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Abstract
There is evidence that drivers’ behaviour adapts after using different advanced driving assistance systems. For instance, 
drivers’ headway during car-following reduces after using adaptive cruise control. However, little is known about whether, 
and how, drivers’ behaviour will change if they experience automated car-following, and how this is affected by engage-
ment in non-driving-related tasks (NDRT). The aim of this driving simulator study, conducted as part of the H2020 L3Pilot 
project, was to address this topic. We also investigated the effect of the presence of a lead vehicle during the resumption of 
control, on subsequent manual driving behaviour. Thirty-two participants were divided into two experimental groups. During 
automated car-following, one group was engaged in an NDRT (SAE Level 3), while the other group was free to look around 
the road environment (SAE Level 2). Both groups were exposed to Long (1.5 s) and Short (.5 s) Time Headway (THW) 
conditions during automated car-following, and resumed control both with and without a lead vehicle. All post-automation 
manual drives were compared to a Baseline Manual Drive, which was recorded at the start of the experiment. Drivers in 
both groups significantly reduced their time headway in all post-automation drives, compared to a Baseline Manual Drive. 
There was a greater reduction in THW after drivers resumed control in the presence of a lead vehicle, and also after they 
had experienced a shorter THW during automated car-following. However, whether drivers were in L2 or L3 did not appear 
to influence the change in mean THW. Subjective feedback suggests that drivers appeared not to be aware of the changes 
to their driving behaviour, but preferred longer THWs in automation. Our results suggest that automated driving systems 
should adopt longer THWs in car-following situations, since drivers’ behavioural adaptation may lead to adoption of unsafe 
headways after resumption of control.
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1 Introduction

Advanced Driver Assistance Systems (ADAS), such as 
Adaptive Cruise Control (ACC) or Lane-Keeping Support 
(LKS) systems, have become a common feature of mod-
ern vehicles. Although the principal purpose of imple-
menting these systems in vehicles is to increase driver and 

road safety, human factors studies, investigating the effect 
of ADAS on driver behaviour, have shown mixed results. 
For example, lab-based studies have shown that ACC use 
reduces drivers’ workload (de Winter et al. 2014), but also 
results in reduced minimum time headway (Hoedemaeker 
and Brookhuis 1998), and delayed reactions to hazardous 
events, when compared to manual driving (Larsson et al. 
2014; Rudin-Brown and Parker 2004; Shen and Neyens 
2017).

Vehicle manufacturers are now striving towards the 
implementation of more advanced Automated Driving Sys-
tems (ADS), where lateral and longitudinal assistances are 
combined to manage moment-to-moment vehicle control. 
Examples include SAE Level 2 (L2), partial automation 
(SAE 2018), which already exists in some high-end brands, 
where drivers remain responsible for the driving task, and 
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are required to monitor the vehicle’s performance and exter-
nal road environment. At the next level of automation, Level 
3 (L3), or conditional automation, drivers are allowed to 
engage in non-driving-related tasks (NDRT), but are still 
required to be available to resume control, when requested. 
In terms of understanding the human factors implications 
of these higher levels of automation, to date, the greatest 
level of research interest has been on the time it takes driv-
ers to resume control from automation, and how this affects 
performance and safety (Merat et al. 2014; Eriksson and 
Stanton 2017), especially on approach to critical situations 
(Louw et al. 2017b; Zhang et al. 2019). However, less is 
known about how/if the longer term effects of automation 
engagement affects drivers’ subsequent manual driving per-
formance, and whether this is influenced by engagement in 
NDRTs (Metz et al. 2020). Since ADS are not, yet, capable 
of managing all existing road and environmental conditions, 
the need for drivers’ intermittent resumption of control from 
ADS is likely, for the foreseeable future. Therefore, in addi-
tion to understanding the instant effects of such resump-
tions of control on performance, for collision avoidance 
and hazard perception, it is also important to assess how 
they affect less critical driving scenarios, and whether they 
influence drivers’ already well-established behaviours dur-
ing manual vehicle control (behavioural adaptation). The 
aim of this study was to consider one such scenario, where 
ADS engagement was interrupted following a number of 
car-following scenarios. In particular, we wanted to explore 
if drivers’ preferred “baseline” headway to a lead vehicle 
was affected after exposure to one of two different headways 
during automated car-following in L2 and L3. In addition, 
we investigated if monitoring the environment, and therefore 
seeing the headway maintained by the ADS (L2), resulted in 
a different subsequent manual car-following behaviour, com-
pared to situations which did not require driver monitoring 
(L3). Before describing the methods used, the next sections 
provide a short overview of car-following and behavioural 
adaptation research.

1.1  Car‑following situations

Rear-end collisions are the most common type of collision, 
accounting for 30.2% of all collisions in the US (National 
Highway Traffic Safety Administration [NHTSA] 2009). 
Car-following refers to a driver’s behaviour while following 
a lead vehicle longitudinally, and is a pre-cursor to rear-end 
collisions. Car-following is a common characteristic of rou-
tine, high-density traffic conditions, and, therefore, safe car-
following can be considered an important element of safe 
driving (Saifuzzaman and Zheng 2014). Previous studies 
have highlighted the role of a number of factors that contrib-
ute to rear-end collisions, based on driver, vehicle, roadway, 
and environmental characteristics. Overall, the predominant 

factors contributing to rear-end collisions include drivers’ 
failure to perceive and/or react to a lead vehicle’s actions, 
and close car-following behaviour (Dingus et al. 2006).

There are various means by which drivers’ vehicle control 
during car-following can be assessed, including the absolute 
value and variance of speed, lane position, time, or distance 
measures. Time headway (THW) is a widely used indica-
tor in this context, used to estimate the criticality of a par-
ticular traffic scenario, and is defined as the elapsed time 
between a following vehicle passing over the same point on 
the roadway passed by a lead vehicle (Evans 1991). THW is 
a trade-off between safety and efficiency, where drivers tend 
to fluctuate their THW within a ‘safe boundary’ of minimum 
and maximum THW (Boer 1999). Drivers’ THW during car-
following ranges between 1.2 and 2.5 s (Siebert et al. 2017; 
Loulizi et al. 2019); however, this value may vary depending 
on vehicle speed (Loulizi et al. 2019; Vogel 2003), traffic 
flow (Salter 1974), and road environment (Vogel 2002). For 
example, the relationship between THW and vehicle speed 
is not linear, but follows a right-skewed, bell-shaped curve, 
sharply increasing up to a particular tipping point, and then 
gradually decreasing with increase in speed (Niels 2019; 
Brackstone, Waterson, and McDonald 2009). Moreover, 
while the threshold for determining car-following events in 
highway settings is typically between 2.5 and 4 s (Evans 
and Wasielewski 1983; Loulizi et al. 2019), Vogel (2002) 
showed that, in urban environments, it could be as high as 
6 s, owing to the relatively lower speeds in those settings.

The adopted THW may also vary depending on driving 
style, and perceptual–motor abilities of the individual driver 
(Edie 1961). For example, Van Winsum (1998) showed that 
the time headway drivers adopt is partly the result of their 
braking performance, and perceptual–motor skills, where 
drivers with a smaller preferred time headway tend to be 
better at tuning their braking performance to the require-
ments of the situation. Itkonen and Lehtonen (2020) argue 
that this also interacts with the level of mental effort driv-
ers are willing to invest in the car-following task, where, 
according to Pekkanen, Lappi, Itkonen and Summala (2017), 
drivers who prefer to allocate less attention to the road ahead 
and driving task, and more to other activities, tend to keep 
longer time headways to the leading vehicle. Considering 
these results are based on behaviour in manual driving, it 
would be interesting to investigate what THW drivers prefer, 
when engaged in other activities during automated driving.

1.2  Behavioural adaptation

In the traffic context, Behavioural Adaptation (BA) can be 
defined as, ‘Any change of driver, traveller, and travel behav-
iours that occurs following user interaction with a change 
to the road traffic system, in addition to those behaviours 
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specifically and immediately targeted by the initiators of the 
change’ (Kulmala and Rämä 2013).

Early models of BA focused on risk compensation, and 
risk homeostasis, as competing accounts for how, and why, 
BA occurs. Wilde (1994), for example, views BA as a form 
of risk compensation, where people (or drivers) change their 
behaviour to compensate for changes in perceived risk. The 
risk homeostasis account, on the other hand, holds that driv-
ers do not necessarily compensate for risk, but more likely 
attempt to match a subjective target (or optimal) level of 
risk (Trimpomp 1996), by, for example, balancing fluency 
(e.g., speed) with safety. Both accounts, however, suggest 
that BA occurs under a perception–evaluation process, with 
changes in behaviour governed by feedback, based on indi-
vidual capabilities, and situational circumstances. For exam-
ple, a driver may speed more on a quiet road, but the extent 
of this increased speed may depend on their propensity to 
take risks. Contemporary models of BA, while still lack-
ing agreement on the underlying mechanisms of BA, have 
placed less emphasis on ‘risk’, and more significance on the 
role of emotions, and feelings, in an individual’s decision-
making. It is also acknowledged that BA is influenced by 
drivers’ experience with, and trust in, a system, as well as 
their mental model of system functionality, and performance 
(Smiley, 2000; Rudin-Brown and Noy 2002).

Some behavioural adaptations may result in positive 
outcomes; for example, repeated use of intelligent warning 
systems has been shown to improve drivers’ ability to per-
ceive risks in the environment (Rudin-Brown and Jamson 
2013). However, there may also be negative behavioural 
adaptations, perhaps not anticipated by the designers of 
the system. For example, various authors have reported 
that drivers with Adaptive Cruise Control (ACC) engaged 
were slower to react in critical traffic situations, compared 
to those without ACC (Nilsson 1995; Larsson, Kircher and 
Hultgren 2014; Piccinini et al., 2014; de Winter, Happee, 
Martens and Stanton 2014). In addition, Rudin-Brown and 
Parker (2004) found that after using ACC, high-sensation 
seeking drivers reacted to a safety-relevant brake light 
detection task later, and had more impaired lane-keeping 
performance, compared to low sensation-seeking drivers. 
Drivers are also found to adopt shorter time headways in 
car-following situations and increase their mean speed 
after using ACC (Hoedemaeker and Brookhuis 1998). In 
contrast, Piccinini et al. (2014) report that experienced 
ACC users have longer headways and lower speeds, while 
Stanton, Young and McCaulder (1997) found that ACC 
use resulted in no changes to speed or headway. While 
there is extensive research on how drivers’ behaviour 
adapts after using various ADAS (Sullivan, Flannagan, 
Pradhan and Bao 2016), understanding adaptation to ACC 
is most relevant here, because it involves the automatic 
management of longitudinal control, including that used 

in car-following situations. In this study, we build on the 
literature on ACC and BA, to consider the effect of higher 
levels of automation, where the vehicle also performs lat-
eral control and drivers may be engaged in non-driving-
related tasks.

1.3  BA and automated driving

Drivers’ BA to vehicle automation may occur both dur-
ing automated driving, and during any sections of manual 
driving, performed after, or between periods of, automated 
driving. For example, studies have shown that, compared 
to manual driving, drivers reduce their visual attention to 
the forward path (Louw and Merat 2017), and increase 
their engagement in non-driving-related tasks (NDRT) 
(Carsten et al. 2012), during automated driving, especially 
with higher levels of automation. Such activities nor-
mally lead to missed or delayed response to safety-related 
cues from the ADS, or the driving environment, during 
the resumption of control (cf. Louw et al. 2017a; Victor 
et al. 2018). However, it is currently unclear whether this 
reduced attention to the road during automated car-follow-
ing reduces drivers’ following distance to the lead vehicle 
in subsequent manual driving conditions. For example, 
there is evidence from the aviation domain that aircraft 
pilots become more willing to take risks after flying in 
autopilot mode (Lyons et al. 2016), which might suggest 
that car drivers may be willing to adopt shorter headways 
following the engagement of automation. Understanding 
if the headway adopted by the automation influences this 
behaviour is also relevant.

In terms of adaptation of drivers’ behaviour during 
post-automation manual driving, Skottke et al. (2014) and 
Eick and Debus (2005), showed that drivers reduced their 
time headway after being decoupled from highly auto-
mated driving. Therefore, it appears that the use of ADS 
may change the boundary of acceptable risk that drivers 
are willing to accept during automated driving. However, 
it is not clear if the length of THW adopted by the ADS 
(e.g., short versus long THWs) influences drivers’ fol-
lowing behaviour, or if this is affected by whether or not 
drivers are attentive to the ADS behaviour. Research has 
shown that when an individual uses an automated system 
for a prolonged period, they tend to develop inappropri-
ately high levels of trust in the system, leading to compla-
cency (Lee and Moray 1994). It is reasonable to assume, 
therefore, that following prolonged automated car-follow-
ing at short headways, drivers who adopt lower headways 
than they are normally comfortable with in manual driv-
ing, are in danger of compromising their ability to avoid 
rear-end collisions, if they adopt a new, shorter, headway.
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1.4  Aims of the current study

The main aim of this driving simulator study, conducted 
as part of the H2020-funded L3Pilot project, was to under-
stand whether experiencing automated car-following influ-
ences drivers’ subsequent manual car-following behaviour. 
As reported above, the two predominant factors contribut-
ing to rear-end collisions are a driver’s failure to perceive 
and/or react to a lead vehicle’s action, likely to be exacer-
bated by close car-following behaviour (Dingus et al. 2006). 
However, these two factors have not yet been systematically 
investigated in the context of BA and vehicle automation. 
Therefore, to address the first aim of this study, an urban 
car-following scenario was created, where all drivers were 
exposed to one of two THW conditions (0.5 s vs 1.5 s) main-
tained by a highly automated vehicle. We assessed whether 
exposure to these two THWs changed drivers’ adopted THW 
in a subsequent manual car-following situation, compared 
to their initial THW in manual driving, before automation 
was experienced. These THW parameters were based on the 
25th and 75th percentile of a driver behaviour model, based 
on naturalistic driving studies, which incorporate drivers’ 
instantaneous aggressiveness during car-following scenarios 
(Niels, Edoardo, Florent and Clément 2019). Our aim was 
to expose drivers to two fairly ‘aggressive’ automated car-
following scenarios. A 1.5 s THW has been used in other 
studies (cf. de Waard et al. 1999; Lyu et al. 2019; Heikoop, 
de Winter, van Arem, and Stanton 2019). We avoided longer 
THWs, to ensure that drivers did not feel too disconnected 
from the lead vehicle. The shorter 0.5 s THW was chosen 
to allow an observable comparison in behaviour with this 
headway. We hypothesised that, overall, drivers will reduce 
their THW in manual car-following after experiencing auto-
mated car-following, but that this reduction will be greater 
after experiencing the shorter THW.

The second aim of this study was to understand how 
engagement with the driving task during automated car-
following influenced whether drivers changed their THW 
in subsequent manual car-following. We hypothesised that 
drivers in L2 automation, who are expected to continuously 
monitor the road environment, would be more susceptible 
to changing their THW after automated car-following, than 
drivers in L3, who were encouraged to look away from the 
road environment, and were perhaps not aware of the two 
automated headways.

Given the emphasis on personal characteristics in deter-
mining susceptibility to BA, and driving style, more gen-
erally (Itkonen and Lehtonen 2020), we also investigated 
whether changes in THW would co-vary with drivers’ self-
reported traits, including sensation seeking (Arnett 1994), 
traffic locus of control (Özkan and Lajunen 2005), and 
driver style questionnaire (French, West, Elander and Wild-
ing 1993). Drivers with an external LOC and who scored 
high on the SS scale were hypothesised to be more likely to 
exhibit BA. Our primary research questions were:

 i. Do drivers change their car-following behaviour in 
manual driving after experiencing car-following in 
automated driving?

 ii. Is this influenced by the THW adopted by the auto-
mated driving system?

 iii. Is this influenced by whether drivers resume control 
in the presence of a lead vehicle?

 iv. Is this influenced by engaging in a visual NDRT dur-
ing automation?

2  Methods

2.1  Participants

Following approval from the University of Leeds Research 
Ethics Committee (Reference Number: LTTRAN-054), we 
recruited two groups of 16 drivers, via the driving simulator 
database. Participant details for each group are displayed 
in Table 1. Participants received £25 for taking part in the 
experiment and were free to withdraw at any point. Three 
participants were not considered for analysis, as they did not 
adhere to the experiment instructions to follow the lead vehi-
cle. One participant was excluded because of missing data.

2.2  Design and procedure

2.2.1  Equipment

The experiment was conducted in the full motion-based Uni-
versity of Leeds Driving Simulator (UoLDS), which consists 
of a Jaguar S-type cab housed in a 4 m-diameter spherical 
projection dome with a 300° field-of-view projection sys-
tem. The simulator also incorporates an 8 degree-of-freedom 

Table 1  Participant 
demographics information

Demographics Gender group, mean (SD) Automation group, mean (SD)

Males (N = 19) Females (N = 9) L2 (N = 15) L3 (N = 13)

Age (years) 39 (16) 38 (10.83) 42 (17) 33 (8)
Miles travelled annually 11,368 (9401) 7763 (4302) 8753 (4719) 9116 (8200)
Years of driving experience 19 (15) 16 (8) 22 (16) 14 (8)
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electrical motion system. This consists of a 500 mm stroke-
length hexapod motion platform, carrying the 2.5 T pay-
load of the dome and vehicle cab combination, and allow-
ing movement in all six orthogonal degrees-of-freedom of 
the Cartesian inertial frame. Additionally, the platform is 
mounted on a railed gantry that allows a further 5 m of effec-
tive travel in surge and sway.

When active, the ADS assumed lateral and longitudinal 
vehicle control and maintained a maximum velocity of 40 
mph. However, in the presence of a slower lead vehicle, the 
system would reduce its speed, to maintain the time headway 
of the respective condition (described below). The status of 
the ADS was indicated by the colour of a steering wheel 
symbol that was located on the left panel of the central dis-
play unit (Fig. 1). During the automated drives, the steer-
ing wheel symbol was solid green when automation was 
engaged, and red when automation was unavailable.

2.2.2  Experimental design

A 2×2×2 mixed design was used for this study, with a 
between-participants factor of Level of Automation (L2, L3) 
and within-participant factors of Time headway (Short: 0.5 s, 
and Long: 1.5 s) and Take-over type (with lead car, without 
lead car). All factors were fully counterbalanced.

Level of Automation determined the activities drivers 
were permitted to do during automated driving. Participants 
in the L3 group were instructed to engage in a visual non-
driving-related “Arrows” task (NDRT) during automation 
(Jamson and Merat 2004). The Arrows task required partici-
pants to search for, and touch, the upward-facing Arrow, dis-
played in a 4 × 4 grid of Arrows, using a touch screen in the 
centre console. The screen displayed the current participant’s 
cumulative score and a ‘score to beat’ to keep them engaged 
in the task. Participants were also told they would get an 
additional £5 if they beat the best score, though, for ethical 
reasons, all participants received this reward at the end of 
the experiment, regardless of performance. The Arrows task 
was only available when automation was engaged.

Take-over type specifies whether drivers resumed con-
trol during a car-following, or free-following, scenario. For 
all experimental drives, approximately 2 min after drivers 
engaged automation, a lead vehicle moved into the ego vehi-
cle’s lane, from an adjacent road, triggering automated car-
following. However, for half of the trials, the lead vehicle 
continued in its path when the transition to manual control 
was triggered, while for the other half of the trials, the lead 
vehicle exited the lane a few moments before the take-over 
event (see Fig. 2). For the trials without a lead vehicle, a 
new lead vehicle joined the ego vehicle’s lane, from an adja-
cent road at the next intersection, which was 20 m from 
the previous intersection. The aim of this manipulation was 
to assess whether, after the resumption of control, drivers 
would attempt to catch up, and then maintain the same head-
way with a new lead vehicle, as the headway assumed with a 
vehicle immediately ahead of them. Note that a late resump-
tion of control never led to a crash, unless drivers sped up 
after resumption of control, since the lead vehicle always 
assumed a safe headway.

2.2.3  Procedure

Upon arrival, participants were briefed on the description 
of the study and were asked to sign a consent form, with 
an opportunity to ask any questions. They were then given 
a chance to practice manual driving, and automated driv-
ing, within a 2-lane urban road, with low-density oncoming 
traffic. During the practice session, participants were talked 
through the various aspects of the vehicle HMI, were shown 
how to engage and disengage the automation and, those in 
the L3 condition practiced the Arrows task.

Participants were asked to drive in the centre of the lane 
and maintain the 40 mph speed limit. They were asked not 
to overtake any lead vehicles, but to otherwise adhere to the 
standard rules of the road, ensuring safe operation of the 
vehicle, and maintaining their desired distance to the vehicle 
ahead. Before the start of the automated drives, participants 
were presented with an auditory-verbal request to engage 

Fig. 1  An example of the in-
vehicle HMI with the auto-
mation status symbol (Left: 
automation not engaged, Right: 
automation engaged) and the 
vehicle speed (mph)
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automation: “Attention engage automation”. To engage the 
ADS, participants pressed a button on the steering wheel, 
after which they took their hands away from the steering 
wheel and foot away from the accelerator. At the end of the 
automated drives, participants were presented with an audi-
tory-verbal take-over request, “Attention, get ready to take-
over”. The TOR was presented when the vehicle reached a 
section of road with faded road markings, which represented 
a system limitation condition, and a need to resume control. 
After this alert, a short-duration acoustic tone (1000 Hz, 
lasting 0.2 s) sounded with increasing frequency until par-
ticipants resumed manual control. Participants could dis-
engage automation by either pulling the stalk, moving the 
steering wheel (threshold of 2° was applied), or pressing the 
brake, or accelerator pedals. Our aim was to implement a 
non-critical take-over request that did not cause drivers any 
distress. The road markings reappeared shortly after drivers 
resumed control. All drivers resumed control, and the exact 
take-over time varied according to when drivers resumed 
control, but it was generally between 10 and 13 s.

Following the practice drive, participants completed 
two experimental runs (see Fig. 2). Run 1 consisted of five 
different, but connected, driving segments, starting with a 
brief Manual Baseline Drive (~ 6 min) which started with 
a ~ 4-min free-driving scenario, and a ~ 5-min car-following 
scenario, after which the lead vehicle turned off the road 
and drivers carried on driving for ~ 1 min. This period was 
used to collect ‘baseline’ data for drivers’ THW during car-
following and was only included in Run 1.

Apart from Manual Baseline Drive, the sequence of 
events for Run 1 and Run 2 were identical. Each driver 
experienced the following order of events: Automated 
Drive 1 (~ 5 min), Manual Drive 1 (~ 5 min), Automated 
Drive 2 (~ 5 min), and Manual Drive 2 (~ 5 min). Run 
2 began with a brief period of manual driving to allow 
participants to engage the ADS. Experimental run 1 and 

2 were counterbalanced, which varied the order in which 
drivers experienced long and short THW automated car-
following. Within each drive, whether or not drivers 
resumed control in the presence of a lead vehicle was also 
counterbalanced.

To reduce the effect of fatigue, a short break was intro-
duced after the practice drive and experimental drives. 
After each of these drives, participants were taken out of 
the driving simulator, and asked to complete a three-part 
questionnaire, which included the Arnett Inventory of Sen-
sation Seeking (AISS; Arnett 1994), traffic locus of con-
trol (T-LOC; Özkan and Lajunen 2005), and driver style 
questionnaires (DSQ; French, West, Elander and Wild-
ing 1993). Finally, after Run 1 and Run 2, respectively, 
drivers rated their perceptions of their own and the ADS 
behaviour during the preceding drive (either Long THW 
or Short THW) by indicating on a five-point Likert scale 
(1: “Strongly disagree” to 5: “Strongly Agree”) their level 
of agreement with the following statements:

 i. During the automated drive, the system kept a safe 
distance from the car in front.

 ii. During the automation drive, I think the system should 
have kept a closer distance from the car in front

 iii. During the automated drive, I think the system should 
have kept a long distance from the car in front.

 iv. Experiencing the automated driving system changed 
how I drove in the subsequent manual drive.

 v. Following the automated drive, when there was a vehi-
cle in front of me, I used the accelerator and brakes 
more than normal.

 vi. I kept the same distance to the vehicle in front during 
the manual drive as I experienced in the automated 
drive.

   The entire experiment lasted approximately 2.5 h.

Fig. 2  Schematic representation of the two experimental runs, which 
exposed drivers to automated car-following with either a long (1.5 s) 
or short (0.5 s) time headway. Each run comprised of two sequences 
of automated and manual car-following drives. Only the first run 

of the experiment included a manual baseline car-following drive. 
Between each drive, drivers had to take-over control, either with or 
without a lead vehicle. The order of the runs and presence of the lead 
vehicle during the take-over was counterbalanced across participants
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2.3  Analysis

2.3.1  Establishing car‑following

To analyse drivers’ car-following behaviour, following 
resumption of manual control from automation, we first 
needed to establish that they had stabilised their control of 
the vehicle, and were engaged in a consistent car-following 
behaviour. The concept of stability in car-following was ini-
tially proposed by Herman et al. (1959) and is characterised 
as a consistent variation in drivers’ following distance, which 
does not affect the overall microstructure of the surrounding 
traffic. We calculated the point at which drivers had entered 
a stable car-following period, labelled “stabilisation time”, 
using an algorithm developed by Gonçalves et al. (2020). 
In this work, the metric was measured as the time between 
the take-over, and the point at which drivers’ average THW 
remained below a particular threshold, for at least 10 s. This 
threshold was based on inflexion points in the overall distri-
bution of the THW during the whole car-following task, for 
each driver. We used this technique to calculate stabilisation 
time for both take-over types, i.e., irrespective of whether or 
not there was a lead vehicle during the take-over.

To establish car-following events for our analysis, we 
considered driving data from the stabilisation time to the 
moment the lead vehicle left the road. According to Gipps 
(1981), a car-following task is characterised by a constant 
mediation, and adjustment, of drivers’ distance to the lead 
vehicle, according to their desired safety boundaries and 
willingness to increase their speed. Therefore, we filtered 
out the sections of manual driving when drivers were too 
far away from the lead vehicle for this mediation to happen. 
Since our scenario was in an urban environment, we only 
included events in which drivers had a THW lower than 
6 s. This was based on the method used by Vogel (2002), 
who found that a 6-s THW was the optimal threshold for 
distinguishing between free, and following vehicles, in urban 
environments.

2.3.2  Statistical analyses

We used Kolmogorov–Smirnov tests to test the normality of 
the data. Whenever the normality assumption was violated, 
we used logarithmic transformations to correct the observed 
positive skew, allowing the use of parametrical tests. If 
transformations were applied, the results of the statistical 
tests shown are based on the transformed data, but the plots 
and graphs are generated using the untransformed data.

We analysed data with SPSS V.24 (IBM, Armonk, New 
York, USA), and generated the visualisations in R. An 
α-value of 0.05 was used as the criterion for statistical sig-
nificance, and partial eta-squared was computed as an effect 
size statistic. Unless otherwise stated, variance of the data 

was homogenous, as assessed by Levene’s test of equality 
of error variance. Similarly, following log transformation of 
the skewed data, covariance of the data was homogenous, 
as assessed by Box’s test of equality of covariance matrices.

3  Results

3.1  Mean time headway

To understand the characteristics of the underlying car-fol-
lowing behaviour, we first plotted the THW distributions 
during car-following for each condition. Figure 3 shows all 
car-following events for the L2 and L3 groups, for the Base-
line Manual Drive, and the manual drives after the Long 
and Short THW conditions, and Car and No Car condi-
tions. The 6-s threshold we employed seemed to separate 
car-following from free-driving scenarios, as there were no 
outliers across the distributions. The THW distributions gen-
erally followed the distributions observed in other studies, 
with the exception of the Baseline Manual Drives and the 
post-automation drives in which drivers experienced a Long 
THW and resumed control when there was no lead vehicle. 
Here, longer THWs were generally observed compared to 
the other drives.

Since there was only one Baseline Manual Drive per 
participant, and four post-automation manual drives, it was 
not possible to assess, in a single step, whether there were 
changes in THW, after each automation drive. Therefore, 
the analysis of mean THW changes was conducted in two 
parts: first, we compared drivers’ THW in the Baseline 
Manual Drive with each combination of Time headway and 
Take-over type conditions, using four separate 2×2 ANO-
VAs. For each analysis, we used a within-participant factor 
of Exposure to automation (Baseline Manual Drive, Post-
Automation Drive), and a between-participant factor of 
Level of Automation (L2, L3). The Post-Automation Drive 
was based on the specific combination of conditions drivers 
were exposed to. For example, if they resumed control in the 
presence of a lead vehicle after a Short THW condition, this 
is referred to as “Car + Short”. The same applies to the other 
condition combinations: “No Car + Short”, “Car + Long”, 
and “No Car + Long”.

Second, to understand whether changes were influenced 
by any of the experimental conditions, we calculated the 
difference in THW between Baseline Manual Drive and the 
post-automation manual drives, and then compared these 
using a 2×2×2 mixed ANOVA. The within-participant fac-
tors were time headway during automation (Short, Long) 
and Presence of lead vehicle during Take-over (Car, No Car), 
and the between-participant factor was Automation condi-
tion (L2, L3). This was used to investigate whether drivers 
changed their THW after being exposed to automation, and 
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if the conditions influenced the magnitude of this change. 
Initially, we included each of the subscales of AISS, T-LOC, 
and DSQ as covariates in the ANOVAs. However, all of 
these subscales returned non-significant effects and small 
effect sizes. Therefore, to maintain statistical power, these 
covariates were removed from the analyses.

The first set of ANOVAs we conducted revealed that 
drivers’ THW in the Baseline Manual Drive was signifi-
cantly higher, compared to all subsequent post-automation 
manual drives (Fig. 4). On average, in the Baseline Manual 

Drive, drivers had a THW of 3.78 s, whereas the global 
mean for all post-automation car-following events was 
2.7 s. In other words, absolute THW during car-follow-
ing decreased significantly after experiencing automated 
car-following. Across all ANOVAs, there was no effect 
of Level of Automation and no interactions, which sug-
gests that the reduction in THW occurred irrespective of 
whether drivers were engaged in an NDRT during automa-
tion (L3), or were looking around the road environment 
during automation (L2).

Fig. 3  Time headway distribution for the L2 and L3 groups, for the Baseline Manual Drive and each of the Long and Short conditions, and Car 
and No Car conditions. Vertical dashed lines represent the distribution mid-points

Fig. 4  Mean time headway (s) 
during manual car-following 
during the Manual Baseline 
Drive and the four post-automa-
tion manual drives. **p < .005 
***p < .001
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The second ANOVA revealed that there was a main 
effect of length of Time headway during automation 
(F(1,23) = 4.320, p < 0.05, ηp

2 = 0.158) on how much driv-
ers changed their THW, compared to their Baseline Manual 
Drive. As shown in Fig. 5a, drivers had significantly shorter 
THWs during the post-automation manual car-following, 
after the Short THW conditions (M:  – 1.25 s), compared 
to after the Long THW conditions (M:  – 0.9 s). Therefore, 
there was an immediate effect of the set THW during auto-
mation, on drivers’ subsequent adopted headway. There was 
also a main effect of presence of lead vehicle during take-
over (F(1,23) = 11.339, p < 0.01, ηp

2 = 0.330), where Fig. 5b 
shows THW during post-automation car-following appeared 
to reduce significantly more, relative to the Baseline Manual 
Drive, if drivers resumed control in the presence of a lead 
vehicle (M:  – 1.23 s) compared to resuming control with-
out a lead vehicle (M:  – 0.92 s). In other words, we know 
that drivers reduce their THW during car-following after 
experiencing automated car-following, but the reduction is 
more pronounced if drivers resume control during a car-
following event, rather than restarting a car-following event 
a little later. These results suggested that drivers were not 
only mimicking the THW they had just experienced, but the 
effect was more pronounced when the car-following event 
persisted through the resumption of control.

There was no effect of automation level (F(1,23) = 0.006, 
p = 0.999, ηp

2 = 0.000) and no interactions, which suggests 
that monitoring the environment and observing the THW 
during automated car-following (L2) did not influence the 
extent to which drivers reduced their THW. While the NDRT 
in the L3 group was designed to take drivers’ visual attention 

away from the forward path, it is possible that they made 
short glances to the road during automation. In this case, the 
results suggests that ADS use can influence drivers’ behav-
iour, even if they are not fully aware of, or continuously 
monitoring, its performance. In addition, all drivers were 
exposed to the lead vehicle for a short period immediately 
after the TOR, which may also have influenced their subse-
quent adopted headway.

3.2  Standard deviation of time headway

One of the primary concerns about the effect of vehicle 
automation on drivers’ behaviour is the extent to which it 
affects their control of the vehicle, once they resume manual 
control. Mean THW is a useful measure for understanding 
the degree of risk that drivers are willing to accept during 
car-following. However, equally important, from a controlla-
bility standpoint, is the steadiness or consistency with which 
drivers control their vehicle after automation. During car-
following, this would be reflected by the variation in drivers’ 
THW, which also indicates drivers’ ‘safety boundary’ (Boer 
1999). To examine whether there were changes to the vari-
ation in drivers’ THW, we followed the same two stages of 
analysis described above. First, we compared drivers’ stand-
ard deviation (SD) of THW in the Baseline Manual Drive 
with each combination of Time headway and Take-over 
type, using four separate 2×2 ANOVAs, with a within-par-
ticipant factor of Exposure to automation (Baseline Manual 
Drive, Post-Automation Drive—as described in the previous 
section), and a between-participant factor of Level of Auto-
mation (L2, L3). Second, to understand whether changes 

Fig. 5  Difference in mean time 
headway (s) during car-follow-
ing between the Baseline Man-
ual Drive and post-automation 
drives, for the conditions where 
a drivers experienced Long or 
Short THW during automated 
car-following, and where b driv-
ers resumed control with a lead 
car (Car) or without a lead car 
(No Car). The red dotted line 
represents the Baseline Manual 
Drive for all drivers. *p < .05 
**p < .01
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were influenced by the Time headway and Take-over type, 
we calculated the difference in SD of THW between Base-
line Manual Drive and the respective conditions, comparing 
these with a 2×2×2 ANOVA. The within-participant factors 
were Time headway during automation (Short, Long) and 
Presence of lead vehicle during Take-over (Car, No Car), 
and the between-participant factor was Automation condi-
tion (L2, L3).

Across all four 2X2 ANOVAs, comparing SD of THW 
in the Baseline Manual Drive to post-automation manual 
drives, there was no effect of Exposure to automation, no 
effect of Level of Automation, and no interactions (Fig. 6). 
These results indicate that, while drivers may have reduced 
their THW in car-following after automated car-following, 
their behaviour was quite consistent across the different 
conditions.

The second ANOVA revealed no effects of Exposure to 
Automation, Presence of lead vehicle during Take-over, 
Level of Automation, and no interactions, which is not sur-
prising given that absolute SD of THW of each condition did 
not differ significantly, compared to Baseline Manual Drive. 
This indicates that THW variability was not influenced by 
whether or not drivers had their eyes away from the forward 
roadway during automation.

3.3  Subjective assessment

In addition to the T-LOC, AISS, and DSQ questionnaires, 
drivers were asked to provide a subjective assessment of the 
ADSs’ behaviour, after the automated car-following drives 
with Long and Short THW (top three questions in Fig. 7). 

Drivers were also asked to assess changes in their behaviour 
after each of these drives (bottom three questions in Fig. 7).

76% of drivers felt that the ADS kept a safe distance from 
the car in front, during the Long THW condition, while 84% 
of drivers disagreed with this statement for the Short THW 
condition. For both the Long and Short THW conditions, 
the majority of drivers (84% and 92%, respectively) did not 
feel that the ADS should have kept a closer distance from the 
car in front. However, there was more consensus across driv-
ers that the ADS should have kept a longer distance to the 
lead vehicle, for the Short THW condition. These responses 
suggest that drivers were able to differentiate between the 
experimental conditions, and while the Long THW condi-
tion was generally tolerable, the Short THW was viewed as 
unsafe.

There was no clear agreement between drivers about 
whether they had changed their behaviour after using the 
ADS, though most drivers felt that they did not use the 
brakes and accelerator pedals more after the automated 
drives. Given that drivers assessed the Short THW condi-
tion to be unsafe, it is unsurprising that 92% indicated that 
they did not keep the same distance to the lead vehicle in the 
subsequent manual drive.

To determine whether what drivers subjective response 
in terms of their perceived behaviour after automation was 
reflected in their actual behaviour, we ran two separate Pear-
son product–moment correlations of drivers’ responses, 
comparing response to the item “Experiencing the auto-
mated driving system changed how I drove in the subsequent 
manual drive” with their actual mean THW. Post automation 
THW was compared to Baseline Manual Drive values, for 

Fig. 6  Standard deviation of 
time headway (s) during manual 
car-following for the Baseline 
Manual Drive and the four post-
automation manual drives
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both the Long and Short THW conditions, while also con-
trolling for the Level of Automation.

There was a moderate, negative significant correlation 
between the two measures for the Long THW condition 
(r(47) =  – 0.341,  p = 0.016), showing that what drivers 
thought they did was opposite to what they actually did. 
However, there was no significant association in the Short 
THW condition (r(47) =  – 0.010, p = 0.944). Therefore, driv-
ers’ assessment of their behaviour did not match their actual 
behaviour.

4  Discussion and conclusions

This driving simulator study assessed changes in driver’s 
manual car-following behaviour after automated car-follow-
ing in an urban environment. The study had two experimen-
tal groups: during automated car-following, one group was 
engaged in an NDRT (L3), while the other group was free to 
look around the road environment (L2). We also compared 
the effect of Long (1.5 s) and Short (0.5 s) THW condi-
tions during automated car-following, and whether the pres-
ence of a lead vehicle, during the resumption of control, 
had an impact on any subsequent changes in car-following 
behaviour. All post-automation drives were compared to a 

Baseline Manual Drive, which was recorded at the start of 
the experiment.

As our first research question, we sought to understand 
whether drivers change their car-following behaviour in 
manual driving after experiencing car-following in auto-
mated driving. Our results showed that drivers significantly 
reduced their time headway in all post-automation drives, 
compared to a Baseline Manual Drive. This is in line with 
the findings of both Skottke et al. (2014), Eick and Debus 
(2005), who showed that drivers reduced their time head-
way after being decoupled from highly automated driving 
and truck platoons. This pattern has also been observed in a 
study on drivers’ behavioral adaptation after using full-range 
ACC (Varotto et al. 2020). This can be explained through 
risk homeostasis theory, where, as drivers’ become more 
familiar and comfortable with shorter THWs during auto-
mated driving, they adjust their boundary of acceptable risk. 
In other words, drivers become used to following at shorter 
distances with no negative outcomes, despite not being in 
control of the vehicle. However, as drivers’ resume manual 
control, this adapted risk boundary carries over into their 
own manual driving, and they accept shorter THWs than 
they otherwise would. The observed changes in behaviour 
justify our concern regarding the potential increased sus-
ceptibility to rear-end collisions after automated driving, as 
shorter THWs increase the risk of rear-end collisions (Lee, 

Fig. 7  Drivers’ subjective assessment of the ADSs’ behaviour during automated car-following, and their judgement of their own behaviour dur-
ing post-automation manual driving
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Llaneras, Klauer and Sudweeks 2007). Future research 
should confirm our results and examine the extent to which 
adaptation of car-following behaviour after automated driv-
ing impacts drivers’ abilities to respond in such situations.

Our second and third research questions addressed 
whether any changes in post-automation car-following were 
influenced by the THW adopted by the automated driving 
system and whether drivers resumed control in the presence 
of a lead vehicle. Our results showed that there was a greater 
reduction in THW after drivers resumed control in the pres-
ence of a lead vehicle, and also after they had experienced a 
shorter THW (0.5 s) during automated car-following. These 
results demonstrate that the THW drivers adopt in manual 
car-following is influenced by the THW they were exposed 
to during automated car-following, especially if the car-
following event persists through the resumption of control. 
While shorter THWs adopted by automated vehicles may 
lead to optimised traffic flow and capacity (Friedrich 2016), 
our results suggest that this should be carefully balanced 
against the potential negative impact this will have on driv-
ers’ manual driving behaviour, as well as their acceptance 
and, ultimately, use of the system.

For our final research question, we sought to understand 
whether any changes in post-automation car-following would 
be influenced by whether or not drivers’ engaged in a visual 
NDRT during automation. We found that there were no dif-
ferences in THW changes between the L2 and L3 groups, 
suggesting that drivers do not need to continuously monitor 
the road environment for their THW to be influenced by the 
ADS behaviour. It could be that during L3 driving, drivers 
perceived the lead vehicle via peripheral vision, possibly 
reinforced by short glances to the roadway. However, future 
research should clarify this hypothesis.

Based on research by Itkonen and Lehtonen (2020) and 
Rudin-Brown and Parker (2004), another aim of this research 
was to investigate whether any changes in behaviour were 
associated with drivers’ self-reported traits, including sen-
sation seeking (AISS, Arnett 1994), traffic locus of control 
(T-LOC, Özkan and Lajunen 2005), and driver style ques-
tionnaire (DSQ, French, West, Elander and Wilding 1993). 
However, the changes in THW we observed did not appear 
to be associated with any subscales of the T-LOC, AISS, or 
DSQ questionnaires, suggesting that the changes observed 
here may not be linked to the underlying personal traits we 
investigated. These results are in contrast to previous work 
on the link between individual characteristics such as sen-
sation seeking and locus of control on behaviour changes 
(Ward, Fairclough, and Humphreys 1995; Rudin-Brown and 
Parker 2004).

In addition to the above, we sought drivers’ perceptions 
of their own and the ADS behaviour during car-following. 
Drivers’ subjective responses showed that their change in 
behaviour was not necessarily reflected in their subjective 

assessment of their behaviour change. That is, drivers were 
not aware that they had changed their behaviour, even in 
the short THW condition, which they overwhelmingly rated 
as unsafe. This is not surprising, as previous studies have 
shown that individuals are not always aware of how the use 
of technology can change their behaviour; for example, the 
effect negative effect of using a mobile phone while driving 
on performance and mental processing (Boase, Hannigan 
and Porter 1988; Alm and Nilsson 1995).

4.1  Recommendations

Our research highlights a number of areas that can be 
addressed to limit the adverse effect of BA to automation on 
manual driving. First, the system in use should be designed 
in a way that limits negative BA. For example, it is clear 
from drivers’ behavioural change in the current study that 
the system should have adopted a more conservative THW. 
Second, drivers should receive explicit training about the 
potential effects that automation use may have on their 
manual driving, so that they do not become complacent. 
For example, if, in the current study, drivers were warned 
that their THW might shorten after using automation, it may 
have reduced the likelihood that this occurred. Third, drivers 
should be warned when their behaviour exceeds certain safe 
boundaries of operation. For example, in the current study, 
drivers could have been warned during manual driving that 
their THW had shortened compared to either their normal 
driving style or a safe standard. Indeed, some authors have 
already proposed some solutions; for example, Vanderhae-
gen (2016) developed and validated a rule-based system that 
assists drivers in dissonance discovery while using an Auto-
mated Speed Control System (ASCS).

4.2  Limitations

We should note that the THWs adopted by drivers in the 
first manual drive of this experiment are longer than what is 
commonly observed during real-world car-following. This 
may be due to drivers’ unfamiliarity with the driving simu-
lator and the urban road environment they were travelling 
in. If the THW observed in the Baseline Manual Drive is 
higher than that adopted by our participants in real-world 
driving, it may partially account for the reduction in post-
automation THW. However, this would not account for the 
differences observed between the Long and Short THW 
conditions, or the Car and No Car conditions. Moreover, 
Vogel (2002) found that 6-s THW is an optimal threshold for 
distinguishing between free and following vehicles in urban 
environments, suggesting that the behaviour we observed 
in this study can be considered to be car-following and not 
free-driving. In addition, the experimental drives used in 
this study were relatively short, and though it is interesting 
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to note that behavioural adaptations may exist after such a 
short period, this may not necessarily represent the real-
world pattern system usage. For example, we did not con-
sider the impact that fatigue and hypovigilance may have 
had on drivers’ attention to the car-following task during 
automated driving, and, therefore, on their car-following 
behaviour in subsequent manual car-following.

4.3  Future work

Notwithstanding the above concerns, the trends observed 
here are generally in line with those of Skottke et al. (2014) 
and Eick and Debus (2005), who found that drivers reduced 
their THW for periods in manual driving, after decoupling 
from fully automated driving. However, it is an open ques-
tion whether the kinds of changes we observed here would 
be seen after the use of ADS in daily use. For example, 
how does drivers’ behaviour change after using ADF over 
more extended periods, such as weeks or months? It is also 
important to consider whether behavioural adaptations are 
consistent across different settings, for example, on motor-
ways, rural roads, and urban environments. Furthermore, 
are there behavioural adaptations after using ADS in dif-
ferent use-cases, such as lane changes, parking, or merg-
ing? There is also merit in investigating whether the type of 
take-overs (i.e., critical vs non-critical; Erikson and Stan-
ton 2017) influence the extent to which behavioural adapta-
tion carries over into subsequent manual driving. Finally, 
how does behaviour adapt after different usage patterns, 
for example, less frequent, but more extended periods vs 
more frequent, but shorter periods, as previous research has 
shown that regular use of cruise control, for example, can 
lead to a reduction in vigilance and increase in reaction time 
(Dufour 2014). Therefore, future research should endeavour 
to investigate these issues, as ADS use will become more 
widespread in the coming years, and it is imperative that we 
understand the prospective risks of using ADAS and ADS.

4.4  Conclusions

Our results build on the research into behavioural adapta-
tion and ADAS use and show that there is the potential for 
drivers’ behaviour to adapt negatively after using automated 
driving systems, during car-following. In the coming dec-
ades, humans will likely be still involved in the driving task 
to varying degrees, so it is important from a safety perspec-
tive to understand what issues there are and for research-
ers and vehicle manufacturers to develop appropriate 
countermeasures.
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