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ABSTRACT The safety approval of Highly Automated Vehicles (HAV) still faces the automotive industry
with economic and legal challenges. For verification and validation, it is essential to describe the intended
behavior of an HAV in the development process in order to prove safety. The demand for this behavior comes
from the traffic rules which are instantiated by the present scenery around the vehicle (e.g. traffic signs or road
markings). The Operational Design Domain (ODD) specifies the scenery in which an HAVmay operate, but
current descriptions fail to explicitly represent the associated behavioral demand of the scenery. We propose
a new approach for a Behavior-Semantic Scenery Description (BSSD) in order to describe the behavior space
of a present scenery. A behavior space represents the delimitation of the legally possible behavior. The BSSD
explicitly links the scenery with the behavioral demand for HAV. Based on identified goals and challenges
for such an approach, we derive requirements for a generic structure of the description for complete road
networks. All required elements to represent the behavior space of the scenery are identified. Within real
world examples, we present an instance of the BSSD integrated into the HD-map framework Lanelet2 to
prove the applicability of the description. The presented approach supports development, test and operation
of HAV by closing the knowledge gap of where a vehicle has to behave in which limits within an ODD.

INDEX TERMS Automated vehicles, behavioral requirements, operational design domain, scenery
description, vehicle safety.

I. INTRODUCTION
Automated vehicles are currently the focus of research
and development both in the automotive industry and in
vehicle technology research institutions. The need for a
verification and validation as well as a safety by design
solution of these automated systems becomes clear not least
in the recently published technical report ISO/TR 4804 [1].
However, in order to be able to develop, test and release
the functions required for a driving automation system under
aforementioned aspects, the functions must first be explicitly
specified. This specification is fundamentally carried out in
the description of the Operational Design Domain (ODD),
in which the operational area of an automated vehicle
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is defined [2]. The specification of the operational area
indirectly defines the possible interactions of the vehicle
with its environment within this area. In this context, the
vehicle environment consists of the static traffic environment,
also known as scenery, such as roads or further traffic
infrastructure as well as other road users or other objects.1

All interactions of a Highly Automated Vehicle (HAV)
with its environment can be understood as vehicle behavior.
Consequently, by defining this vehicle environment, the ODD
indirectly specifies the behavior rules and thus the behavior
limits for HAV. In order to explicitly represent this indirect
information and therefore clearly define the possible vehicle
behavior, a crucial question must first be answered: What
behavioral rules and limits are imposed on the vehicle by an
ODD?

1Detailed definitions of relevant terms are provided in section II-A.
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Depending on the country, traffic regulations describe the
applicable traffic rules in general terms (e.g., German Road
Traffic Regulations [3]). There are global rules that apply
everywhere regardless of the scenery (e.g. collision-free
driving as prominently addressed in [4]) and local rules that
only arise in combination with concrete sceneries. The local
traffic rules instantiated by the present scenery represent the
previously mentioned behavioral rules and limits for all road
users and thus also for HAV.Although these local rules are not
directly concerned with collision avoidance, these rules are
highly relevant to road safety. Even if, for example, collisions
are avoided at intersections, subsequent accidents involving
other traffic participants can still occur due to a disregard
of the applicable local behavioral rules. This shows that not
only collision avoidance itself contributes to road safety,
but also the aforementioned local rules, which are therefore
indispensable. So far, the unified derivation and linkage of
these local traffic rules based on the scenery has not been
addressed in the literature. Therefore, the focus of this paper
is on local traffic rules and the resulting behavioral limits.
Only the legally relevant behavior limits are considered and
explicitly no other behavior limiting factors such as visibility
conditions or reduced friction values due to weather or other
influences.

The identified lack of process results in unresolved
challenges for the development process of HAV. As shown
before, the necessary driving behavior of HAV is based
on the ODD. ISO 21448 [5] gives guidance on how
to ensure that the intended functionality is safe.2 This
means that there is absence of unreasonable risk due to
hazards resulting from functional insufficiencies of the
intended functionality or its implementation. This includes
insufficiency of specification [5]. A complete and explicit
representation of the constraints on vehicle behavior imposed
by traffic rules is therefore indispensable within the func-
tional specification. The functional specification forms the
basis for the systematic derivation of requirements for the
driving automation in the system development process.
However, these requirements are only valid for the considered
functional specification, so that behavioral demands not
listed in the functional specification cannot be addressed.
The resulting specification gap propagates to the test case
definition - even with complete test coverage with regards to
the previously derived requirements. A uniform and holistic
description of the behavioral demands resulting from the
ODD is therefore required, which needs to be available at the
beginning of the development process.

Unsolved challenges also arise for the operation of HAVs.
For traffic rule-compliant behavior, the surrounding scenery
must be permanently analyzed while driving using a database
that translates the occurring scenery elements and their
concrete combinations into the applicable behavior rules.
Another problem is mission planning and continuation when
driving capabilities are degraded. It is not known for which

2Cybersecurity aspects are not addressed as they are scenery-independent.

road sections within the ODD which driving capabilities are
required. Thus, the driving mission must be aborted in case of
degradation, since otherwise no safe operation of the vehicle
can be guaranteed. Thus, no route planning is possible that
takes into account the current driving capabilities of HAV
and checks whether they meet the behavioral requirements
of a selected route. In both cases, it would be easier to
store the applicable behavioral demands directly in a map,
for example. A first approach to this is the map framework
Lanelet2 [6] which represents traffic rules within the map.
However, behavioral demands are not mapped uniformly and
completely.

Due to the identified lack of a behavior-related basis for the
development and operation of HAV, we would like to answer
the following research questionwithin this work: How can the
behavioral demands resulting from the scenery be described
uniformly and linked to the scenery directly?

As a result, we introduce a universal and explicit repre-
sentation of the behavioral demands directly linked to the
scenery. We show that current research and development
do not provide an approach for identifying and directly
linking behavioral demands based on a scenery for HAV.
Furthermore, we present the Behavior-Semantic Scenery
Description (BSSD) of road networks for the description
and characterization of arbitrary ODDs in the context of
highly automated driving. This novel description provides
access to understanding and knowledge of what behavioral
constraints need to be fulfilled by HAV and where within a
present scenery this needs to be accomplished. This approach
potentially creates a unified tool base for development,
verification and validation of HAV and could additionally
support HAV operation.

In the following, the fundamentals of this paper such as
terminology and preceding contributions as well as the goals
of this subsequent work are first introduced. Requirements
for the BSSD are derived directly according to the defined
goals. Based on this, related work is analyzed with respect
to the fulfillment of these requirements by already existing
approaches in the context of the set goals. Subsequently, our
solution of the BSSD is presented including an application
example. The paper closes with conclusion and outlook.

II. PRELIMINARIES
A. TERMINOLOGY
To fit this work into the understanding of the community,
the two main terms scenery and behavior are used according
to the current state of the art. In the course of creating a
scenery catalog, Geyer et al. [7] define the term scenery as a
structured collection of individual static elements that form
the environment for dynamic elements. Ulbrich et al. [8]
adopt and concretize this definition of the term by describing
the scenery as a summary of all geo-spatially stationary
elements. In addition to stationary elements themselves, this
definition also includes the lane network, vertical elevation,
and environmental conditions. On top of scenery, the same
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paper defines the terms scene, situation, and scenario, which
have since become successfully established in the automated
driving community. For this reason, these terms are used in
this paper according to the understanding of Ulbrich et al. [8].
To identify and describe behavioral demands, it is first

necessary to define the behavior of an HAV. According to
Nolte et al. [9], a distinction can bemade between internal and
external behavior, each of which is described by a sequence of
internal and external states. Consequently, internal behavior
describes in-vehicle processes to fulfill specified vehicle
functions, while external behavior represents observable
vehicle actions and interactions with the environment.
Czarnecki [10] proposes a similar behavior definition in
terms of a road user behavior. He describes this behavior as
a temporal change in states caused by internal or external
factors. Road user states are distinguished into internally and
externally observable states. Externally observable states are
the basic state of motion, physical form, and the relationship
between road users and other objects. This includes, among
other things, the activities of road users. Czarnecki’s [10]
behavior related to externally observable state changes thus
fits into Nolte et al.’s [9] definition of external behavior.
If behavior is used in this paper, the composition of these
two definitions is meant. Internal processes or changes of
state that cannot be observed externally are not relevant in
the context of the presented approach.

B. BEHAVIOR SPACE AND BEHAVIORAL ATTRIBUTES
In a previous paper [11], this author team introduced the term
behavior space as the delimited set of possible behaviors
for a vehicle based on traffic rules. The behavior space
does not demand explicitly required behavior, but rather
spans the limits of the legally allowed behavior. We call the
information regarding these limits the behavioral demand.
We derived a structure of behavioral attributes in order
to describe the behavior space. This assigns the behavior
relevant information to a section of the scenery. This
abstraction process reduces the complexity of the scenery
description while preserving the behavior relevant context
and thus, is beneficial for functional specification as well as
selection of the ODD.We introduced the term regular motion
space that describes the motion space for motor vehicles
that is usually the roadway. On top of that, we defined four
behavioral attributes with underlying properties to describe
the behavior space of sections of a road network. These
sections are called atomic behavior spaces, because within
them, per definition, the behavioral demand does not change.

The speed attribute describes the maximum allowed or
minimum required speed of a scenery section. Besides
the speed value itself, possible time restrictions or other
conditions can be allocated.

The boundary attribute specifies the rules and restrictions
for crossing boundaries. It is differentiated between longi-
tudinal and lateral boundaries. Crossing these boundaries
may be allowed, conditional (= allowed under a certain
condition), prohibited or not possible (physically).

TABLE 1. Relevant terms for this work.

The reservation attribute defines conditions to enter and
remain in the atomic behavior space with respect to priority
rules. Every atomic behavior space is, with some exceptions,
reserved for at least one type of traffic participant (e.g. motor
vehicles, pedestrians). This type of traffic participant shall not
be obstructed in its driving mission. Additionally, this type is
allowed to move permanently within this area. The type of the
reservation may be own-reserved (= reserved for the type of
traffic participant under consideration), externally-reserved
(= reserved for other type(s) of traffic participant) or equally-
reserved (= reserved equally between two different types of
traffic participant). A link property identifies the area from
which the reservation entitled traffic participants may come.
Exceptions of these reservation types include restricted areas
that are not reserved for any type of road user. In this case,
the type of reservation is none.

The overtake attribute determines the permission to
overtake other traffic participants within the given atomic
behavior space.

As an outlook of this previous paper, we identified the
necessity to represent interconnections between the individ-
ual atomic behavior spaces in order to describe the behavior
relevant information of whole traffic networks. Within this
contribution, we want to introduce the Behavior-Semantic
Scenery Description (BSSD) that fulfills that and further
requirements in order to represent the behavior space of
whole traffic networks. Table 1 summarizes all relevant terms
as a basis for this work.

C. GOALS AND CHALLENGES
From the basics of behavior spaces and behavioral attributes,
it is evident that the behavior space represents the behavioral
demands in semantic form. So far, by using only single,
isolated behavior space the behavioral demands are only
represented for sub-parts of the scenery without putting them
into context with each other. However, the main goal of
BSSD is to semantically represent the behavioral demands
in the overall context of a considered scenery. Here, the
behavioral demands apply to a specific type of traffic
participant. If this main objective is achieved holistically,
the following hypothesis may be corroborated and not be
falsified [12]: The BSSD represents the behavioral demand
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of the scenery for a specific traffic participant in semantic
form.

For this work, the scope is the BSSD for an automated
motor vehicle. Thus, given considerations and examples
address HAV as a specific type of traffic participant.
However, the BSSD can potentially be used for any type
of traffic participant. In the following, the sub-goals and
challenges to achieve the stated main goal of this work are
identified and discussed. Subsequently, these will be used as
a basis for deriving the requirements for BSSD.

1) ASSIGNABILITY
Currently, a description of individual atomic behavior spaces
using behavioral attributes is possible based on a given
scenery. At first, it is irrelevant whether the scenery is
artificially generated or real. For the description of a
behavior space, however, only the relevant scenery section
is considered without establishing an explicit and traceable
connection. For development, testing and operation of HAV
it is necessary to know the connection of the behavioral
demand to a real scenery or a real route network. In this
way, for example, an ODD selection within a route network
becomes possible. Thus, the goal is a traceable connection
between real scenery and behavior space. This means that
each (atomic) behavior space is assigned to its corresponding
scenery section.

2) CONNECTIVITY
In addition to unambiguously assigning behavior spaces
to the scenery, it is necessary to establish the connection
between the behavior spaces themselves. Initially, each
behavior space exists independently of others. If an ODD of
HAV is considered only within one atomic behavior space,
information about a single atomic behavior space would be
sufficient. Usually, the behavior space changesmultiple times
while moving through a road network due to changes in
behavioral demands, for example, caused by traffic rules or
various lane topologies. Thus, if an ODD contains multiple
(different) atomic behavior spaces, the connection between
them is essential. Even having only two different atomic
behavior spaces requires an unambiguous connection, since
both the entry into a new space and the associated driving in
this space are linked to conditions. To fulfill these conditions,
they must be known while being in the previous behavior
space. Thus, the goal is a scenery description that enables
the navigation through the individual atomic behavior spaces
comparable to a map.

3) CONSISTENCY
When assigning the behavior spaces and connecting them to
each other, the absence of contradictions is another decisive
factor. There must be no duplications or multiple refer-
ences within the description. The description must provide
contradiction-free and unambiguous behavioral information
for each part of the scenery. This prevents parts of the
scenery that should be described in the same way from a

behavioral point of view from being represented differently
in the description.

4) GENERALITY
Different use cases of HAV may require different ODD
definitions and thus different associated sceneries to be
navigated. To cover as many current and future use cases
as possible, the BSSD should be generic. This means that
an application is universally possible and in this way, every
relevant scenery or ODD for the operation of automated
vehicles can be mapped. Completeness is difficult to prove
in this respect, but the goal should nevertheless be pursued
with a view to the future of automated driving.

Based on the previously mentioned goals and the resulting
challenges in developing the BSSD, requirements for the
description are derived in the following.

III. REQUIREMENTS FOR THE BSSD
First, the goal of assignability is considered. In order to
unambiguously connect the scenery with the corresponding
behavior spaces, the BSSD must first divide a scenery
into individual parts that correspond to the atomic behavior
spaces. An atomic behavior space usually corresponds to a
lane segment, so the scenery must be broken down to the lane
level. The first requirement (RQ) is therefore:
RQ 1: The BSSD shall divide the scenery into atomic

behavior spaces.
Once the scenery is divided into the individual parts

corresponding to the atomic behavior spaces, the appropriate
behavioral demands must be assigned. Thus, each individual
part of the scenery shall have the four behavioral attributes
allocated. The structure of an atomic behavior space as
described in the basics has to be kept. Special attention has
to be paid to the physical boundaries of the atomic behavior
spaces, which have to be realized within the boundary
attribute. These span the behavior space not only from a
behavioral point of view but also from a geometric point of
view. In summary the next requirement is:
RQ 2: The BSSD shall represent the associated behavioral

attributes of the atomic behavior spaces.
The goal of connectivity demands that not only individual

atomic behavior spaces, but all behavioral demands in the
entire road network are represented holistically. For this
purpose, the atomic behavior spaces must be interconnected.
It must be ensured that all behavioral demands of the
individual atomic behavior spaces remain unchanged while
establishing the connections. Consequently, no behavioral
demands shall be added, nor may existing behavioral
demands be removed or modified. As a result, there should
be a navigable route network of atomic behavior spaces,
so that the behavioral demands are explicitly given for each
possible path within this network. Another constraint is the
validity of the route network representation. The BSSD route
network must represent the real route network, which is used
to derive the BSSD, identically in the sense of navigability.
This is the only way to enable later use of the BSSD for
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HAV development and operation (e.g. ODD specification or
routing). Due to this endeavor, the following requirement is
formulated:
RQ 3: The BSSD shall connect behavior spaces logically

and consistently to a valid representation of the navigable
route network.

In order to achieve the goal of consistency, ambiguities
must be excluded. Consequently, there must not be different
descriptions for the same information content. It is possible
that different scenery sections require the same behavior
space, although they differ in the scenery characteristics.
A simple example are a curb and a solid lane marking. These
are different scenery elements which nevertheless lead to the
same behavioral demand that crossing these boundaries is
prohibited. This phenomenon can occur for entire behavior
spaces. In such cases, the different scenery sections must
each be assigned the same behavior space so that the
information content is unambiguous and thus consistent.
Neither assignability nor connectivity must suffer from the
consideration of this condition. The following requirement is
defined to fulfill the consistency:
RQ 4: If different sceneries impose the same behavioral

demands, they shall always be represented by the same
behavior space.

To meet the goal of generality, the BSSD should be as
universally applicable as possible. This means that there
should be no behavior space that cannot be represented by
BSSD. Consequently, there must not be any real scenery
or scenery section for which the behavior space cannot be
represented or cannot be represented correctly. The final
requirement is therefore:
RQ 5: The BSSD shall represent the behavior space to any

real scenery.
Taking into account the established goals, challenges and

resulting requirements, the related work is identified and
analyzed in the following.

IV. RELATED WORK
It is apparent from the previous sections that two topics
are relevant for the identification and analysis of related
work: Scenery representation and behavior representation
in the context of automated driving. Consequently, work is
sought that addresses these topics and analyzedwhether a link
between both topics is established.

A. SCENERY REPRESENTATION
As a central component of the ODD, the scenery is used in
the context of the representation of scenes, situations and
scenarios. For the identification, derivation or generation of
these representations, the description and representation of
the scenery is indispensable.

A popular approach to represent sceneries is the appli-
cation of ontologies, which are utilized to organize and
structure knowledge. Bagschik et al. [13] employ this
approach to generate and represent scenes for HAV by
building an ontology based on a 5-layer model. They

adapted the original 4-layer model for generic scenario
description by Schuldt et al. [14] and added another layer. The
scenery is described using the four layers road-level, traffic-
infrastructure, temporal changes of the previous layers and
environment. Using the ontology, individual elements and
their properties from these four levels are combined so that
valid traffic sceneries are created. In the scene creation, the
components such as individual lanes, hard shoulders or guard
rails are represented as they are perceived in reality with no
attached explicit rule or behavior information. These scene
components are then arranged in a traffic-related manner.
Traffic validity is thereby ensured with the knowledge base
of state guidelines for highway construction within the
ontology. In a further work, Bagschik et al. [15] generate
functional scenarios for the highway based on the same
ontology. Both approaches are not applicable in this form
for modeling urban sceneries or even intersections in general.
Scholtes et al. [16] adapt and extend the 5-layer model by the
digital infrastructure layer for the structured description and
classification of urban traffic and its surroundings, again not
adding any explicit rule or behavioral information.

Ulbrich et al. [17] present a graph based information rep-
resentation consisting of different hierarchical information
layers. On the highest level, a topological representation
of the road or intersection shows the different relationships
and links between lanes and intersections. Lane boundaries
link lane segments in lateral direction, while way points
link lane segments in longitudinal direction. First explicit
traffic rule information such as the permission to cross a
boundary or speed limits of lane segments can be added. Still,
information regarding behavioral rules are added without
a systematic approach to cover every valid rule for the
segments.

Buechel et al. [18] use a similar approach to describe road
segments based on an ontology. A road segment consists
of lane segments and lane markings arranged by state-
ments such as isConnectedTo or containsLeftLaneMarking.
Traffic regulations, e.g. country specific speed limits, are
linked directly to road segments. In addition to modelling
only road segments, Hülsen et al. [19] build an ontology
to describe traffic intersection situations. Similar to the
approaches mentioned before, they use statements such as
isRightOf or hasRightOfWay to describe the relationship
between roads and crossings as well as between different
traffic participants. Traffic signs and their meanings are
included in the same manner. In another ontology-based
approach, Regele [20] proposes a decision-making process
of automated vehicles. By using a graph-like network
of connected lanes, vehicles and objects, he considers
explicit relations between lanes such as opposing traffic or
bi-directional lanes by linking behavioral advises rather than
explicit rules. For example, a behavioral advise for opposing
traffic is take special care during crossing over the other
lane.

Butz et al. [21] abstract traffic situations by using static
zone graphs as an abstract scenery representation in order to
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perform a morphological behavior analysis. Zone graphs are
constructed for one kind of scenery (e.g. a 4-way intersection
or roundabout) and an HAV intention. They are made up of
different types of zones connected by different types of edges.
There exist driving zones for the HAV, position zones for
other traffic participants or information zones that contain
e.g. traffic signs. This approach is already strongly linked
to a behavior representation. The behavioral part is not a
pure representation of rules but already considers the abilities
of the ego vehicle. By using a zwicky-box, equivalence
classes for the required behavior are derived, e.g. a pedestrian
crossing is either blocked or threatened (requirement is to
stop in front). Within their representation not all traffic rules
are covered, e.g. speed limits or overtaking bans are not
considered.

Another popular approach to describe the scenery espe-
cially in simulation tools and operation are high definition
maps. These maps represent the scenery in high detail with
centimeter accuracy. OpenDRIVE [22] is a standardized file
format developed for simulation applications, which require
a precise description of road networks. This format structures
roads, referred to a reference line with driving lanes and road
features describing the scenery. Thus, it also includes traffic
regulation elements such as traffic signs or lights. There also
exists a traffic rule identifier, but without a unified method or
structure to represent traffic or behavior rules at all.

A different approach is presented by Poggenhans et al. [6].
They extend and generalize the map format Liblanelet [23]
to a new high definition map framework Lanelet2. The
basis of this format are lanelets, which are atomic road
sections connected to each other forming the road network.
Traffic rules as well as topological relationships do not
change within a lanelet. Lanelet2 describes traffic rules using
regulatory elements, which refer to elements that define these
traffic rules (e.g. traffic signs or lights). Regulatory elements
are referenced by at least one lanelet or area for which
the linked traffic rules are valid. However, the regulatory
elements do not represent the traffic rules holistically for
the complete scenery. For example, there is no information
about lanes that are driven against their intended direction.
Nevertheless, this information is needed for overtaking,
among other things. Furthermore, the regulatory elements
do not represent the traffic rules in a uniform way. All
traffic rules, regardless of type, are represented using this one
class.

B. BEHAVIOR REPRESENTATION
The behavior of an automated vehicle must not only be
traffic rule compliant (locally as well as globally), but is
also constraint by other aspects, e.g. local culture or comfort
constraints. These constraints may be in conflict with each
other. Censi et al. [24] present a behavior specification
methodwith so-called rulebooks. Not all rules can be satisfied
simultaneously. With the help of the rulebooks the different
rules are arranged in a hierarchy (rulebook = preordered set
of rules). A rule is a scoring function (possibility of more

severe violation than other violation) that helps to specify
and order behavior constraints. By giving safety the highest
weighting, country and culture specific rules can then be
considered at a lower level. However, the work does not
provide representations of the individual rules, e.g. traffic
rules.

For the representation of individual rules, on the one
hand based on the surrounding scenery, it is possible to
derive the present traffic rules and with that the required
behavior of HAV. But on the other hand, there are dif-
ferent approaches to represent the required behavior on
a global level without considering the present scenery.
Most prominently, Shalev-Shwartz et al. [4] introduce
the Responsibility-Sensitive Safety (RSS) model. In this
approach, five ‘‘common sense’’ driving rules are formalized
in a mathematical model. The authors prove that if every
traffic participant follows these mathematically formalized
rules no collisions would occur. While considering basic
priority rules at intersections, most of the traffic regulations
based on local scenery (e.g. traffic lights, speed limits) are not
represented in this approach. Further approaches to formalize
global traffic rules are presented by Rizaldi et al. [25] and
Esterle et al. [26].
Stolte et al. [27] perform a hazard analysis and risk

assessment for an unmanned protective vehicle which results
in safety goals for the development of HAV. These goals
state behavioral requirements, also regarding traffic rules
(e.g. ‘‘overrunning hard shoulder markings must be pre-
vented’’), but remain unconnected to a representation of the
scenery.

The National Highway Traffic Safety Administration
(NHTSA) [28] and Waymo [29] present behavioral com-
petencies recommended for the development and testing of
HAV, but these competencies are to abstract to serve as an
explicit behavioral demand representation in a route network.

Lopez et al. [30] use flow charts to model the required
behavior while driving through urban intersections resulting
in nine decision points. These flow charts represent various
queries regarding the present scenery and planned maneuvers
and based on this give out the present priority rules. The charts
are not linked to a specific intersection but rather need to be
reapplied for every intersection to receive the resulting rules.

Behavior planners implemented in HAV need to convert
the behavior rules of the surrounding scenery into a valid
behavior conforming to these rules. Therefore, these planers
need to represent this behavioral demand in order to work
with it. To the knowledge of the authors no unified approach
to do this extists. Pek et al. [31] introduce an online
verification method to reduce accidents caused by automated
vehicles. They consider every legally possible behavior
of traffic participants considering the dynamic feasibility.
In order to allow an online verification, the considered traffic
rules were formalized in a previous step. How these traffic
rules are derived and represented remains unclear. All these
behaviors are collected in one behavior set which corresponds
to one specific traffic participant.
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C. SUMMARY
The related work shows various approaches to model the
surrounding scenery. With current methods the elements as
perceived by the human eye are represented in ontologies
to model the relations in between them. This representation
of the element rather than the information that the element
carries results in a big amount of data that needs to be
interpreted in order to use it for the automated driving
task. Lanelet2 [6] seems to be a promising approach to
explicitly represent traffic rules, but still lacks to represent
the explicit demanded behavior for a scenery. So far, the
derivation and representation of the behavior of HAV is
based on traffic rules, common sense rules or safety analyses.
Expert knowledge is often used in addition to complement the
resulting behavior specification.

Overall, scenery and behavior are often represented in
separate ways, which usually requires at least one additional
step in the derivation process. There is no approach specifying
the demanded behavior based on the scenery within a HAV
has to operate. Furthermore, the different dimensions of
behavior rules are not examined or modeled separately.
Therefore, the requirements derived in Section III are only
partly and not holistically met in the current related work.
As a result, we investigate a new semantic description,
directly linking the scenery with its demanded driving
behavior.

V. BEHAVIOR-SEMANTIC SCENERY DESCRIPTION
In the following, the elements necessary for a BSSD and
their relationship to each other are derived from the identified
requirements.With regard to an implementation, the structure
of the BSSD should be as generic as possible and thus
independent of the target format or target system. This
ensures that the BSSD is utilizable in any use case and
ODD. The aim is to achieve a description that represents
all necessary elements and properties of the BSSD such that
the requirements from Section III are met. Fig. 1 represents
the generic structure of the BSSD resulting from the derived
necessary elements and their relationship to each other. In the
following sections V-A and V-B this structure is derived
and explained. Finally, in section VI the generic structure is
instantiated and applied to real world examples to show the
usage process.

A. ELEMENTS FOR THE ROAD NETWORK
REPRESENTATION
It follows directly from RQ 1 that the basis for a BSSD
is a (partial) route network that is decomposed according
to atomic behavior spaces. In lateral extension, a lane
represents the smallest possible road space onto which an
atomic behavior space is represented. For this purpose,
it must necessarily be possible to represent individual lanes.
In addition to a conventional lane formotor vehicles, a bicycle
lane, for example, may also represent a lane. Such a lane is
potentially used by a motor vehicle as well. Besides lanes

within the regular motion space, elements of non-regular
motion space have to be considered for the representation
of reservation links (e.g. pedestrians coming from a sidewalk
onto a pedestrian crossing).

Depending on the use case, it may not be sufficient to
represent individual atomic behavior spaces in isolation. They
must be considered in the overall context of a road network
so that RQ 3 is satisfied to ensure connectivity. In terms
of navigability, all possible driving options as they exist in
reality must therefore be represented. For every point in
the route network where multiple driving options follow,
the available behavior spaces must be represented. Since
geometry is not a part of the description of a behavior
space, the BSSD in its plain form does not require any
geometry for the representation of sceneries. In this case,
further auxiliary elements besides lanes are necessary for
a consistent route network representation. If the BSSD is
integrated into amap containing geometric information, some
of these auxiliary elements may be omitted, depending on the
level of detail of the map. For example, the relationship of
individual lane sections in a HD map would be evident based
on geometric adjacency alone, without the need to define
further dependencies. Since a representation entirely without
geometry requires the most auxiliary elements, this case is
considered below. If geometric information is added, the
corresponding auxiliary elements can simply be neglected.
If they are beneficial for the application, however, it is still
possible to use them.

Route networks can be described without geometry by
a logically constructed topology following the topological
graph theory. A road network is represented, as is common
in navigation, using nodes and edges. The nodes represent
traffic points where the traffic flow branches in different
directions. In the scenery, these points correspond to
intersections, traffic circles or junctions, for example. All
connecting roads between the nodes are modeled as edges,
which are called ways in the following. Consequently, more
than two ways are connected at nodes. Within nodes, ways
represent the possible connections between the incoming and
outgoing ways adjacent to the nodes. Each way in a road
network therefore may have arbitrarily many predecessors
or successors. This ambiguity of nodes is explicitly desired,
because in this way the different driving options at nodes are
represented. However, for a lane-accurate representation of
the scenery, the ways must be further subdivided into lanes.
As soon as different lane topologies prevail within a way (e.g.
transition to a different number of lanes), a subdivision of the
lanes in longitudinal direction becomes necessary.

For lateral transitions between lanes (e.g. lane changes)
the neighbors of a lane are specified. In order to ensure
uniqueness in lateral transitions every lane has only one left
and right neighbor at most. This results in a longitudinal
segmentation of a way into a segment whenever any lane
has a change in its behavior space. In order to enable the
linkage of reservation receiving traffic participants lanes may
have non-regular motion space as a left or right neighbor.
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FIGURE 1. Structure of the behavior-semantic scenery description.

In contrast to lateral neighbors, a lane may have any number
of predecessors or successors in longitudinal direction.
As with ways at nodes, this property allows the assignment
of multiple driving options for diverging or separating lanes
and the associated atomic behavior spaces.

An advantage of segmentation is the holistic representation
of behavioral demands within a road segment. A segment
represents the behavior space across the entire lane width.
In this way, all behavioral demands for driving on the road
section are explicitly available. The same principle applies to
a way, which in turn consists of at least one segment.

In summary, depending on the integration of geometric
information, the elements listed in Table 2 are necessary for
mapping the BSSD to a road network. The resulting structure
of the road network representation within the BSSD is shown
in Fig. 1 on the left-hand side.

TABLE 2. Necessary elements for BSSD of a road network.

B. ELEMENTS FOR THE BEHAVIOR SPACE
REPRESENTATION
After the atomic behavior spaces can be represented using
the elaborated structure for a valid representation of road

networks (RQ 1 and RQ 3), a structure for mapping the
behavioral demands onto the atomic behavior spaces has to
be derived (RQ 2). This structure must additionally fulfill RQ
4 to achieve consistency.

Due to the directionality of the behavioral demands, the
atomic behavior space must always be able to represent
both possible driving directions of an HAV. Therefore,
an atomic behavior space always consists of two additional
elements, the behavior along reference direction and the
behavior against reference direction (the reference direction
may be selected as desired). Both directions must cover the
same knowledge requirements about the possible behavioral
demands: What is the speed limit? What conditions apply
when changing lanes or entering a new space? Which road
users must be given priority? Is overtaking allowed?

As a result, for both considered driving directions, the
behavioral attributes speed, boundary, reservation and over-
take are each assigned exactly once. In turn, the behavioral
attributes always belong to only one considered driving
direction within an atomic behavior space. The behavioral
demands describe the characteristic of the individual behav-
ioral attributes in order to fulfill the mentioned knowledge
requirements. They are stored as a part of the respective
attribute.

1) SPEED ATTRIBUTE
At least one speed demand element must be defined,
specifying the maximum allowed driving speed within the
atomic behavior space. Additional demand elements may be
defined for speed limits under certain conditions such as time
of day or weather. A required minimum speed may be added
as well.
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2) BOUNDARY ATTRIBUTE
The behavioral demands are restricted to crossing conditions
of the respective boundaries. An atomic behavior space
always consists of one longitudinal (entry) boundary and
two lateral (exit) boundaries. At least one or more crossing
demand elements are assigned to each of the three boundaries.
Conversely, each crossing demand element is part of a
boundary element. An example for a double assignment of
a longitudinal boundary is a stop line at a traffic light system.
Here, different crossing demands apply for active or inactive
traffic lights.

3) RESERVATION ATTRIBUTE
As introduced in Section II, the reservation attribute covers
all behavioral demands regarding priority and residence
allowance rules. By abstracting the description of these
demands, it is possible to apply the representation to all
atomic behavior spaces independent of the type of road
section (e.g. junction, road, roundabout) that is described.
At least one reservation demand element is assigned to the
reservation attribute. Dependent on the type of reservation
(own, externally, equally, none) further elements are required.
For the externally- and equally-reserved cases, the type
of the reservation-entitled road users must be represented.
Additionally, there is the reservation link element, which
indicates the origin and, if necessary, the destination direction
of these road users by directly referring the respective lane
element. Any number of reservation links can be defined for
the reservation demand, which can address any number of
lane or non-regular motion space elements.

4) OVERTAKE ATTRIBUTE
The overtake attribute has at least one overtake demand
element. As with the speed attribute, an overtake prohibition
may be linked to different conditions, resulting in multiple
overtake demands.

5) RESULTING STRUCTURE
The resulting structure of the behavior space representation
within the BSSD is shown in Fig. 1 on the right hand
side. With the elaborated structure it is possible to assign
a complete behavior space to each scenery section (RQ 2).
The basis for the interconnection of the individual atomic
behavior spaces (RQ 3) is the structure of the road network
derived in the previous section. The resulting overall structure
(Fig. 1) now represents not only each individual behavior
space, but also their concatenations. Thus, the behavioral
demands resulting from subsequent behavior spaces are
represented and their sequence is directly accessible.

VI. APPLICATION AND REAL WORLD EXAMPLES
In this section, the generic BSSD from the previous section is
instantiated to describe real world sceneries. For this purpose,
the BSSD is created using the map framework Lanelet2
[6] as a basis. The characteristics of the Lanelet2 instance

of BSSD are first described below. Subsequently, two real
scenery sections in Darmstadt (Germany) are considered and
explained. Finally, these examples are discussed, revealing
that despite striking differences in the two scenery sections,
the resulting BSSD shows only few differences. The two
examples additionally serve as an evaluation of the approach
by checking the requirements specified in Section III.

A. LANELET2 INSTANCE OF BSSD
Before describing the examples themselves, the structure
of the Lanelet2 framework and its impact on the BSSD
implementation is first explained for further understanding.
Lanelet2 builds on the map format OpenStreetMap (OSM)
[32], which uses the elements node, way and relation in order
to model a map (these nodes and ways are different to the
defined ones in Section V, Table 2). Ways consist of nodes
and correspond to linestrings in Lanelet2. Relations refer to
members like linestrings, nodes or relations and assign a role.
The role defines the property or relationship of the member
with respect to the relation.

Lanelet2 maps are augmented with BSSD information
for the application of BSSD, while fully preserving the
functionality of the original map. The core element of
the Lanelet2 map format are lanelets, which are used as
atomic components of road networks to build maps. They
are modeled as relations and always reference two lateral
boundaries in the form of linestrings with the roles left
and right, within which directed movements take place and
traffic rules do not change. Thus, for a motor vehicle,
lanelets generally represent a lane section of a roadway.
The representation of bicycle lanes or crosswalks as well as
non-regular motion space is additionally possible.

The construction of a lane network for the BSSD is
not necessary when using Lanelet2, since the map already
provides the necessary information. Nevertheless, it must
be ensured that the assignment of atomic behavior spaces,
as shown in the generic UML representation of the BSSD
in Fig. 1, to this road network is possible. Usually, the
behavior space is assigned directly to a single lanelet. With
respect to Fig. 1, the lanelet therefore corresponds to the
lane element of the road network representation. In case
two different behavior spaces have to be assigned to a
single lanelet (e.g. because the behavioral demand changes
within this lanelet), this lanelet can be split considering
the design rules of Lanelet2. If the Lanelet2 map is to
remain untouched, a lanelet can be artificially split using
additional BSSD elements in OSM format. If an atomic
behavior space contains two or more lanelets, they are
referenced together without changing the format itself. The
union of multiple lanelets would break the Lanelet2 format
and make it unusable at this point. To represent the behavioral
demands of the longitudinal boundary, most lanelets also
require additional linestrings. However, these can be added
in a Lanelet2-compliant way without endangering the format.
If such linestrings are already available, e.g. in the form of
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FIGURE 2. Example A: T-junction in Darmstadt, Germany (Aerial image 
 Orthophoto Vermessungsamt Darmstadt 2021).

stop lines at the correct position, no new elements have to be
created.

The two following examples were generated by first
creating a Lanelet2 map based on high-precision satellite
images. The corresponding BSSD information was then
added in accordance with the generic UML structure in
Fig. 1. Both creation and visualization of the scenery
sections were done entirely with JOSM [33] using the
corresponding Lanelet2 map style. In addition, some of the
BSSD information is visualized using a specific BSSD map
style. Information boxes, arrows and pictograms were added
manually to visually represent further information stored in
the BSSD map implementation. The blue and black circles
with respective numbering visually support the explanations
in the following.

B. EXAMPLE A: T-JUNCTION
After introducing the basics of the Lanelet2 framework and
its effects on the BSSD implementation, more detailed expla-
nations regarding the BSSD implementation are provided
considering concrete examples in the following. Fig. 2 shows
the aerial image and the corresponding Lanelet2 map with
the BSSD extension of example A. This example represents
a T-junction within a 30 km/h speed zone. The priority road
is a two lane one-way road and the secondary road is a
two-lane roadwith bidirectional traffic. In order to explain the
implemented structure, only one sequence of atomic behavior
spaces is considered (yellow marking), leaving the other
behavior spaces unrepresented. Following the sequence in the
marked direction (yellow arrow) is equivalent to a right turn
maneuver. We consider the atomic behavior space A (blue
circle) for a detailed explanation of the BSSD information.

It must be noted that pedestrians that potentially cross the
secondary road during that right turnmaneuver only can cross
the road in the considered behavior space. A fence (light
green line) prevents the crossing in the preceding behavior
spaces. A crossing in the successive behavior space would
no longer be part of the turn maneuver resulting in different
behavioral demands. Of course, the global behavioral rules
require that even collisions with pedestrians climbing over
the fence are avoided. Again, at this point it should be noted
that the focus of this work is on local behavioral rules that
arise from specific sceneries.

Atomic behavior spaces are directly mapped to their
corresponding lanelet (black circle 1), as the behavioral
demands change before and after this lanelet. The lanelet is
defined as a member with the role lanelet of this behavior
space, so that the scenery linkage is directly established.
As further member, the behavior space has the relation
behaviorwith the role along (black circle 2), which represents
accordingly the behavior along the reference direction (the
reference direction is defined by the lanelet). Besides the
type of the relation, which is always defined, the behavioral
demands of the attributes speed and overtake are directly
stored within this relation (black circle 3). For behavior space
A, the maximum allowed speed is 30 km/h and overtaking is
not prohibited.

The behavioral demands of the remaining behavioral
attributes boundary and reservation are modeled as relations.
They are members of behavior with the respective role
(boundary_long, boundary_right, boundary_left and reser-
vation) as highlighted by the black circle 4. These elements
in turn reference the Lanelet2 map information. For example,
the boundaries are directly linked to the linestrings of the
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FIGURE 3. Example B: Two-lane road with crosswalk in Darmstadt,
Germany (Aerial image 
 Orthophoto Vermessungsamt Darmstadt 2021).

lanelets or the newly created linestrings for the longitudinal
boundaries (black circle 5). Likewise, the linking of lanelets,
from which road users with reservation claims may come,
takes place. In this example, when entering the considered
behavior space, priority must be given to pedestrians coming
from the sidewalks to the left and right (black circle 6).
That behavioral demand is a result of the turn maneuver
since motor vehicles and bicycles generally have to give
priority to pedestrians crossing the street while turning. Since
crossing pedestrians might already be on the road in the
lateral adjacent lanelet, this area has to be considered as
a link as well (black circle 7). In general, all areas that
have to be crossed by reservation entitled traffic participants
must be considered and linked to the according reservation
element. Thus, the reservation demand of the considered
behavior space is externally-reserved for pedestrians with a
reservation link to the corresponding Lanelet2 elements as
highlighted by black circle 8 (sidewalks and adjacent lanelet,
indicated by the orange arrows and pictograms). For clarity,
only one of the three connections is explicitly shown in this
example.

C. EXAMPLE B: CROSSWALK
A second real scenery section is considered in example B in
Fig. 3 that shows a two-lane road with bidirectional traffic
in a 50 km/h speed zone, lateral adjacent bicycle protection
lanes and a crosswalk. A parking area adjacent to one bicycle
protection lane is found as well (blue colored area in the
Lanelet2 map). In this example, the behavioral demands
regarding the boundary elements of the behavior spaces are
visualized considering a driving direction as indicated by
the yellow arrow. We again consider a certain sequence of
atomic behavior spaces (yellow marking) and, in particular,
the atomic behavior space B representing a lane section on
the crosswalk. Because of the crosswalk the longitudinal

boundary of B is conditional, as entering the crosswalk is not
allowed when there is stagnant traffic. The lateral boundaries
are conditional for the same reason. In case only one lane
is blocked by stagnant traffic, it shall not be allowed to
move over another lane into the blocked lane by crossing
the lateral boundary. Since priority must be given to crossing
pedestrians, the reservation type is externally-reserved. The
arrows in Fig. 3 show the respective links from where
pedestrians may come. Finally, overtaking is not allowed at
pedestrian crossings, and thus, the overtake attribute is set to
permission: no.

D. DISCUSSION AND EVALUATION
In order to demonstrate the benefits of the BSSD due to
an usage of only four behavioral attributes to describe the
behavioral demands, we directly compare the presented
atomic behavior spaces A and B. The corresponding behav-
ioral demands are shown in Table 3 and can be analyzed
attribute-wise.

Wewant to focus on the behavioral demands regarding lon-
gitudinal boundary and reservation since lateral boundaries
are less relevant considering the yellow marked sequence.
In both examples the crossing demand of the longitudinal
boundary is no stagnant traffic. This means that entering
the behavior space is only allowed if the space can be
passed without coming to a rest, no matter where this
rule arises from. In example A that demand results from
being part of a turn maneuver at an intersection. The same
demand in example B results from being part of a crosswalk.
Thus, a HAV would have to check if sufficient driving
space is available in the successive atomic behavior spaces
before entering the considered space. Additionally, both
examples have the same reservation demands. In both cases,
HAV entering this behavior space have to give priority to
pedestrians coming from the sidewalks and areas that they
have to pass by crossing the road as well. In both examples,
HAV must check the laterally adjacent areas for pedestrians
potentially crossing the street. Furthermore, staying in the
behavior spaces A and B is prohibited, meaning that this area
must be left as soon as possible. This behavioral demand
is also indicated by the external reservation. The attributes
of speed and overtaking of example A and B differ in their
behavioral demands as well as the crossing demands of the
lateral boundaries.

However, the equality of the behavioral demands of
longitudinal boundary and reservation show that completely
different sceneries may indeed be very similar in their
demands. These similarities potentially result in reduced
development and testing effort of HAV, since the diversity
at the behavioral level is reduced. A behavior planner would
need to perform some of the same automated driving tasks in
the examples shown, which would not have been apparent
based on the scenery itself. Resulting from this, the test
criteria for tests of the behavior planer would be the same
for the equivalent demands on both sceneries and thus,
reusable in between them in order to save effort. It would
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TABLE 3. Behavioral demands of example A and B.

be even possible to perform an online check of compliance
to this criteria during operation when localizing within the
BSSDmap.Additionally, capability-based route planning can
consider the current skills of the HAV with regard to the
behavioral demands. In the first example, a route planer could
decide to not turn right, if the vehicle does not have the skill to
yield for pedestrians (no matter if this is principally the case
or a function of the vehicle is degraded).

In both examples, concrete (navigable) sequences of
atomic behavior spaces were considered. Nevertheless, for
both scenery sections all behavior spaces are available
in the sense of a complete BSSD (we will provide the
complete BSSD of the example as open source). Thus, the
decomposition of the scenery into atomic behavior spaces
(RQ 1), the assignment of the corresponding behavioral
attributes (RQ 2) and also the connection of the individual
behavior spaces are addressed (RQ 3). The comparison of
the two examples shows that behavior spaces of the BSSD
can be very similar despite strongly different sceneries. The
reservation dimension of both behavior spaces is identical.
This shows, that even with completely different sceneries,
RQ 4 is addressed, so that different sceneries with the
same behavioral demands are represented in the same
way. So far, we have transferred scenery sections from
Darmstadt and Karlsruhe into a BSSD using our Lanelet2
extension without any complications. Additionally, we have
a BSSD instantiation in topological form (without geometry
information) by using an ontology.We will also provide these
other examples open source. While these examples do not
prove that BSSDworks for every conceivable (HAV-relevant)
scenery (RQ 5), they do not falsify the application of BSSD.
Thus, the hypothesis stated in Section III is corroborated
based on current evidence.

VII. CONCLUSION AND OUTLOOK
In the introduction to this paper, we identified and moti-
vated two fundamental questions in the context of HAV
development and operation. First, ‘‘What behavioral rules
and limits are imposed on the vehicle by an ODD?’’. And
second, ‘‘How can the behavioral demands resulting from
the scenery be described uniformly and linked to the scenery
directly?’’. Since the first question is largely answered in our
previous contribution [11], in this paper we answer the second
question in particular by introducing a generic concept for

a Behavior-Semantic Scenery Description (BSSD) for auto-
mated driving. By applying an instance of this concept to real
word examples, we demonstrated that it is applicable to real
world sceneries. So far, there was no approach in scientific
publications that holistically assigned the behavioral demand
of an automated vehicle to the scenery.

This representation of the behavioral demand is a highly
important information that current scenery descriptions and
representations were lacking to provide. With our approach,
we explicitly provide the scenery-based information that
is relevant to the driving task of automated vehicles. This
includes all relevant relations between different sections
of the road network. As a result, the BSSD represents
what local behavioral constraints need to be fulfilled
and where within a present scenery this needs to be
accomplished.

The BSSD is structured in an abstract and unified way,
such that we see the possibility that the description will be
applicable to any traffic area relevant for the operation of
automated vehicles. This universality needs to be researched
and confirmed in future investigations. Currently, the BSSD
is not yet fully validated. However, due to the strict formal
derivation and the application to many different sceneries,
a high degree of validity can be assumed. A complete validity
statement can only be achieved with the help of an extensive
application, which is why we are releasing the BSSD open
source to challenge and possibly improve the applicability of
our approach worldwide.

A large field of possible use cases and applications for the
usage of the BSSD opens up. BSSD paves the way for safety
by design enabling the development-relevant derivation of
requirements for the vehicle’s driving behavior directly from
a defined or yet-to-be-defined ODD as initially presented
in [34]. In addition, due to the unambiguous scenery linkage
of these requirements, a possibility for stepwise testing and
validation of sub-areas of the ODD would be created, as it
is aimed for in the UNICARagil project [35]. With respect
to testing, a verification of traffic rule compliance of HAV
becomes possible as presented in [36], where BSSDwas used
as a basis to derive formal criteria to evaluate the behavior of
HAV.

In addition to these advantages in development and testing
of HAV, other potential applications are arising for driving
operations. Both route planning and trajectory planning could
benefit from the explicit knowledge of behavioral demands
in road traffic. As demonstrated in [37] and [38], routes
could be planned in an ODD-compliant manner so that
no route section is driven for which the necessary driving
capabilities are not available. Behavior planners would have
more explicit input and would not have to interpret and derive
the behavior rules themselves using conventional input data.
For example, as suggested in [39], BSSD could be used
as a direct source for the reward function of a trajectory
planner to cover the traffic rules within the function. In order
to be able to use the mentioned use cases on a larger
scale, the automated derivation of BSSD based on map data
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is indispensable. In [40], an approach to achieve this is
developed and presented.

We will make the format and different instances of the
BSSD available on GitLab3 and GitHub.4 The presented
examples and more examples within an entire BSSD road
network will be published as well.
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