of missed stimuli were lower as well during HAD versus manual driving (7% vs. 15% in Experiment
1, 5% vs. 15% in Experiment 2). Furthermore, participants reacted slightly faster to a stop sign projected on the screen with
HAD as compared to manual driving (0.87 vs. 0.93 s in Experiment 2). In Cha (2003), participants (N = 25) had to react to a
red lamp by means of a push switch. The mean reaction time was 1.734 s for HAD versus 1.062 s for manual driving. The
author reported that many drivers complained of drowsiness during their three HAD sessions of about 10 min each.

3.5.3. Summary
There are indications that ACC frees up mental capacity such that drivers respond faster to artificial visual stimuli than

manual drivers. However, for HAD, it seems that drivers are susceptible to drowsiness, such that reaction times are slower
than during manual driving.

3.6. Situation awareness and workload measured from eye movement

3.6.1. ACC versus manual driving
A simulator study by Park, Sung, and Lee (2006; see also Cho, Nam, & Lee, 2006; Lee, Sung, Lee, Kim, & Cho, 2007) reported

two-dimensional plots of gaze direction, suggesting that ACC drivers have a higher spread of gaze than manual drivers.
However, these results are difficult to interpret since no statistical analysis was provided.

3.6.2. HAD versus manual driving
A simulator study by Barnard and Lai (2010) found that drivers (N = 12) are less likely to direct their gaze to the road cen-

tre during HAD as compared to during manual driving, when instructed to do a non-driving task. The corresponding percent-
ages of gaze time to the centre of the road were 40% vs. 62% for a video-watching task, 60% vs. 74% for a hand-held phoning
task, 51% vs. 74% for an eating task, 20% vs. 47% for a map reading task, and 15% vs. 35% for an ipAQ task using a stylus.
Carsten et al. (2012) found that drivers of a highly automated car were less likely to look at the road compared to manual
drivers (53% vs. 72% of the time, N = 49). A test-track study by Llaneras, Salinger, and Green (2013) found that drivers
increased the proportion of time looking away from the forward roadway under HAD by 33% relative to ACC driving,
measured through eccentric head turns (see also Salinger, 2012). In a driving simulator study by the same research team,
considerably stronger effects were observed, with about 2–3 times as many eccentric head turns during HAD than during
ACC driving (Salinger, 2012; N = 63). Finally, Damböck et al. (2013) found a higher standard deviation of horizontal gaze
angle for HAD as compared to manual driving (8.1 deg vs. 6.1 deg; N = 24).

3.6.3. Summary
HAD drivers are less likely to gaze at the road centre than manual drivers, which indicates that they have lower workload

and altered situation awareness compared to manual driving. Eye movement differences between ACC and manual driving
are inconclusive.

3.7. Situation awareness measured with tests of object detection and comprehension

3.7.1. ACC versus manual driving
A simulator study by Ma and Kaber (2005) found higher scores on SAGAT queries for ACC driving than for manual driving:

the mean SAGAT scores were 83% versus 68% (N = 9 per group in a between-subjects study). These effects were replicated in
a follow-up study (77% vs. 52%; N = 20; Ma, 2006). In a driving simulator study by Funke et al. (2007), participants driving
with ACC detected significantly more pedestrians who began to walk into the roadway than participants driving manually
(33.6 vs. 31.3 of a maximum of 56 pedestrians; N = 28 per condition). Brook-Carter et al. (2002) reported that the difference
in SAGAT responses between driving with or without ACC was not statistically significant, but quantitative results were not
provided (N = 32). In another driving simulator study, it was found that 10 of 15 participants driving with ACC could remem-
ber at least 1 of 4 traffic signs compared to 14 out of 15 participants driving manually (Kassner et al., 2011).

3.7.2. HAD versus manual driving
A driving simulator study by Barnard and Lai (2010) found that drivers in a HAD condition were less likely to spot the

sudden appearance of objects (sheep, police cars) at the side of the road, as compared to manual driving (63% vs. 77% of
6 participants, averaged across all trials). In this study, participants were instructed to perform visual secondary tasks which
meant that they had to take their eyes off the road.

A study by Davis et al. (2008) evaluated automated convoy following in a real military vehicle where participants were
instructed to spot as many targets as possible. Targets included large barrels, cones, and trash cans. Participants indicated the
detection of a target by pressing a button on the steering wheel as well as by verbally reporting the location and type of
target detected. The participants (N = 12) detected more objects in the environment when driving in the automated platoon
as compared to driving manually (47% vs. 39% of objects). A real-vehicle study by McDowell et al. (2008) found that military
convoy drivers detected more green target silhouettes along either side of the road for HAD as compared to manual driving
(sensitivity index [d0] = 2.10 vs. 1.85). These targets were also detected faster for HAD compared to manual driving (5.75 vs.



206 J.C.F. de Winter et al. / Transportation Research Part F 27 (2014) 196–217
7.45 s). In the study by McDowell et al., the participants used indirect vision, that is, driving and object-detection from
screens on board the vehicle.

3.7.3. Summary
The empirical evidence shows that both ACC and HAD can result in improved situation awareness compared to manual

driving. This appears to be the case if drivers are motivated or instructed to detect objects in the environment. However, if
drivers are engaging in non-driving tasks, situation awareness actually deteriorates for HAD compared to manual driving.

3.8. Situation awareness measured by voluntary uptake of tasks unrelated to driving

3.8.1. ACC versus manual driving
As part of the EUROFOT field-operational test, videos of 416 real-driving events were annotated. The results showed that

ACC drivers were about three times more likely to engage in secondary tasks (e.g., reading a map, looking at a passenger or at
an object in the car) than manual drivers (Malta et al., 2012). Sayer, Mefford, Shirkey, and Lantz (2005) reported on another
field operational test (the ACAS FOT) involving 66 drivers. These authors found that secondary tasks (e.g., conversation with
passengers, grooming, cell phone activity) were equally likely for ACC driving and manual driving (19% of the time for both
conditions).

3.8.2. HAD versus manual driving
A simulator study by Carsten et al. (2012) found that drivers were more likely to use a DVD player during HAD than dur-

ing ACC driving and manual driving (32.5%, 4.0%, & 2.6% of the time; N = 49 for HAD and manual driving, but N = 25 for ACC).
The corresponding percentages of radio use were 54.1%, 68.0%, and 41.4%, respectively. HAD drivers were also inclined to
read a magazine (9% of time) whereas this behaviour did not occur during ACC and manual driving. Carsten et al. (2012)
reported that the total number of instances of eating was 12 during manual driving versus 47 during HAD.

A test-track study by Llaneras et al. (2013) also found large increases in non-driving activities for HAD. Ten of 12 partic-
ipants reached a rear compartment, 8 of 12 participants were observed to eat, and 6 of 12 participants were texting or e-
mailing in a 1.5 to 2-h drive in a highly automated car. Only 1 or 2 of 12 participants engaged in these behaviours during
a 45-min to 1-h drive with ACC engaged. Listening to music occurred for both HAD and ACC (11 of 12 drivers in both groups).

Omae, Hashimoto, Sugamoto, and Shimizu (2005) let 30 drivers experience a ride in a real highly automated vehicle on a
test track. Even though the participants were told that the automation could display steering failures that required manual
intervention, 8 participants fell asleep during the drives. Some participants started reading, operating their mobile phone,
crossing their legs, or leaning out of the window. The drivers stated that they engaged in these behaviours because the task
was boring and they had nothing to do. Levitan and Bloomfield (1996) investigated what drivers (N = 36) do when they are
traveling under automated control in a driving simulator. They observed that drivers were inclined to interact with an avail-
able laptop computer (about 15 times per drive).

3.8.3. Summary
HAD drivers are strongly inclined to engage in non-driving tasks, such as watching a DVD or even sleeping. ACC drivers

are less inclined to engage in non-driving tasks than HAD drivers.

3.9. Situation awareness measured with critical events

3.9.1. ACC versus manual driving
A number of studies have found that ACC drivers respond slowly to critical events compared to manual drivers. A test-

track study by Rudin-Brown and Parker (2004) found that participants driving with ACC took longer to react to a lead vehi-
cle’s brake lights than participants driving manually (2.7 vs. 2.0 s; N = 17). A driving simulator study by Van der Hulst et al.
(1996) found lower time-to-collision values for ACC driving as compared to manual driving in various critical highway
scenarios (quantitative data not reported; N = 20 per group). Stanton et al. (1997) found that 4 of 12 participants collided
with the lead car when the ACC inadvertently accelerated. Elsewhere, Stanton et al. (2001) reported more rear-end collisions
with a hard-braking lead vehicle for ACC drivers compared to manual drivers (4 vs. 17 out of 20 drivers). In both studies by
Stanton and colleagues, the participants received no warning signal prior to the ACC failure. A simulator study by Lee et al.
(2007) found that drivers’ braking or steering reaction time to a sudden speed reduction of a lead car was longer during ACC
driving with a failing brake system as compared to manual driving (1.59 vs. 0.81 s; N = 20). A simulator study by Kassner
et al. (2011) found that ACC drivers had a longer brake reaction time to a traffic light switching to red than manual drivers
in a scenario where the lead vehicle violated the red light (1.43 vs. 0.82 s; N = 12). A study by Larsson, Kircher, and Hultgren
(2014) in a high-fidelity driving simulator found longer brake reaction times to a cut-in vehicle for ACC driving than for
manual driving (3.21 vs. 1.34 s; N = 28 vs. N = 13, not all drivers reacted by braking).

As reported above, ACC drivers sometimes react slowly in critical event scenarios. However, several studies have reported
equivalent or slightly faster response times for ACC as compared to manual driving. In a simulator study by Nilsson (1995), 4
of 10 participants in the ACC group and 1 of 10 participants in the manual group crashed their car into a stationary queue of
vehicles, a non-significant difference. The ACC system did not detect the stationary vehicles and provided no warning. The
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participants in both the ACC and manual groups appropriately avoided accidents in two other types of critical scenarios that
required hard braking, with slightly faster brake reaction times for ACC than for manual driving (1.11 vs. 1.17 s in scenario
where a lead vehicle suddenly pulled out, and 1.33 vs. 1.49 s in hard-braking lead vehicle scenario with acoustic warning
when the ACC’s deceleration limit was exceeded). Lee, McGehee, Brown, and Marshall (2006) evaluated the responses of
60 drivers to various scenarios including a slow lead vehicle, a braking lead vehicle, and unnecessary decelerations by the
ACC system. The results indicated that reaction times and minimum time-to-collision values were dependent on the type
of scenario and the modality of the warning stimulus. Overall, the results of Lee et al. (2006) show that drivers were able
to effectively resume control when warned that ACC deceleration limits had been exceeded. Martens et al. (2008) found that
manual drivers were less likely to brake for a yellow light than ACC drivers (58% of manual drivers, 13% of ACC drivers, 30% of
HAD drivers run the red light; N = 43). Finally, a driving simulator study by Kondo et al. (1999) found no significant differ-
ences between ACC and manual driving regarding the mean brake response times to four different critical events that
required hard braking (N = 11).

3.9.2. HAD versus manual/ACC driving
Various driving simulator studies indicate that HAD evokes slow responses times and an elevated risk of collisions com-

pared to manual and ACC driving. A study in a high-fidelity simulator by Strand, Nilsson, Karlsson, and Nilsson (2014) found
that HAD drivers had more collisions with a hard-braking lead vehicle than ACC drivers (43% vs. 22%, N = 18 per group; note
that collisions did not actually materialize, but participants passed a ‘point of no return’). In the study by Strand et al. (2013),
no warning upon automation failure was provided. Another study in a high-fidelity simulator found longer take-over times
for HAD compared to manual driving (2.37 vs. 1.85 s, N = 48; Radlmayr, Gold, & Bengler, in press). The number of collisions
seemed comparable for HAD vs. manual driving (7 vs. 5 out of 48 participants collided per session). Participants were dis-
tracted with a visual or cognitive task, but were pre-warned through a high-pitch tone in combination with an icon change
on the instrument panel (Radlmayr et al., in press). Merat and Jamson (2009) found that drivers of a highly automated car
took 2.5 s longer to press the brakes in response to a red traffic light than people driving manually. The authors also observed
slow brake response times with respect to emerging and oncoming vehicles for HAD as compared to manual driving.
Flemisch et al. (2008) found that none of the 5 participants kept the car on the road after HAD system failed 2 s before enter-
ing a curve. In this study an acoustic warning was provided at the moment of failure. Flemisch et al. (2011) found that HAD
yielded lower time to collision values with a lead vehicle that braked hard than manual driving (2.8 s vs. 4.0 s, N = 6). In this
study, a warning signal provided, but quite late, between 3.0 and 4.1 s prior to collision. DeWaard et al. (1999), found that 10
out of 20 participants did not press the brake pedal when another car cut-in only 0.1 m ahead of the participant’s vehicle.
Schermers et al. (2004) found that drivers of a highly automated truck were less likely to change lanes than manual drivers
after a lead vehicle braked hard on the verge of the longitudinal control capabilities of the automated system (17% vs. 34%
out of the number of events where the lead vehicle unexpectedly braked hard; N = 24). Damböck et al. (2013) found longer
reaction times for HAD compared to manual driving in a scenario where the lead vehicle braked hard (with flashing rear
lights) with the longitudinal controller failing at the same moment (1.60 vs. 0.85 s, N = 18) and in a scenario where a wild
animal ran onto the road, undetected by the sensors (1.51 vs. 0.94 s, N = 13). In the study by Damböck et al. (2013), reaction
time was defined as the time from first glance towards the hazard to the moment of pressing the brake pedal. Omae et al.
(2005) let 30 persons in a real automated car experience a sudden rotation of the steering wheel with 270 deg/s while driv-
ing at low speed (between 10 and 15 km/h). The drivers’ median response time was about 1 s, but some drivers took more
than 5 s to respond, especially if the automation failure occurred after 1 h of driving.

There are various counterexamples showing that HAD yields critical event behaviours that are comparable to manual
driving. Kircher, Larsson, and Hultgren (2014) studied how manual, ACC, and HAD drivers (N = 29) respond to various types
of critical event scenarios (broken down car event, curve event, exit event) in a driving simulator. The drivers’ behaviour
turned out to highly depend on the type of scenario and the automation capabilities. In short, the results showed that drivers
behaved intelligibly, by resuming control if the automation was likely to reach its functional limitations, and by not resum-
ing control when the automation was likely to deal with the situation. Martens et al. (2008) found no statistically significant
difference between manual, ACC, and HAD for a critical event where a car pulled out from a parking space, although the driv-
ers in the highly automated condition experienced a relatively short time headway when having to brake for a traffic jam
(3.0, 2.8, and 2.2 s for manual, ACC, and HAD, respectively). Merat et al. (2012) found that the proportion of drivers changing
lane before a traffic cone was about the same during HAD and manual driving (41 vs. 42 out of 50 drivers when not perform-
ing a cognitive secondary task, and 36 vs. 32 out of 50 drivers when performing a cognitive task). Gold, Damböck, Lorenz, and
Bengler (2013) showed that inattentive drivers of a highly automated car in a simulator properly avoided a stationary object
when they had received an auditory warning (i.e., a takeover request) 5 or 7 s in advance. For the shorter take-over request
time of 5 s, the drivers were less likely to gaze into the mirrors and over the shoulders, and were more likely to brake rather
than to steer around the object without braking. Another simulator study by Young (2000) found no differences between ACC
and HAD regarding the number of drivers who responded to the automation failure occurring without salient warning at the
same time as the lead car started braking (27 of 44 participants responded to the ACC failure, and 25 of 44 participants
responded to the HAD failure). In Lank, Haberstroh, and Wille (2011), truck drivers experienced a HAD system in a simulator.
No statistically significant difference was found between manual and HAD regarding the drivers’ reaction time to an
unexpected deceleration of the leading vehicle without brake lights.
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3.9.3. Summary
A wealth of evidence shows that HAD and ACC evoke long response times and an elevated rate of (near-) collisions in

critical events as compared to manual driving. However, there are counterexamples, where drivers successfully avoid colli-
sion in critical event scenarios. Drivers’ response times appear to be moderated by whether the driver is pre-warned as well
as by the type of scenario. Essentially, if the automation fails unexpectedly with very little time for the human to respond,
then almost all drivers crash (cf. Flemisch et al., 2008), but if drivers receive a timely warning then almost all drivers will
safely avoid collision (cf. Gold et al., 2013).

4. Discussion

This review compared workload and situation awareness between manual driving, driving with ACC, and HAD. Our meta-
analysis showed that ACC contributes to a small reduction of self-reported workload and a small performance improvement
on self-paced in-vehicle display tasks as compared to manual driving. In comparison, HAD results in a large reduction of self-
reported workload and a large improvement of performance on self-paced in-vehicle display tasks as compared to manual
driving. Overall, our review provides strong evidence that automation reduces workload, and that there is a crucial difference
between ACC driving and HAD from a Human Factors point of view.

Measurements of drivers’ heart rate suggest that HAD yields lower workload than driving with ACC which in turn yields
lower workload than manual driving (e.g., Carsten et al., 2012). However, a number of studies have found no statistically
significant differences, possibly because of large individual differences in heart rate and because the true effect size is small.
In addition, many of the reviewed studies were not randomized, but started out with manual driving followed by automated
driving. Considering that heart rate exhibits strong time-on-task effects (presumably because drivers acclimatize to the
experimental situation), we conclude that the current evidence regarding the effect of automation on heart rate is rather
frail. An insightful literature review by Desmond (1997) points to further methodological challenges of measuring heart rate,
such as circadian trends and the fact that driver’s movement and muscle tension may confound the measurement. The main
advantage of physiological measurements is that they are performed during driving and can therefore be used to infer time-
on-task effects (e.g., Vollrath et al., 2010) and workload changes while a critical event unfolds (Collet, Petit, Champely, &
Dittmar, 2003; De Waard et al., 1999). De Waard et al. (1999), for example, found a drop of heart rate during a critical
HAD event, while the participant was leading a platoon. During this critical event, another vehicle cut-in very close in front
of the participant’s vehicle. The mean heart rate was 73.4 beats/min prior to the critical event, and reached a minimum of
71.9 beats/min during the critical event.

Effect sizes were also small for non-visual tasks: no statistically significant effects were observed between ACC/HAD and
manual driving, presumably because these types of secondary tasks can be performed without having to take the eyes of the
road. However, the number of studies in this category was small, and studies may have been underpowered to detect the
small effects which might exist.

Several studies have found that ACC/HAD drivers react faster to artificial visual stimuli than manual drivers. However, Cha
(2003) found longer reaction times to visual stimuli for HAD as compared to manual driving, possibly because of driver
drowsiness. The results of our literature review suggest that when drivers are engaged in the secondary task, ACC and
HAD might help them to achieve a faster reaction time than what is achieved during manual driving. When drivers are
drowsy because of a monotonous automated drive, they respond more slowly than manual drivers.

Results for situation awareness vary: Some studies have shown that ACC and HAD result in improved object detection
compared to manual driving, whereas other studies have found that ACC and HAD give rise to a reduction of situation aware-
ness. These divergent results can be explained with the driver model shown in Fig. 1. During manual or ACC driving the
human should visually sample the road and turn the steering wheel on a semi-continuous basis. In contrast, during HAD,
the human does not have to attend to the roadway when the automation is functioning reliably, but can engage in diverse
types of tasks: an in-vehicle visual task (task 3), observing objects in the environment (task 6), or tasks that are unrelated to
driving (task 7). When the driver of a highly-automated car decides to allocate attention to objects in the environment (task
6), a ‘super situation awareness’ is attained, meaning that situation awareness scores are better than during manual driving.
When HAD drivers engage in tasks that are unrelated to driving, such as reading, reaching a rear compartment, or sleeping
(task 7), situation awareness scores are actually low compared to manual driving, and responses will be slow during a critical
event that requires human intervention. Our review of eye-movement data concurs that HAD drivers are less likely to gaze at
the road than manual drivers.

Our review of drivers’ behaviour in critical event scenarios indicates that accidents are likely to happen if drivers are not
attending to the road and are not prepared for intervention. The results of our review clearly suggest that a proper feedback
system could alleviate much of the concerns of low workload and low situation awareness of HAD. Gold et al. (2013), for
example, showed that providing a takeover request (i.e., a simple audio-visual warning) 5 to 7 s in advance ensures that driv-
ers of a highly automated car avoided a stationary object, even if they were not attending to the road prior to the takeover
request. Based on a series of experimental studies, Levitan, Golembiewski, and Bloomfield (1998) concluded that drivers
need to perform a so-called readiness test to demonstrate alertness, before manual control is resumed after having travelled
under HAD. An on-road study by Stanton, Dunoyer, and Leatherland (2011) and a driving simulator study by Seppelt and Lee
(2007) indicated that a visual display providing continuous information about ACC functionality has the potential to improve
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driver’s situation awareness. Adaptive automation approaches are feasible too; some researchers have successfully tested a
visual attention monitor that automatically provides feedback when the driver engages in a non-driving task (Flemisch et al.,
2011; Merat, Jamson, Lai, Daly, & Carsten, 2014; Salinger, 2012). These findings are in line with Norman (1990) who argued
that lack of feedback about automation status is an important cause of automation-induced accidents.

4.1. Limitations and moderator variables

Almost all studies included in the meta-analysis have been conducted in simulators (Table 1). Workload is typically
higher in real cars compared to matched experiments in driving simulators (Stanton et al., 2001; Sterling et al., 2007). How-
ever, this effect does not generalize across different driving tasks. For example, a study by Nowakowski, O’Connell, Shladover,
and Cody (2010) found low self-reported workload in a real car (34% for manual driving and 14% for ACC), probably because
the participants were commuting to their work on a familiar route. Krause, Yilmaz, and Bengler (2014) also found a low
workload of 14% on the NASA TLX for driving in a real car on a rural road, considerably lower than the workload for simulator
driving (25 %). Participants are usually not accustomed to driving in simulators, and workload scores are likely to drop after
an acclimatization period of some days or weeks. Farber (1999) argued that a single drive in a highly automated car will not
yield results that are representative of real driving.

Neale and Dingus (1998) and Farber (1999) stated that simulators do not provide an accurate representation of the
phenomenology of real automated driving. Table 1 indicated that two-thirds of the experiments have been conducted in
fixed-base (i.e., low or medium fidelity) driving simulators, which may be problematic in terms of validity. For example,
one on-road study has found that drivers valued the deceleration cue that could be felt when the ACC began to slow down,
as it drew their attention to an arising conflict (Fancher et al., 1998). A test-track study by Bender, Landau, and Bruder (2006)
found that in 88% of the automatic braking interventions, participants inadvertently pressed down the gas pedal due to the
inertia forces caused by the deceleration of the vehicle. Such motion effects are probably not reproducible with fixed-base
simulators. The luminance of a simulator is of influence on the experimental outcomes as well. Levitan and Bloomfield
(1996) reasoned that the dark illumination of the simulator cabin may have discouraged reading activities during HAD.
The numerous phenomena that can be evaluated introduces the question whether future experiments should focus on basic
psychological research (using low fidelity simulators) or on ecologically-valid idiosyncrasies (using high fidelity simulators).
Neubauer, Matthews, Saxby, and Langheim (2010) argued that desktop-based driving simulators provide valid results
regarding subjective stress, fatigue, loss of task engagement, and drivers’ response to critical events. In an exploratory mod-
erator analysis, we found that self-reported workload did not correlate significantly with simulator fidelity (Spearman rank
correlation = �.29 across 29 studies; 1 = low fidelity simulator; 2 = medium fidelity simulator; 3 = high fidelity simulator).

Table 1 showed that two-thirds of the included studies were of a within-subject design. Within-subjects studies are prone
to carry-over effects from automated to manual driving or vice versa. For example, critical events that required manual inter-
vention may have influenced the driver’s workload and situation awareness in the subsequent driving trial. Our literature
review indicated the importance of proper randomization/counterbalancing of experimental conditions, as secondary tasks
and responses to critical events are clearly influenced by learning effects. Nirschl and Kopf (1997), for example, measured
drivers’ (N = 12) reaction times to a light on the dashboard of a real car. A time-on-task effect was observed as the mean reac-
tion time was 2.90 s in the first drive, and 2.54 s in the subsequent drive. Young (2000) found a learning effect in a critical
event scenario that required a braking intervention, with 16 of 44 participants responding in trial 1, and 36 of 44 participants
responding in trial 2. A survey among ACC users showed that the longer drivers own the system, the more aware of its lim-
itations they become (Larsson, 2012). Experimenter blinding or information disclosure may have had an effect on workload
and situation awareness. Beggiato and Krems (2013) found that ACC failures do not have a negative effect on ratings of trust
and acceptance if the possible occurrence of failures is told beforehand. Llaneras et al. (2013) and Levitan and Bloomfield
(1996) stated that the mere presence and behaviour of the experimenter on the passenger seat may have had an effect
on the uptake of non-driving in their studies.

The duration of the driving sessions is another critical moderator variable. In a correlational analysis, we found no statis-
tically significant correlation between the duration of the experiment and self-reported workload. However, all experiments
were fairly short, averaging at 1.0 h only, with a maximum of 3 h (see Table 1). Prolonged driving in one stint may lead to
increased workload if the driver is required to remain attentive, as vigilance tasks induce workload, stress, and frustration
(Szalma et al., 2004; Warm, Parasuraman, & Matthews, 2008). However, if drivers have little to do, they might lose motiva-
tion and become bored (Desmond et al., 1998). Saxby et al. (2013) found that self-reported workload was the same for HAD
and manual driving for a 10 min driving session, but was considerably lower for HAD compared to manual driving after
50 min of driving, because workload for manual driving increased whereas workload for HAD remained approximately
constant with driving time.

Sears (1986) stated that many psychological research findings are poorly generalizable, because the research has been
conducted with university students. In an exploratory moderator analysis, we found a statistically significant Spearman
correlation (.67, p = .00013) between mean age and simulator fidelity. This can be explained by the fact that much of the
fundamental psychological research is done in low fidelity simulators at universities, whereas research institutes having
high fidelity driving simulators tend to recruit their own employees or drivers from a database of volunteers. Young and
Stanton (2007) showed that novice drivers perform poorly at secondary tasks during manual driving compared to expert
drivers, and that HAD therefore has stronger effects among novices than among experts (Young & Stanton, 2007). A simulator
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study by Piccinini et al. (2013) found that drivers who had prior experience with using ACC reported lower workload (than
drivers who did not have prior experience with ACC (8% vs. 17% on the NASA TLX). Larsson et al. (2014) found that drivers
who had prior experience with ACC had shorter reaction times to a cut-in vehicle than drivers without ACC experience,
whereas Petermann-Stock, Hackenberg, Muhr and Mergl (2013) found no significant differences in automation take-over
times between 25–35 year old drivers versus 50–70 year old drivers. Goodall (2014a) argued that future generations, which
will have grown up using automated vehicles, will be more likely to rely on automation than today’s drivers. Males select
shorter time-gaps than females when using ACC, whereas women are more likely to engage in certain types of non-driving
tasks such as conversing with passengers (Nowakowski et al., 2010; Oberholtzer et al., 2007). Neubauer, Matthews, Saxby,
and Langheim (2011) found that fatigued drivers were more likely to enable HAD. More generally, it is known that there are
large individual differences in automation use and trust in automation (Parasuraman & Riley, 1997; Rajaonah, Tricot,
Anceaux, & Millot, 2008). In summary, individual differences in age, gender, and driving experience may explain a large share
of the variance of the observed workload and situation awareness scores.

The studies included in Table 1 were conducted at different driving speeds. For example, in Brook-Carter et al. (2002),
participants drove in an urban environment with a mean speed of about 35 km/h whereas in Vollrath, Schleicher, and
Gelau (2011; see also 2010) participants drove on a simulated German Autobahn at mean speeds up to 160 km/h. It is known
that speed of the vehicle is monotonically related to self-reported workload (Fuller, 2005). However, this relationship does
not necessarily hold across different driving environments. For example, Hoedemaeker found that drivers’ self-reported
workload was lower on the motorway than on the rural road, even though the mean speed was higher on the motorway.
Real-world studies by Sterling et al. (2007) and McDowell et al. (2008) showed that HAD can contribute to elevated workload
if the vehicle drives faster than the speeds that manual drivers choose. Young and Stanton (2004) found that not the mean
speed, but the variability of lead car speed, has an impact on workload. They explained that using a constant-speed lead vehi-
cle is not a fair test of the workload-reduction potential of ACC, because manually following a lead car having a constant
speed is an easy task.

Headway is another important moderator variable. Drivers generally feel that close headways (e.g., <0.5 s) induce an ele-
vated sense of workload, risk, and discomfort (Bloomfield, Christensen, Carroll, & Watson, 1996; De Vos, Theeuwes, Hoekstra,
& Coëmet, 1997; De Waard et al., 1999; Larburu, Sanchez, & Rodriguez, 2010; Levitan et al., 1998; Lewis-Evans, De Waard, &
Brookhuis, 2010; Saffarian, De Winter, & Happee, 2012; Siebert, Oehl, & Pfister, 2014; Watanabe, Kishimoto, Hayafune,
Yamada, & Maede, 1995), not to mention the increased crash risk (Lewis-Evans et al., 2010; Lin, Hwang, & Green, 2009;
Lin, Hwang, Su, & Chen, 2008; Van den Beukel & Van der Voort, 2013). In some studies, participants drove with extremely
close headways of 0.25 s or less (Cha, 2003; De Waard et al., 1999). However, in De Waard et al. (1999), self-reported work-
load during HAD was actually very low (11%), presumably because the drivers were not offered a secondary task, and had
nothing to do.

Human Factors of automated driving cannot be studied without considering the car’s technological capabilities. Suppose
an automated car would have perfect sensors, software, and actuators, then it is almost obvious that the human should be
excluded from the control loop (Inagaki & Sheridan, 2012). In other words, the negative effects of ACC and HAD during
critical events (Section 3.9) do not at all imply that ACC/HAD is unsafe, because these critical events will not occur if the auto-
mation is reliable. An on-road study by Davis et al. (2008) showed that their (partially) automated car outperformed human
drivers: the automation responded to unanticipated events on average about 0.08 s faster than manual drivers did, and
resulted in 8.5 m shorter stopping distances (Davis et al., 2008). Lee et al. (2006) found that ACC actually helped to respond
to speed changes of a lead car, as long as the deceleration limits of the ACC system were not reached. Marcus (2012) stated
that in a few decades automated driving will be so reliable that humans will not be legally allowed to drive (Note that
Marcus’ prediction is in opposition to the Vienna Convention on Road Traffic, currently signed by 70 countries, stating that
‘‘every driver shall at all times be able to control his vehicle or to guide his animals”, United Nations, 1968, p. 11). However,
now suppose that an automated car has a strong tendency to fail in time-critical situations, then manual driving will be safer
than automated driving. DeMers et al. (1995) performed a computer simulation of the effect of ‘hard-over’ steering failures (i.
e., steering wheel was turned with 40 deg/s), and concluded that humans are unable to prevent an accident if this would
happen in a real car.

The automation capabilities and the type of critical event both have an effect on the driver’s behaviour. Nilsson, Strand,
Falcone, and Vinter (2013) studied how drivers respond to various types of ACC failures, namely unwanted acceleration,
complete lack of deceleration, partial lack of deceleration, and speed limit violation. The partial lack of deceleration turned
out to be the most dangerous, leading to a collision with the lead car in 43% of the cases. In the study by Nilsson et al. (2013),
drivers were given no warnings or other indication of the failure. Studies by Gold, Lorenz, and Bengler (2014) and Radlmayr
et al. (in press) concur that drivers’ response times depend on the type of critical event, as well as on the type of distraction
(i.e., cognitive vs. visual distraction). A speed-limit violation scenario is strictly not a critical event, since no imminent
response is required by the driver. However, there are indications that HAD and ACC evoke complacent behaviours in this
scenario too. For example, Merat and Jamson (2009) found that 7 of 39 drivers did not disengage the HAD system, thereby
allowing the vehicle to drive above the posted speed limit (data reported in Schieben, Temme, Köster, & Flemisch, 2011).
Damböck et al. (2013) found that only 9 of 24 participants consistently intervened (i.e., pressed the brakes or disabled
the automation) in a traffic sign scenario, and for those who intervened, they did so on average 84 m later than during
manual driving. Finally, Vollrath et al. (2011) found that ACC drivers took between 5 to 10 s longer to adjust their speed
to changing speed limits than manual drivers.
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We used different scales for assessing self-reported workload. The TLX and RSME scales may not be readily comparable, as
the TLX assesses workload across six items, whereas the RSME only assesses effort. The TLX includes a physical demand item,
and it is perhaps obvious that physical demands and heart rate will be lower during HAD as compared to manual driving, as
drivers do not have to move the steering wheel and pedals. The TLX also assesses frustration, and there are some indications
that automation can evoke frustration, especially when the automation provides nuisance warnings (Kassner et al., 2011) or
cannot be overruled (cf. Comte, 2000 for an intelligent speed adaptation study). For the TLX scales, self-reported workload
was 46%, 41%, and 24% for manual driving, ACC, and HAD, respectively. For the RSME scales, the corresponding self-reported
workload was 35.0%, 27.7%, and 17.3%. Brook-Carter et al. (2002) used both the TLX and the RSME in the same experiment,
and found that the mean workload across all conditions was 38.7% for the TLX and 40.9% for the RSME. In other words, there
are some indications that RSME scores are lower than TLX scores, but the relative differences among manual driving, ACC,
and HAD is consistent across these two scales.

Summarizing, there are numerous sources of identifiable heterogeneity, and each experimental study is unique in various
ways. Nonetheless, the results our meta-analysis (Figs. 2 and 3) are markedly robust, as in almost all studies HAD (and to a
lesser extent ACC) gives rise to a reduction of workload as compared to manual driving.

4.2. Remaining Human Factors questions

Our review showed that drivers of a highly automated are inclined to pick up non-driving tasks. A major remaining
Human Factors question then is whether this is desirable. According to one school of thought, drivers should not be required
to vigilantly monitor the road. Jacoby and Schuster (1997) stated: ‘‘The driver cannot be relied upon to act as a monitor if
moment-to-moment vehicle control is taken away” (p. 612). Farber (1999) pointed out: ‘‘Can drivers free of routine driving
duties be relied upon to perform this function? In my view the notion is simply preposterous” (p. 83). Omae et al. (2005)
tested 30 drivers in a highly automated car on the road, and after the experiments asked whether they wanted to use auto-
mated driven vehicles if they were required to supervise the system. 23 of the 30 drivers answered ‘no’ to this question. The
second school of thought argues that a human operator is vital in a highly automated system (Merat & Lee, 2012; Nilsson,
2005) and that driver of a highly automated car should not have a passive role (De Waard et al., 1999). Developers of an
automated driving system that could drive for hours on a highway argued that concentration is constantly required despite
the monotonous situation (Lank et al., 2011). A parallel of the second school of thought may be found in aviation. Although
aircraft are able to fly automatically, the crew is busy with programming and monitoring, and occasionally reclaim manual
control because automation is not always reliable and does not function in all circumstances (Sheridan, 2004). There are,
however, important differences between aviation and car driving; the latter features more dynamic interactions with other
vehicles, whereas the former is more highly proceduralized.

Our review dealt with ACC and HAD only. One type of automation not included in our review is automated steering.
Automated steering and ACC are both driving assistance systems according to the BASt definition, with the critical difference
that in automated steering the lateral instead of the longitudinal motion of the car is automated. However, from a Human
Factors viewpoint, ACC and automated steering are clearly different, as automated steering yields stronger workload reduc-
tions with respect to manual driving than ACC does. A simulator study by Young and Stanton (2007) found that participants
(N = 114) completed substantially more visual secondary tasks correctly under automated steering than under ACC (143 vs.
85). In another simulator study, Carsten et al. (2012) found that participants spent a larger proportion of their time using a
DVD player when steering was automated than when using ACC (18.0% vs. 4.0%). Further discussion on the Human Factors
differences between ACC and automated steering is provided by Young and Stanton (2002), Young (2000), and Carsten et al.
(2012).

A research question requiring further attention is how to perform transitions from manual to automated control, or vice
versa. Thompson and Tönnis (2007) argued that adjusting the automation status is itself a secondary task that should not
induce too much extra workload. In Jamson et al. (2013), moving the steering wheel by more than 3 degrees deactivated
the HAD system, which means that the driver should release his/her hands from the steering wheel when the automation
is active. However, Strand et al. (2014) actually instructed the HAD drivers to keep their hands on the steering wheel, in
an attempt to keep them mentally and physically involved in the driving task. Damböck et al. (2013) investigated both
the hand-off and hand-on method, and found that the hands-off method yielded slower reaction times in critical event sce-
narios. Using buttons for transitioning between manual and automated driving is another common solution in dual-mode
driving (Schieben et al., 2008). A driving simulator study by Levitan et al. (1998) indicated that in a transition from
automated to manual control, the driver should first take control of steering followed by speed or of steering and speed
simultaneously. Participants did not prefer the speed-followed-by-steering method of transitioning.

Another Human Factors question not covered by the present review is whether automated driving results in adverse
after-effects. There are some indications that after seeing or experiencing automated driving, drivers show poorer lane
keeping performance, shorter headways, or delayed reaction times as compared to drivers who have not seen/experienced
automated driving (Comte, 2000; Desmond et al., 1998; Eick & Debus, 2005; Gouy, Diels, Reed, Stevens, & Burnett, 2013;
Gouy, Wiedemann, Stevens, Brunett, & Reed, 2014; Levitan et al., 1998; Merat et al., 2014; Neubauer et al., 2012; Saxby
et al., 2013; Skottke, Debus, Wang, & Huestegge, in press; Wille et al., 2007). This type of behavioural research seems to
be characterised by small effect sizes and interpretation problems. For example, Levitan et al. (1998) found better lane
keeping performance during manual driving after a period of automated driving, as compared to before the automated
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driving. However, the drivers actually did poorer at maintaining a constant speed after automated travel than before it. This
suggests that drivers merely reallocated their attention to different driving subtasks. Other research suggests that any after-
effects may be a straightforward consequence of the total time on task, whereby the manual group is more accustomed to
manual driving than the group who drove using automation.

It is unclear how the general public feels about automated cars. An early survey study by Bekiaris, Petica, and Brookhuis
(1997) found a definite rejection of automated driving. After experiencing HAD in a driving simulator, only 13 of 38 partic-
ipants stated that they wished to have the system in their car, possibly because the system did not prevent incidents
(Schieben et al., 2008). In Flemisch et al. (2011), people who just experienced a test ride in a simulator were asked howmuch
they would like to drive such a highly automated vehicle if it would be available. Most of the participants were positively
interested, and they particularly liked the increase of comfort and safety. However, some respondents did not like the idea
of handing over control to automation. Indeed, social acceptance and the idea that automation will deprive people of
personal control over their vehicles are possible concerns of automated driving (Howard & Dai, 2014; Shladover, 1998).

It may take a number of decades before HAD will be ubiquitous. An early Delphi survey among experts predicted that
fully automated driving will never reach a 50% market share (Underwood, 1992). Michon (1993) argued that for a very long
time to come, only humans will be able to handle the complex information processing demands of car driving. Manufactur-
ers have always been hesitant to adopt new technologies, such as seat belts, air bags, and cruise control (Beiker, 2012;
Seiniger, Westhoff, Fahrenkrog, & Zlocki, 2011). A mock trial described by Noy et al. (2000) showed that Human Factors
knowledge regarding human reaction times, vigilance, and trust, is important in reaching appropriate legal decisions. Finally,
solving ethical problems of automated driving, such as computer hacking (Smith, 2013), privacy (Glancy, 2012), the use of
automated cars for military operations (Quintana, 2008), and decision making during unavoidable crashes (Goodall, 2014a,
2014b), all require advances in Human Factors knowledge.
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