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Abstract

assenger comfort is a critical factor in user acceptance
of autonomous vehicles (AVs). Despite existing
methods for passenger comfort assessment, new
approaches to assessing passenger comfort in AVs may
be valuable to the automotive industry. In this paper, contin-
uous pressing-based and discrete smartphone-based
approaches for comfort assessment were designed and imple-
mented in a user study. Participants used the two approaches

Introduction

espite the recent advancements in autonomous
vehicles (AVs), user acceptance of AVs is still low. A
survey [1] revealed a significant portion of respon-
dents with low willingness-to-pay for AVs. Another survey
[2] also indicated that higher levels of autonomy would lead
to lower user acceptance and poorer user experience. One
topic that is important in AVs to user acceptance is perceived
comfort [3]. One study showed low overall consumer confi-
dence regarding AVs [4]. Comfort when riding in and being
in traffic with AVs were the two topics with the lowest confi-
dence among all topics investigated in the survey. Therefore,
itis crucial to investigate and improve the passenger comfort
in AVs to work towards increasing user acceptance of AVs.
To study passenger comfort in AVs, it is necessary to
collect passengers’ perceived comfort levels efficiently and
effectively. Various methods have been employed to measure
passenger comfort, including the use of both subjective and
objective metrics. A typical approach of subjective comfort
assessments is through questionnaires with structured ques-
tions measuring one’s attitude through the use of Likert scales
[5, 3, 6, 7]. Other researchers used a mechanical interface with
seven buttons corresponding to different levels of comfort to
measure the construct [8]. An objective comfort measurement
typically records an individual’s physiological measurements.
In [9], researchers used an electromyographic system to
measure muscle activities and fatigue characteristics and used
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to evaluate their comfort levels in an experimental study based
on a high-fidelity autonomous driving simulator. Performances
of the two approaches in assessing comfort levels were
analyzed and compared. In general, the discrete approach
showed better measurement repeatability and lower measure-
ment bias than the continuous approach. The performance
gap of the continuous approach could be reduced with proper
post-processing measures. Discussions on the potential uses
of the approaches were also raised.

video systems and electrogoniometers to measure the angles
of different joints on the human body, which were all helpful
for comfort evaluation.

This study focused on subjective assessment approaches.
Existing subjective assessment tools either use a discrete or
continuous form. A discrete assessment tool can provide an
ordinal or categorical output with discrete levels, whereas a
continuous assessment tool generates a numeric value as the
output. The Likert scale is a widely-used discrete assessment
tool. The deployment of Likert scales typically uses a question-
naire or an interview format. However, questionnaires and
interviews usually require interruption during the experi-
mental manipulation. In [8], a discrete comfort level rating
interface based on a 7-point Likert scale was used with a fixed
time or travel range during the simulation of a semi-auto-
mated drive. The measurement was conducted within the
drive, but the process could not capture real-time changes in
the participants’ comfort levels. A study by Azevedo-Sa [10]
focused on a similar topic where trust estimation was assessed
during semi-automated driving journeys. A 5-point Likert
scale was used to measure the level of trust towards the semi-
automated driving system during the experiment. Participants
were required to manually take over the vehicle and stop at
the shoulder of the road to complete the Likert scale each time
after the system warned the participant of a potential collision.
The discrete assessment tools in these studies were completed
with a large time interval between two measured values.
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Although the methods provided online measurement, they
could not achieve real-time measurement that can capture
the delicate variations in the measured values within the time
interval being monitored.

Besides discrete assessment tools, several studies have
employed continuous assessment tools for a subjective data
measurement. Koay [11] proposed a hand-held device used
during the assessment of passenger comfort in human-robot
interactions (HRI). The participants were required to use a
hand-held device to report their perceived comfort in contin-
uous levels during different HRI tasks during the experiment.
The position of a slider on the device was recorded as the
continuous comfort measurement. Hartwich [12] used a
handset control for the continuous assessment of driving
comfort. The position of a trigger on the device was taken as
the continuous comfort measurement. Both studies employed
a hand-held device for continuous subjective measurement
and collected real-time comfort measurements. Due to the
inaccuracy in humans’ control over the device, the perfor-
mance of such approaches was doubtful. However, neither in
the mentioned studies nor in any further studies have the
researchers explored the performance of this type of hand-
held device.

Despite existing methods to assess comfort, a thorough
analysis on the performance of these discrete and continuous
approaches for the context of autonomous vehicles is needed.
Therefore, the goal of this study is to compare and evaluate
different methods for assessing passenger comfort in AVs.
We developed two approaches to assess passenger comfort in
this study, a continuous approach using a pressing device and
a discrete approach using a smartphone app. Inspired by the
passenger experience of holding onto a door handle tightly
during a stressful maneuver along with the hand-held devices
described above [11, 12], we developed a hand-held device for
the passenger to press in order to explore the utility of using
button pressure force data as a continuous measurement of
one’s subjective level of comfort. This study defined comfort
as a single dimension, with comfort and discomfort as the
two endpoints of the continuum. A simulator-based experi-
ment was conducted using a fully autonomous vehicle context
(SAE Level 5 [13]). For the continuous comfort assessment
approach using the pressing device, participants were
instructed to press the button to indicate their perceived
comfort with a “soft” press to represent feeling comfortable
and a “hard” press to represent feelings of discomfort. A
smartphone app allowed participants to report comfort level
using a 7-point Likert scale for the discrete approach. The
study analyzed and compared the measurement performance
of the continuous and discrete assessment approaches.

In brief, the contributions of this study can
be summarized as:

* Designed and implemented a continuous pressing-based
approach and a discrete smartphone-based approach for
passengers to intuitively assess comfort in
autonomous vehicles.

* Compared the performance of the discrete and
continuous comfort assessment approaches through
experimental studies using a high-fidelity autonomous
driving simulator.

Designs of Intuitive
Comfort Assessment
Approaches in
Autonomous Vehicles

Continuous Assessment
Approach Using a Pressing
Device

Inspired by the realistic passenger experience and the pressing
devices used in [11, 12], a button box was designed and manu-
factured as an intuitive approach to capture the participants’
pressing force as an expression of their comfort level, see Fig.
1. The button in our study allowed for the recording of the
pressing force applied by the participant’s thumb as the
comfortlevel. We believed the pressing force mechanism was
more intuitive to express one’s level of comfort than the slider
mechanism [11] and build upon the trigger mechanism [12].

A force-sensitive resistance (FSR) was placed in the box
under the button to record the force applied by the participant.
The resistance of the FSR would drop if a force was applied to
it. A resistor was in series connected with the FSR in the
measurement circuit. The voltage across the resistor was moni-
tored so the resistance of the FSR could be calculated. By
checking the calibration map of the FSR, the force applied
could be obtained. A soft press represented feeling comfort-
able, while a hard press indicated discomfort. Since the voltage
across the resistor was an analog signal, measurements from
the pressing device were considered continuous measurements
of comfort.

Discrete Assessment
Approach Using a
Smartphone App

A 7-point Likert scale was designed for participants to express
their comfort level, with one representing feeling comfortable
and seven indicating feeling very uncomfortable. Compared
to the continuous approach, the Likert scale was a discrete

IGTILIEN The continuous and discrete comfort assessment
approaches studied in this paper. Partly reprinted from [14]
with permission. ©2022 IEEE
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assessment approach where the comfort level was defined in
seven progressive levels.

To collect the discrete comfort level, a smartphone app
was developed. The user interface of the app is shown in Fig.
1(c). The participants could record their comfort level by oper-
ating the interface’s slider. By pressing the ‘End’ button on the
bottom of the screen, a log file containing the ratings from
each time the user interacted with the slider was generated
and sent to an assigned web server.

Designs of Experimental
Studies and Data
Collection on Comfort
Assessment in
Autonomous Vehicles

Participants

Based upon sample sizes from human factors studies [15] and
the sample sizes used in relevant studies [16, 17, 8], ten partici-
pants (one female, nine males) between the ages of 22 to 52
years (M = 29.5 years, SD = 9.1 years) completed the study.
The participants’ years of driving experience ranged from 1
to 11 years (M = 4.4 years, SD = 3.8 years). All participants
had an engineering background. The participants’ experience
with driver assistance systems included cruise control (N =
8) and adaptive cruise control (N = 3).

Driving Simulator

The simulation was conducted using a high-fidelity autono-
mous driving simulator. The participant was seated on a
stationary platform during the experiment. The seat had two
adjustable thigh support pads for comfort and a 4-point
harness. Mounting points for a steering wheel and pedals were
available, but given that the experiment was for an autono-
mous driving context, no steering wheel or pedals were
installed. The driving simulator used three 27-inch monitors,
shown in Fig. 2. The three monitors were aligned to each other
with a fixed angle of 135° to compensate for the perspective
distortion. Participants wore noise-canceling headphones to
ensure they could hear both the road noises and communica-
tions with the experimenter.

IGETEEEY High-fidelity autonomous driving simulator.

O 3-Screen System
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Driving Scenarios

This study focused on the evaluation of the two passenger
comfort data collection methods. Since influential factors of
passenger comfort in AVs were not the primary focus of the
study, we created simple scenarios that kept participants’
comfort evaluation process straight forward. All scenarios
were created using a closed road course to eliminate confounds
such as traffic, see Fig. 3. Simulated journeys were recorded
for playback, and the length of each video was around
30 seconds.

Three sets of videos were created: Acceleration -
Deceleration Scenarios (ADS), Lane - Speed Keeping Scenarios
(LSKS), and Collision Avoidance Scenarios (CAS). In each
video set, a 3x3 design was employed, in which two influential
factors were considered, each with three configurations for a
combination of nine videos. Table 1 shows the factors in the
scenarios and the configurations of each factor. Table 2 shows
how scenarios, denoted as §,, S,, ..., S,;, were formulated by
combining two configurations of the factors. Detailed descrip-
tions of the scenarios are given below.

Acceleration — Deceleration Scenarios: Maneuvers in these
scenarios started by accelerating to 25 mph then maintaining
the speed for up to five seconds. Then, the vehicle decelerated
until coming to a complete stop. These scenarios were created
by combining different acceleration levels and
deceleration levels.

Lane - Speed Keeping Scenarios: Maneuvers started by
accelerating to 45 mph with the medium acceleration level.
Once the vehicle reached the target speed, lateral movements
and speed variations occurred for five seconds. Then the
vehicle decelerated to a complete stop at the medium decelera-
tion level. LSKS were created by combining different lateral
movement and speed variation levels.

Collision Avoidance Scenarios: Similar to LSKS, maneu-
vers started by accelerating using the medium level of accel-
eration to 45 mph. The vehicle maintained the speed until
reaching the desired location to brake. After reaching the
location, a specific brake force was applied, and the vehicle
stopped with a desired clearance to the obstacle. These maneu-
vers were created by combining different braking forces and
stopping clearances.

Definition of Passenger
Comfort in AVs

In previous studies [18, 19], passenger comfort was defined in
different ways. In this study, we captured passenger comfort
in AVs. A different set of measures to assess passenger comfort
was considered in this study compared to the studies
mentioned above. A definition of passenger comfort in AVs
was established to clarify the scope of investigation in
this study.
¢ Definition: when riding in an AV, passenger comfort is a
positive feeling of not being unsafe or unnatural
resulting from the behaviors of the AV.

The scope of passenger comfort was limited to the behav-
ioral factors of the vehicle in Table 1. There exist several studies
suggesting that the behavioral pattern [20] or the driving style




Downloaded from SAE International by Clemson University Libraries, Sunday, July 23, 2023

- DEVELOPMENT AND EVALUATION OF COMFORT ASSESSMENT APPROACHES FOR PASSENGERS

m Image of the vehicle and roadway from the virtual journey.

TABLE 1 Configurations of influential factors in the
driving scenarios.

Factors Configurations

Low Acceleration (LA)

Medium Acceleration (MA)

High Acceleration (HA)

Low Deceleration (LD)

Medium Deceleration (MD)

High Deceleration (HD)

Low Speed Variation (LSV)
Medium Speed Variation (MSV)
High Speed Variation (HSV)

f4: Lateral Movement Low Lateral Movement (LLM)
Medium Lateral Movement (MLM)
High Lateral Movement (HLM)
Low Braking Force (LBF)

Medium Braking Force (MBF)

High Braking Force (HBF)

Close Clearance to Obstacle (CCO)
Medium Clearance to Obstacle (MCO)
Far Clearance to Obstacle (FCO)

fi: Acceleration

f,: Deceleration

f5: Speed Variation

fs: Braking Force

fs: Clearance to
Obstacle

[21] affects passenger’s perceived comfort or acceptance of
AVs. These findings on passenger comfort in AVs led us to
limit the scope of the passenger comfort considered in this
study to focus only on comfort related to the behavioral factors
of AVs.

Procedures

After providing consent, each participant completed a ques-
tionnaire to obtain demographic information. Then the
participant was seated in the simulator and fastened the
seatbelt. A training protocol was performed to help the partici-
pant get familiar with the continuous assessment device.

TABLE 2 The combination of configurations in each scenario.

Acceleration - Deceleration Scenarios

During the training process, the experimenter explained
that the amount of force used to press the button should
be considered on a one-to-seven scale where a one corresponds
to a soft press representing feeling comfortable, while a seven,
a hard press, indicated feeling uncomfortable. The experi-
menter explained to the participant that later during the
driving scenarios experiment (DSE), the comfort level needed
to be reported in both ways, using a one-to-seven number
scale and the corresponding button press. The participant was
also notified that only the peak pressing force value during
the press after each assigned number would be recorded as
the measurement of the continuous approach.

For training, the experimenter assigned a number
ranging from one to seven, and the participant pressed the
button with the force corresponding to that number. Each
practice round started with a “one”, followed by a “seven”, this
was to help serve as a calibration for the participants. Then
the seven options were presented in random order. This
process was repeated for three practice rounds for a total of
27 button presses.

The DSE stage followed. The participant was instructed
to imagine themselves being in a SAE Level 5 AV during the
journey. There was no driving-related task for the participant
during the journey. The scenario sets were shown to the
participant in the order of ADS, LSKS, then CAS. Each
scenario set was viewed and rated for two consecutive
rounds. Each round started with the most conservative
scenario (S;, S;p» Sjo) and the most aggressive scenario (S,
Sis» S57) in the set. This was designed to be the calibration
process where the participant experienced the most conser-
vative and most aggressive rides within a scenario set. After
the calibration, all nine videos within the scenario set were
played in a random sequence. This process was repeated for
each set of scenarios before moving on to the next set of
scenarios. The participant provided the perceived comfort
level during the video only after the video was played. The
participant was asked to provide a comfort rating based on
the video first with the continuous approach and then the
discrete approach.

Collision Avoidance Scenarios

Lane - Speed Keeping Scenarios

f, Scenariosf, LD MD HD f; Scenariosf, LLM MLM HLM f; Scenarios f; FCO MCO cco
LA S S, S3 LSV So Sn Sp LBF Sio Sy S
MA S4 Ss Se MSV Siz Su Sis MBF Sy Sy Sou
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We monitored the motion sickness of the participant with
a questionnaire [22]. After each video, the experimenter would
ask the participant if any sign of motion sickness was
perceived. If uneasy feelings related to motion sickness
occurred, the experimenter would suggest a break for the
participant until the uneasy feeling disappeared. The results
were used only for filtering out data affected by motion
sickness. There was no experience related to motion sickness
reported during the experiment.

The total length of the experiment was approximately one
hour. The research protocol was approved by the Institutional
Review Board at Clemson University (IRB2017-233).

Post-Processing of Data

The pressing force values collected with the continuous
approach were processed with power functions to fit the corre-
sponding Likert scale range. The function can be expressed
by the equation below

C.(F)=a-e""+c

or Ce(F)=Chax> if C.(F)> Cpax o)
CC(F):Cmin) lf Cc (F)<Cmin

where C. is the continuous measurement result based on
the raw pressing force value F, C,,,, and C,,,;, are the maximal
and minimal output values based on the Likert scale design,
which in this study were 7 and 1, a, b, and ¢ are function
parameters to be determined. Each participant had a unique
set of function parameters. The pressing force values and the
corresponding Likert Scale values in the training process were
used to fit each participant’s parameters.

The function was applied to make the comparison
between the continuous and discrete approaches feasible. A
Likert Scale consists of uniformly distributed integers as
measurements. However, participants could not apply
uniformly changing pressing forces corresponding to the
Likert Scale, and ranges of pressing force also varied across
participants. Therefore, a function was fitted to map the
pressing force data to the levels of the Likert Scale.

We also carried out different levels of down-scaling to
the measurement results from the discrete approach. By
performing the down-scaling process, some adjacent scales
in the original 7-scale Likert scale were combined into one
scale, and the original Likert scale was converted to one with
fewer scales. New post-processing functions were also fitted
based on the down-scaled Likert scales. The down-scaling
process was carried out to examine how the measurement
performance would change if the measurement resolution was
decreased. Noise existed in self-reported comfort levels when
the participant was occasionally confused between two
adjacent levels in the Likert scale. The distance between
adjacent scales enlarged with fewer scales, and we expected
the participant to have a reduced chance of giving a mistaken
scale. For the measurement from the continuous approach,
the negative effect of the noise should also be reduced with a
function fitted based on the more compact Likert scale after
down-scaling.

Results and Analysis

Training Process Evaluation

The average measurements from the continuous assessment
approach in the training process across participants are
displayed in Fig. 4. Box plots representing the data collected
during the training process for each participant are shown in
Fig. 5. In Fig. 5, a total of nine boxes were included in each
box plot, where each box includes the three rounds of training
for the two calibration presses comfort level one (‘call’) and
seven (‘cal7’), followed by the seven random levels. The legends
of the sub-figures in Fig. 5 are explained in the figure caption.

From visually observing Fig. 4 and 5, all participants were
able to discriminate the two ends of the continuum, which were
one and seven representing feeling comfortable and very uncom-
fortable, respectively. In addition, an upward trend was observed
in the majority of the participants’ plots. This suggested that the
participants generally understood the continuous approach,
where a harder press represented more discomfort.

Participants 1, 2, and 4 produced the cleanest plots by
consistently increasing pressing force as the discomfort level
increased. However, some participants occasionally pressed
softer as the number increased, e.g. participant 7 and
participant 9.

For most participants, the variability of the forces for the
greater discomfort levels was more significant than the vari-
ability for the lower discomfort levels, and the most significant
variability was observed in the calibration for comfort
level seven.

Results and Analysis in
Correlation

A function demonstrated in Eq. 1 was fitted based on the data
collected from the training process for each participant.
During the training process, the raw pressing force data was
processed with the function to obtain the fitting results. Then
the processed continuous measurements were compared with
the corresponding discrete levels to examine the goodness of
fitting. The Pearson’s correlation coefficient R values were

m Average continuous measurements across all
participants during the training process.

30
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m Statistics of the continuous measurement approach in the training process for the participants. The horizontal line in
the box represents the median, and the asterisk is the mean value. The top and bottom edges of the box indicate the 75th and 25th
percentiles. The whiskers extend out of the box mark the two extreme values, and the whiskers within the box stand for the

standard error of the data.
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TABLE 3 Correlation analysis results in the training process and the driving scenarios experiment.

Participant number

Experimental stage 1 2 3 4
Training process 0.95 0.97 0.95 0.98
Driving scenarios 0.84 0.93 0.89 0.82
experiment
2 p=0.007

calculated for all participants. The evaluation results are
displayed in Table 3.

The results implied a high correlation between the discrete
levels and continuous measurement during the training process.
All participants achieved R values of 0.8 or higher, which indi-
cated a strong correlation between the discrete and continuous
measurements. The correlation analysis results for all partici-
pants had p values below 0.001, which confirmed the statistical
significance of the correlation analysis results.

Similar analysis between the continuous and discrete
measurements from DSE was also carried out. Correlation
coefficients were analyzed between the measurements from
the two approaches. The results of the correlation analysis are
displayed in Table 3.

For most participants, the measurements from the
continuous and discrete approaches had a strong correlation.
Nine participants achieved R values higher than 0.75 and p
values of 0.001 or lower. For participant 10 with a low R value,
the p value from the results was 0.007, which was still under
0.01 and indicated a significant correlation between the
continuous and discrete measurements. Compared to the
evaluation results from the training process, the R values for
nine participants dropped to a lower value in DSE.

Results and Analysis in
Repeatability and Bias

During this analyses, we performed different levels of down-
scaling to the discrete approach. Three levels of down-scaling

5 6 7 8 9 10
0.94 0.87 0.81 0.92 0.93 0.86
0.92 0.80 0.86 0.84 0.76 0.372

were carried out and created the 5-scale, 3-scale, and 2-scale
setups for the continuous and discrete approaches. A function
for the continuous approach was also fitted for each down-
scaling level.

We defined repeatability as the ability to obtain repeated
values when measuring the same item. In DSE, each scenario
was experienced by the participant twice. Ideally, the partici-
pant should perceive the same comfort level in the two runs,
and we should obtain identical measurements. Based on this
understanding, we defined repeatability as the ratio of the two
measurements from the same scenario, with the lower value
as the numerator if a difference existed. A value closer to 1
would represent better repeatability.

The mean repeatability value across all scenarios was
calculated for each participant. Results for different
measurement methods and down-scaling levels were also
calculated. Results are displayed in Table 4. The results
showed that the discrete approach had an advantage in
repeatability for all participants and all down-scaling levels
over the continuous approach. As the down-scaling level
increased, the mean repeatability values improved for both
measurement approaches. For the continuous approach,
the mean repeatability value across participants was 0.74 in
the original scale setup and increased to 0.87 for the 3-scale
and 2-scale setups. The performance gap between the two
approaches reduced as the down-scaling level increased.
The gaps between the two approaches were 0.08 for the
original setup, 0.06 for the 5-scale setup, and 0.05 for the
3-scale and the 2-scale setups.
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TABLE 4 Mean repeatability values across all scenarios for each participant based on the results from different
measurement approaches.

Participant number

Method 1 2 3 4 5 6 7 8 9 10

Mean SD

Continuous approach 078 076 079 069 078 069 076 075 0.77 0.6] 0.74 0.05
Continuous approach (5-scale) 0.80 083 084 0.76 086 0.75 080 082 082 070 0.80 0.05
Continuous approach (3-scale) 0.86 090 090 084 0.9 0.83 089 089 090 089 0.87 0.04
Continuous approach (2-scale) 0.88 088 090 084 093 083 084 0091 0.91 0.81 0.87 0.04
Discrete approach 083 084 08 076 081 0.77 078 090 090 076 0.82 0.05
Discrete approach (5-scale) 0.83 0.86 090 0.82 0.83 0.81 0.84 093 0.97 0.83 0.86 0.05
Discrete approach (3-scale) 089 090 093 087 088 092 092 09 099 094 092 0.04
Discrete approach (2-scale) 094 089 094 089 098 087 094 100 0.91 0.80 0.92 0.06

TABLE 5 Repeatability values and mean repeatability values of the continuous and discrete approaches for different participants.

Mid-discomfort scenarios Hi-discomfort scenarios

Low-discomfort scenarios

Method

Continuous approach 0.74 0.07 0.71 0.07 0.80 0.08
Continuous approach (5-scale) 0.83 0.06 0.78 0.04 0.81 0.05
Continuous approach (3-scale) 0.88 0.04 0.86 0.03 0.89 0.04
Continuous approach (2-scale) 0.91 0.04 0.85 0.02 0.87 0.04
Discrete approach 0.77 0.06 0.81 0.07 0.89 0.04
Discrete approach (5-scale) 0.83 0.06 0.86 0.04 0.90 0.02
Discrete approach (3-scale) 0.90 0.06 0.95 0.03 0.92 0.03
Discrete approach (2-scale) 0.94 0.03 0.90 0.02 0.90 0.08

To explore potential influential factors of measurement
repeatability, we defined three categories of scenarios, low-,
mid-, and hi-discomfort scenarios (L/M/HDS), based on the
mean comfort level across participants. Each category was
initially designed to contain nine scenarios. Considering the
variant in the classification results based on continuous and
discrete approaches, where one scenario was classified into
different categories based on continuous and discrete assess-
ment approaches, a scenario would only be classified into a
category if the classification results from both approaches
agreed with each other. The results of the repeatability analysis
in different scenario groups are displayed in Table 5.

For both continuous and discrete approaches, an overall
ascending trend in the mean repeatability value within the
same scenario group could be recognized as the down-scaling
level increased. For different scenario groups, it could be seen
that the MDS had the lowest mean repeatability values for the
results from the continuous approach. In contrast, the LDS

had the lowest mean repeatability values for the discrete
approach with different setups except for the 2-scale setup.
Measurement bias represents the difference between the
measured value and the ground-truth value. In this study,
given that passenger comfort level was a subjective feeling
which was challenging to obtain the ground-truth value,
we defined the ground-truth comfort level as the mean value
of the two measurements from the same scenario. Then the
measurement bias would be half of the absolute error between
the two measurements from the same scenario. Normalization
was performed on the measurements from each method and
down-scaling level to accommodate different measurement
ranges.

The bias analysis was also carried out across all scenarios
as a whole and in different groups of scenarios. The results of
the mean bias value across all scenarios for each participant
are displayed in Table 6. The results of the bias in different
scenario groups are displayed in Table 7.

TABLE 6 Mean measurement bias values across all scenarios for each participant based on the results from different

measurement approaches.

Participant number

Method 1 2 3 4 5 6 7 8 9 10 Mean SD

Continuous approach 009 007 007 012 006 012 010 0.07 006 015 0.09 0.03
Continuous approach (5-scale) 0.08 0.06 0.06 010 0.05 0.10 0.08 0.06 0.05 012 0.08 0.03
Continuous approach (3-scale) 008 005 006 010 005 010 0.07 006 005 012 0.07 0.03
Continuous approach (2-scale) 010 009 008 013 006 013 013 007 006 017 010 0.04
Discrete approach 0.07 0.06 005 0.10 005 0.09 0.07 003 004 010 0.07 0.02
Discrete approach (5-scale) 0.07 006 004 009 006 0.08 006 0.03 002 0.07 0.06 0.02
Discrete approach (3-scale) 0.08 007 005 009 007 006 005 002 001 005 0.05 0.02
Discrete approach (2-scale) 0.06 0N 0.06 0N 0.02 0.13 0.06 0.00 0.0 0.21 0.09 0.03
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TABLE 7 Measurement bias values and mean measurement bias values of the continuous and discrete approaches for

different participants.

Low-discomfort scenarios

Mid-discomfort scenarios Hi-discomfort scenarios

Continuous approach 0.07 0.03
Continuous approach (5-scale) 0.06 0.02
Continuous approach (3-scale) 0.06 0.03
Continuous approach (2-scale) 0.07 0.03
Discrete approach 0.07 0.02
Discrete approach (5-scale) 0.06 0.03
Discrete approach (3-scale) 0.06 0.04
Discrete approach (2-scale) 0.06 0.03

From Table 6, it could be observed that the discrete
approach had a narrow performance advantage for most cases
compared to the continuous approach. As the down-scaling
level became higher, the mean bias values for both approaches
dropped. However, when it reached the 2-scale setup, both
approaches achieved the largest mean bias value among
different down-scaling levels. The performance gap between
the continuous and discrete approaches did not vary much as
the down-scaling level changed.

Table 7 shows that mean bias values in LDS were the
lowest among the three categories for the continuous approach
at all down-scaling levels. However, no significant difference
in mean bias values could be recognized across different
scenario groups with the discrete approach under the original
and 5-scale setups. The bias value with the 3-scale discrete
approach in MDS was significantly smaller than the other two
scenario groups. The bias values with the continuous and
discrete approaches in the 2-scale setup grew significantly
compared to the 3-scale setup in MDS and HDS.

Discussions

By directly observing the data from the training process in
Fig. 5, it can be concluded that the participants can understand
how to use the button pressing to rate their comfort level.
However, some overlap in forces corresponding to different
discrete levels were observed. This suggested that the contin-
uous approach’s overall accuracy might be poorer than the
discrete approach. It can also be that the raw pressing force
was not linearly correlated with the discrete levels.

Post-processing of the raw pressing force data was carried
out to improve the data quality from the continuous approach.
A function described in Eq. (1) was fitted for each participant
based on the training process results. To examine the goodness
of the fit, the Pearson’s correlation coeflicient R values were
calculated based on the fit results. The results in Table 3
showed that continuous measurements had a strong linear
correlation with discrete levels after the post-processing with
the function. This proved the effectiveness of the post-
processing method.

In both repeatability and bias analyses, we found that the
discrete approach had an overall performance advantage

0.10 0.02 0.09 0.03
0.08 0.02 0.08 0.02
0.08 0.02 0.07 0.03
om 0.02 om 0.04
0.07 0.02 0.05 0.02
0.06 0.02 0.05 0.01
0.03 0.02 0.07 0.02
0.10 0.02 0.10 0.08

compared to the continuous approach. Our observation from
the training process data was within our expectations. As
we performed the higher level of down-scaling, we found that
the repeatability increased for both measurement approaches,
the bias decreased for both approaches until reaching the
2-scale setup, and the repeatability performance gap between
the two approaches decreased. This suggested that by applying
the proper level of down-scaling, the repeatability perfor-
mance of the continuous approach could be acceptably good
compared to the discrete approach.

Despite the excellent performance in terms of repeat-
ability and measurement bias, it should be noted that the
discrete approach does not provide real-time measurement.
This limitation has limited the application of the discrete
approach to the collection of the holistic feelings after a session
within an experiment [8, 10]. In comparison, the continuous
approach showed the ability to provide real-time measurement
of comfort [11, 12]. The participants of these studies provided
their comfort levels in real-time during the experiment. The
focus of this study was to compare the measurement perfor-
mance of the two approaches in terms of measurement repeat-
ability and bias. Therefore, the continuous approach was not
implemented in real-time during the videos to compromise
the limitation of the discrete approach. Considering the
circumstance when real-time passenger comfort during an
AV journey is desired, the continuous approach proposed in
this study would be an appropriate method for the task.

Given the circumstance when the real-time comfort
assessment is possible, the immediate feedback of a passenger’s
comfort level will help researchers and engineers identify
vehicle behavioral factors that influence comfort in AVs more
precisely. The information can be employed by the AV to
quickly update the decision-making policy and avoid similar
behaviors that made the passenger feel uncomfortable. The
merits of such real-time comfort assessment are to be further
explored in future studies.

Conclusion

In this study, continuous and discrete comfort assessment
approaches were developed and implemented in a simulator-
based user study. Participants were instructed to rate their
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comfort levels in simulated AV rides using both assessment
approaches. The measurements from the two approaches were
compared to each other to evaluate their performances. Based
on the comparison results, we summarized the performance
characteristics of the two approaches. The discrete approach
showed good repeatability and small bias in measurement and
could be used to collect holistic feelings after an experimental
session. With proper post-processing measures, the contin-
uous approach can achieve similar performance in measure-
ment repeatability and bias as the discrete approach, and it
may be used in real-time data collection of complex
human feelings.
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