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Abstract—Autonomous vehicles (AVs) are heralding a new era
in transportation systems, attracting extensive attention from both
academia and industries. Presently, predominant efforts are di-
rected toward enhancing safety and efficiency in AV operations.
However, the crucial aspect of human discomfort, integral to the
AV user experience and capable of influencing user acceptance
and eventual AV deployment, remains relatively understudied.
To bridge this gap, this paper delves into the influential factors
of human discomfort in AVs through human-in-the-loop studies
utilizing a high-fidelity autonomous driving simulator featuring
six-degrees-of-freedom motions. The investigation examined the
impacts of various significant factors, including AV maneuvers,
driving styles, and road types, on human discomfort. Through the
application of multivariate analysis of variance and mixed logit
modeling techniques, the data was quantitatively analyzed. The
findings revealed the relationship between various autonomous
driving factors and human discomfort, furnishing invaluable in-
sights for the design of future autonomous vehicles.

Index Terms—Autonomous vehicles (AVs), comfort, human
factors, human-autonomous vehicle interaction, simulator-based
study.

I. INTRODUCTION

AUTONOMOUS vehicles (AVs) are bringing a new
paradigm to our future transportation system. Various

merits are promised by AVs, including increased safety, less
energy consumption and pollution [1], and increased road ca-
pacity [2]. Despite plenty of potential merits introduced by AVs,
the promotion of AVs has been faced with obstacles from limited
user acceptance [3]. In the J.D. Power 2019 Mobility Confidence
Index Study [4], a low overall confidence score of 36 out of 100
was revealed to be the consumers’ pessimistic attitude toward
AVs. This issue mainly results from three aspects: technical con-
cerns, legal concerns, and user experience concerns [5]. From the
technical perspective, the users are unwilling to risk themselves
and property security with AVs. From a legal standpoint, the
users have concerns about the uncertainty of the legal liability
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of AVs. From the user experience aspect, AVs’ ride experience
is not as good as what human passengers expect. With these
concerns to be solved, massive efforts have been spent on the
safety [6], [7] and efficiency [8] of AVs to improve the technical
competence of AVs. Authorities are also stepping forward on
legislation related to AVs. However, works are still insufficient
on user experience topics, especially human ride comfort studies
of AVs.

Research into human ride comfort in traditional human-driven
vehicles has been ongoing for an extensive period. Traditional
aspects such as vibration [9], noise [10], and thermal com-
fort [11] have received thorough examination over the past
decades. These factors are expected to retain their influence in
future interactions between humans and AVs. However, along-
side these traditional considerations, new challenges emerge
concerning human comfort in AVs due to the loss of control from
human drivers [12]. Despite not driving in AVs, humans still
have mental expectations regarding AV driving behaviors. Any
disparity between these expectations and actual AV performance
could engender a distinct form of discomfort beyond traditional
factors. Hence, this paper seeks to investigate these novel factors
through human-in-the-loop experimental studies.

Recently, several studies have emerged focusing on human
comfort factors in AVs. According to the taxonomy proposed
in [12], these factors can be broadly categorized into traditional
vehicle ergonomics factors, covering comfort considerations
from conventional human-driven vehicles introduced in the
preceding paragraph, and autonomous driving factors, primar-
ily addressing motion sickness, perceived safety, and natural
path planning. While extensive research has been conducted on
traditional vehicle ergonomics factors, there is a need for new
studies to explore comfort-aware behavioral models, planning
algorithms, and human-machine interface (HMI) designs in
AVs to address gaps in autonomous driving factors. Domova
et al. [13] introduced a qualitative model that describes the
relationships between major factors and comfort in AVs. The
researchers employed the grounded theory method to thor-
oughly discuss the influence of environmental, vehicle, and
user-related factors on AV comfort. However, further validation
of the proposed model through user-involved studies is needed.
Strauch et al. [14] observed passengers’ preferences for AVs
to initiate overtaking maneuvers with a larger clearance to the
preceding vehicle, while Bellem et al. [15] investigated pas-
senger preferences for acceleration profiles across various AV
maneuvers, revealing a preference for smoother accelerations
and early lane change actions. Hartwich et al. [16] conducted a
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simulator-based study comparing passenger comfort in auto-
mated and manual driving, emphasizing the significance of
driving style similarity for comfort. A significant age-related
variation was noted that younger participants preferred familiar
autonomous driving styles, whereas older participants preferred
unfamiliar styles. Yan et al. [17] proposed a comfort-aware path-
planning method for AVs integrating a vehicle-to-infrastructure
system to suggest path adjustments based on pre-allocated road
surface information, aiming at enhancing ride quality. These
studies provide a glimpse into the ongoing research efforts
exploring human comfort in AVs.

Human comfort has been delineated in various ways across
different studies. Some studies employ a single-dimensional
scale where comfort and discomfort are mutually exclusive [18],
[19], while others opt for two independent scales to assess them
separately [20], [21]. Among studies employing a single scale,
two distinct definitions of comfort emerge: one defines comfort
as the absence of discomfort [22], [23], while the other defines
it as a state accompanied by additional pleasantness [24], [25].
In this study, we adopt the single-dimensional definition, where
comfort is associated with the absence of discomfort. Moreover,
our focus lies predominantly on discomfort, as it has a dominant
influence over human comfort [26]. Furthermore, this study
directs its attention toward passenger discomfort induced by
AV behaviors, e.g., vehicular maneuvers, and how the vehi-
cle interacts with its surrounding traffic and environment. By
doing so, the findings from this study aim to address the gap
in understanding autonomous driving factors related to human
discomfort, as highlighted in the preceding paragraph.

Despite existing research on how individual factors affect
human comfort in AVs, a comprehensive quantitative study on
how various critical AV behaviors influence human discomfort
during autonomous driving journeys remains lacking. In our re-
cent work [27], we developed a high-fidelity autonomous driving
simulator to investigate the prediction of human discomfort lev-
els in AVs using physiological signals obtained from wearable
sensors worn by participants. Building upon this foundation, the
present paper conducted a thorough study and analysis based on
human-in-the-loop experiments conducted within the simulator.
We systematically identified a series of factors closely associ-
ated with participants’ discomfort. Additionally, we employed a
mixed logit model to quantitatively assess the influence of these
factors on discomfort levels. The primary contributions of this
paper encompass a comprehensive experimental investigation
aimed at quantitatively identifying influential factors of human
discomfort in AVs, as well as a quantitative examination of their
impact. Furthermore, an extensive discussion of our findings
offers insights into potential solutions for alleviating discomfort
among AV passengers.

II. MATERIAL AND METHODS

A. Participants

A total of 20 participants (15 male, 5 female) participated in
the study. The ages of participants ranged from 22 to 38 years
(M = 26.2 years, SD = 3.4). All participants were currently
holding valid U.S. driver’s licenses. Participants signed a written

Fig. 1. The driving simulator used in this study.

consent form before taking part in the study. All participants
received incentive compensations after completing the experi-
ment.

B. Apparatus

A driving simulator that can generate six-degrees-of-freedom
(6-DOF) motions was used in the study, as shown in Fig. 1. The
simulator is equipped with a multi-media system. By combining
motion, visual, and audio stimuli, the simulator can provide an
immersive experience for participants. Various driving simula-
tion software is compatible with the simulator setup. The simula-
tor can deliver videos of virtual AV journeys with synchronized
vehicle motions as stimuli for participants.

As implied in [28], a set of scaling factors for the lateral and
longitudinal motions need to be tuned to generate high-fidelity
motions in a driving simulator. During this study’s experimental
preparation stage, the scales of different motions were calibrated
and validated to ensure the motions from the moving platform
matched the vehicle motions in the simulation environment.
In addition, we also had multiple experimenters take the test
riding on the simulator to subjectively perceive the moving
platform’s motions to make sure they matched well with the
stimuli. Combining the visual, audio, and motion stimuli, the
system creates a high-fidelity experience of the AV journey for
participants.

C. Stimuli

A set of pre-recorded AV journey videos with synchronized
motions were created as the stimuli in the study. A 3×3×3
experimental design was applied. By combining different routes,
types of roads, and driving styles, 27 video stimuli were created.
Road types chosen for this study included City roads, Highway
roads, and Rural roads. Three different routes were designed for
each road type. Driving styles designed for this study included
Gentle, Normal, and Aggressive styles. By combining the differ-
ent routes and driving styles, nine different stimuli were created
within one type of road, and 27 stimuli were created for the
three types of road selected. Each stimulus consists of the AV
completing a journey in one driving style from the start to the
destination of a route. The simulated transportation system in
the stimuli resembled the natural form, including road network,
traffic flows, and traffic rules. Each journey lasts around three to
five minutes. The total length of all stimuli summed up is 100
minutes. Three pictures of the video stimuli showing each type
of road are displayed in Fig. 3.
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Fig. 2. Selected example trajectories of lateral maneuvers under different driving styles in the journeys.

TABLE I
DRIVING BEHAVIORAL CHARACTERISTICS OF THE THREE DRIVING STYLES

In the stimuli, an SAE Level 5 AV [29] was controlled by
an end-to-end controller available from the simulation. The
adjustable parameters of the controller were the overall driving
style of the vehicle and the cruising velocity limits on different
roads, with no onboard sensory data available. Despite the
limited sources of data into the controller of the vehicle, several
driving behavioral characteristics were recorded from the stimuli
to show the differences between various driving styles, including
target cruising velocity (TCV), overtaking tendency (OT), lateral
maneuvering quickness (LMQ), and time headway (TH). TCV
was the target velocity of the vehicle when driving in open
conditions without traffic. TCV defined the maximal velocity
of the vehicle under a certain driving style and road type. OT
was the likelihood of the vehicle overtaking another vehicle
when conditions allowed. LMQ described the vehicle’s quick-
ness when completing lateral maneuvers, e.g., lane switching
and turning at intersections. HT was measured during highway
journeys when the vehicle was following another vehicle as
the time it took for the vehicle’s front end to reach the current
position of the leading vehicle’s front end. TCV values and OT
levels decreased from the Aggressive style to the Normal style,
then to the Gentle style. As mentioned, the Aggressive and Gentle
styles had significantly higher LMQ than the Normal style. The
Aggressive style had the shortest HT compared to the other two
driving styles with similar values. Detailed information on these

Fig. 3. Visualization of the video stimuli with notations of monitor setup. The
black lines represent the frames of the monitors.

behavioral configurations is included in Table I, and several
example trajectories of lateral maneuvers are displayed in Fig. 2
to show the differences across driving styles.

D. Data Collection

In this study, discomfort levels were collected using a pressing
force collector for the participants to self-report their subjective
discomfort levels. Compared to the objective measurements,
which usually involve physical or physiological signals [27],
[30] to further infer the subjective discomfort levels, the subjec-
tive measurement was a more direct indicator of the discomfort
levels of participants. The pressing force collector was devel-
oped in a pilot study [31] and used in two follow-up studies [23],
[27] for real-time subjective data collection. The physical button
and the structure diagram of the button are shown in Fig. 4.
The pressing force collector consists of a box, a button, and
a force-sensitive resistance (FSR). The FSR is placed inside
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Fig. 4. Subjective discomfort assessment approach using a force pressing
device. Reprinted from [27] with permission. ©2022 IEEE

the box with the button above it. When participants push the
button, the resistance of the FSR will drop, and the force can be
computed according to the conductance map.

In this study, participants were instructed to release the button
when there was no discomfort feeling and press the button harder
when they perceived a higher level of discomfort. The button
was expected to collect the real-time subjective discomfort
levels of participants. Participants needed to press the button
whenever feeling uncomfortable during a ride and adjust the
pressing force according to their feelings. The button should not
be released until the discomfort disappears. The amplitudes of
the pressing force applied to the button, originally in the unit
of Newton, were standardized for each participant across the
three experimental sections with the Z-Score methodology to
eliminate the individual differences [32]. The standardization
process is described by:

DLRp = (Fp − μp)/σp (1)

where DLRp is the vector that contains the discomfort level
rating (DLR) values of participant p during all experimental
journeys, Fp is the vector that contains the raw pressing force
values in Newton collected from participant p during the experi-
ment, μp is the mean pressing force value, and σp is the standard
deviation of the pressing force. DLR is a dimensionless quantity
and is used to represent the standardized discomfort levels of
participants during the experiment.

E. Experimental Procedures

Before the experiment, the participant was required to com-
plete a consent form containing a brief introduction to the study’s
topic and content. Potential risks of the experiment were also
introduced in the form. After the consent form was signed,
the participant received a more detailed introduction about the
experiment, including devices used in the study, precautions for
using the devices, the topic discussed in the study, stimuli they
would go through, and instructions on using the pressing button
collector. Because the vehicle was an SAE L5 AV, the participant
was in the perspective of a passenger in the vehicle, and the only
task for the participant during each video stimulus was to report

TABLE II
ARRANGEMENT OF DIFFERENT ROAD TYPES AND DRIVING STYLES IN THE

THREE EXPERIMENTAL SECTIONS

the perceived discomfort level with the pressing button. Before
the experiment started, the participant played with the pressing
button with visual feedback on how hard the press was. This
procedure acted as a learning process for the participant to get
familiar with the device before the actual data collection.

Because the dynamics and motions generated by the simulator
could not perfectly match the video stimuli, which is a common
limitation for all simulator-based studies, motion sickness was
a potential risk in this experiment. A questionnaire proposed
in [33] was used to monitor the participant’s motion sickness. If
there was no signs of motion sickness, the experimenter should
introduce the next stimulus and start it according to the designed
operation flow.

Considering the length of all stimuli, we divided the experi-
ment into three sections and scheduled them on three separate
days to avoid excessive fatigue for participants. Nine stimuli
of the same type of road were included within each section.
The total length of one experimental section was around an
hour, including more than 30 minutes of simulator rides and
the time consumed during the preparation and breaks during the
experiment. The consent form was only signed at the beginning
of the first section of the experiment. At the beginning of the
follow-up sections, the experimenter only gave the necessary
instructions on the experiment. The orders for the road types in
different experimental sections and driving styles within each
experimental section are displayed in Table II.

We designed the road type selection and driving style order
in the first section to help the participant familiarize themselves
with the experimental stimuli and develop a criterion for comfort
and discomfort. For the road type selection, the Highway road
type’s traffic environment was the simplest among all road types
included in the experiment. Starting with the Highway would
help the participant familiarize themself with the simulator’s
virtual experience. The Gentle style was selected as the first
driving style for the same consideration that it could prepare
the participant for the simulation experience. The driving style
gradually shifted to an overall intermediate style, the Normal
style, then to the Aggressive style. The participant gradually
experienced various behaviors of the vehicle and established a
criterion for discomfort when riding in an AV.

For the two sections followed, the road type selection and
order for driving styles were randomly generated because we
assumed the participant adapted to the virtual experience and
developed a criterion for comfort and discomfort. The only rule
to obey was that the journeys under the same driving style were
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experienced in a row by the participant. Such an arrangement
was intended to avoid confusion about details of the driving
styles if the driving style changed frequently. All participants
shared the same order of experimental journeys for easy data
processing.

F. Data Analysis

A series of vehicular maneuvers in the stimuli were identified
first. Discomfort levels of participants were analyzed within each
type of vehicular maneuver. Four types of maneuvers were found
in all three road types, which were Acceleration, Deceleration,
Open Driving, and Following. Acceleration referred to the vehi-
cle gaining velocity under certain circumstances, e.g., a traffic
light turning green, overtaking another vehicle. Deceleration
typically occurred when the vehicle had to reduce speed due
to a traffic light turning red or matching the speed of a slower
vehicle ahead. Open Driving represented the state of the vehicle
cruising with no closely leading vehicle. Following referred to
the vehicle following another vehicle in the same lane closely.

In addition to the four maneuvers that occurred on all types
of roads, there were some road-type-specific maneuvers. Lane
Switch Left and Lane Switch Right were specific to city and
highway road types, representing the scenarios when the vehicle
changed to the lane on the left or the right. Rural road journeys
were completed primarily on two-lane roads with no chance of
making a lane switch. Turn Left and Turn Right were specific to
city and rural road types, referring to the vehicle turning left or
right at an intersection.

Based on the DLR value gathered during the experiment, a
descriptive analysis was performed to obtain an overview of the
data. Then, the effects of vehicular maneuvers, driving styles,
and road types on DLR values were analyzed using a multivariate
analysis of variance (MANOVA). In addition to the MANOVA
on the three primary factors, DLR in several driving scenarios
was also analyzed in detail.

The use of MANOVA was determined based on the multi-
variate nature of the data. Each participant generated more than
40,000 data points in the dataset, producing repeated measures
within each combination of experimental conditions, i.e., the
combination of maneuver type, driving style, and road type. The
repeated measures of discomfort levels make the analysis of the
data a multivariate analysis. ANOVA is inherently a univariate
statistical model. The revised version of the univariate ANOVA
for the multivariate situation, the repeated measures ANOVA, is
strictly restricted to the sphericity assumption on the data, which
is almost always violated [34]. Given the multivariate nature
of our data, it is natural to use the multivariate ANOVA, i.e.,
the MANOVA, to analyze the data. Therefore, instead of using
the adapted univariate version of ANOVA, i.e., the repeated
measures ANOVA, which is very likely to be statistically flawed
due to violating the sphericity of data, using the MANOVA for
the analysis in this study is the proper way.

At last, for a deeper quantitative analysis, a mixed logit model
was fitted with vehicular maneuver, driving style, and road type
as predictors and discomfort level as the outcome. Discomfort
levels were categorized into no discomfort and discomfort based

on the distribution of DLR values. The mixed logit model was
also chosen because of the repeated-measures design. A fixed
effect logit model is built on the assumption that the error term
in the model is independent and identically distributed (IID).
However, each participant provided multiple responses with
correlated error terms, which violated the IID assumption. The
mixed logit model uses random effects, by using a random dis-
tribution instead of a value as the coefficient for an independent
variable, to overcome the violation of IID.

III. RESULTS

A. Descriptive Statistics

Table III contains the descriptive statistics of DLR value
in different vehicular maneuvers under various driving styles
and road types. The DLR values were aggregated across all
participants in the descriptive analysis. Because the DLR value
was captured at the sampling rate of 10 Hz, N/10 can be roughly
taken as the total duration of each maneuver in seconds. The
data contained 43,985 samples in total, therefore it can be
roughly taken as that each participant generated more than
4,000 seconds of data. Open Driving was the most frequently
occurred maneuver in all three road types, with 3,212 samples in
City journeys, 9,207 samples in Highway journeys, and 11,080
samples in Rural journeys. Following was the second most fre-
quently occurred maneuver in Highway journeys (N = 3, 600)
and Rural journeys (N = 4, 696). Whereas Deceleration was
the second most frequently occurred maneuver in City journeys
(N = 1, 833). From the table, we can find that in City journeys,
there were three maneuvers ending up with DLR values of. 15 or
higher, including Lane Switch Left, Lane Switch Right, and Turn
Right. In Highway journeys, there were two maneuvers with
DLR values of. 15 or higher, which were Following and Lane
Switch Right, with Following ending up with an DLR of. 279.
Excluding maneuvers with less than 100 samples, one maneuver,
Following, was found to have DLR values of. 15 or higher in
Rural journeys. The vehicle control strategies for these high
DLR maneuvers deserve extra attention to optimize the riding
experience.

B. Analysis of Effects of Vehicular Maneuvers, Driving Styles,
and Road Types on Discomfort Levels

A three-way MANOVA was conducted to further investigate
DLR values as the vehicular maneuver, driving style, and road
type variate. In the MANOVA, DLR value was the dependent
variable, and vehicular maneuver, driving style, and road type
were the independent variables. Levene’s test of equality of error
variances was performed, and a violation of the assumption
of equal variance was found (p < .001). Therefore, Pillai’s
Trace was used for reporting the multivariate test results. The
MANOVA results, shown in Table IV, revealed that:

a) there was a statistically significant main effect for vehic-
ular maneuver on DLR value (F (140, 307363) = 94.1,
p < .001);

b) there was a statistically significant main effect for driving
style on DLR value (F (40, 87808) = 225.5, p < .001);
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TABLE III
DESCRIPTIVE STATISTICS (AGGREGATED) OF DLR VALUES IN MANEUVERS UNDER DIFFERENT DRIVING STYLES AND ROAD TYPES

TABLE IV
MULTIVARIATE TESTS RESULTS OF THE MANOVA

c) there was a statistically significant main effect for road
type on DLR value (F (40, 87808) = 266.0, p < .001);

d) there was a statistically significant interaction between the
effects of vehicular maneuver and driving style on DLR
value (F (280, 614824) = 49.3, p < .001);

e) there was a statistically significant interaction between the
effects of vehicular maneuver and road type on DLR value
(F (220, 483043) = 69.1, p < .001);

f) there was a statistically significant interaction between
the effects of driving style and road type on DLR value
(F (80, 175624) = 124.1, p < .001);

g) there was a statistically significant interaction between the
effects of all three independent variables on DLR value
(F (440, 878440) = 44.7, p < .001).

C. Right-Heading and Left-Heading Maneuvers

In Table III, it can be observed that right-heading maneuvers
yielded higher DLR values than left-heading maneuvers in gen-
eral, e.g., Lane Switch Right in highway journeys (M =. 200)
was overall more uncomfortable than Lane Switch Left (M =.
127), and Turn Right in city journeys (M =. 185) was overall
more uncomfortable than Turn Left (M =. 131). Post hoc tests
were performed to further confirm the statistical significance
of the observed differences. Given the imbalanced number of
observations under each condition, Scheffé tests were performed
to compare the univariate effects between left- and right-heading
lane switching and turning maneuvers. Results are summarized
in Table V.
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TABLE V
SCHEFFE POST HOC TEST RESULTS OF UNIVARIATE EFFECTS COMPARISON

BETWEEN LEFT- AND RIGHT-HEADING MANEUVERS

Twelve participants reported significantly different DLR val-
ues in Lane Switch Right and Lane Switch Left maneuvers.
Within these 12 participants, 11 experienced higher discomfort
levels in Lane Switch Right than in Lane Switch Left. For turning
maneuvers, 10 participants reported significantly different DLR
values in Turn Right and Turn Left maneuvers. Among the 10
participants, nine reported higher discomfort levels in Turn Right
than in Turn Left. These results indicated that right-heading
maneuvers were generating higher discomfort levels than left-
heading maneuvers in this study.

TABLE VI
PAIRWISE COMPARISON OF ESTIMATED MARGINAL MEANS BETWEEN LATERAL

MANEUVERS AND LONGITUDINAL MANEUVERS

D. Lateral and Longitudinal Maneuvers

The maneuvers discussed in this study can be roughly sorted
into two classes: longitudinal and lateral maneuvers. The lon-
gitudinal maneuvers include Acceleration, Deceleration, Open
Driving, and Following. The lateral maneuvers include Lane
Switch Left, Lane Switch Right, Turn Left, and Turn Right.
Table III suggests that participants endured more discomfort in
lateral maneuvers in general.

A new independent variable with two levels, longitudinal
and lateral, was generated as the maneuver type. A three-way
MANOVA similar to the model in Section III-B was con-
ducted with vehicular maneuver replaced by maneuver type.
The focus is on the main effect of maneuver type, therefore
other results from the MANOVA are omitted. The MANOVA
results indicated that there was a statistically significant main
effect for maneuver type on DLR value (F (20, 43948) = 127.6,
p < .001). Estimated marginal means of DLR values in lateral
and longitudinal maneuvers were compared for each partici-
pant. Among the 20 participants, 15 participants experienced
significantly higher discomfort levels in lateral maneuvers than
in longitudinal maneuvers. In summary, although the lateral
maneuvers (N = 5, 289) took a much shorter duration in the
journeys than the longitudinal maneuvers (N = 38, 696), they
contributed a lot to the discomfort of participants.

E. Interactions Between Ego Vehicle and Other Road Users

There were many scenarios within the journeys where in-
teractions between the ego vehicle and other transportation
agents occurred. Discomfort feelings were frequently found in
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TABLE VII
SCHEFFE POST HOC TEST RESULTS OF UNIVARIATE EFFECTS COMPARISON

BETWEEN FOLLOWING AND OPEN DRIVING

these scenarios. Some scenarios were selected and analyzed
to explore the relationships between discomfort feelings and
vehicle-transportation-agents interactions.

Table VII shows the post hoc test results of the comparison
between DLR values in Following and Open Driving maneuvers.
Eighteen out of 20 participants reported to have experienced
significantly higher discomfort levels in Following than in Open
Driving. The only difference between Open Driving and Fol-
lowing maneuvers is that the vehicle is closely behind another
vehicle in the Following maneuver. The existence of surrounding
traffic played as the amplifier of discomfort in these scenarios.

In Following maneuvers, vehicle-vehicle interactions oc-
curred as the ego vehicle dynamically maintained a certain head-
way distance to the leading vehicle. Another scenario involving
vehicle-vehicle interactions is merging onto the highway. Ma-
neuver 1 (M1) displayed in Fig. 5(a) is from journey Highway
Aggressive 3, and Maneuver 2 (M2) displayed in Fig. 5(b) is
from journey Highway Gentle 3.

In M1, the ego vehicle tried to merge into the mainstream on
the highway while the yellow car on the right was trying to cut
in front of the ego vehicle. The ego vehicle was forced to make a
dodge to avoid collision and accelerated to join the mainstream
in front of the yellow car. A significant rise in the DLR value
can be found between the 155th second and the 158th second
of the journey corresponding to M1. In M2, a similar scenario
occurred when the ego vehicle yielded to a white car from the
mainstream while joining the highway. Although the ego vehicle
yielded to the mainstream in the end and avoided the collision,
we can still see a considerable rise in the DLR value between the

199th second and the 201st second of the journey corresponding
to M2.

Overall, M1 and M2 have revealed a crucial factor in human
discomfort: the right-of-way. The conflict in the right-of-way
between the ego vehicle and other vehicles might significantly
harm human discomfort in AVs. Besides M1 and M2, some other
scenarios also demonstrated the negative influence on human
discomfort of having an unclear definition or execution of right-
of-way. Maneuver 3 (M3) in Fig. 5(c) was from journey Rural
Aggressive 3, displayed along with the DLR record. Maneuver
4 (M4) in Fig. 5(d) was from Rural Gentle 3, displayed along
with the DLR record.

In M3, the ego vehicle and the vehicle in the opposite lane
entered the intersection at a similar time. The ego vehicle was
going straight, and the other vehicle was to take a left turn.
However, the ego vehicle decelerated to a complete stop to
yield to the other vehicle. A sharp discomfort can be identified
between the 115th second and the 118th second of the journey
corresponding to M3. A similar occasion happened with M4.
The ego vehicle was following another vehicle in front while
the leading vehicle suddenly braked and unexpectedly yielded
a left-turning vehicle. A similar sudden rise of discomfort can
be found between the 146th second and the 149st second of
the journey corresponding to M4. These are some examples of
right-of-way conflicts in vehicle-vehicle interactions.

In addition to vehicle-vehicle interactions, right-of-way con-
flicts also exist within vehicle-pedestrian interactions. In unpro-
tected turnings, there exist chances where the vehicle has to
yield to crossing pedestrians. Although the right-of-way is very
clear in such scenarios, passengers might still feel uncomfortable
when such interaction occurs. Two maneuvers involving vehicle-
pedestrian interactions at unprotected turns were selected here
for analysis. Maneuver 5 (M5) in Fig. 5(e) was from journey
City Gentle 2, and Maneuver 6 (M6) in Fig. 5(f) was from City
Normal 1.

In M5, the ego vehicle took an unprotected right turn with the
existence of a crossing pedestrian. The ego vehicle successfully
braked and yielded to the pedestrian. However, there was still
a significant increase in DLR between the 45th second and the
47st second of the journey corresponding to M5. In M6, the ego
vehicle was taking an unprotected left turn while coming across a
pedestrian crossing the street. Similarly, the vehicle successfully
stopped and yielded to the pedestrian, while participants still
perceived a significant discomfort between the 74th second
and the 76st second of the journey corresponding to M6. The
vehicle executed the right-of-way correctly on these two oc-
casions, while participants still reported significant discomfort.
One possible reason could be that the vehicle failed to take more
proactive action against the crossing pedestrian, and participants
might perceive risks of a collision with the pedestrian due to the
late response of the vehicle.

F. Driving Slow on Highway

Another interesting finding of the analysis is that participants
could feel uncomfortable if the vehicle was driving at a low ve-
locity on the highway. We have found discomfort feelings related
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Fig. 5. Selected scenarios that demonstrated the effects of some special maneuvers on discomfort levels. Each sub-figure displays the scenario and corresponding
DLR values during the scenario. The red line in the DLR charts represents the mean discomfort level rating across all 20 participants. The 90% confidence interval
of each mean value was also calculated and plotted as the light blue area around the means. The confidence interval provides a visualized estimate of the statistical
significance of discomfort changes. If the confidence intervals of two means do not overlap, it means that zero is not within the 90% confidence interval of the
difference between the two values [35]. Maneuver 1 was taken from journey Highway Aggressive 3. The vehicle was performing Merging maneuver when it dodged
and overtook a vehicle cutting lane. Maneuver 2 was taken from journey Highway Gentle 3. The vehicle was performing Merging maneuver when it yielded to
a vehicle from the mainstream. Maneuver 3 was taken from journey Rural Aggressive 3. The vehicle was performing Deceleration maneuver when it yielded to
a left-turn vehicle. Maneuver 4 was taken from journey Rural Gentle 3. The vehicle was performing Deceleration maneuver when it reacted to the sudden brake
of the leading vehicle yielding to a left-turn vehicle. Maneuver 5 was taken from journey City Gentle 2. The vehicle was performing Turn Right maneuver when
it yielded to a pedestrian. Maneuver 6 was taken from journey City Normal 1. The vehicle was performing Turn Left maneuver when it yielded to a pedestrian.
Maneuver 7 was taken from journey Highway Gentle 2. The vehicle was performing Open Driving maneuver on the left lane of the highway at 55 mph. Maneuver
8 was taken from journey Highway Gentle 3. The vehicle was performing Open Driving maneuver on the right lane of the highway at 55 mph.

to driving slowly on two highway journeys. Maneuver 7 (M7) in
Fig. 5(g) occurred with journey Highway Gentle 2, and Ma-
neuver 8 (M8) in Fig. 5(h) occurred with journey Highway
Gentle 3.

In M7 and M8, the vehicle executed an Open Driving ma-
neuver. The vehicle was driving at 55mph on the left and the
right lanes of the highway in M7 and M8, respectively. Fig.
5(g) and (h) show that participants reported mild but persistent
discomfort all along these two maneuvers. In Open Driving
maneuvers under other driving styles or road types, no such
form of persistent discomfort feeling was found.

G. Mixed Logit Model on Discomfort Levels

With a basic understanding of the factors that influence pas-
senger discomfort in AVs, a mixed logit model was fitted with the
main effects of vehicular maneuver, driving style, and road type
as the predictors. A new categorical variable with two levels, no
discomfort and discomfort, was generated as the outcome of the
model. The discomfort level variable was generated based on
the distribution of DLR values in the dataset. The distribution
of DLR values in the dataset is plotted in Fig. 6. The frequency

of samples falling into each DLR value range is represented on
a logarithmic scale. Overall, DLR values were distributed with
an imbalance towards zero and with a gap between zero and. 24.
Therefore, samples with DLR value of zero were classified as no
discomfort samples, and the others were classified as discomfort
samples.

The mixed logit modeling results are displayed in Table VIII.
With the b coefficients, the influence of the factors on partici-
pants’ discomfort levels can be interpreted. A positive coefficient
indicates that the condition increases the probability of feeling
uncomfortable compared to the reference level, which is shown
in the parentheses beside the variable name. The absolute value
of the coefficient shows the effect size of the influence.

For vehicular maneuver, Acceleration was selected as the
reference level. Among other maneuvers, all were found to
be significant (p < .01). Following (b = 1.210, SE = .014),
Lane Switch Right (b = .828, SE = .020), and Turn Right
(b = .715, SE = .022) were the three maneuvers that would
the most likely to cause discomfort. Whereas Open Driv-
ing (b = −.101, SE = .014) was the only maneuver that
would less likely to cause discomfort compared to Acceleration
maneuver.
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Fig. 6. The distribution of DLR values in the data.

TABLE VIII
MODEL COEFFICIENTS OF THE MIXED LOGIT MODEL

Aggressive was selected as the reference level for driving
style. Gentle (b = −.014,SE = .007) did not show a significant
(p < .05) difference than Aggressive in causing discomfort.
Normal (b = −1.025, SE = .009) would significantly decrease
the probability of causing discomfort.

City was selected as the reference level for road type. No
significant difference was found for the probability of discomfort
occurring in Highway journeys (b = .009, SE = .009). While

there was a lower chance of participants getting into discomfort
in Rural journeys (b = −.219, SE = .009).

The model further confirmed and expanded the previous
analyses on the main effects of vehicular maneuver and driving
style. Following, Lane Switch Right, and Turn Right were the
three maneuvers that the most likely to cause discomfort, which
confirmed the untested observations in the descriptive analyses.
The model coefficients also suggested that Normal style was the
most comfortable style in this study. For road type, the model
suggested that participants were more likely to feel uncomfort-
able in City and Highway roads than in Rural roads. The reason
might be that the discomfort-related maneuvers, e.g., Following,
Lane Switch Right, occurred less frequently in Rural roads than
in the other two road types.

IV. DISCUSSION

This study explored influential factors of passenger discom-
fort in AVs. Based on a simulator-based experimental covering
20 participants, more than 25 hours of subjective discomfort
ratings of AV journeys were gathered and analyzed. Descrip-
tive analyses and MANOVA were performed to explore the
influences from various factors on discomfort. With the results
reported in the previous section, implications and potential AV
design insights are further discussed.

A. Situational Awareness and Discomfort

In Section III-C, a notable dissimilarity emerged in discomfort
levels between left- and right-heading lateral maneuvers. Partic-
ipants reported notably higher discomfort during right-heading
lateral maneuvers. This variance in perceived discomfort lev-
els could be attributed to differing situational awareness (SA)
levels. Notably, participants were positioned on the left-hand
side of the vehicle during the stimuli, resulting in a broader
field-of-view (FOV) over traffic to their left compared to their
right, as illustrated in Fig. 3. A better FOV over the left might
have enhanced participants’ SA of the traffic on the vehicle’s
left side, allowing participants to gain extra confidence and less
discomfort in left-heading maneuvers. In contrast, the limited
SA of the right side might have increased the uncertainty over
whether the condition allowed a right-heading maneuver. The
difference in SA might influence the confidence in completing
a maneuver. Consequently, less discomfort was perceived in
left-heading maneuvers than in right-heading maneuvers.

Morales et al. [19] underscored the significance of visibil-
ity in shaping human discomfort within autonomous vehicles
(AVs). Their study uncovered a correlation between dimin-
ished visibility and heightened discomfort among passengers.
To address this concern, they proposed a visibility model for
indoor navigation, with potential integration into motion plan-
ning algorithms. Moreover, optimizing HMI designs to enhance
passengers’ perception of surrounding traffic represents another
approach to improving comfort within AVs. Chang et al. [36]
further investigated this by examining the impact of SA levels
displayed on in-vehicle screens on passenger trust and comfort.
By varying the information presented through the HMI regarding
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surrounding traffic, they found that an optimal balance can be
achieved to enhance both trust and comfort levels.

In summary, right-heading maneuvers were found to be sig-
nificantly more uncomfortable than left-heading maneuvers in
this study. The disparity in SA conditions may be responsi-
ble for the difference. Incorporating SA considerations in mo-
tion planning algorithms and optimizing HMI designs for im-
proved SA are potential strategies to enhance passenger comfort
in AVs.

B. Lateral Control of Autonomous Vehicles

In the study, lateral maneuvers, such as lane switches and
turns, were observed to elicit significantly higher levels of
discomfort compared to longitudinal maneuvers. Despite their
shorter duration (N = 5,289) relative to longitudinal maneu-
vers (N = 38,696) over the course of the experiment, lateral
maneuvers significantly contributed to the overall discomfort
experienced during trips. Consequently, there is a need for
increased emphasis and further investigation into the factors
influencing discomfort during such lateral maneuvers.

Various studies have examined the influence of lateral kine-
matics, i.e., trajectory, acceleration, and jerk, on passenger
discomfort in AVs. The study by Peng et al. [37] found that
lateral kinematics had a higher impact on discomfort levels
compared to longitudinal kinematics, which agreed with the
findings in this study. The widely accepted consensus suggests
a positive correlation between higher lateral acceleration and
increased passenger discomfort [22], [38], [39]. These results
underscore the importance of minimizing lateral accelerations
during lateral maneuvers. Conversely, Hellem et al. [15] found
that a stronger lateral jerk at the beginning of lane-switching
maneuvers contributed positively to overall comfort levels. This
may be attributed to passengers’ perception of proactive maneu-
vering capability. Additionally, the naturalness of the vehicle
trajectory [12] emerges as another significant factor affecting
human comfort within AVs.

In addition to lateral kinematic factors, SA levels could have
contributed to heightened discomfort during lateral maneuvers.
In this study, participants were positioned facing forward, giving
them a more comprehensive view of traffic ahead than the
vehicle’s sides. Consequently, during lateral maneuvers, par-
ticipants faced decreased SA in the direction of the maneuver.
To address this issue, similar to discussions regarding left- and
right-heading maneuvers, the integration of SA-aware motion
planning algorithms and the implementation of SA-enhancing
HMI designs are the potential solutions.

In summary, findings in this study indicate that lateral ma-
neuvers significantly contribute to passenger discomfort during
autonomous vehicle (AV) journeys. Factors such as lateral kine-
matics play crucial roles in shaping passenger comfort within
AVs. Additionally, decreased SA levels on the vehicle’s sides
likely elicit discomfort during lateral maneuvers. Overall, the
complexity of discomfort factors in lateral maneuvers necessi-
tates further investigation and understanding.

C. Interaction With Other Road Users

The impact of the presence of other road users on passen-
ger discomfort in AVs was initially investigated by comparing
Open Driving and Following maneuvers. Significantly elevated
discomfort levels were observed during Following maneuvers
compared to Open Driving. These results underscore the critical
role of nearby traffic in passenger discomfort within AVs. Dillen
et al. [40] conducted a field study revealing that the presence or
proximity of a lead vehicle led to heightened Galvanic Skin
Response, increased heart rate, and elevated eye movement
entropy levels among AV passengers. These physiological signal
responses were interpreted as indicators of heightened discom-
fort experienced by participants. The researchers attributed the
discomfort to increased safety apprehensions associated with
the presence or proximity of the lead vehicle, thus exacerbating
passenger discomfort. These findings suggest that the presence
of surrounding traffic raises safety concerns, consequently im-
pacting passenger comfort.

The presence of other road users introduces another sig-
nificant factor: the right-of-way. Various scenarios were in-
vestigated to identify instances where conflicts over right-of-
way occurred, resulting in observed discomfort. These scenar-
ios covered right-of-way conflicts during highway merging,
unsignalized intersections, and encounters between vehicles
and pedestrians. In scenarios without human road users, such
as fully AV traffic, the connected AV (CAV) technology [41]
offers a solution to right-of-way conflicts. However, the mixed
traffic scenario poses greater challenges, with human drivers,
micro-mobility road users, and pedestrians sharing the road
with AVs. The unpredictability and diversity in human behaviors
heighten the difficulty in determining right-of-way. Moreover,
the lack of effective communication between human road users
and AVs increases the challenge of coordinating their behav-
iors. Addressing these challenges requires the development of
a comprehensive and well-defined taxonomy outlining right-
of-way principles in mixed traffic scenarios [42], [43]. Addi-
tionally, the establishment of efficient communication channels
between AVs and human road users is essential to coordi-
nate their actions in accordance with established right-of-way
paradigms [44].

In this study, participants reported discomfort during inter-
actions between the AV and other road users. This disparity
in discomfort levels may come from risen safety concerns
due to the presence of surrounding traffic, consequently am-
plifying perceived discomfort. Furthermore, the coexistence of
various road users inevitably leads to right-of-way conflicts,
potentially resulting in uncomfortable situations for AV passen-
gers. CAV technology presents a promising solution to mitigate
right-of-way conflicts in fully AV traffic scenarios. However,
in mixed traffic environments involving human road users,
addressing right-of-way challenges requires the development
of a well-defined taxonomy outlining right-of-way principles
in diverse scenarios, along with the establishment of effective
communication channels between AVs and other human road
users.
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D. Leveraging Safety and Passenger’s Preferences in
Autonomous Vehicle Designs

In Section III-F, our analysis revealed two instances of dis-
comfort reported by participants during Open Driving ma-
neuvers. Through careful consideration of various factors and
feedback from select participants, it became evident that the un-
derlying cause of this discomfort was attributed to the vehicle’s
slow speed while cruising on the highway.

Operating at or slightly above the speed limit is a common
behavior among human drivers [45]. In the maneuvers analyzed
in Section III-F, despite the vehicle adhering to legal speed
limits, passengers experienced discomfort. This discomfort may
have come from the vehicle’s velocity not aligning with pas-
sengers’ accustomed preferences. Aligning the AV’s velocity
with passengers’ preferred velocity profiles could enhance the
perceived naturalness and comfort [37], [46]. Understanding
typical driving behaviors and adjusting the AV’s control strategy
accordingly could contribute to making AVs more comfortable
for passengers.

Despite the potential advantages of tailoring AV control strate-
gies to enhance passenger comfort, such adaptations must adhere
to certain safety restrictions. As discussed in previous sections,
factors contributing to passenger discomfort in AVs are closely
linked to safety concerns. This underscores the relationship
between safety and comfort, emphasizing the need to establish
boundaries regarding the extent to which AVs can accommodate
passenger preferences. Additionally, considering the differing
capabilities of human drivers and automated controllers, these
boundaries may not solely align with existing traffic laws and
regulations, which are established based on human driver traffic.
It may be necessary to recalibrate safety boundaries based on the
capabilities of AVs and the traffic context, whether it involves
exclusively AV traffic or mixed traffic scenarios. Moreover,
adaptation can also occur from the passenger’s perspective. In
the concept of bilateral adaptation between AV and passenger,
the AV has a responsibility to educate passengers and dissuade
them from endorsing behaviors that may compromise safety
or vehicle performance [47]. In summary, enhancing passen-
ger comfort in AVs requires leveraging safety considerations
with passenger preferences, which is a collaborative effort that
involves policymakers, AV designers, and AV users.

E. Future Works

In this study, a relatively concentrated and inclined demo-
graphic group was employed. The participants were concen-
trated between 22 and 38 years of age, and 15 of them were male,
with another five female participants. The inclination reflected
the demographic groups with more positive attitudes towards
AVs in the future. In [48] and [49], the researchers found that
users between the ages of 18 and 44 held more positive attitudes
toward AVs than older users, with users between the ages of 25
and 34 having the most positive attitudes. Similarly, male users
were also found to have more positive attitudes toward AVs than
female users. Based on these findings, we anticipated that users
from these age and gender groups were also more likely to be

the first adopters of AVs in the future. Focusing on these demo-
graphic groups can potentially yield icebreaking achievements
by improving the user experience for the early-bird users of AVs.

However, the concentrated demographic backgrounds in this
study may negatively influence the generalization of the con-
clusions from this study. Therefore, in future studies, broader
coverage of different age groups and a more balanced gender
distribution can be considered.

V. CONCLUSION

In summary, this paper employed a human-in-the-loop exper-
imental approach utilizing a high-fidelity autonomous driving
simulator with 6-DOF motion to investigate factors contributing
to human discomfort in AVs. Through a series of autonomous
driving journeys, a comprehensive exploration of these discom-
fort factors was conducted. The experimental data were thor-
oughly analyzed to assess the effects of various factors on human
discomfort levels in AVs, with quantitative analysis employed
to measure the impacts of key factors. The study identified and
investigated numerous factors influencing human discomfort in
AVs, leading to an extensive discussion on potential solutions
aimed at alleviating passenger discomfort. The findings of this
study, along with the relevant solutions, are summarized as
follows:
� SA of surrounding traffic influences discomfort in AVs:

SA-aware motion planning algorithms and SA-enhancing
HMI designs are necessary to alleviate passenger discom-
fort induced by insufficient SA.

� Lateral maneuvers are more likely to induce discomfort
than longitudinal maneuvers, warranting further investiga-
tion into strategies for lateral maneuvering.

� Interaction with other road users is likely to cause dis-
comfort: CAV technology presents a viable solution to
right-of-way conflicts in fully AV traffic. Establishing a
well-defined taxonomy of right-of-way and implementing
effective communication channels between AVs and other
road users are imperative for addressing right-of-way con-
flicts in mixed traffic scenarios involving human road users.

� Ignoring passenger preferences for vehicle control leads to
discomfort: AVs can be engineered to adapt to passenger
preferences within certain safety restrictions. These safety
restrictions should be adjusted according to the capabil-
ities of AVs. Additionally, AVs can influence passenger
preferences to adhere to certain rules. These joint efforts
can make the AV more comfortable for the passenger.
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