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Abstract: In the human-centered research on automated driving, it is common practice to describe the
vehicle behavior by means of terms and definitions related to non-automated driving. However, some
of these definitions are not suitable for this purpose. This paper presents an ontology for automated
vehicle behavior which takes into account a large number of existing definitions and previous studies.
This ontology is characterized by an applicability for various levels of automated driving and a
clear conceptual distinction between characteristics of vehicle occupants, the automation system,
and the conventional characteristics of a vehicle. In this context, the terms ‘driveability’, “driving
behavior’, ‘driving experience’, and especially ‘driving style’, which are commonly associated with
non-automated driving, play an important role. In order to clarify the relationships between these
terms, the ontology is integrated into a driver-vehicle system. Finally, the ontology developed here is
used to derive recommendations for the future design of automated driving styles and in general for
further human-centered research on automated driving.
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1. Introduction

Both globalization and urbanization lead to a rapid increase in traffic volume and
present global challenges for existing mobility systems [1]. In contrast, automation of
mobility offers the potential to enhance traffic efficiency, traffic safety, and the driving
comfort of drivers [2]. Automated driving has been developed at various automation
levels, whereby the dynamic driving task is incrementally transmitted from the driver to
the automation system [3]. While the vehicle assumes the role of an automatic machine
and performs the respective driving task independently, the driver can take on an observer
role and intervene in the driving process if necessary [4]. In contrast to lower automation
levels, such as partially (SAE level 2) and conditionally (SAE level 3) automated driving,
such intervention and observation is not necessary during highly automated driving (SAE
level 4) in specific operational design domains and during fully automated driving (SAE
level 5) [3].

Many terms used to describe vehicle guidance, such as ‘driving style’ [5], ‘driving
behavior’ [6], “driving experience’ [7], and “driveability” [8], are based on non-automated
driving. The definitions of these terms have been modified in recent years by various
researchers (e.g., [9-14]). In general, definitions of terms are neither incorrect nor correct,
but are possibly not suitable for one specific research purpose or another [15].

In the human-centered research on automated driving, it is common practice to
conduct studies on automated vehicle behavior (e.g., [16-20]) and in this process, to use
various definitions related to non-automated driving (e.g., [5,12]). However, some of these
definitions are not suitable for automated driving. In particular, there is currently no
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solution for the conceptual distinction between the driving style of an automated vehicle
and the driving style of a driver, so that the same definitions are used in the community
for different characteristics of driver-vehicle systems. For this reason, this paper aims to
choose, customize, and create suitable definitions of various terms and compile them into a
coherent ontology for automated vehicle behavior. Ontologies are used in computer science
and philosophy to describe the world and parts of it, and thus contribute to a common
understanding [21]. In this paper, the ontology is intended to resolve the aforementioned
confusion and disagreement about describing automated vehicle behavior and provide a
basis for future research publications.

In the following, automated vehicle behavior is seen as part of the dynamic human-
machine interface (dHMI) [22] and includes all aspects of information perception and
processing, and in particular the resulting way an automated vehicle drives. Due to the
effects on the driving comfort [17], the consideration of automated vehicle behavior in
relation to the vehicle occupants is classified as being quite relevant for further research on
automated driving. Thus, appropriate dynamic driving parameters, such as proper vehicle
velocities and accelerations [23], along with cooperative driving styles [24], can contribute
to enhanced driving comfort and play an important part in this paper. In addition to the
vehicle, the intended ontology takes into account the vehicle occupants.

2. Method

In this section, the method for developing an ontology for automated vehicle behavior
is presented and divided into three parts. Initially, a review of previous human-centered
research on automated vehicle behavior was carried out and design recommendations
for the behavior were summarized. This review served to identify terms and definitions
that are commonly used to describe automated vehicle behavior in the relevant literature.
In order to ensure the validity of this review, only studies published in either scientific
journals or conference proceedings and that had at least twenty participants [25] were
considered. For the same reason, studies performed in a vehicle, dynamic driving simulator,
or fixed-base driving simulator were taken into account.

In the second step, the terms frequently used in the review to describe automated
vehicle behavior were examined in more detail. Therefore, a comprehensive literature
search based primarily on the Google Scholar database and the keywords ‘driving style’,
‘driving behavior’, ‘driving experience’, and ‘driveability” was performed by the authors.
Common definitions of these terms are explained in Section 4, and we evaluated the extent
to which they are suitable for usage in the intended ontology. In consideration of the
defined objective of this paper, the following requirements were placed on the ontology
and the definitions:

1.  With regard to the various levels of driving automation [3], the ontology should cover
the entire spectrum from assisted driving (SAE level 1) to fully automated driving.

2. The ontology should include a conceptual distinction between the characteristics of
vehicle occupants and those of the automated vehicle.

3. As abasis for further research, the ontology should allow a reproducible description
of driving styles of automated vehicles, independent of the vehicle’s software and
hardware.

In the third step, suitable definitions for the ontology are selected in consideration of
the preceding evaluation and, if necessary, customized or redefined. However, it should
be ensured that there is an obvious coherence between the classic meanings of the terms
and the customized definitions. Based on this, the chosen definitions were compiled into a
coherent ontology with the help of a driver-vehicle system.

3. Review

This section presents a review of human-centered research on automated vehicle
behavior. Particular attention is paid to how the automated vehicle behavior is usually
described and to design recommendations. Since the expectations of potential customers
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should not be ignored in the development of automated driving [9], these are also briefly
listed in the following. Therefore, the driving comfort and perceived safety of highly
automated [26] and future vehicles in general [27] are elementary aspects of these expecta-
tions. Furthermore, system reliability [26], environmental compatibility, and suitability for
everyday use [27] are considered important. In addition, Schoettle and Sivak [28] indicated
that potential customers prefer to observe the traffic during highly automated driving or to
engage in non-driving related tasks, such as reading.

Lange [29] (p. 39 et seq.) summarized the common vehicle dynamics particularly
for non-automated driving and concluded how automated vehicle dynamics have to
be designed to be accepted. In line with this, ten recommendations for longitudinal
accelerations from —3.5 to 2.3 m/s2, lateral accelerations from 0.7 to 1.3m/s2, and the
duration of lane changes from 1.7 to 6.5 s are presented. ISO 15622 [30] presents further
suggestions for assisted driving, such as a maximum longitudinal acceleration of 2m/s?
and a minimum selectable time headway of 0.8s. Furthermore, reference is made to a
doctoral thesis [31] which recommends a selectable time headway from 0.6 to 2.0s with
the aim of increasing driving comfort. In comparison, the human perception threshold of
longitudinal accelerations ranges between 0.02 and 0.8 m/s? and the human perception
threshold of lateral accelerations is in a range between 0.05 and 0.1 m/ s2 [32].

In addition to Lange [29], Table 1 considers further studies which focus on variations
of automated vehicle behavior and associated effects on the feeling of vehicle occupants.
The study designs are described on the basis of the automation level referring to SAE
J3016 [3], the study environment, the driving maneuver with the range of the velocity vy,
and the metrics used to evaluate the automated vehicle behavior. Some results of these
studies and recommendations of the respective authors are presented on the basis of the
following driving parameters: longitudinal time headway ty, longitudinal acceleration ay,
longitudinal jerk jy, duration of lane changes t; ¢, lateral acceleration a,, and lateral jerk jy,.

Table 1. Human-centered research on automated vehicle behavior in addition to [29] (p. 39 et seq.).

Study Design
Reference Results
SAE Driving Maneuvers Environment Metrics

Followi di hicl

33] 1 (‘? SV{VSIS glgéeclgolﬁg\//i})l e Fixed-Base Driving Difficulty, Risk, Comfort, ty >2.0s (50km/h),

(o x = ’ ’ .
with eight Time Headways t, Simulator—Rural Road etc. ty > 1.55 (100, 150 km /h)
Following preceding vehicle Fixed-Base Driving

[34] 1 (vx = {50, 100, 150 km /ht}) Simulator—Highway, Risk and Comfort ty > 2.0s (50, 100, 150 km /h)
with selectable Time Headways t, Rural Road, etc.
Following preceding vehicle Fixed-Base Driving

120] 4 (vy =150, 100, 150 km/h}) Simulator—Highway, Comfort ti o ozk 1;?15 t(5gk1“(‘)/ h){5 Oth( %h 1.25s
with ten Time Headways ty Rural Road, etc. ( m/h), tx > 1.0 ( m/h)
Acceleration (0 < vy < 30km/h) Real Vehicle (Testing Driving Fun, Comfort, - 5

[19] 3 with three Driving Styles Ground)—Straight Road etc. ay ~15m/s” (steady)
Acceleration (100 < vy < 120km/h) Dynamic Driving . . . .

[17] 4 with three Driving Styles Simulator—Highway Utility Scale Value Symmetrical velocity profile (vy)
Deceleration (0 < vy < 30km/h) Real Vehicle (Testing Driving Fun, Comfort, - 5

(1] 3 with three Driving Styles Ground)—Straight Road etc. ar ~ ~1.0m/s” (steady)
Deceleration (80 < v, < 100km/h) Dynamic Driving o Asymmetrical (early strong jerk)

[17] 4 with three Driving Styles Simulator—Highway Utility Scale Value velocity profile (vy)
Deceleration (80 < v, < 130km/h) Real Vehicle (Testing Perceived Safety, 2. 3

3] 3 with three Driving Styles Ground)—Highway Comfort, etc. ar > —17m/s% jr > ~13m/s

18 24 Lane Change (vy = 60km/h) Real Vehicle (Testing Driving Fun, Feedback, trc =~ 4.4s (level 2, SAE),

(18] 4 with three Driving Styles Ground)—Highway Comfort trc =~ 5.1s (level 4, SAE)
Lane Change (vy = 100km/h) Dynamic Driving o Asymmetrical (early strong jerk) and

(171 4 with three Driving Styles Simulator—Highway Utility Scale Value symmetrical velocity profiles (vy)
Lane Change (vy = 110km/h) Real Vehicle (Testing Perceived Safety and ) - 3

[16] 3 with three Driving Styles Ground)—Highway Comfort 2y <08m/sjy <12m/s
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Table 1. Cont.

Study Design
Reference Results
SAE Driving Maneuvers Environment Metrics
Lane Change (vy = 120km/h) i . Well-Being, Comfort, Overall Priority: Deceleration of the
36l 3 with three Driving Styles Real Vehicle—Highway Trust, etc. rear vehicle ay > —0.9m/s?
37 4 No preceding vehicle Fixed-Base Driving Perceived Safety, Reactive trajectory is preferred

(371 with two Driving Styles Simulator—Rural Road Comfort, etc. for oncoming traffic scenarios

38 4 Interactions with other vehicles Real Vehicle (Testing T dA Early versions more conservative

[38] with two Driving Styles Ground)—T-junctions rustand Acceptance o 4 hyman-like

In the studies listed in Table 1, the description of automated vehicle behavior is based on
the terms ‘driving style’ and rather ‘automated driving style’ (e.g., [16,17,19,35,37,38]). In a
few cases ([16,17]), reference is thereby made to existing definitions used by Elander et al. [5]
and Sagberg et al. [12], which, however, are not adapted to automated driving. In the other
cases, the term “driving style’ is not defined further, but individual driving characteristics,
such as velocity and acceleration (e.g., [19]), along with trajectories (e.g., [37]), are assigned
to it. In addition to the description of automated vehicle behavior, the term ‘driving style’
is also used in some of the selected literature (e.g., [17,19,35,37,38]) to describe the driver’s
way of driving. The term ‘experience’ is thereby mainly used to describe the perception and
feeling of the vehicle occupants. Furthermore, the selected literature sporadically mentions
the acceleration behavior (e.g., [17]), the trajectory behavior (e.g., [37]), the system behavior
(e.g., [18]), and other specifications of the term ‘driving behavior’.

In addition to the literature mentioned in this review, there are further studies on
human-centered design of the automated vehicle behavior. However, in several of these
studies, the variations of automated driving styles are either explained incompletely or
imprecisely (e.g., [39]), and thus are not considered in this section. The influence that
weather conditions (e.g., [20]), the performance of non-driving related tasks (e.g., [16]),
and various human characteristics, such as personality (e.g., [17]), age (e.g., [35]), and the
individual human driving style (e.g., [19]), have on the evaluation of automated vehicle
behavior has already been considered in several studies.

4. Definitions

The aforementioned review reveals that current human-centered research on auto-
mated vehicle behavior particularly uses the terms ‘driving style’, ‘driving behavior’,
and ‘driving experience’. Accordingly, in this section, various definitions of these terms
are discussed in more detail and the extent to which they are suitable for usage in the on-
tology is evaluated. In addition, the term “driveability’, which is based on non-automated
driving [8], will also be discussed.

4.1. Driving Style

The term ‘driving style’ was already defined in 1993 by Elander et al. [5] (p. 279) with
respect to non-automated driving;:

“Driving style concerns the way individuals choose to drive or driving habits that
have become established over a period of years. It includes choice of driving speed,
threshold for overtaking, headway, and propensity to commit traffic violations.”

Due to these individual driving habits and characteristics, various drivers have several
driving styles and react differently to driving situations [40]. Consequently, an individ-
ual driver can have different driving styles depending on time and environment [41].
Wau et al. [14] understand driving style to be how the driver performs the vehicle guidance
in general and describe that other definitions of this term especially take the aggression of
the driver into account. Based on an additional definition [13], the personal attitudes and
beliefs concerning driving are attributed to the driving style. Sagberg et al. [12] reviewed
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the previous research and usage of the term ‘driving style” and considered Elander et al. [5],
among others. Based on this, the driving style is defined as the “habitual way of driving,
which is characteristic for a driver or a group of drivers” [12] (p. 1251).

In addition, the term ‘driving style” is also used in various studies to describe the
way an automated vehicle drives (see Section 3). However, the term itself is not described
any further. Only various driving parameters, such as accelerations, jerks, and headway
distances [42], are assigned to the driving style. Griesche et al. [43] (p. 102) used the term
‘driving style’ for highly automated driving, “as a linguistic description of observable
patterns of parameter sets related to the maneuver and trajectory planning level.”

4.2. Driving Behavior

Various definitions with different meanings are used for the ‘driving behavior’, that
can be regarded as a generic term [12] or merely as individual characteristics [14] of driving
styles. According to Wu et al. [14], the term ‘driving behavior’ solely considers the decisions
of the driver, such as braking or accelerating. According to another definition [6], current
velocities and accelerations are understood to be driving behavior, which varies greatly
depending on gender [44], cultural parameters, and environmental conditions [45].

With respect to automated driving research, Lange [29] summarized the relevant
literature ([46-50]) and clarified that an automation system consists of the subsystems
perception and so-called ‘behavior generation’, whereby the latter is responsible for the
driving task and can thus be divided into various levels (e.g., [51-54]). With regard to exist-
ing architectures of non-automated driving (e.g., [51]) and robotics (e.g., [55]), Matthaei [50]
developed a hierarchical system architecture for automated vehicles (Figure 1). Referring
to Matthaei [50] and Donges [51], the strategical level represents the highest hierarchical
level and contains the route planning for the navigation of the vehicle.

« Route Planning

trategical Level L . igati
Strategical Leve « Navigation Points Navigation
Instructions

« Situation Analysi
Tactical Level ftuation Anatysts

« Maneuver Selection Chosen
Maneuver
. « Trajectory Calculation
Operational Level
P « Vehicle Stabilization Control
Commands

Figure 1. Components of the behavior generation referring to [50].

Depending on the perceived environment, appropriate driving maneuvers are derived
from navigation instructions within the tactical level. Based on this, the target trajectory
and thus the temporal and spatial target positions of the vehicle are calculated on the
operational level and in combination with further information passed on to various vehicle
controllers. Dynamic driving parameters, such as velocity of the vehicle, are therefore
defined in this level. The respective driving trajectory is carried out by transferring the
control commands to the vehicle’s motor, brake, and steering [50].

4.3. Driving Experience

Various parameters of driving style and behavior, such as velocity and acceleration,
have significant effects on the driving experience [16]. The latter is defined as a complex
feeling of the driver, which is derived from the interaction between himself and the vehicle,
and is thus perceived subjectively [56]. A similar definition of driving experience was
created by Bengler [9] (p. 80), who stated that this term “is especially focused on the
experiences effected exactly by and during the negotiation of the driving task”.
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With regard to automated driving, Kuoch et al. [57] and Martin et al. [58] report
that the driving experience will change rapidly. Further information on the effects of
automated vehicle behavior and individual driving parameters on the driving experience
are summarized in the review in Section 3. The general concept of user experience is further
explored for human-centered design for interactive systems in ISO 9241-210 [59].

In contrast to the previously presented definitions, other publications describe driving
experiences as the length of time the driver has a driving license [7] and the number of
driven kilometers [11]. According to this approach, an increase in driving experience is
accompanied by an improvement of the driver’s driving skills [60].

4.4. Driveability

Based on Hurter [8], driveability refers to the reliability and running smoothness of the
powertrain of a vehicle. In contrast, Mitschke and Wallentowitz [10] describe driveability
as the vehicle reactions induced by the driver and external disturbances during driving
curves. According to another definition [61], driveability represents the holistic behavior of
a system comprising a driver, a vehicle, and the environment.

4.5. Evaluation of the Definitions

In conformity with the requirements mentioned in Section 2, an evaluation of the
extent to which the existing definitions are suitable for the intended ontology is presented
in the following. In line with Section 4.1, the term ‘driving style” is variously defined
for non-automated driving as the way a human drives, and for automated driving is
used to describe how an automated vehicle drives. However, these definitions do not
distinguish between the driving style as a characteristic of a human and as a characteristic
of a vehicle. It follows that there is no uniform definition of the term ‘driving style’ for
the entire spectrum of automated driving. For the development of the intended ontology,
a redefinition of this term is considered useful.

Similarly to the term ‘driving style’, the term ‘driving behavior’ is mainly used to
describe the way a human drives manually (see Section 4.2). In contrast, the term ‘behavior
generation’ also has become established for automated driving. Due to various existing
definitions for the behavior generation of automated vehicles, a customization of this term
is not considered useful or necessary at this point. For the sake of completeness, the term
‘driving behavior’ is clarified in the context of automated driving for usage in the ontology.

As shown in Section 4.3, the term “driving experience’ is primarily used to describe
the emotional state of drivers. Accordingly, it can be transferred to automated driving and
all vehicle occupants.

Referring to Section 4.4, the term ‘driveability” is especially used to describe the
driving characteristics of a vehicle to various extents. Assuming that the automated driving
style and driving behavior refer to the automation system of a vehicle, various definitions
of driveability can still be used to describe further characteristics of automated vehicles
that are independent of the automation system. In consideration of these circumstances,
an existing definition of driveability is selected and extended in Section 5.2.

Allin all, on the basis of a redefinition of the term ‘driving style’, a clarification of the
term ‘driving behavior’, and extensions of existing definitions of the terms ‘driveability” and
‘driving experience’, a holistic description of the automated vehicle behavior is expected.

5. Ontology for Automated Vehicle Behavior

In consideration of the previous sections, an ontology for automated vehicle behavior
is developed in the following and presented on the basis of a driver-vehicle system in
Figure 2. With regard to the driver’s cognitive processes, the driver is represented by a
partial cognitive driver model based on Bubb [62] (p. 333) and is classified into information
perception, information processing, and information execution. While signal flows are
marked by black arrows, influences are depicted by blue and dashed ones.
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5.1. Redefinition of the Term Driving Style

In conformity with the aforementioned requirements for the ontology, both the driver
and the automation system have to be considered. Accordingly, in addition to the classic
‘human driving style’, the term ‘automated driving style’ is also used, which describes
how an automated vehicle drives and can therefore be classified as a characteristic of the
automation system. The fundamental distinction between the human driving style and the
automated driving style is evident in the driver-vehicle system shown in Figure 2. In the
case of a cooperative vehicle guidance, such as the H-Mode, the driver can interact with the
automation system [63] and thus the two driving styles merge to one driving style of the
driver-vehicle system. Further definitions for cooperative vehicle guidance and the shared
execution of the dynamic driving task by a human and an automated vehicle were clarified
by Flemisch et al. [64]. Due to the fact that the driver takes over the role of a passenger
during highly and fully automated driving [3], the human driving style becomes irrelevant
under these circumstances.

In accordance with the second requirement for the ontology (see Section 2), the ex-
isting definition from Elander et al. [5] that is highlighted in Section 4.1 is expanded and
customized for the automated driving style. This definition is selected for this purpose
because of the frequent usage (e.g., [12,16,17,42]) and the transferability from a human to
an automation system.

For human driving styles, the definition created by Elander et al. [5] and highlighted in
Section 4.1 is retained and supplemented by all further parameters of the way of driving,
such as the choice of driving maneuvers. The automated driving style is defined at this
point by referring this definition not to the driver but to the vehicle’s automation system.

Due to the resulting consideration of the time, similarly to the human driving style [41],
the automated driving style of a vehicle can therefore change over time. Automatic
adaptions of automation systems are recommended for the entire dynamic driving task,
with the exception of navigation [65]. Non-driving related tasks of the driver or different
automation levels [3] might have an influence on the driving styles. This statement goes
hand in hand with the recommendation of Oliveira et al. [38] that earlier versions of
automated vehicles should drive human-like and be more conservative and in later versions
drive more assertively and be progressive with regard to the acceptance of the system.

’ Environment
Dynamic Driver  Human Driving Style Vehicle Automated Driving Style
y. . (Characteristic of the Driver) - (Characteristic of the
Driving i ey ion Automation System)
Task (Component of the [} y
Information | .| ., [ | Information Control Automation System) !
Perception E Execution Elements E
@ ]
3] z B !
Visual g Anierten Behavior Generation :
= Speech L~ Adiustment || (Component of the !
- Dﬂ- e Automation System) !
Acoustic S : :
£ Upper - Steering Drivine Behavi
e riving Behavior
Vestibular g Extremities Wheel ‘ ]
] “E Lower Driving - Chassis/ . Driveability
Haptic = Extremities Pedals Powertrain (Characteristic of the
i l Chassis/Powertrain)
Driving Experience Dynamic Reaction of the Vehicle
(Feeling of the Vehicle Occupants)

Figure 2. Ontology for automated vehicle behavior referring to [5,10,50,56,62] (p. 333).
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5.2. Extension of the Term Driveability

As a characteristic of the automation system, the automated driving style is inde-
pendent of other hardware and software of the vehicle, and thus of the vehicle’s chassis
and powertrain characteristics. For the description of these classic characteristics the term
‘driveability” is suitable.

By extension of the definition by Mitschke and Wallentowitz [10] presented in Section 4.4,
driveability is defined as the vehicle reactions induced by the driver, external circum-
stances, and the automation system. In addition to this definition, all driving situations
and not only driving curves are considered in terms of driveability at this point.

5.3. Clarification of the Term Driving Behavior

In contrast to the automated driving style, which, according to Section 5.1, describes
all aspects of automated driving and can thus be described subjectively by individual
adjectives, such as comfortable or economic, the driving behavior refers to the purely
objective output of the behavior generation. The latter is referring to Matthaei’s hierarchical
system architecture for automated vehicles [50] responsible for navigation and route
planning, for situation analysis and maneuver selection, and for trajectory calculation
and vehicle stabilization.

Driving behavior is defined as the direct control commands for the automated dynamic
driving task that result from the behavior generation. Accordingly, the driving behav-
ior includes instructions for vehicle actuators, such as steering and braking systems,
and results in the automated driving style of the vehicle.

The studies summarized in Table 1 provide fundamental recommendations on how
to design a human-centered driving behavior and indicate that subsequent kinematic
output parameters, such as positions, velocities, and accelerations, are of high importance.
Furthermore, it can be seen that a suitable driving behavior depends on the environment,
the driving maneuver, and the metrics used to evaluate the automated vehicle behavior.
A possible adjustment of the behavior generation by, for example, the driver’s upper
extremities, can result in an adaption of the driving behavior and thus in a variation of
the automated driving style. This issue is shown in Figure 2 and enables the automated
vehicle behavior to be adapted to the individual needs of the vehicle occupants.

5.4. Extension of the Term Driving Experience

Taking into account the definitions already presented and the aim of a general and
holistic description of automated vehicle behavior, Schoggl’s [56] definition of driving
experience is considered appropriate as a basis for the extension.

Driving experience describes the complex feeling of the driver that results from the
interaction between himself and the vehicle [56]. With a view to the adoption of the
partial or complete dynamic driving task by the automation system depending on the
automation level [3], driving experience at this point is related to all vehicle occupants
and not only to the driver.

According to this customized definition, ‘driving experience’ is regarded as a generic
term that can be described in more detail by further metrics, such as driving comfort
and driving pleasure. Referring to Naujoks et al. [66], interactions between the driver
and the vehicle, and thus the perceived trust and usability, are mainly influenced by the
human-machine interface (HMI). This suggests that in general, the latter has a significant
influence on the driving experience.

At this point, it is important to note that vehicle occupants may have different expec-
tations about the automated vehicle or perceive the automated vehicle behavior differently
(see Section 3). It follows that the driving experience of vehicle occupants can differ (see
Section 4.3). A more detailed discussion of this issue and the implications for recommended
designs of automated driving styles follow in Section 6.3.
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6. Discussion and Conclusions

In this paper, the development of an ontology for automated vehicle behavior was
explained using a 3-part method. In the following, the review presented in Section 3,
which served as a fundamental preparation for the development of the ontology, is dis-
cussed. In addition, the developed ontology is explained in more detail and, based on this,
recommendations for the further research on automated driving styles are derived.

6.1. Human-Centered Research on Automated Vehicle Behavior

The review listed in Section 3 points out that human-centered research on automated
vehicle behavior was focused mainly on individual parameters of the direct longitudinal
and lateral vehicle dynamics. Accordingly, the effects of different driving dynamics on
driving experience were investigated in particular. In this process, various terms are used
to describe the automated vehicle behavior, which are not defined or only incompletely
defined. In addition, definitions are used which are basically suitable for non-automated
driving and have not been adapted for automated driving. In particular, the term ‘driving
style’ is often but also very differently used in the literature. Furthermore, in several studies,
the exact variations of automated driving styles and how the vehicle really behaves are
not described in detail, which may reduce the reproducibility of studies and the validity of
the results.

On the basis of this review, the problem to be solved, which was already defined in
Section 1, could be clarified and relevant terms for the ontology identified. However, it
must be critically stated that despite an extensive literature search, it cannot be guaranteed
that all relevant publications were considered in the aforementioned review and in the
subsequent evaluation of the selected terms (see Section 4). On the other hand, this
approach and the summarized information are considered appropriate and sufficient as a
basis for the development of an ontology.

6.2. Ontology for Automated Vehicle Behavior

The ontology developed in this paper and shown in Figure 2 is characterized by
various features. In accordance with the requirements defined in Section 2, the ontology
was designed to be suitable for various levels of automated driving and to provide a con-
ceptual distinction between driver and vehicle characteristics. Accordingly, there is a clear
difference between an automated driving style as a characteristic of the automation system
of the vehicle and the human driving style as a characteristic of the driver. Furthermore,
within the automation system, a distinction was made between the objective driving behav-
ior and the subjective automated driving style, which should enable a description of the
latter independent of the automation implementation. However, the authors recommend
further investigations to describe automated driving styles independently of the vehicle’s
hardware and software. In addition, the ontology uses the term ‘driveability” to distinguish
between the classic characteristics of the chassis and powertrain, and the characteristics of
the automation system.

In summary, the ontology takes into account various aspects of the automated vehicle
guidance and provides an expedient way of describing automated vehicle behavior through
the usage of suitable definitions. Nevertheless, further influencing factors that should not
be disregarded in designing automated driving styles, such as pedestrians, surrounding
vehicles, and other characteristics of the environment, were not considered in detail.
However, this issue does not affect the validity and applicability of the ontology created in
this paper and the definitions it contains. Therefore, the ontology can be used to emphasize
various recommendations for future and customer-oriented automated driving styles.

6.3. Recommendations for Automated Driving Styles

Figure 2 shows that automated driving styles are generated, influenced, and techni-
cally limited by the preceding behavior generation and perception capabilities, such as
limited sensor ranges of the automation system. However, there are also various customer
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requirements and expectations (see Section 3) that have to be met by automated driving
styles. As presented in Figure 3, automated driving styles should therefore be included
in the intersection of technically feasible automated driving styles and those desired and
particularly accepted by potential customers. In addition, regulatory requirements and
standards have to be considered [9], and can thus contribute to safe traffic. According to
this, relevant system limitations, such as maximum accelerations and minimum distances
to other objects, should be specified by official guidelines and ensured by the vehicle
manufacturers. Due to technical progress and possible changes in customer and regulatory
requirements, the transitions in Figure 3 are depicted as being smooth.

As indicated in Section 3, evaluation of automated driving styles depends on human
characteristics, such as age (e.g., [35]) and personality traits (e.g., [17]). Moreover, the ac-
ceptance of automated vehicles, which represents a fundamental condition for the success
of automated driving [67], is also influenced by the specific driver’s mental model of the
automation system [68]. In addition to acceptance and comfort frequently mentioned in
Table 1, the holistic driving experience should be considered in the process of develop-
ing automated driving styles. In particular, aspects resulting from the automation of the
dynamic driving task, such as performance of non-driving related tasks and associated
motion sickness [69], should not be neglected. To meet as many individual customer
requirements as possible, we recommend, along with other researchers (e.g., [16,35,39,70]),
to offer options to individualize the automated vehicle behavior and thus to implement
diverse automated driving styles in automated vehicles (see three colored areas in Figure 3).
According to various authors, human driving styles are often subdivided, among others,
into calm, normal, and aggressive [71]; or conservative, moderate, and aggressive [72].
Previous research has revealed that a part of the population wants to be driven differently
from their human driving styles (e.g., [73]), which is why transferring human driving
styles to automated driving styles should be questioned. Accordingly, we recommend a
distinction between human-like and machine-like automated driving styles.

Recommended Automated Driving Styles

Conformable
to Law

Customers*
Acceptance

Technical
Feasibility

Figure 3. Recommendations for automated driving styles.

With respect to safe and efficient traffic, the design of automated driving styles should
not be based solely on the human-centered perspective of a specific driver-vehicle system.
Accordingly, in order to achieve an optimum of the entire traffic, the environment and thus
other road users should also be considered in the development of automated driving styles.

6.4. Conclusions

Taking into account a large amount of relevant literature, numerous definitions,
and the international standard SAE J3016 [3], an ontology for automated vehicle behavior
was developed. SAE ]J3016 [3] addresses the description of the automated vehicle behavior
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itself merely in a cursory manner. Our ontology focuses especially on the applicability
for different levels of automated driving and a strict separation of characteristics of an
automated vehicle and vehicle occupants.

To summarize, the ontology contributes to a clear description of the vehicle behavior
of assisted, partially automated, conditionally automated, highly automated, and fully au-
tomated vehicles, along with the interactions between the driver and the vehicle. Therefore,
the ontology is suitable for human-centered research on automated driving and can be
used as a basis for further investigations in this field. Consequently, this paper contributes
to a standardization of the description of automated vehicle behavior. The clarification of
a fact that according to Busse et al. [21] represents the central objective of an ontology is
accordingly fulfilled by the developed one. The suitability of the ontology for more general
fields of automated driving, such as marketing or politics, is also considered possible by
the authors. However, the suitability for these purposes cannot be guaranteed without
further investigations by experts in the respective fields.

In future, experimental validation of the ontology and included terms should also
be addressed. Consequently, it is necessary to investigate how driving behavior can be
quantified and described clearly on the basis of technical and kinematic parameters, such
as accelerations, torques, forces, and the resulting trajectory. Furthermore, the developed
ontology can be used to evaluate how and to what extent automated driving styles can be
described independently of the vehicle’s hardware and software. A greater reproducibility
of studies and more general research purposes could be the result. In addition to the
characteristics of the vehicle, the metrics that can be used to describe the driving experience
in a holistic way should also be investigated in the future. Due to individual feelings and
expectations about automated driving, future studies should increasingly consider the
characteristics of vehicle occupants and thus various personas.

Furthermore, the authors recommend that in the future, automated vehicle dynamics
should not be only examined separately. The question of how various driving maneuvers
have to be carried out automatically in order to achieve a positive driving experience
should be extended by the question regarding accepted and desired moments for spe-
cific maneuvers.
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