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Abstract: Driving maneuvers try to objectify user needs regarding the driving dynamics for a
vehicle concept. As autonomous vehicles will not be driven by people, the driving style that merges
the individual aspects of driving dynamics, like user comfort, will be part of the vehicle concept
itself. New driving maneuvers are, therefore, necessary to objectify the driving style of autonomous
vehicle concepts with all its interdependencies relating to the individual aspects. This paper presents
a methodology to design such driving maneuvers and includes a pilot study and a user study.
As an example, the methodology was applied to the parameters of user comfort and travel time.
The driven maneuvers resulted in statistical equations to objectify the interdependencies of these two
aspects. Finally, this paper provides an outlook for needed maneuvers in order to tackle the entire
driving style with its multidimensional facets.
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1. Introduction

Vehicle mobility and, thus, the vehicle concepts that provide the mobility will change with
highly automated or autonomous vehicles (AVs). In addition to technical changes to the vehicle,
the user’s view of the vehicle and its needs will change [1]. The technical changes include automation
and the conversion to an electric drive train, which the authors see as the only sensible drive train
for highly automated vehicle concepts [2]. User needs will evolve, among other things, from driving
experience to driving comfort when the vehicle is no longer driven by a driver.

Currently, there are many driving maneuvers for objectifying the driving dynamics related to
user needs, especially the driving experience. Due to the change in focus from driving experience to
driving-style-related aspects, this paper shows the necessity for new driving maneuvers to objectify
the multidimensional driving style of autonomous vehicle concepts. In the paper, a methodology for
developing these maneuvers is designed, and results of a driving maneuverer that combine the aspects
of user comfort and travel time are presented.

2. State of the Art

There are various publications available that discuss conventional vehicle concepts and their
driving dynamics. Thus, an overview of the state-of-the-art should point out the necessity
and the novelty of this paper.
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2.1. Vehicle Concept Development

To design new or improved vehicle concepts, automotive manufacturers have created a product
development process, which is similar among the various manufacturers (see [3], p. 5). At the beginning
of this process, it is necessary to define the vehicle concept that will be designed and produced in later
steps. On an abstract level, this vehicle concept development consists of four steps: customer-relevant
properties, technical characteristics, vehicle concept, and target/actual comparison. During the last step,
the desired vehicle concept results or an iteration loop is initiated due to the tolerated nominal/actual
deviation [4,5]. Figure 1 illustrates this vehicle concept development process:
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Figure 1. Vehicle concept development process, adapted from [4,5].

In the first step, the vehicle concept development engineer defines the customer-relevant
properties. C. Weber [6] describes them as the “product’s behavior” from the customer’s point
of view. They summarize the value of the vehicle concept for the customer, which ultimately leads
to his purchase decision [7]. As they reflect the customer’s point of view of the vehicle concept,
the engineer is not able to manipulate customer-relevant properties [6].

As the mentioned process represents the current situation in the automotive industry, there
are customer-relevant properties for conventional vehicle concepts. In a previous publication [8],
Schockenhoff defined three levels, “whole vehicle level”, “specification level”, and “objectification
level”, for structuring customer-relevant properties. On the whole-vehicle level, all of these are
merged into the customer’s overall experience. The specification level particularizes the unspecific
whole-vehicle properties and quantitative attributes make them measurable on an objectification
level. For example, the specification “agility longitudinal dynamic” is one aspect of the whole-vehicle
property “driving experience”, and one of the quantitative attributes is the “maximum velocity” [9].
For a complete enumeration of the conventional customer-relevant properties, the authors refer to
Ziemann [10], Meuerle [9], and J. Weber [11].

The technical characteristics are the second step. The vehicle concept development engineer uses
them to try to reach the desired customer-relevant properties, as they are adjustable [6]. In the given
example, the maximum power of the engine would be a technical characteristic, which influences
the maximum velocity. Hence, the technical characteristics are the engineer’s view of the vehicle’s
components, which can be designed or selected.

The result of the third step is the vehicle concept. Packaging thus determines the positioning of
components. The vehicle concept is a design of the product idea based on compiling the essential
parameters influencing the future vehicle.

Finally, the values of the customer-relevant properties that are selected in the first step are compared
with their current value in the vehicle concept as part of a target/actual comparison. If the deviation
exceeds the tolerance, the technical characteristics should be adjusted.

This paper deals with the customer-relevant properties of driving dynamics. It focuses, in particular,
on the user as part of the customer. Therefore, the user’s view of the vehicle and its dynamics is
essential, while the technical implementation is neglected.
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2.2. Current Influence of Vehicle Dynamics on Vehicle Concept Properties

Driving dynamics are a cross-sectional topic in conventional customer-relevant properties.
Intersections with driving dynamics can be found in 7 of the 17 whole-vehicle-level customer-relevant
properties given by Ziemann [10]: maximal vehicle performance, driving properties, suspension
and vibration comfort, driver information and assistance, transport properties, economic efficiency,
and special vehicle requirements.

The whole-vehicle-level customer-relevant properties given by Meuerle [9] confirm
the multidisciplinary function of the driving dynamics. Six of his 10 properties interact with it: driver
experience, off-road capability, comfort, everyday suitability, safety, and environmental compatibility.

To compare these properties, there are many measurable quantities on the objectification level.
Therefore, there are defined driving maneuvers for almost all driving dynamic properties in order to be
able to measure their degree of fulfillment. Exemplary maneuvers include acceleration tests, such as
the time needed to go from 0 to 100 km/h, circular tests [12], or the ISO lane change [13].

All of those one-dimensional maneuvers are intended to test the performance of the vehicle
in relation to one measured variable. The vehicle concept should provide the driver with the best
possible fulfillment of the individual properties so that the driver can vary the driving style within
these possibilities as the driver controls the conventional control loop of the driving guidance. Figure 2
illustrates this conventional control loop of the driving guidance and points out this impact of the driver:
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Figure 2. Conventional control loop of the driving guidance, adapted from [14].

As the controller, the driver defines the driving inputs like the target lateral acceleration or steering
angle. The vehicle’s reaction depends on the impact of external disturbances like wind or bad road
conditions. The driver may regard the current driving state as the output of the controlled system vehicle
to change the given driving input [14]. As the driving state is interpreted as the driver’s experience,
the driver can directly influence his experience in this conventional driving guidance system.

2.3. Autonomous Driving and Influence on Vehicle Concepts

The SAE Standard J3016 [15] differentiates between six levels of automated vehicles, ranging from
Level 0 vehicles that are driven by the driver without any support of a driving assistant to Level 5
vehicles that handle the driving task without any support from vehicle occupants. In other words,
AVs (Levels 4 and 5) are designed such that they do not need any input from the driver. The driver is no
longer needed, and the driver’s place does not have to be provided in the vehicle concept. This results
in a change in the role of the occupants from driver to passenger. The passenger is an occupant who
can carry out secondary activities during the ride, e.g., reading, working, and sleeping [16].

This changes the control loop of AVs (Figure 3):
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Figure 3. Control loop of highly automated and autonomous vehicles.

Compared to the conventional control loop of driving guidance, the vehicle replaces the driver.
The vehicle has to handle the driving task by itself. The passenger can only influence the driving
experience by providing requirements or targets to the vehicle.

2.4. Driving Dynamics in Properties of Autonomous Vehicles

Eliminating the driving task in AVs has a significant influence on the customers’ demands in terms of
driving dynamics. The desire for more comfortable driving conditions is gaining importance ([17], p. 10),
while previous requirements, such as good feedback relating to the vehicle’s driving dynamics status, are
fading into the background [18,19]. By reducing jerks and acceleration that occur, for example, through
an optimized driving style or decoupling of the passenger compartment ([18], pp. 86–110); ([20], p. 5),
the aim is to provide customers with a sedan-chair-like feeling ([21], p. 271). In this context, motion sickness
is an important aspect to be considered. Fast accelerations and jerks not only have a negative effect on
the subjectively perceived comfort but may also cause nausea [22–24].

In addition, the elimination of the driving task affords passengers an opportunity to engage in
nondriving activities. These can increase the motion sickness rate by a factor of two [25]. In addition to
reducing jerks and acceleration, the task of driving dynamics in an AV is to avoid significant deviations
between the occupants’ visual perception and the vestibular detection of acceleration and rotational
movements (rolling, pitching, yawing) [23,25–27].

The physical aspect alone is not sufficient to achieve a high level of comfort. Mental aspects, such
as the trust that the occupants have in automation, play an essential role. According to Ellinghaus
and Schlag [28], co-drivers of a manual vehicle evaluate the driving comfort mainly by the driving
style of the driver. It is assumed that this effect can be transferred to AVs [29,30].

For example, the sole use of a safe driving style is not sufficient to gain occupant confidence in
automation. The driving style must show passengers a particularly safe driving behavior in order to be
accepted by users [29]. This is achieved by maintaining large safety distances, avoiding driving maneuvers
that are perceived as hectic, and driving with an emphasis on anticipation ([20], p. 15; [24,29,31]). The logic
behind the decisions made by the driving style must be apparent so that the occupants can interpret
the decisions [32].

Furthermore, the use of a driving style that imitates human driving behavior increases
the acceptance of automation [29,33]. Human drivers are characterized by continuous steering
input [34,35], which can be simulated by using clothoids or fifth-degree polynomials for trajectory
planning, resulting in a curvature-continuous path [29,36].

However, thedrivingstyleofanAVisnotcharacterizedbycomfortonly. It isamultidimensionalconstruct
that combines requirements for comfort [28–30,37,38], safety [29,37–39], economic efficiency [37,38,40],
and travel time ([20], p. 16; [39]). Measures to optimize one dimension can influence other dimensions
positively or negatively or have no influence on them. Consideration of these cross-influences is essential for
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overall customer-oriented vehicle development. For example, when considering the dimensions of comfort
and travel time, there is a conflict arising in the objectives in the first step. A faster, more dynamic driving
style is perceived by occupants as less comfortable ([20], p. 5). Technical measures, such as active chassis
control, allow for the Pareto front (which exists between the two dimensions) to be shifted so that shorter
travel time can be achieved with greater ride comfort ([18], p. 16).

Taking this example into consideration, it can be deduced that the adaptability of driving style
and chassis is indispensable for meeting differing requirements in all four dimensions at the same time.
The degree of technical specification, as well as the selected application, result in a grading of customer
value by which the manufacturers can differentiate themselves.

2.5. Previous Studies on Driving Style of Autonomous Vehicles

Bellem [24] determined objective variables for four characteristic driving maneuvers that were
selected according to their frequency of occurrence in real traffic (Table 1).

Table 1. Objective variables for the objectification of driving comfort, adapted from [24].

Maneuver Objective Variables

Deceleration on a moving target

• Longitudinal acceleration in m/s2

• Jerk while releasing gas pedal in m/s3

• Jerk while pressing brake pedal in m/s3

• Jerk while releasing brake pedal in m/s3

• Jerk while pressing gas pedal in m/s3

• Quickness in s−1

• Minimum trailing distance in s

Accelerating from non-zero speed

• Longitudinal acceleration in m/s2

• Jerk while pressing gas pedal in m/s3

• Jerk while releasing gas pedal in m/s3

• Quickness in s−1

Lane change

• 2x lateral acceleration in m/s2

• Jerk onset in m/s3

• Jerk lane change in m/s3

• Jerk end in m/s3

• Quickness in s−1

Following
• Trailing distance in s
• Standard lane deviation in m

These objective variables allow the driving style to be classified on a scale from comfort-oriented
to dynamic. Because the objective variables differ for different maneuvers, a maneuver-based approach
is necessary to distinguish between driving styles [24].

In further investigation, driving styles with a higher comfort rating are generally described by
test persons as consistent and predictable [41]. In a third study, Bellem [42] showed that, depending on
the maneuver, different personal factors (risky driving style, high-velocity driving) have an influence
on the dynamic perception of the driving style. Despite the variations, the driving styles generally
perceived as pleasant remain the same. Furthermore, it can be observed that test persons prefer an
early noticeable jerk during a lane change maneuver, even if this increases the maximum jerk. This is
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possibly due to the desire for perceived safety. For longitudinal dynamic maneuvers, test persons
prefer a minimization of the jerk.

During the course of three studies [24,41,42], Radke [43] constructed a multiple linear regression
model for the subjective perception of dynamics in automated longitudinal controlled passenger
vehicles. The dynamic factor on which the regression model is based is composed of the engine speed,
the longitudinal and lateral acceleration, and the vehicle speed. Weighting the factors results in a
high weighting of the lateral acceleration and a low weighting of the remaining factors. However,
this does not make the model much more accurate, and omitting the remaining three factors makes
the model inaccurate.

Radke [43] showed that the perception of dynamics differs between a driver and a passenger.
The passenger is more sensitive to the dynamics than the driver. In the study, the offset was
measured at 20.4%. The studies also show that gender and existing visual range have an influence
on the perception of driving-style dynamics. Furthermore, the human perception of dynamics is not
reliable. A time-delayed study with the same test persons led to a different subjective evaluation for
the same dynamics.

In a study, Kaethner [33] recorded the driving style of test persons as drivers. Subsequently,
the test persons evaluated several driving styles, including their own driving style, as a passenger
in an autonomous scenario. The study showed that the majority of the test persons prefer their own
driving style, while only a few test persons prefer a driving style different than their own. Test persons
with high lateral acceleration and small safety distance in manual driving preferred an automation
design with lower lateral acceleration and larger safety distances.

Festner [44] classified test persons into three groups with regard to their expectations of the dynamic
characteristics of a highly automated lane change, while engaged in a nondriving-related activity.
Group 1 wanted to perceive the lane change as little as possible in order to achieve comfort and better
concentration. A small second group wanted to notice the lane change as a control modality in
order to better understand the current movement of the vehicle. The driving dynamics feedback
increased the feeling of safety for this group. The third group wanted to perceive the lane change only
subconsciously, without being distracted by the activity currently being carried out. This group wanted
to feel the sensation of being driven in an automated vehicle, but rated comfort and uninterrupted
pursuit of nondriving-related activities higher.

Overall, it can be noted that, as the degree of distraction from nondriving-related activities
increases, dynamic vehicle guidance is uniformly regarded as negative.

2.6. Research Gap

All conventional driving maneuvers (Sections 2.1 and 2.2) and the described maneuvers for
investigations of the driving style of AVs (Sections 2.4 and 2.5) are designed for one-dimensional
problems of individual vehicle dynamics variables. As mentioned, this is a feasible methodology for
improving driving-style aspects in the driving control loop of a conventional vehicle (Figure 2) that is
driven by a driver.

In the control loop of AVs (Figure 3), the vehicle itself is responsible for the driving style. Therefore,
the different aspects of the driving have to be merged into a trajectory that leads to a multidimensional
problem. The driving style, as it is defined in this paper, consists of the aspects of comfort, safety,
economic efficiency, and travel time. The vehicle has to find the optimal values of these different
dependent aspects according to the desired driving style.

Thus, one-dimensional maneuvers for testing the maximum performance of one aspect will be
obsolete for the customer-relevant properties of AVs. For safety aspects, the maximum fulfillment
of specific properties like acceleration will still be important. To include interdependencies between
user comfort, travel time, economic efficiency, and safety, it is necessary to define new maneuvers
and evaluation methods. Only maneuvers that combine more than one aspect can test the quality of a
driving style.
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Thus, this paper introduces a methodology to research multidimensional driving maneuvers for
testing the quality of driving styles and provides an example with two aspects of driving comfort
and travel time.

3. Methodology

The selection of a driving maneuver and its validation with regard to the suitability of the evaluation
of the aspects “comfort” and “travel time” of the driving style’s multidimensionality consists of a newly
developed three-stage process (Figure 4). In the first step, various driving maneuvers are defined that
show potential suitability for objectifying the comfort and travel time evaluation of driving styles.
Suitable maneuvers provide reference points for acquiring all variables to objectify the driving comfort
(Table 1) and, if possible, depict driving in real traffic. In addition, they must allow enough space
for different driving styles and still set meaningful boundary conditions to avoid good results with
unrealistic driving conditions. Based on these maneuvers, a pilot study determines which driving
maneuvers are best suited and validates the ability to objectify travel time. A user study then validates
the functionality of the maneuvers selected in the pilot study based on a group of test subjects.
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The objectification performed in Steps 2 and 3 is based, if applicable to the maneuver, on
the measurement of the objectification variables for comfort according to Bellem [24] (Table 1) as well as
the additional variables of maximum total acceleration, maximum total jerk, and the time to complete
the maneuver.

The evaluation of maximum values of acceleration and jerk requires the definition of a time
interval within which the maximum is calculated. ISO15622 [45] (10f) defines permissible longitudinal
accelerations and jerks for adaptive cruise control systems. It sets the interval for the averaging of
longitudinal accelerations at 2 s, and for longitudinal jerks, at 1 s. UNECE R79 ([46], p. 15) sets
the averaging interval for a lateral jerk in the design of a steering system to 0.5 s. The regulation
does not specify an interval for averaging the lateral acceleration. The authors recommend setting
the interval to 2 s in line with the interval for longitudinal ([45], pp. 10–11).

3.1. Pilot Study

The design of the pilot study must allow for a sequential, identical test execution for the driving
maneuvers, which are defined with the mentioned requirements.

For practical purposes, the test driver, therefore, performs the driving maneuver specified by
the test supervisor at different levels of comfort without carrying out a driving dynamics measurement.
The test driver repeats the process until he can approach defined comfort levels reliably.

The following test drives, with a recording of measurement data, include a breakdown of driving
styles into the measurement groups “maximum comfort”, “minimum comfort”, and “minimum travel
time”. A comparison of the measurement groups “maximum comfort” and “minimum comfort”
allows us to determine, by means of extremes, the precision with which the maneuver maps different
comfortable driving styles under the given boundary conditions. The “minimum travel time”
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measurement group, in comparison with the “maximum comfort” measurement group, allows for
the differentiability of the second dimension (travel time) to be additionally examined.

The maximum comfort and minimum comfort measurement groups each comprise five
measurement drives with a driving style that simulates high or low comfort. The comfort is assessed
by the test driver and the test supervisor. The minimum travel time measurement group comprises one
test drive. The test driver performs the maneuver with minimum travel time under the given boundary
conditions of the maneuver. Measurement drives that are not representative of a measurement group
due to driving errors are not taken into account. The test driver is not limited by the number of tests.

Based on the measurement drives, the basis for selecting suitable driving maneuvers is a
two-sample t-test applied to all objective variables of the measurement groups’ maximum comfort
and minimum comfort of each maneuver. The null hypothesis for an objectification variable of a
maneuver is

• H0: The measured values of the maximum comfort measurement group originate from the same
normal distribution as the measured values of the minimum comfort measurement group.

In addition, the maneuvers must have a factor of >1 between the passage of time of the maneuver
within the maximum comfort measurement group and the passage of time of the maneuver within
the minimum travel time measurement group. This passage time is the needed time in seconds from
the maneuver start to the maneuver end of each measurement drive. A factor as large as possible
but at least >1 validates the ability of the maneuver to distinguish between a comfort-oriented and a
travel-time-oriented driving style.

3.2. User Study

The aim of the user study is to determine the relationship between the objective variables in
the maneuver and the subjective perception of the test persons. A clear correlation between subjective
perception and objective variables validates the functionality of the maneuver.

In the first step, a valid database must be generated to achieve this goal. In order to achieve
the same meaningful boundary conditions for all test persons, they are instructed by the test supervisor.
Each maneuver is completed six times, according to the following procedure. Test Drive 1 is used to
instruct the test persons. Test Drives 2 to 6 take place with the recording of measurement data and they
serve to generate a database. For each test drive, the test driver simulates a driving style (Table 2)
in randomized order, whereby the “maximum comfort” driving style is the only one that is driven
two times. The reason for this is that the “maximum comfort” driving style is the most difficult to
approach for a human test driver since small driving errors can affect the comfort rating of the entire
test drive. Performing this driving style twice increases the probability of an error-free test drive,
and thus, the number of usable results.

Table 2. Driving styles used for the user study.

Driving Style Description

Maximum comfort
Acceleration and braking as smooth as possible
low lateral forces
Low-jerk driving

Neutral comfort Compromise between speedy and comfortable driving

Low comfort
Moderate speed driving
Jerky steering, braking, and acceleration
Accentuated late cornering

Minimum travel time Swift completion of the maneuver
Distance to the limit of the vehicle
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After each test drive, there is a break of about two minutes during which the test persons evaluate
the driving style used in the maneuver on the basis of the questionnaire. A rating of the driving
comfort must be given. Selecting a word from the semantic differential and filling in the comments
field are optional. The test vehicle is at a standstill during the evaluation phase. After completion
of the measurement drives of each driving maneuver, the test persons have the opportunity to give
general feedback regarding the test execution and the different driving styles.

The acquisition of acceleration data using the inertial platform mounted in the trunk requires
postprocessing of the measured data. The different positions of the platform and the test person give
rise to a measurement error resulting from the angular acceleration of the vehicle. A correction for
the yaw acceleration is calculated using a single-track model. Corrections for roll and pitch acceleration
are neglected due to the unpredictable head movement of the test persons.

Furthermore, all recorded subjective data from the questionnaire are corrected with the average of
the respective test person. The reasoning behind this is that predetermined evaluation references were
deliberately avoided when carrying out the experiment. Therefore, each respondent uses the evaluation
scale differently. An average correction increases the comparability of the subjective evaluations.
The later application of a modified version of Stevens’ power law as a regression model further requires
the use of a continuous scale [47]. The application of a mean-value correction converts the stepped
absolute evaluation scale to a relatively continuous scale.

A connection between the objectively measured values and the subjective perception of the test
persons is achieved by nonlinear regression analysis. The regression model is a modified version of
Stevens’ power law of the formula:

Y = 1 + k (|X − X0|)n (1)

Y is the subjective grade of the test drive by the test person on a six-level Likert scale for driving
comfort and X, the maximum of the measured variable. In the analysis of the data, values for X0, k,
and n are derived. X0 defines the boundary of the measured variable to achieve the best rate, 1. k and n
are mathematical coefficients to obtain an exponential function regarding Stevens’ power law. They are
also defined during the analysis of the data. Finally, the formula is modified by a +1 to adapt it to
the rating scale.

The evaluation of the global goodness-of-fit of the regression is performed and consists of a
combination of the R2 coefficient of determination and a visual inspection [48], ([49], p. 40). The evaluation
of the subjective data serves to verify the influence of a low jerk, low acceleration, predictable
and confidence-inspiring driving style on a positive evaluation of driving comfort. The analysis is done
by means of an X2-test for independence, to check the dependency of all four semantic differentials on
the comfort rating.

3.3. Experimental Setup

Both the pilot study and the user study took place at the Schleißheim Airfield. The area was
closed to the public for the tests. The road surface is an even tarmac and the road boundaries were
artificially represented using pylon lanes.

As the first step of the methodology is to define driving maneuvers, the maneuvers “Double
90◦—turn with different radii”, “Double 90◦—turn with different radii from a standstill”, “Turn from a
standstill”, “Single lane change”, “Slalom with rising pylon distances”, “Slalom with rising and falling
pylon distances”, as well as “Decelerate to a slower vehicle and change the lane”, were chosen.

For one test drive in the pilot study, there were two occupants in each vehicle (test driver,
test supervisor), and for the user study, four occupants (test driver, test supervisor, two test persons).
The use of a human test driver results in increased demands on driving skills. The driver must be able
to reliably simulate different driving styles. An employee of the Institute of Automotive Technology
with a high level of driving experience and driving training was selected as the test driver. The test
supervisor was seated in the passenger seat. He instructed the test persons and operated the measuring
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electronics. The test subjects were located on the rear seats of the vehicle and were assigned to one side
of the vehicle based on their test subject number.

3.4. Measuring Equipment

The test vehicle was a BMW 650i Gran Coupé. The vehicle, therefore, was not an autonomous
electric vehicle (EV), which was taken into account in the test design. The vehicle came with integrated
sensors for recording speeds, accelerations, body movements, and steering angles. The vehicle’s CAN
bus also provided access to calculated driving dynamics variables. This allowed the use of a float
angle estimation with the aid of a Kalman filter. In addition to the integrated sensors, the vehicle was
equipped with an inertial platform for driving dynamics measurements of type RT2500. The platform
was secured by a frame in the trunk. The inertial platform was operated in combination with a GPS
antenna mounted on the vehicle roof. This enabled the high-precision measurement of acceleration
and body movements with the known positioning of the sensors. The measurement data were captured
by both vehicle CAN buses and the CAN bus of the inertial platform.

The subjective data were collected from the questionnaire. The questionnaire consisted of two
blocks. Block 1 asked for personal details relating to the test subjects, which can have a potential
impact on subjective perception (age, gender, attitude towards autonomous driving, annual mileage,
evaluation of own driving style). Block 2 of the questionnaire was used to evaluate driving comfort
within a test drive. It consists of a six-level Likert scale for grading driving comfort, four semantic
differentials for detailing subjective perception, and a field for additional comments.

3.5. Test Subjects

A total of eleven subjects (seven male, four female) took part in the study. The age of the test
subjects ranged from 21 to 64 years (M = 31.18 years; SD = 14.41 years). The average annual mileage
as a driver was 10,718 km based on all test persons (SD = 11,578 km; min = 0 km; max = 30,000 km),
which is about 5000 km per year below the German average (([50], p. 6); [51]). Two test subjects rated
their own driving style as “very dynamic”, three as “more dynamic”, two as “more comfortable”,
and four as “very comfortable”. Three test subjects rated their attitude towards autonomous driving as
“very positive”, four as “rather positive”, three as “neutral”, and one as “rather negative”.

4. Results

The results were prepared in accordance with the methodology in order to make the procedure
comprehensible. The results of the pilot study explain the selection of maneuvers for the user study.
The results of the user study can be further broken down into two areas (Section 4.2).

4.1. Pilot Study

The evaluation of the t-test shows that of the seven maneuvers examined, the maneuver “Double
90◦—turn with different radii from a standstill” (Figure 5; hereinafter referred to as “Maneuver A”)
and “Slalom with rising and falling pylon distances” (Figure 6; hereinafter referred to as “Maneuver
B”) are best suited to objectify the comfort in the following user study. For both maneuvers, the null
hypothesis can be rejected for all objectification variables with an error probability of less than
one percent. This means that for both maneuvers, all objective variables can differentiate between
a comfortable and an uncomfortable driving style and can be used for further investigation in
the user study.
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Regarding the aspect of travel time, Maneuver A has a factor of the passage of time with high
comfort to the passage of time with a low travel time of 1.40, and Maneuver B has a factor of 1.91, which
is the highest of all maneuvers. Both maneuvers can thus distinguish between a comfort-oriented
and a travel-time-oriented driving style.

4.2. User Study

The results of the user study can be divided into two parts. A regression analysis first investigates
the relationship between the subjective comfort score and the different objective variables. An evaluation
of the subjective data from the semantic differentials confirms the influence of comfort-influencing
parameters from the literature on the subjectively perceived driving comfort.
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4.2.1. Regression Analysis

A regression analysis using the modified Stevens’s power law returns the following results for
the investigated maneuvers. For Maneuver A, the objective value jerk onset with R2 = 0.7073 shows
the highest goodness-of-fit (Table 3). The second highest goodness-of-fit is achieved by the objective
value longitudinal jerk on the throttle, with R2 = 0.6786 (Figure 7). This confirms that in addition to
transverse jerks, occupants also react sensitively to longitudinal jerks.

Table 3. Results from the regression analysis for all objective values in Maneuver A.

Objective Value R2 k X0 n Resulting Formula

Lateral acceleration 0.6355 0.9712 2415 1182 Y = 1 + 0.9712
( ay

m/s2 − 2415
)1182

Jerk onset 0.7073 0.9359 2196 0.6538 Y = 1 + 0.9359
(

jy
m/s3 − 2196

)0.6538

Jerk switch 0.4701 0.5918 3630 0.6922 Y = 1 + 0.5918
(

jy
m/s3 − 3630

)0.6922

Jerk end 0.6149 0.9122 3453 0.6202 Y = 1 + 0.9122
(

jy
m/s3 − 3453

)0.6202

Longitudinal acceleration 0.5150 2100 1750 0.5939 Y = 1 + 2100
(

ax
m/s2 − 1750

)0.5939

Jerk on gas 0.6786 0.5270 0.8827 1239 Y = 1 + 0.5270
(

jx
m/s3 − 0.8827

)1239

Jerk on brake 0.5480 0.8718 1061 0.8913 Y = 1 + 0.8718
(

jx
m/s3 − 1061

)0.8913

Total acceleration 0.5996 1147 2628 1005 Y = 1 + 1147
( ages

m/s2 − 2628
)1005

Total jerk 0.6156 0.5009 3879 0.7801 Y = 1 + 0.5009
(

jges

m/s3 − 3879
)0.7801
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Figure 7. Regression analysis for the objective value longitudinal jerk on gas in Maneuver A.

The objective variables total acceleration and total jerk, intended for simplified evaluation, have
an R2-value of 0.5996 and 0.6156, respectively. The lowest goodness-of-fit, with R2 = 0.4701, is with
the objective variable jerk in the curve change. One possible reason for this is the distance between
the two corners. The distance of 4 m is rather generous so that a clear change of direction may be
difficult to identify for the test person. A reduction in the distance can fix this issue.

It is noticeable that within the maneuver, the coefficients determined from the regression for
similar objectification variables have similar magnitudes. This is an indication that the model used
for the regression analysis is correct. The objective variables, lateral acceleration, acceleration jerk,
and total acceleration, have a progressive relationship between subjective judgment and the magnitude
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of the measured value. For all other objective quantities, there is a degressive relationship.
The evaluation thresholds (X0) are lower for longitudinal-dynamic objective quantities than for
their transverse-dynamic counterparts. This finding is consistent with the comments by Test Persons 2
and 3, who stated that they feel their comfort perception is reduced more by lateral dynamic effects
than by longitudinal ones.

For Maneuver B, the regression analysis leads to R2 values of 0.4654 to 0.7557 (Table 4).
As with Maneuver A, the objective value jerk onset (Figure 8) achieves the highest goodness-of-fit,
with R2 = 0.7557.

Table 4. Results from the regression analysis for all objective values in Maneuver B.

Objective Value R2 k X0 n Resulting Formula

Lateral acceleration 0.5632 4626 1657 0.6204 Y = 1 + 4626
( ay

m/s2 − 1657
)0.6204

Jerk onset 0.7557 1600 1662 0.5820 Y = 1 + 1600
(

jy
m/s3 − 1662

)0.5820

Jerk switch 0.7091 0.9408 4898 0.5606 Y = 1 + 0.9408
(

jy
m/s3 − 4898

)0.5606

Jerk end 0.5986 0.9197 0.521 0.7357 Y = 1 + 0.9197
(

jy
m/s3 − 0.521

)0.7357

Longitudinal acceleration 0.6290 3035 1183 0.6430 Y = 1 + 3035
(

ax
m/s2 − 1183

)0.6430

Jerk on gas 0.4834 2444 0.9568 0.4721 Y = 1 + 2444
(

jx
m/s3 − 0.9568

)0.4721

Jerk on brake 0.4654 2078 1232 0.4401 Y = 1 + 2078
(

jx
m/s3 − 1232

)0.4401

Total acceleration 0.6904 3859 1716 0.6436 Y = 1 + 3859
( ages

m/s2 − 1716
)0.6436

Total Jerk 0.7062 0.9371 4918 0.5488 Y = 1 + 0.9371
(

jges

m/s3 − 4918
)0.5488

Velocity 0.5454 0.3600 21,64 0.8072 Y = 1 + 0.3600
(

v
m/s − 21.64

)0.8072
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Figure 8. Regression analysis for the objective value jerk onset in Maneuver B.

This indicates a special significance of the characteristic value for evaluating the comfort of a
driving style. One explanation for this is that the jerk onset is less predictable for the occupants due to
the partial obstruction of vision and the abruptness of its occurrence. This means that the occupants
are not able to foresee the steering operation based on visual perception of the corner, and, in contrast
to the maximum longitudinal and lateral accelerations, which are indicated by a rather slow increase
in acceleration, are not able to feel it build up. The steering change jerk and jerk end follow a steering
onset and are therefore more predictable for the occupant. The lack of body tension resulting from
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the poor predictability of the jerk onset leads to significant body movements, which the subject finds
unpleasant. Subject 6 described this phenomenon with a tipping of the body under the influence of
lateral dynamics.

Low R2 values were found in the two longitudinally dynamic characteristic values of starting
jerk (R2 = 0.4834) and stopping jerk (R2 = 0.4654). This indicates a poor longitudinal dynamic
differentiability within the maneuver. One possible explanation for this was that both the starting
and stopping processes took place shortly before or after a curve. As a result, the starting and stopping
process overlapped with the steering process. This made it difficult for the test persons to differentiate
the longitudinal dynamics. Adapting the maneuver to this circumstance would solve the problem.

In contrast to Maneuver A, the coefficients determined from the regression analysis do not show
a clear pattern (Table 4). The coefficient n used in the regression model depends on the stimulus
conditions and varies widely between different test persons [48]. Combined with the small number
of test persons, a scattering is therefore legitimate. It is also noticeable that in contrast to Maneuver
A, all relationships between subjective judgment and the magnitude of the measured value show
a degressive growth, which can be explained by the different stimulus conditions within the two
maneuvers [47]. The function of the relationship between objective size and subjective judgment is
thus maneuver-specific.

Analyzing the dependence between the subjective user comfort and the needed travel time in
Maneuver B in Figure 9 allows for interpreting a Pareto front. Regarding this Pareto front, the driving
style could be chosen as a more comfortable or faster drive. It is not possible to cross the Pareto front
to drive a short travel time without any discomfort, which is illustrated by the blank lower-left corner.
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Figure 9. Dependence between user discomfort and travel time in Maneuver B.

4.2.2. Subjective Data

For both driving maneuvers examined, the following four hypotheses were tested:

• H0.1: The selection of the semantic differential between “smooth” and “jerky” of a test person is
independent of whether the corresponding grading of the test drive is better/equal or worse than
the average of the grades of the respective test person.
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• H0.2: The selection of the semantic differential between “physically comfortable” and “physically
exhausting” of a test person is independent of whether the corresponding grading of the test drive
is better/equal or worse than the average of the grades of the respective test person.

• H0.3: The selection of the semantic difference between “predictable” and “unpredictable” of a test
person is independent of whether the corresponding grading of the test drive is better/equal or
worse than the average of the grades of the respective test person.

• H0.4: The selection of the semantic difference between “confidence-inspiring” and “frightening” of
a test person is independent of whether the corresponding grading of the test drive is better/equal
or worse than the average of the grades of the respective test person.

The X2-values for all null hypotheses are greater than the threshold of X2
1.95% = 3.84 ([52], pp. 1014–1015)

(Table 5). The null hypotheses are therefore rejected. The result is significant. It verifies the influence of a
low jerk, low acceleration, predictable and confidence-inspiring driving style on a positive evaluation of
driving comfort.

Table 5. Results from the X2-test for both maneuvers.

Maneuver Hypothesis X2

Maneuver A

H0.1 36.25
H0.2 23.86
H0.3 24.08
H0.4 26.38

Maneuver B

H0.1 32.92
H0.2 37.45
H0.3 30.14
H0.4 32.78

An evaluation of the 2 × 2 contingency tables used for the calculation shows that the determined
dependency has the correct directional correlation. The positive expression of the word pair occurs
mainly in connection with a grade better than or equal to the average grade of the respective respondent,
and the negative expression with a grade worse than the average grade.

5. Discussion

The developed methodology is able to close the presented research gap. It gives the basis for
performing driving maneuvers to objectify the multidimensional aspects of the driving style of AVs.
Since user comfort is an essential part of the driving style of an AV, the methodology also works for
user-comfort-related objectification studies.

Nevertheless, it is indispensable to run through the methodology for every possible
interdependence of the driving style’s aspects. As a result, a large number of studies are required to
define objectification parameters for every possible 2-, 3-, and 4-dimensional interdependence.

The founded results are one example of the 2-dimensional interdependence between travel time
and user comfort. The results show the functionality of the developed methodology for these kinds
of problems. Furthermore, the user comfort, which is a subjective perception of every human being,
can be correlated to technical parameters.

The statistical values of the results are in a good range and show their signification. Thus,
the presented correlation functions work for the objectification of the interdependence between user
comfort and travel time. Statistically, the number of subjects has to be discussed. To reach the final
results, it is necessary to conduct a study with subjects of every possible user group to obtain a
representative quantity. This was not possible in the present study.

Furthermore, in literature [53], it is known that the evaluation of the global goodness-of-fit of a
nonlinear regression with the R2 coefficient of determination is statistically problematic. Nevertheless,
as no appropriate method exists for a global goodness-of-fit of a nonlinear regression, R2 is proposed
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with an additional plausibility check in the literature ([49], p. 40). In the method presented in this
paper, the plausibility check is pursued by a visual inspection. In order to be as transparent as possible
in the evaluation, all driving data are provided in the Supplementary Materials.

With the presented methodology, it is only possible to find a suitable maneuver and not the best
maneuver. The early selection of a few maneuvers in the pilot study, with only the subjective data of
two experts, reduces the effort in the user study but could exclude better maneuvers. Since it is not
important to have the best, most detailed test in vehicle concept development, the results could help to
develop driving styles of AVs and prove the feasibility of multidimensional driving maneuvers.

Another point that has to be discussed is the human driver in the study. The subjects may have a
different level of trust in a human driver than in the automation. The average correction of the data
addresses this. The overall trust in the system does not have any impact. Only the differences between
the individual test drives are the input for the correlations.

The studies were not conducted using an EV. Therefore, the technical setup does not reflect
future autonomous EVs. This technical deviation should not falsify the results due to the research
focus on correlations between measurable parameters and user comfort. EVs do not have specific
user-comfort-affecting characteristics like shift jerking, but the presented correlations are the same for
EVs. These results provide a basis for further research on the same or similar problems.

6. Summary and Outlook

The authors present the need to change the current view on driving maneuvers to objectify
customer-relevant properties. The current one-dimensional approach does not suit AVs, in order to
describe their driving style. Thus, a methodology was developed to create new driving maneuvers.
A pilot study with all conceivable maneuvers for 2-, 3-, and 4-dimensional interdependence of driving
styles showed the feasibility of the maneuver for the current interdependence. A user study with
the selected maneuvers provided the opportunity to establish relevant correlations between subjective
user information and technical vehicle parameters.

This paper includes the results of an exemplary study. The 2-dimensional interdependence of
user comfort and travel time and their objective technical parameters are shown. The correlation
equations with their good statistical values make it possible to objectify the interdependence of these
two parameters for the driving style of AVs.

Further research should focus on more results. The methodology should be used to conduct studies
of every 2-, 3-, and 4-dimensional interdependence of the driving styles. Furthermore, the present
study can be repeated with a larger number of subjects in order to obtain a representative quantity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/11/3946/s1:
questionnaire, driving data, and schematic representation of all maneuvers.
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