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ABSTRACT

There is a variety of visual human-machine interfaces (HMI) designed across vehicle manufac-
turers that support drivers while supervising driving automation features, such as adaptive cruise
control (ACC). These various designs communicate the same limited amount of information to
drivers about their ACC system and it is unclear which HMI designs impact driver distraction the
least or how their design could be modified to help drivers develop more accurate mental mod-
els of their ACC system. Using a user-centred design (UCD) approach, we designed a speedom-
eter to inform drivers about some of the system’s capabilities and then invited 23 drivers to use
ACC in a low-fidelity driving simulator to compare the usability of three HMIs using eye-tracking,
response times, and qualitative data. Our attempt at designing an intuitive and more inform-
ative speedometer received mixed results, but design recommendations are given regarding the
indication of the set target speed, set time gap between vehicles (headway distance), and sys-
tem mode (conventional or adaptive cruise).

Practitioner summary: Manufacturers’ heterogeneous designs of their visual HMIs for the ACC
systems may impact driver distraction in different ways. We used usability testing to compare
three HMIs in a driving simulator and make several design recommendations to indicate speed,
time gap, and system mode in a more efficient way.

Abbreviations: ACC: adaptive cruise control; ADAS: advanced driving assistance system; HMI:
human-machine interface; ISO: international organisation for standardization; OEM: original
equipment manufacturer; RSME: rating scale of mental effort; RT: response time; R-TLX: raw task
load index; SUS: system usability scale; TGT: total glance time; UCD: user-centred design; UX:

ARTICLE HISTORY
Received 17 February 2022
Accepted 1 October 2022

KEYWORDS

Adaptive cruise control;
human-machine interface;
User-centred design; Eye-
tracking; Visual attention

user experience; XTGT: extended total glance time

1. Introduction

As advanced driving assistance systems (ADAS)
increasingly take over the basic operational aspects of
driving, drivers are pivoting to a hybrid role of super-
visor and active controller for which all informational
needs are not yet fully understood (see Sarter and
Woods, 1995). Instead of entirely manoeuvring the
vehicle themselves, drivers must now ensure that the
activated systems operate safely and within their tech-
nical boundaries, or operational design domains.
Doing so requires at least an understanding of how
each system functions and the ability to gather infor-
mation about a system’s status at any given time.
Consequently, there is a need to consider how
human-machine interfaces' (HMI) should be designed

in terms of the type of information necessary for
supervision and decision-making, and what informa-
tion might be redundant (e.g. Beggiato et al., 2015).
The form in which this information is presented is of
particular importance for the users of adaptive cruise
control? (ACC), or SAE Level 1 (L1) assisted driving
(SAE International, 2018), as they find themselves in a
position where they need to simultaneously supervise
and steer their vehicle. Any interaction with the HMI
then becomes a potential distraction to their primary
driving task if conducted for too long (Harvey et al,
2011), while remaining an essential part of their super-
visory role. It is therefore important for drivers to
develop accurate mental models of their driving-
assisted vehicles to minimise driver distraction, but
also for designers to develop HMIs with good usability
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that help reduce driver distraction and provide appro-
priate support to drivers in their dual roles. In this
paper, we explore the importance of visual HMIs and
usability, and how the latter relates to the concepts of
driver distraction and mental models. We then report
data from a driving simulator study and semi-directed
interviews to try and address the issues further devel-
oped in the following sections.

1.1. Usability for driver supervision

1.1.1. What is usability?

Usability defines the degree to which a product eases
the use of its functionality (Nielsen, 1994). The inter-
national organisation for standardisation (ISO) decom-
poses  usability into three  subcomponents:
effectiveness, efficiency, and satisfaction (ISO 2010).
Respectively, these components refer to how good the
outcome of using a product is, how much time and
effort is required, and how satisfying it is to use.
Usability can be expanded to consider other product
attributes such as the aesthetics, emotions, and
engagement of the users, as well as individual and
social factors (Bevan 2009). Altogether these factors
form the user experience (or UX), which relates to the
users’ perceptions and can be seen as more focussed
on the satisfaction of using a product than usability is
alone. Although secondary to safety, the satisfaction
of using a product may matter very much in some
cases. In the case of automated vehicles, these sys-
tems have the potential to improve road safety (Kalra
and Groves 2017). It is therefore essential to propose
products that are both very usable and very engaging
for drivers when the goal is to have drivers use these
technologies (Nordhoff et al. 2019).

1.1.2. How does usability relate to driver
supervision?
Driving with an assisting or automated system

requires redefining the driver's role. In the case of
ACC, drivers retain lateral control but rely on ACC to
direct the vehicle’s longitudinal control. Because of
system boundaries that the vehicle alone cannot
always detect, a supervisory role is passed on to the
driver upon activation of ACC. For instance, the sen-
sors may fail to detect a vehicle ahead or not be
equipped to detect curves and decelerate in response.
Consequently, in this supervisory control paradigm
(Sheridan and Parasuraman 2005) the driver is
required to plan the use of the system, command the
system, monitor it to maintain mode awareness, inter-
vene if necessary, and possibly learn from the inter-
action to update their mental model (i.e. the internal

representation of how a driver believes a system
works and what they believe the system can or cannot
do; Norman 1983).

Accurate mental models are a prerequisite at every
stage of the supervisory control paradigm, but notably
whilst monitoring a system for drivers to appropriately
distribute their attention towards and between the dif-
ferent driving tasks. Maintaining mode awareness
about a system is fundamental to avoid mode confu-
sion or automation surprise (Carsten and Martens
2019; Sarter, Woods, and Billings 1997). Nonetheless,
monitoring a system via the HMI should not prevent
maintaining situation awareness of the external envir-
onment and it should be one role of the HMI to con-
vey relevant information about an ADAS in a pleasant
but efficient manner. Therefore, it is essential that
HMIs have good usability to avoid driver distraction,
facilitate the maintenance of situation awareness, and
guide the formation of appropriate mental models.

1.2. Driver distraction: What, why, and how

1.2.1. What is driver distraction?

We will hereby define driver distraction as the misallo-
cation of a driver's attention towards activities pre-
venting the adequate maintenance of situation
awareness and vehicle control (but see Regan and
Hallett 2011). This adequacy is therefore determined
by the current automation level of the vehicle, where
maintaining situation awareness for users of L3 is not
as fundamental as it is for users of L1, for instance.
Furthermore, distraction can occur on several chan-
nels, including visual, auditory, tactile, cognitive, and/
or physical (Regan and Hallett 2011; Young and Regan
2007). Therefore, forcing drivers to interact with the
HMI for too long while using ACC should be avoided
given their responsibilities as supervisors and active
controllers.

1.2.2. Why s
to consider?

Driving is predominantly a visual-spatial-manual task
(Sivak 1996; Young and Regan 2007), and according to
a review by Lee (2008, p. 525), road collisions usually
happen because one or more parties ‘fail to look at
the right thing at the right time’. This failure to attend
important information within the environment could
be due simply to inattention—like a driver misprioritis-
ing their attention—or to distraction, that is, inatten-
tion due to a concurrent activity and/or a failure to
self-regulate their attention (Regan and Hallett 2011).
Having a visual HMI that supports drivers in their
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supervisory role is therefore crucial and regulating the
sources of visual distraction in our vehicles an import-
ant challenge to tackle for as long as drivers are
involved in the driving task. One advantage of visual
HMIs over other sensorial channels is the opportunity
to communicate information about a system'’s status,
availability, and capabilities, at any given time and at
a low attentional cost—the same information would
not be constantly available via the auditory channel
and would be much less efficient to gather
for instance.

1.2.3. How to measure driver distraction?
Distraction, be it cognitive or visual, can be estimated
in numerous ways. Some of these metrics—such as a
task’'s completion time, user accuracy, human effort
(ISO 9241-11:2018), eye fixation duration, total glance
time, or the number of glances (ISO 15007-01)—can
also be used to evaluate a system's efficiency.
Consequently, the visual efficiency of an HMI used
during a monitoring task can directly reflect the level
of visual attention allocated at the expense of other
driving tasks. Moreover, it is usually considered that,
during manual driving, any glance away from the road
lasting more than two seconds should be prevented
(Klauer et al. 2010) and that the cumulative time spent
gazing away from the road should never exceed
12 seconds (see ISO 15007-01; NHTSA 2013) as these
numbers have been associated with higher risks of
crashes. Finally, it is also common practice to estimate
a driver’s cognitive distraction using subjective assess-
ments of situation awareness or mental workload as a
complement to other driver distraction metrics
(Abbasi and Li 2021).

1.3. Mitigating driver distraction

Preventing driver distraction altogether is unachiev-
able and the most reasonable manner to mitigate it is
to reduce its occurrence and duration. Regulations,
standards, and guidelines are methods of promoting
good design practice across vehicles and ensuring
consistency of their many aspects. For example, the
way ACC should function and how its symbol should
look (ISO 15622), the way symbols should be
researched and designed (FHWA-RD-03-065; IEC
80416-1), where to place interface elements consider-
ing the driver's eyes position (SAE J941 2010-03),
when to display some of the parameters of ACC on
the HMI, such as the set speed, set time gap, and
detection of lead vehicles (SAE J2399 2021-10), or
again, how to evaluate the distraction engendered by
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visual-manual secondary tasks (NHTSA 2013). But while
there are many documents with the potential to help
improve our vehicles’ usability, they are often overlap-
ping and sparsely dedicated to the visual design of
HMI elements used in our driving-assisted vehicles,
leaving designers in the unknow of how to design
their ACC-related elements to convey information
most efficiently.

Amid the user-related research conducted on ACC,
few studies have investigated how to mitigate driver dis-
traction or how to develop appropriate mental models
for this system via the HMI. Francois et al. (2017, 2019),
for instance, compared the efficiency and usability of
different speedometer designs and truck HMls in the
context of CC to inform design choices that would
help reduce driver distraction using eye-tracking data,
task completion times, and questionnaires—although,
not in the context of ACC. Other studies were con-
ducted where authors evaluated the help that would
bring an HMI showing the technical limitations of an
ACC system (Saffarian, de Winter, and Happee 2013;
Seppelt and Lee 2007), but only one concerned the
development of mental models (Seppelt and Lee
2019). Moreover, these studies had little repercussion
on the development of HMIs for market vehicles.
Finally, a research team compared how many eye fixa-
tions and how much time was needed by drivers to
say whether ACC was activated or not based on the
symbol (Monsaingeon et al. 2021). They did not find a
significant difference. However, the design of the sym-
bols giving this information was the same between the
vehicles that they used; the only difference for this
task was the HMI layout. Consequently, there are still
opportunities for the HMI designs of L1 vehicles to be
researched and improved, and for the variety of HMIs
on the market to be made more consistent.

1.4. The ACC systems, their HMIs, their issues

Since the regulations, standards, and guidelines on
ACC systems are not exhaustive or constraining
regarding some of their technical aspects, all systems
are not equal: some cars can decelerate down to a full
stop while some will require the driver to take over if
going below 20 mph (30 km/h), depending on whether
a stop-and-go function is available or not. In the first
case, the system is called ‘full speed range,” while in
the second, it is termed ‘limited speed range’ (see ISO
15622:2018). In parallel, different cars allow drivers to
choose from different ranges of speed to set: one car
may allow setting a target speed for ACC between
15mph and 95 mph, while another car could propose
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Figure 1. Mock HMI showing three common elements sup-
porting the use of ACC: (1) graphical symbol; (2) arrowhead
and strip; (3) scene view.

a range starting from 20 mph and up to 90 mph. The
issue is that, except for the maximum target speed,
none of this is indicated via the HMI and drivers must
have done their research beforehand or try and fail to
become aware of these system boundaries. ‘Signifiers’
can refer to ‘perceivable indicators that communicate
appropriate behaviours to a person’ in the affordance
framework (Norman 2013). Therefore, this signifier
issue could be a hindrance to the development of
mental models, and consequently to road safety if this
were to lead to mode confusion when drivers use a
new system that looks the same but behaves
differently.

Equally, because of the lack of studies comparing
existing HMI designs and, consequently, the lack of
relevant information in the guidance available to
designers, all visual HMIs are not equal: indicating the
ACC system’s target speed can be achieved differently,
as well as showing the time gap (or headway dis-
tance) to maintain, or again the way of indicating the
detection of a lead vehicle. These pieces of informa-
tion are usually indicated via three graphical elements
on the HMI (Figure 1): a strip and/or an arrowhead on
the speedometer, a graphical view of the driving
scene, and/or the graphical symbol of the system.
Some HMIs will only use an arrowhead, while others
will also use a strip, or only indicate the target speed
in written, or use a combination of all three options.
To set the headway distance, some HMIs will use a
side-view of the scene (Figure 1) while others will
show a bird’s-eye view of the scene or even use the
graphical symbol, which could make it more demand-
ing for drivers in the latter case given the smaller size
of symbols compared to scene views (e.g. Lindberg
and Nasanen 2003; McDougall, de Bruijn, and Curry
2000; Schuetz et al. 2019; Vertegaal 2008). Finally, indi-
cating the absence of a lead vehicle is sometimes indi-
cated by greying the car of the ACC symbol and
sometimes by only showing an outline version, which
can unpredictably impact the recognition time of the

symbol (Arledge 2014). Sometimes, this information is
instead indicated via a bird’'s-eye view of the driving
scene by removing the lead vehicle model. Some of
these designs could present efficiency issues and
therefore exacerbate driver distraction.

1.5. Solving the design issues

These design issues have not been openly researched
despite their potential impact on driver safety and the
importance of informing designers about how to con-
ceptualise visual HMIs that support the development
of mental models and minimise driver distraction. To
examine the efficiency issues mentioned in the previ-
ous section, we regrouped different designs available
on the market into three HMIs to compare them: sim-
ple, advanced, and custom. The simple design mim-
icked the most minimalistic HMIs and displayed the
information in an integrated manner. The advanced
design had more visually complex elements than the
simple HMI and was more spaced. Lastly, the custom
design was approached with both philosophies in
mind and integrated a custom speedometer designed
to improve the signifier issue mentioned earlier (see
section 2.1.2.2). We were interested in which designs
were the most efficient to communicate the same
information to users of ACC, and whether our custom
speedometer helped drivers to develop a more accur-
ate mental model of their ACC system. To summarise,
the research questions addressed were:

e Does HMI design affect drivers’ efficiency to con-
duct routine tasks with an ACC system?

e Does our custom design communicate the capabil-
ities of the ACC system efficiently?

2. Material and methods
2.1. Experimental design

2.1.1. Participants & design

After approval from the University of Leeds Research
Ethics Committee, 24 participants with a valid driving
licence issued no less than 3years prior to the study
were recruited via a mailing list. All regularly drove in
the UK, had normal vision and hearing, and received
£20 as monetary compensation for their participation.
One participant who had strabismus (crossed eyes)
could not be calibrated to the eye-tracker and was
therefore not asked to complete the procedure. Three
other participants had to be removed from the eye-
tracking data analyses due to technical issues with the
eye-tracker: misdetection of the markers,



Table 1.

Design differences for each ACC parameter between all three HMIs.
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Adaptive mode shown by blue car symbol.

Conventional mode shown by hollow car.
|

Distance set by increasing the number of
stripes below the car, from top to bottom.

o/

Set target speed indicated by a single
blue arrowhead and written below the
graphical symbol.

Advanced

Adaptive mode shown by blue car symbol.

Conventional mode shown by grey car.

Distance set by increasing the number of
stripes between the cars, from left to
right.

_*

Target speed indicated by blue arrowhead
and written below the graphical symbol.
System speed range shown by blue strip.

Custom

Adaptive mode shown by blue car symbol.
Conventional mode shown by absent
vehicle on scene view.

A

Distance set by increasing the number of
stripes between the cars, from the bottom
up.

0 MY

Left: green arrowhead shows set speed;
blue strips show system range.

Right: when the driver sets the speed, the
green strips show driver range.

Table 1 Alt text: Simple HMI: Conventional cruise control mode is shown by a hollow car symbol. Advanced HMI: Conventional cruise control mode is
shown by a greyed car symbol. Custom HMI: Conventional mode is shown by the missing car on the 3D scene view.

miscalibration over time, or repeated failure to detect
the participant’s eyes because of their eyeliner. The
final sample was composed of 20 participants (9
females and 11 males) between the ages of 20 and
64 years (x = 42.65, s=12.7) for the eye-tracking data,
23 participants (10 females and 13 males) for the
questionnaires, and 22 participants (10 females and 12
males) for the semi-directed interviews (see section
2.2.4). The experiment had a mixed factorial design
with repeated measures with the fixed effects being
the HMI (simple | advanced | custom) as a within-sub-
ject factor and the System Range (limited range | full
range) as a between-subject factor. The order of the
conditions was counterbalanced across participant.

2.1.2. Driver-vehicle interfaces

The design differences that we addressed in section
1.4 (p. 6) and used for the design of the three HMIs
are summarised in Table 1. The next sub-sections pro-
vide more details for each element and reference the
original equipment manufacturers’ (OEM) designs for
comparative and illustrative purposes.

2.1.2.1. Symbols & assistance graphics. The two
symbols selected for this study received the highest

£

Figure 2. Left: standard 1SO symbol (dark) and reworked ver-
sion (blue) used for this study. Right: original Mercedes-
Benz symbol (dark) and reworked version (blue) used for
this study.

| =y {é? /26\35 O |

recognisability rates in Perrier et al. (2021) but were
not previously tested for usability in situ. The ISO-
based symbol (Figure 2) was 10 x 8 mm, with the car
being 6x4mm. The Mercedes-based symbol
(Figure 2) was 13 x 8mm with each headway band
being 5-9 x ~1mm. The headway bands on the side-
view graphic (Figure 3(c)) were 7 x 2mm, while those
of the bird's-eye view graphic (Figure 3(d)) ranged
from 9 x 3mm to 13 x 6 mm.

2.1.2.2. Speedometers. The simple and advanced HMIs
(see Table 1, p. 9) always displayed the target speed
below the ACC symbol. The advanced HMI had a blue
arrowhead marker and a blue gauge running along
the speedometer from the minimum system speed
(i.,e. 0 or 20mph depending on the system speed
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Figure 3. Assistance graphics showing the headway distance of an ACC system. (a) Mercedes-Benz side-view graphic showing
both headway distance and target speed; (b) Kia bird’s-eye view graphic; (c) side-view and (d) bird’s-eye view graphics produced
for this study for the advanced and custom HMIs, respectively. Graphics are reproduced and not on the same scale.

-

System Range

Transition

-

Driver Range

Figure 4. The custom speedometer momentarily changes appearance when the target speed is being set to reveal the range of

speed available to drivers.

range condition) to 90 mph. The custom HMI had a
green arrowhead marker to increase the contrast with
the blue strip, and a custom strip running from the
minimum system speed to the posted speed limit to
declutter the speedometer. Finally, during drivers’
interaction with the target speed, the strip turned
green and ran from the minimum driver speed (i.e.
20 mph) rather than the minimum system speed (i.e. 0
or 20mph) to communicate the difference between
system range and driver range (Figure 4). This colour
change also gave more feedback to attract attention
to this element (Carrasco 2011; Kim et al. 2011).

2.1.3. Apparatus

The research employed the University of Leeds fixed-
base low-fidelity driving simulator operated on a
Stone PC running Windows 10, using custom-made
software, Intel Core i7 CPU (3.40GHz) and 32GB of
RAM. The visual simulation was displayed on a
Samsung 40" wide-screen 1920 x 1080 (16:9) LCD
monitor, rendered at 60Hz. An IPS QHD 10"
2560 x 1600 (16:10) LED monitor was used for provid-
ing the instrument panel and placed behind the steer-
ing wheel. Vehicle control inputs were recorded via
Logitech G27 dual-motor force feedback steering
wheel and pedals (Figure 5).

A head-mounted Pupil Core eye-tracker by Pupil
Labs was used to record participants’ eye gazes at
60 Hz. Calibration was achieved using a single marker
displayed at the centre of the 10” monitor and having
participants move their heads in both horizontal and
vertical axes and then circularly while maintaining
their gaze on the marker.

2.1.4. Tasks

Participants performed three routine driving tasks
encountered when using an SAE level 1 ACC system.
The first driving task was split into two subtasks (1a
and 1b), for a total of 4 discrete tasks: (1a) decreasing
the system’s target speed from the posted speed limit
to a value below that speed limit; (1b) increasing the
target speed to the posted speed limit; (2) increasing
or decreasing the minimum headway distance; and (3)
identifying the system’s mode/state, that is, whether
the system was operating as a conventional CC or as
an adaptive CC. Tasks 1a, 1b, and 2 were conducted
manually by pressing the controls on the steering
wheel. Task 3 was answered verbally by indicating
‘ves’ or 'no’ to whether a lead vehicle was detected.
Moreover, during this task only, the Mercedes-based
symbol of the simple HMI was replaced by the ISO-
based symbol to make the size of the symbol equal to
the one used for the advanced HMI.
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Figure 5. Setup of the University of Leeds fixed-base low-fidelity driving simulator and controls assigned to the buttons of the

steering wheel.

2.1.5. Procedure

Before the experiment, participants were emailed
information about the experiment and safety proce-
dures regarding the pandemic. The experimenter wel-
comed them to the simulator facility and took them
to the experiment room. They were first asked to fill
out a consent form, demographics, and experience
questionnaires on an iPad.

The participants were then introduced to the driv-
ing simulator and were familiarised with the driving
controls during a practice drive. During this drive, the
experimenter first trained the participant on the four
tasks that they needed to conduct by giving them ver-
bal instructions. The experimenter then pressed a key
on the keyboard to activate the automated delivery of
the pre-recorded verbal instructions for drivers to
practice the tasks autonomously, just like they would
during the experimental procedure. Each of the four
tasks was presented at least once with each HMI.
Once they felt comfortable enough to proceed with
the experiment, the eye-tracker was installed and cali-
brated, and the first of the three experimental drives
began. Both drives lasted approximately 20 minutes
and participants were proposed to have a short break
if they needed. The order in which each participant
would use the three HMIs and whether they would
use the limited- or full-range system was counterbal-
anced. The order of the tasks was counterbalanced
with the speed decrement task 1a always appearing
before the speed increment task 1b. The values to be
set by participants were also counterbalanced.

The observation of ACC usage began on a UK rural
road with a speed limit posted at 60 mph and behind
another car. Each participant started by driving manually
and was asked to activate ACC as soon as they noticed

the grey ACC symbol on the HMI—this symbol
appeared once the speed was above 20 mph. The par-
ticipant then drove through a village with a speed limit
of 40 mph, and finally drove through a motorway sec-
tion with a speed limit of 70mph. Participants were
instructed to adjust their target speed to the posted
speed limit when they detected a speed limit sign or
when a visual-auditory notification appeared on the
interface—the speed limit was always displayed on the
HMI. Each task prompt appeared at equally spaced
points on the road and was communicated auditorily
via the smaller screen speakers. The HMI would dis-
appear for as long as the instructions were heard to
prevent participants from responding before receiving
all the instructions. After the HMI reappeared, partici-
pants had 10seconds to respond to the task, after
which the data collection would stop for this trial. In
case they failed to respond correctly, they received the
instructions again but the trial was excluded from data
analyses. All four tasks appeared four times on each
road section in a predetermined order. The target speed
was incremented or decremented by 5mph and could
not be asked to be set at more than 20 mph below the
speed limit. The headway distance was restricted to
between one and three bars.

2.2. Measures

2.2.1. Behavioural & verbal

Unity® Game Engine was used to implement the HMIs
and record task-related behavioural measures. For
each trial, the system timestamps for drivers’ first and
last manual inputs were recorded to compute their
response times (RT), the accuracy of their response,
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and whether any mistake occurred, such as pressing
the wrong button or exceeding the target value.
Participants’ verbal responses were noted by the
experimenter, as were the trials where participants
were distracted or not ready for the task (e.g. talking
to the experimenter or trying to get back the control
of their vehicle after veering off the road).

Because of a bug encountered in Microsoft Excel,
the timestamps of 12 participants were overwritten
by the scientific notation after opening and closing
the original CSV files. These timestamps were then
re-estimated using the timestamps registered by the
eye-tracker and participants’ RT computed in real-
time by the HMI during the experiment (see the
next section for details).

2.2.2. Eye-tracking data

For each frame, Pupil Labs’ software recorded the sys-
tem timestamps, gaze coordinates, and whether eye
gazes were estimated to be inside the frame of the
HMI. This last measure was defined using six markers
appearing for 10seconds around the edges of the
screen at the beginning of each trial and after the
instructions had been heard.

To analyse the visual demand (i.e. the efficiency)
required by each task we computed the total glance
time (TGT) spent looking at the HMI before a correct
response was recorded. The available time window
was between the HMI onset time and the six markers'’
offset time, that is, a time window of 10seconds. For
tasks 1a, 1b, and 2, we also accounted for the fact
that drivers’ last input could have occurred between
two glances. Therefore, we included the glances that
occurred 1300ms after the last input, as 90% of the
peri-response glance intervals (i.e. the intervals
between the glances occurring during a participant’s
response) occurred before 1306 ms, and the average
post-response glance interval was 1646 ms. To avoid
confusion with the normal definition of total glance
time (TGT; ISO 15007-1) we will refer to this metric as
‘extended total glance time’ (XTGT). Moreover, the tri-
als in which the duration of the xTGT was inferior to
120 ms multiplied by the number of glances were dis-
carded as it is physically impossible to have glances
shorter than that (see ISO 15007-1:2014).

2.2.3. Questionnaires

After each drive, participants completed the rating
scale of mental effort (RSME; Zijlstra 1993), the NASA
raw task load index (R-TLX; Hart and Staveland 1988),
and the system usability scale (SUS; Brooke 1986)
questionnaires.

The RSME was used to assess subjective workload
as it has the advantage of being sensitive (Sauro and
Dumas 2009) while being easy to administer since it
consists only of a vertical line that participants needed
to cross with a pen on the tablet to automatise the
computation of the score.

The R-TLX was also used to assess subjective work-
load as it discomposes the variable into 10 items and
therefore is more complex than the RSME while
remaining easy and quick to administer.

Finally, the SUS was chosen for its short length and
wide range of applications with minor adaptation (see
Sauro 2015).

2.2.4. Semi-directed interviews

After the three drives, participants were interviewed.
These post-experimental semi-structured interviews
aimed to gather qualitative feedback on the interfaces.
Participants were asked to indicate which interface they
thought was the most pleasant to use, the easiest to
understand and use for the first time (intuitiveness), the
easiest to use after not using it for an undefined period
of time, the most confusing, the one most preventing
errors, and the one allowing the most accurate, correct,
and quick responses. Participants were asked to elabor-
ate on each response. Then, they were asked whether
they understood the design of the custom speedometer,
and finally were asked to choose which version of the
different elements of the interfaces they would prefer
(i.e. speedometer, written target speed, symbol, and
headway). The speedometer and written target speed
were considered at first as one ‘speed’ element but
were then separated into two distinctive items after six
interviews based on participants’ answers. Consequently,
the following 15 participants were asked to choose
between having a written speed, a marker on the
speedometer, or both. One participant had to leave
before the interview, which resulted in only 22 partici-
pants being considered for this part of the analysis.

2.3. Data Analysis

2.3.1. Behavioural data

2.3.1.1. Extended total glance time (xTGT). We con-
ducted mixed-effects median regressions for the speed
decrement task 1a, speed increment task 1b, and head-
way task 2 using the Ilgmm package (Geraci 2014) in R
(R Core Team 2020). This type of regression does not
assume a particular data distribution, is robust to out-
liers, and allows comparisons between groups of data
at their medians rather than their means. For the sys-
tem mode task 3, we conducted a mixed-effects



gamma regression—a regression assuming that the
data follows a gamma distribution—using the Ime4
package (Bates et al. 2015) on the TGT for the trials
where there was no vehicle detected, which halved
the data and consequently prevented the use of a
mixed-effect median regression. All significance
thresholds were at 95% (a = .05).

For the speed tasks 1a and 1b we used two different
statistical models: the first modelled the overall effect of
the HMIs whereas the second modelled the effects of
the strip size, which only concerned the advanced and
custom HMls. The first model was also used for tasks 2
and 3 (the headway setting and system mode reading).

As random effects, we modelled an intercept for
each participant to keep our repeated measures data
independent from each other (Judd, Westfall, and
Kenny 2012).

As fixed effects for the 1°* model, given our hypothesis
that the custom HMI would be more efficient than the
other two HMIs, we used an orthogonal simple coding to
compare the custom level of the HMI variable to each of
the other levels (HMI Y¥;: simple vs. custom; HMI V.
advanced vs. custom). We also modelled the trial number
as a covariate to account for any learning effect and the
number of glances needed to respond as a covariate to
explain an important part of the variance.

XTGT = HMI ¥, + HMI W5 + Glances + Trial
+ (1|Participant)

As fixed effects for the 2"¢ model, we used a
dummy coding for the effect of the HMI, with the cus-
tom level as 0 and the advanced level as 1, a simple
coding for the effect of the system range (System
Range : limited range ACC vs. full-range ACC), a simple
coding for the effect of the speed-limit restriction on
the custom strip (Driver Range ¥;: 40 mph vs. 70 mph;
Driver Range Y¥,: 60 mph vs. 70 mph), the interaction
term between the HMI and system range (HMI ¥ x
System Range 'P), the interaction terms between system
range and driver range (System Range x Driver Range
¥;; System Range x Driver Range Y¥-), and again the
trial number and the number of glances as covariates.

XTGT = HMI W + System Range Y + Driver Range ¥,
+ Driver Range ¥, + HMI ¥
x System Range ¥+ System Range ¥
x Driver Range ‘¥; + System Range ¥
x Driver Range ¥, + Glances + Trial
+ (1|Participant)
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Coding the custom level of the HMI variable
allowed to model the system range and driver range
variables on this level only and ignore the advanced
level. The interaction between HMI and system range
then would tell us if the shorter or longer lower part
of the strip had different effects on the xTGT accord-
ing to the HMI.

To clean our data and remove unusual values we
only kept the trials (1) where no error was committed,
(2) where the number of glances to respond did not
exceed three as the trials with more than three glan-
ces represented less than 2% of the data and popped
out as outliers when using visual methods, and finally,
(3) where no more than one glance exceeded
2 seconds or where the only glance ported to the HMI
did not exceed 2 seconds as this would be considered
as a distraction to the primary driving task according
to the NHTSA guidelines (NHTSA 2014).

2.3.1.2. Response times (RT). The same procedure con-
ducted for the XTGT was followed for the RT, with the
exception that we did not model the number of glances
needed to respond. Instead, we modelled as a covariate
the difference between the task value and the current
speed or headway value to account for higher values
being associated with higher RTs—for instance, if ACC
were set at 60 mph and the task asked drivers to set it to
55 mph, this would be modelled as —5. This variable will
be referred to as ‘speed decrement’ for task 1a and
‘speed increment’ for task 1b. Finally, two extreme values
were removed for the regression on the RT of the head-
way task but are still shown in Figure 6.

2.3.2. Questionnaires
For the questionnaires, all 23 participants that partici-
pated in the drives were considered.

2.3.2.1 Rating scale of mental effort (RSME). We
conducted a mixed-effects gamma regression on the
RSME scores—ranging from 0 to 150—with a simple
coding to compare the custom level of the HMI variable
to each of the other levels (HMI ¥;: simple vs. custom;
HMI ¥,. advanced vs. custom), drivers’ age centred on
its mean as a covariate, the years of driving experience,
and participants were entered as a random effect. The
data not being normally distributed, a gamma distribu-
tion was chosen based on the QQ-plots of the regres-
sion models generated. The interactions were not
modelled due to convergence issues.

2.3.2.2 Raw task load index (R-TLX). Responses to
the TLX items were computed into an overall score
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Figure 6. Boxplots with 95% Cl (notch) of drivers’ extended total glance times (XTGT; left) and response times (RT; right) for the

headway task (2) in the three HMI conditions. Outliers are shown.
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Figure 7. Boxplots with 95% Cl (notch) of drivers’ extended total glance times (XTGT; left) and response times (RT; right) for the
speed task (1a) depending on the HMI and system speed range used. Outliers are shown.

ranging from 0 to 100. Because of the limited number
of data points and the non-normality of their distribu-
tion, we conducted a Friedman test as a non-paramet-
ric equivalent to the analysis of variance.

2.3.2.3 System usability scale (SUS). After consider-
ing a mixed-effect censored regression with a cen-
sored normal distribution (Hu 2019) using the
Ime4cens package in R (Kuhn 2021), diagnostics were
not satisfactory and therefore, we conducted a
Friedman test as a non-parametric equivalent to the
analysis of variance. Responses to the SUS items were
computed into an overall score ranging from 0 to 100,
resulting in a bounded outcome score. The scores
were not normally distributed as is usually observed in
other research (see Lewis 2018), our scores being
skewed towards the upper boundary.

3. Results and analyses
3.1. Efficiency

3.1.1. Setting the target speed
The overall distributions of drivers’ XTGT (see section
2.3.1.1) and RT in the speed decrement task 1a are illus-
trated by HMI in Figure 7 and Figure 8. All regression
tables are available as Appendices Table A1 to Table A6.
From the first statistical model comparing all three
HMIs, we found that drivers were slower (RT) to
decrease their target speed while using the custom
HMI than when using the advanced HMI (f =269.06,
95% Cl [7.15, 530.96], p = .04). In other words, the cus-
tom design degraded the efficiency of the HMI when
drivers needed to set the target speed of their ACC
system to a value below the posted speed limit. One
explanation could be the absence of a written target
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Figure 8. Boxplots of drivers’ response times (RT) for the speed task (1a) depending on the system (i.e. without or with stop and
go) and driver speed ranges of the custom strip (i.e. road section). Outliers are shown.
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Figure 9. Boxplots with 95% Cl (notch) of drivers’ extended total glance times (XTGT; left) and response times (RT; right) for the
speed limit task (1b) depending on the HMI and system speed range used. Points out of the boundaries of each boxplot

are shown.

speed on the HMI, like the simple and advanced HMls
had below the ACC symbol. Due to the imprecision of
the eye-tracker, we cannot be certain of exactly when
and if drivers opted for this strategy or not, as some
had reported doing it and others not. Given that no
difference was observed on the xTGTs, the disadvan-
tage of the custom HMI may not have come from
locating the current target speed on the speedometer,
but from setting the target speed to the instructed
value below the speed limit.

Indeed, when drivers had to set the target speed to
the posted speed limit (Figure 9), they looked at their
instrument panel for 198 ms longer while using the
advanced HMI than when using the custom HMI (ff =

—136.40, 95% Cl [—259.90, —12.90], p = .03) and also
took 275ms longer to set their target speed (f =
—227.52, 95% Cl [—430.65, —24.38], p = .03). At least
two explanations can be raised: (1) the strip used for
the advanced HMI troubled drivers during this task
since, as denoted before, it could be difficult to deter-
mine the speed limit, and/or (2) the contrast of the
custom strip helped drivers locate the target speed
and speed limit on their speedometer faster compared
to the advanced HMI. Drivers also took 275 ms longer
to set their target speed while using the simple HMI
than when using the custom HMI (f = —263.26, 95%
Cl [-458.75, —67.78], p < .01). Altogether, these
results could suggest that the custom strip helped
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Figure 10. Boxplots of drivers’ extended total glance times (XTGT) for the speed limit task (1b) depending on the system (i.e.
without or with stop and go) and driver speed ranges of the custom strip (i.e. road section). Outliers are shown.

drivers appreciate the distance between the current
target speed and the speed limit and consequently
plan the necessary number of presses, either or both
by easing the acquisition of the speed limit and the
target speed.

Regarding the results from our second statistical
model, designed to compare the influence of the size
of the custom strip on the xTGT and RT, the only sig-
nificant comparison for the speed decrement task 1a
was the interaction between system range and
driver range on the RT (f=648.44, 95% Cl [2.28,
1294.59], p = .05), shown on Figure 8. This inter-
action suggests that the difference between the vil-
lage and motorway sections (limited to 40 and
70 mph respectively) was different between the lim-
ited-range and full-range ACC conditions (i.e. without
and with stop and go respectively). While increasing
the range of the strip from 20-40mph to
20-70 mph helped drivers execute the task faster
(median: 2640 ms to 2124 ms respectively), increasing
it from 0-40mph to 0-70mph of range impaired
drivers’ performance (median: 1866 ms to 2361 ms)
when drivers needed to decrease the target speed
previously set at the speed limit.

Finally, during the speed increment task 1b, there
was an effect of the strip size on the xTGTs, with a sig-
nificant difference between the village and motorway
sections (limited to 40 and 70mph respectively).
Surprisingly, drivers looked at the HMI for 291 ms lon-
ger during the village section, at a lower speed (f =
—150.36, 95% Cl [—276.35, —24.38], p = .02). Given
that no differences were observed in the RTs, we can
hypothesise a behavioural adaptation (e.g. Carsten

2013) where drivers looked at their HMI for shorter
periods on the highway because they were simply
going faster (Figure 10) and that this was not an effect
of the strip itself. However, a second possibility is that
the current set speed on the custom strip might have
been more difficult to find in the village section given
that the light-blue part of the strip was smaller and
consequently less attractive for the eyes.

To summarise the results observed during the two
speed tasks (1a and 1b), it seems that the custom strip
improved some of the aspects for which it was
designed, while overall, it presents some limitations
compared to the other two HMIs. For instance, the
strip could be efficient in quickly communicating
the current speed limit and, potentially, planning the
necessary actions to match this speed, while being
as much or less efficient as the other HMIs when driv-
ers needed to reach a specific target speed below the
speed limit. As we suggested previously, this could be
due to the lack of a written speed on the custom HMI
but does not confirm whether, alone, the custom strip
could be more efficient than a simple arrowhead or
the advanced strip for this particular task. The reason
we included both tasks 1a and 1b was that we sus-
pected that drivers could opt for different strategies
while performing them but also because the amount
of visual support provided by the speedometers differs
between these two tasks. A good design therefore for
drivers to set the target speed of an ACC system
would seem to be a strip like the one used for the
custom HMI while having the target speed written on
an accessible location of the interface like the simple
or advanced HMls. Accordingly, and only based on



behavioural data, we would suggest avoiding strips
like the one used for the advanced HMI.

3.1.2. Setting the headway distance
Figure 6 illustrates the distribution of drivers’ xTGT
and RT in this task.

When setting their headway distance, drivers spent
more time looking at the simple HMI than at the
advanced HMI (f=87.10, 95% Cl [1.44, 172.76], p =
.05) or than at the custom HMI (f=178.20, 95% ClI
[87.96, 268.42], p = < .001). Drivers also took the
most time to set the said headway distance when
using the simple HMI than when using the advanced
HMI (B =349.86, 95% Cl [136.55, 563.16], p = .001) or
the custom HMI (f=203.14, 95% Cl [6.26, 400.00], p <
.05). However, while the difference in time spent look-
ing at the HMI between simple and custom was bigger
than between simple and advanced, the opposite was
observed when comparing the response times: drivers
were able to set their headway distance more effi-
ciently while using the advanced HMI than when using
the other two. It seems the bigger vertical design
used for the custom HMI was good for drivers to
quickly grasp the current set headway distance, but
that the horizontal design used for the advanced HMI
was associated with faster manual interactions. This
could be in line with what (Francois et al. 2019)
observed when comparing the efficiency of different
designs of strip-shaped speedometers. The authors
found that horizontal strips (linear or curved) were
more efficient overall than vertical ones for absolute
speed reading (e.g. ‘the current speed is 23 mph’) and
relative speed reading, as they termed it, that is indi-
cating in which quarter of the strip the current speed
was in (e.g. ‘the first quarter’, ‘the second’, et caetera).
This could be due to how reading is almost exclusively
carried horizontally from left to right across languages.
Therefore, this effect might be mitigated among
Japanese readers for instance who are used to down-
wards reading as well as rightwards reading (Obana
1997), while the observed visual advantage of the cus-
tom HMI could be due to the size of the graphical ele-
ments. In summary, bigger visuals (to a reasonable
extent) are more usable than smaller ones, and the
more visuals may be consistent with how drivers are
used to reading, the more usable it might be; more
research on the topic would be necessary. Therefore,
our recommendation would be to not use the symbol
as a way of setting an ACC system'’s set headway.
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Figure 11. Boxplots with 95% Cl (notch) of drivers’ total
glance times (TGT) for the mode awareness task (3) in the
three HMI conditions. Outliers are shown.

3.1.3. Identifying the system’s mode

Participants’ answers were verbal, and consequently,
the efficiency of each design was only evaluated
by the time spent looking at the HMI. Figure 11 shows
the TGT in all three conditions when no lead vehicle
was detected by the system (i.e. conventional CC). The
first author manually coded from the video recordings
that drivers, in 92% of cases, responded in only one
isolated glance, 6% in two consecutive glances, and
2% in three consecutive glances.

We compared the simple HMI (i.e. hollow symbol)
to the other two HMIs (i.e. a grey symbol for the
advanced and an absent lead vehicle on the assistance
graphic for the custom). We only found that the hol-
low symbol (Simple: X = 672ms) was less efficient
than the other two options (Advanced: X = 600 ms;
Custom: X = 580ms) to symbolise the absence of a
lead car (HMI ¥;: =11071, p < .01; HMI ¥,
f=131.63, p < .001).

3.1.4. Mental effort and overall demand

A mixed-effects gamma regression on the rating scales
of mental effort (RSME) scores revealed a slight advan-
tage of the custom HMI (x = 37.6) over the simple (x
= 43.3; f = —8.4, p = .003) and advanced HMIs (x =
414; f = —9.64, p < .001). The participants thus rated
the custom HMI as slightly less mentally demanding
than the other two HMIs. No differences were found
after performing a non-parametric Friedman test on
the raw task load index (R-TLX) scores, > (2, N=24) =
1.3, p = .52. In short, the differences between the
design choices appeared to have only a minor impact
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Figure 12. Number of drivers who elected each HMI as the most pleasant, intuitive, or flawless during the interviews.

on the subjective mental workload of drivers, there-
fore, we will not discuss it further.

3.2. Overall usability

3.2.1. System usability scale (SUS)
A non-parametric Friedman test showed no differen-
ces between the three HMIs in terms of their SUS
scores, )(2 (2, N=24) =06, p = .74

3.2.2. Semi-directed interviews

Overall, the custom HMI was preferred by drivers for
its pleasantness, intuitiveness, and flawlessness, that is,
preventing them from making errors (Figure 12).
However, five drivers could not decide between each
HMI for this last aspect and were not forced to
choose. All three HMIs were considered memorable
enough to remember how to use them after an
undefined period of non-use, although, asking drivers
to judge this aspect after using each HMI for and
within such a short amount of time was perhaps
unrealistic. Then, all three HMIs had elements that
could confuse drivers if they had to use them regu-
larly, especially the way of indicating system mode.
Although, some drivers suggested that this could be
especially relevant while learning how to use an HMI.
All questions considered, seven out of 22 drivers pre-
ferred some aspects of the simple HMI over the other
HMils, 10 preferred some aspects of the advanced HMI,
and 21 drivers preferred some aspects of the cus-
tom HMI.

3.2.2.1. Feedback on the ‘simple HMI’. The five driv-
ers who preferred the simple HMI did because of its
minimalistic visuals (n=2), its symbol integrating the
headway distance, system mode, and target speed in
a single place (n=4), the way it showed system mode

(i.e. lead vehicle detection) via a hollow car symbol
(hn=4), and because it could be simpler to use for
experienced users who already know how to use
ACC (n=2).

Among the other 18 drivers interviewed, however,
some indicated their disliking being due to its smaller
visuals (n=15), its lack of intuitiveness (n=1), lack of
distinctiveness from a conventional CC mode (n=1),
its mental demand on the driver (n=3), and its lack
of visual saliency (n=2).

3.2.2.2. Feedback on the ‘advanced HMI'. Among
the positive comments gathered about the advanced
HMI, some drivers said they liked it for its clear vis-
uals (n=2), the information being easy to find
(h=1), its readability (n=2), its dynamic headway
graphic where one car was moving away or towards
the other one as the bars filled or emptied the
space between the two cars (n=6), the target
speed being written next to the symbol (n=1), and
one driver pointed out that they preferred the max-
imum speed not to be limited as the custom speed-
ometer did. This driver commented that they liked
feeling in control of their vehicle, which would be
challenged by such speed restrictions.

Some drivers disliked this HMI due to the poor con-
trast of the speed information on the speedometer
(i.e. blue arrowhead on blue strip; n=1), the strip
range being too large and confusing as to what the
target speed is (n=1), the information being too dis-
persed across the interface (n=1), and the lead
vehicle on the symbol turning grey was potentially
confusing for some drivers (n=3). One driver also
expressed being bothered by the vehicles on the
headway graphic being oriented leftwards rather
than rightwards.
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3.2.2.3. Feedback on the ‘custom HMI. Finally, the
custom HMI was preferred by most drivers for being
more readable than the other options, notably in per-
ipheral vision (n=11), for its more prominent (n=3)
and more contrasted visuals overall (n=4), the pres-
ence of ‘'more feedback’ because of the strip turning
green when the target speed is being set (n=2), for
the bird’s-eye view headway graphic being driver-cen-
tred (n=1), and for the maximum speed being limited
to the posted speed limit (n =6).

Other drivers, however, disliked this interface for its
visuals being too big (n=2), too cluttered (n=3), too
distracting (n=2), the target speed not being written
(n=2), the lead car on the bird's-eye view graphic
being grey rather than a more salient colour (n=3),
and for the headway graphic not being as dynamic as
the advanced HMI (n=1). Indeed, only the bars
between the two cars were removed dynamically,
while the lead car did not move.

3.2.2.4. Preference for single HMI elements. The cus-
tom strip was preferred by 17 drivers out of 22 (see
Figure 13), and 14 drivers out of 15 reported they
would prefer to have the speed indicated both on the
speedometer and next to the ACC symbol. Thirteen
(13) drivers preferred the bird's-eye view headway
graphic of the custom HMI, while 5 drivers and 4 driv-
ers preferred the headway being displayed on the
symbol itself or a side-view graphic, respectively.
Finally, the preference for the symbol's appearance
was split, with 11 drivers preferring the hollow symbol
and 11 drivers preferring the grey variant.

4. Discussion

Automakers have proposed various designs for a
handful of visual HMI elements intended to assist
users of ACC systems in their hybrid role as supervisor

and controller of the driving task. We argued that
some of these designs, such as the graphical symbol
being used to indicate the gap distance to maintain,
could present efficiency issues and exacerbate driver
distraction. We also argued about a general signifier
issue, as visual HMIs often do not communicate to
drivers some of the capabilities and limitations of their
system, such as whether a stop-and-go function is
available or not. In response, we proposed a custom
speedometer that would communicate additional
capabilities about the system intuitively and improve
mental models of the system. We hypothesised that
different HMI designs would modulate differently the
time necessary for drivers to conduct routine tasks
with an ACC system involving looking at their HMI.
Demonstrating the impact of HMI designs on drivers’
behaviour and perception would help designers of
these HMIs understand how to reduce driver distrac-
tion and mode confusion. In the present driving simu-
lator study, drivers tested and commented on three
HMIs (simple, advanced, and custom) that were
designed for the ACC system (Table 1, p. 9). To com-
pare the efficiency of the aforementioned HMIs we
analysed the total glance times (TGT; but see section
2.3.1.1.) and response times (RT) gathered during four
routine tasks: speed setting below the speed limit,
speed setting to the speed limit, headway distance
setting, and system mode reading.

4.1. Did HMI design affect drivers’ efficiency with
the system?

We observed that when setting the speed of their
ACC system from the speed limit to a value below this
latter, some drivers opted to rely more on the written
speed below the symbol than on the graphical ele-
ments of the speedometer. Indeed, when using the
custom speedometer—which did not present the
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target speed in written—drivers were longer to
respond than when using the advanced HMI. On the
other hand, when drivers increased the target speed
to the speed limit, the custom speedometer was more
efficient than the other two HMls, possibly by being
better at orienting drivers’ attention towards the
speed limit and the target speed and at emphasising
the difference between these two values. The higher
contrast introduced between the two parts of the strip
and the arrowhead increased the saliency and read-
ability of these elements and should have helped driv-
ers orient their gaze (Carrasco 2011; Kim et al. 2011).

Then, the smaller the visual information about the
headway distance, the longer it probably took drivers
to glance at it (Schuetz et al. 2019; Vertegaal 2008)
and extract it (Lindberg and Nasanen 2003;
McDougall, de Bruijn, and Curry 2000): using the
graphical symbol for setting the ACC system’s head-
way distance was the least usable option tested, both
in terms of efficiency (TGT and RT) and preference. A
side-view or bird’'s-eye view of the road scene on
other hand, as seen on the advanced and custom HMI
respectively, resulted in the shortest interactions.
However, drivers largely preferred the bird’s-eye view
over the symbol or side-view scene.

Finally, the way of showing ACCs mode—
conventional cruise control or adaptive—also influ-
enced how efficiently this information was conveyed:
using a hollow symbol was the most distractive option
tested, whereas a grey symbol or an absent car on the
bird’s-eye view scene were both better designs. When
asked for their preference between a hollow or a grey
symbol, half of the drivers would rather use the first
option while the other half preferred the second
option. Ultimately, drivers’ preferences, in this case,
could not have allowed us to predict which design
would be the most efficient.

In summary, this study shows that design decisions
on single graphical elements, that could appear trivial
at first, can improve or worsen the usability of a visual
HMI, and that designers cannot rely solely on drivers’
preferences or aesthetic choices.

4.2. Did our custom design improve drivers’
mental models?

To try and make it intuitive, the custom speedometer
was designed drawing inspiration from common user
interface (Ul) examples and the concept of affordance
(Gibson 1979; Norman 1999) to communicate the dif-
ference between what the vehicle could do and what
the driver could do. A system range changes

depending on whether a stop-and-go function is
equipped, which decelerates the vehicle down to a
full stop in reaction to a halting lead vehicle. The strip
on the speedometer, when lit blue, showed the speed
range at which the system would remain active.
However, when drivers were setting a new target
speed for ACC, the strip would turn green and its
range shrink to reflect the speed that the driver could
choose to set (Figure 4, p.11).

Only four out of 12 drivers in the stop-and-go con-
dition were able to understand that the custom speed-
ometer was showing both a system and a driver
speed range. Expectedly, none of the drivers in the
other group could understand that this was the case
since both strips’ ranges were identical in size; they
only saw the change of colour as feedback to their
action. Seemingly, it remained unintuitive however for
at least two drivers within each group to have a driv-
ing-assisted system not being able to come to halt
automatically if the situation required as these drivers
immediately assumed the vehicle would be full range.
Nonetheless, we cannot firmly posit that the custom
speedometer design intuitively communicated the sys-
tem’s capabilities and limitations, although a third of
the drivers concerned were able to verbalise their
mental model. Exposing drivers to a traffic jam, or a
lead vehicle decelerating below the minimum driver
speed, would have allowed us to assess how the
design could have changed drivers’ behaviour or not.
We would expect drivers in the no-stop-and-go condi-
tion to react earlier and more often than the drivers in
the stop-and-go condition.

4.3. Limitations

The present research was conducted with limited time
available during the COVID-19 pandemic, potentially
discouraging a part of the population to partake and
preventing the recruitment of more participants due
to lockdown measures. The resulting sample of 23
drivers may be considered relatively small when com-
pared to other simulator studies. Nonetheless, the
conditions’ order was balanced. multilevel analysis
normally reduces Type | and Il errors (Arregle et al.
2006; Matuschek et al. 2017; Preacher, Zhang, and
Zyphu 2011), and median regression, as mentioned
previously, is more robust to outliers than other types
of linear regressions (John 2015). Although one would
consider the results to be not generalisable, we
believe that our results are still important as they
show that design differences can have observable
repercussions on usability, notably in terms of visual
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Figure 14. Recommended graphical HMI elements for SAE L1
assisted driving vehicles.

attention. This should encourage the production of
more research on the topic and encourage designers
to be mindful of their design choices.

Secondly, the eye-tracker was often tedious to cali-
brate or keep calibrated depending on participants,
which resulted in many trials being excluded from the
analyses. Additionally, the lack of precision prevented
us from looking back at the data to see in which trials
exactly drivers used the written target speed or not.

Finally, interviewing demands training and experi-
ence that the present researcher did not have.
Because of this, we cannot rule out the possibility that
biased questions or body language cues were uncon-
sciously presented to the drivers during the interviews
(Dumas and Salzman 2006).

4.4. Future research

In our previous research, we invited drivers to design
and evaluate graphical symbols for the lane-centring
control (LCC) and ACC systems (Perrier et al. 2019,
2021). The results showed a great confusion between
the symbols for lane departure prevention (LDP) and
LCC, and we hypothesised that this was due to the
design of the LDP symbol. We also found that the
ACC symbol used with the simple HMI in the present
research was the best for drivers to deduct or recog-
nise an ACC system.

However, we hereby observed that this symbol was
not a good option to set the time gap to maintain
between one’s own vehicle and the leading one.
Finally, vehicles equipped with L3 automated lane-
keeping systems (ALKS) are expected to enter the
market in 2022 and no standard symbol has been
advocated yet. This arrival expands furthermore the
number of systems and symbols available in our
vehicles, and we should ask ourselves how this will
impact drivers.

In our next research, we will investigate in a driving
simulator how the graphical symbols associated with
ADASs of different levels of automation can help or
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hinder drivers’ understanding and familiarisation with
these systems.

5. Conclusion

The objectives of this research were to demonstrate
how small design decisions could promote driver dis-
traction and to call for more research on the topic to
help the development of design guidelines that apply
to driving-assisted vehicles. It is important to accom-
modate first and regular users in their familiarisation
with a new vehicle, as well as guarantying a safe and
satisfying experience to all drivers throughout their
use. Increasing consistency across vehicles through
standardisation is an essential step towards this end,
and the UCD approach has proven to be a reliable
tool for researchers. Although drivers’ preferences
should not prevail over safety, they can still guide
design by complementing quantitative data.

5.1. Design recommendations

We hope that the design recommendations summar-
ised below (Figure 14) will help users of ACC in their
supervisory and controller roles, by improving HMIs’
usability and reducing driver distraction.

e ACC's conventional mode should be indicated by a
symbol readable enough for all sights; avoid poor
contrasts and too fine details for the naked eye
(e.g. prefer a plain green and grey symbol to a
monochrome hollow symbol).

e ACCs target speed should
least written.

e |If a pointer is used to indicate ACC's target speed
on the speedometer, consider joining it with a col-
oured strip.

e |If a strip and pointer are used on the speedometer
to indicate the target speed, consider having two
strip sections, with ...

e the section below the target speed ranging from
the minimum system’s speed to the target speed,

e the section above the target speed ranging from
the target speed to the speed limit,

e both sections contrasting to show how much of
the system’s potential is at use and how much is
left for drivers to manipulate with,

e the pointer indicating the target speed and being
in contrast with the strip (e.g. red on green).

e ACC's headway distance should not be set via the
system’s graphical symbol.

always be at
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Notes

1. Interface: any physical means of translating and
transmitting a signal intelligible by one party into a
signal intelligible by another party, in either direction.

2. Adaptive cruise control (ACC) accelerates the vehicle up
to a chosen target speed and decelerates to slower lead
vehicles to maintain a set headway time.
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Table A2. Fixed effects from the second mixed-effect median regression model on the results of the speed task (1a). Symbols:
‘e’ for p < .1" and "* for p < .05.

Fixed effects (t = .5) p SEpB Cl 95% p

Extended Total Glance Time (xTGT)

(Intercept) 153.86 (145.87) —133.54 - 441.26 .29

HMI ¥: Custom | Advanced —75.31 (73.51) —220.14 - 69.52 31

System Range ¥: Stop & Go —9.69 (168.19) —341.07 - 321.68 95

Driver Range W;: 40 | 70 mph 102.35 (110.93) —116.22 - 320.92 .36

Driver Range W5: 60 | 70 mph 85.23 (94.62) —101.21 - 271.67 37

Number of Glances 735.35 (93.91) 550.32 - 920.38 < .001 *
Trial Number 1.00 (1.26) —1.47 - 348 42

HMI'Y x System Range ¥ —11.00 (172.34) —350.57 - 328.57 .95

System ¥ x Driver Range ¥, 36.41 (216.50) —390.16 - 462.97 .87

System ¥ x Driver Range ¥, 33.49 (145.60) —253.38 - 320.40 .82

Response Time (RT)

(Intercept) 913.64 (244.28) 432.35 - 1394.93 < .001 *
HMI ¥: Custom | Advanced —249.73 (152.24) —547.69 - 50.23 .10

System Range ¥: Stop & Go —-131.17 (186.05) —497.73 - 235.39 A48

Driver Range W;: 40 | 70 mph 171.67 (175.82) —174.75 - 518.08 33

Driver Range W,: 60 | 70 mph 136.64 (156.75) —172.20 - 445.48 .38

Speed Decrement —130.77 (13.77) —157.89 - —103.65 < .001 *
Trial Number —5.28 (2.57) —10.35 - —0.22 .04 *
HMI'Y x System Range ¥ 7.86 (318.30) —619.28 - 635.01 .98

System ¥ x Driver Range ‘¥ 648.44 (327.95) 2.28 - 1294.59 .05 *
System ¥ x Driver Range ¥, 279.02 (300.82) —313.68 - 871.71 35

Table A3. Fixed effects from the first mixed-effect median regression model on the results of the speed limit task (1b). Symbols:
‘e’ for p < .1" and “* for p < .05.

Fixed effects (z = .5) p SEpB Cl 95% p

Extended Total Glance Time (xTGT)

(Intercept) 536.16 (74.48) 389.74 - 682.58 < .001 *

HMI ¥;: Simple | Custom —19.83 (67.02) —151.58 - 111.92 77

HMI ¥,: Advanced | Custom —136.40 (62.82) —259.90 - —12.90 .03

Number of Glances 413.72 (41.20) 332.73 - 494.72 < .001

Trial Number 0.63 (0.93) —-1.19 - 245 .50

Response Time (RT)

(Intercept) 1328.78 (118.40) 1096.01 . 1561.55 < .001 *

HMI ¥;: Simple | Custom —263.26 (99.43) —458.75 - —67.78 < .01 *

HMI ¥: Advanced | Custom —227.52 (103.33) —430.65 - —24.38 .03 *

Speed Increment 73.97 (8.76) 56.74 - 91.20 < .001 *
F'S

Trial Number —3.88 (0.90) —5.66 - —2.10 < .001
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Table A4. Fixed effects from the second mixed-effect median

Symbols: ‘e’ for p < .1 and “*' for p < .05.

regression model on the results of the speed limit task (1b).

Fixed effects (t = .5) p SEpS Cl 95% p

Extended Total Glance Time (xTGT)

(Intercept) 500.24 (147.17) 210.43 - 790.26 < .001 *
HMI ¥: Custom | Advanced 143.50 (68.93) 7.77 - 279.23 .38

System Range ¥: Stop & Go 112.23 (138.34) —160.19 - 384.64 42

Driver Range W;: 40 | 70 mph —150.36 (63.98) —276.35 - —24.38 .02 *
Driver Range W5: 60 | 70 mph —3.69 (77.59) —156.47 - 2149.10 .96

Number of Glances 405.84 (63.93) 279.95 - 531.73 < .001 *
Trial Number 0.26 (1.33) —237 - 2.89 .85

HMI'Y x System Range ¥ —88.53 (157.22) —398.12 - 221.07 57

System W x Driver Range ¥, 179.62 (120.14) —56.97 - 416.21 14

System ¥ x Driver Range ¥, 178.09 (143.43) —104.36 - 460.54 22

Response Time (RT)

(Intercept) 1199.54 (197.39) 810.83 - 1588.25 < .001 *
HMI ¥: Custom | Advanced 211.55 (115.30) —15.50 - 438.60 .07 .
System Range ¥: Stop & Go 233.16 (213.07) —186.42 - 652.74 .28

Driver Range W;: 40 | 70 mph —38.97 (105.87) —274.44 - 169.51 71

Driver Range W,: 60 | 70 mph —11.05 (86.80) —181.98 - 159.88 .90

Speed Increment 68.68 (10.24) 48.52 - 88.85 < .001 *
Trial Number —3.16 (1.69) —6.49 - 0.16 .06 °
HMI'Y x System Range ¥ —171.30 (230.99) —626.17 - 238.56 46

System ¥ x Driver Range ‘¥ —237.50 (194.20) —619.91 - 14491 22

System W x Driver Range ¥, —21.70 (168.50) —353.51 - 310.11 .90

Setting the headway distance

Table A5. Fixed effects from the mixed-effect median regression model on the results of the headway task (2). Symbols: ‘e’ for

p < .1"and “* for p < .05.

Fixed effects (t = .5) p SE B Cl 95% p

Extended Total Glance Time (xTGT)

(Intercept) 404.42 (85.93) 23547 - 573.37 < .001 *
HMI ¥;: Advance | Simple 87.10 (43.57) 1.44 - 172.76 .05 *
HMI ¥,: Custom | Simple 178.20 (45.89) 87.96 - 268.42 < .001 *
Number of Glances 348.82 (53.12) 24438 - 453.27 < .001 *
Trial Number 0.70 0.56 —0.40 - 1.79 0.21

Response Time (RT)

(Intercept) 1741.43 (104.15) 1536.62 - 1946.22 < .001 *
HMI ¥;: Advance | Simple 349.86 (108.48) 136.55 - 563.16 .001 *
HMI ¥5: Custom | Simple 203.14 (100.19) 6.26 - 400.00 .04 *
Headway Difference 26.69 (30.83) —33.94 - 87.31 39

Trial Number —1.49 (1.52) —4.48 - 1.50 33

Setting the system’s mode

Table A6. Fixed effects from the mixed-effect gamma regression model on the results of the mode awareness task (3). Symbol:

' for p < .05.

Fixed effects p SEB Student’s t Cohen’s d p

(Intercept) 191.80 (52.12) 3.68 < .001 *
HMI ¥;: Advance | Simple 110.29 (34.88) 3.16 1.03 .002 *
HMI ¥,: Custom | Simple 131.63 (36.70) 3.59 1.23 < .001 *
Number of Glances 518.56 (56.21) 9.23 4.87 < .001 *
Trial —0.98 (0.39) —2.47 —0.01 0.01 *
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