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Executive Summary

The safety evaluation of Automated Driving Systems (ADSs) presents significant challenges due to
their complex interactions with the environment. Traditional metrics, such as the “number of miles
driven,” are insufficient for demonstrating maturity of ADS technologies. To address this, the focus has
shifted to scenario-based testing, which offers a more precise assessment of system performance and
safety. This approach is recognized by EuroNCAP in their 2025 roadmap and is further supported by
the concept of Hazard Based Testing, which emphasizes understanding system failures.

To streamline scenario-based testing and meet regulatory requirements, the development of a unified
Scenario Description Language (SDL) is essential. This report introduces a SDL, which aims to provide
a common structure for sharing and reusing scenarios among diverse stakeholders, including AV
technology developers, test engineers, regulators, and the public. There are four levels of scenario
description, Functional Scenarios, Abstract Scenarios, Logical Scenarios, and Concrete Scenarios. A
functional scenario description is a high-level scenario description that does not necessarily follow a
well-defined formal structure. It can be in the form of pictures, notes, typed text, video or other media
content. The SDL framework reported on in this document deals with remaining levels of scenario
description that follow a formal syntax: Abstract Scenarios, Logical Scenarios, and Concrete Scenarios.
This structure ensures that scenarios are understandable and executable across various levels of detail.

The SDL framework aligns with existing standards such as ASAM OpenSCENARIO XML® and
OpenDRIVE®, facilitating seamless integration with simulation tools. However, due to the complexity
of these standards, an intermediary language is necessary to maintain readability and detail. The
proposed SDL at the logical level bridges this gap, ensuring that scenarios are both translatable to
standard formats and easily comprehensible.

In addition to enhancing readability, the SDL framework incorporates conventions for units and a
structured Domain Specific Language (DSL) format. This mixed approach ensures that the SDL is
accessible to both technical and non-technical users. The report also highlights the relationship between
SDL and other standards, such as BSI FLEX 1889 and I1SO 34503, demonstrating its compliance and
interoperability.

Overall, the development of SDL represents a significant advancement in the safety evaluation of ADSs,
providing a robust framework for scenario-based testing that meets the diverse needs of stakeholders
and aligns with industry standards. It is important to note that the work detailed in this report describes
the outcome of development activities on SDL, including its translation to ASAM OpenSCENARIO®
and OpenDRIVE®, conducted at WMG, University of Warwick, as part of previous initiatives, and was
not specifically developed for the i4Driving project. For the most recent updates on WMG Level-2 SDL,
including its grammar and the evolution of the translation methodology to ASAM OpenSCENARIO®
and ASAM OpenDRIVE®, please refer to the Safety Pool Database Knowledgebase found in reference
1.[1]
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1 Introduction

1.1 Overview

Challenges in ADS Safety Evaluation: The safety evaluation of Automated Driving Systems (ADSS)
faces significant complexities due to their intricate interactions with the environment. While the
conventional metric of “number of miles driven” has been suggested to demonstrate maturity, it falls
short. To prove that ADSs are 20% better than human drivers, they would need to cover a staggering
11 billion miles [2]. Consequently, the focus has shifted toward scenario-based testing, which provides
a more targeted approach to assessing system performance and safety [3]. EuroNCAP (The European
New Car Assessment Programme) recognizes the importance of scenario-based testing in their 2025
roadmap [4]. Moreover, Khastgir et al. emphasize understanding “how a system fails” rather than just
“how it works,” leading to the concept of Hazard Based Testing [5].

Defining Scenarios for ADSs: The development of the Scenario Description Language (SDL) aims to
streamline the scenario-based testing workflow and meet regulatory requirements. However, achieving
a unified definition of the term “scenario” remains a challenge. Various perspectives exist: Go and
Carroll define scenarios as descriptions containing actors, their environment, goals, and sequences of
actions and events [6]. Ulbrich et al. extend this definition [7]:

‘A scenario describes the temporal development between several scenes
in a sequence of scenes. Every scenario starts with an initial scene. Action
& events as well as goals & values may be specified to characterise this
temporal development in a scenario. Other than a scene, a scenario spans
a certain amount of time.”

Gelder et al. further refine the concept, describing a scenario as a comprehensive representation of ego
vehicle characteristics, activities, goals, and relevant events [8].

Understanding Related Terms: To navigate the scenario landscape effectively, it's crucial to
differentiate related terms. A “use case” describes system behaviour as a sequence of actions, linking
results to specific actors. A “test scenario” represents a specific path through a use case—a particular
sequence of actions. Meanwhile, a “test case” encompasses preconditions, inputs, and objectives for
executing a test item. These terms interrelate: a use case can correlate with multiple test scenarios,
and a test scenario can lead to multiple test cases. A similar hierarchy proposed by Neurohr et al.
includes functional scenarios (pictures, video, natural language), abstract scenarios (structured natural
language), logical scenarios (parameterized ranges), and concrete scenarios (specific values) [9].
Understanding these distinctions is essential for effective scenario modelling and safety evaluation.

1.2 Motivation for creating an SDL

Developing and storing scenarios for scenario-based testing involves considering diverse end users
(e.g., AV technology developers, test engineers, regulators, and the public). Each group has varying
requirements at different abstraction levels:

e AV technology developers seek a common structure for sharing and reusing scenarios.
e Test engineers require specificity for objective understanding and execution on test platforms.

e Regulators need a higher-level common structure for non-specialists to comprehend, while
ensuring consistency across Original Equipment Manufacturers (OEMS).

e Public users aim to understand high-level test scenarios for informed safety.



To meet these requirements, a framework of Scenario Description Languages (SDLs) is essential for
creating a common, understandable, and executable structure for scenarios. There are four levels of
scenario description, Functional Scenarios, Abstract Scenarios, Logical Scenarios, and Concrete
Scenarios [9]. A functional scenario description is a high-level scenario description that does not
necessarily follow a well-defined formal structure. It can be in the form of pictures, notes, typed text,
video or other media content [3] [9]. The SDL framework reported on in this document deals with
remaining levels of scenario description that follow a formal syntax. This framework utilizes abstract
scenarios (which follow a formal structured natural language) as defined in Ref. [9], in place of functional
scenarios (which do not necessarily have any formal structure). Each type provides different levels of
detail: (1) An Abstract Scenario Language, which qualitatively describes abstract scenarios similar to
“Use Cases”; (2) Logical Scenarios, which are detailed and use parameter ranges to capture a broad
category of logically similar scenarios; and (3) Concrete Scenarios, which are specific instances of
logical scenarios with concrete values (e.g., speed: 7.5 m/s) used for scenario execution. Figure 1
illustrates the correspondence between scenarios at these different levels of abstraction and detail.

Abstract Logical Concrete

Scenarios Scenarios Scenarios

WMG-SDL Level 1 WMG-SDL Level 2 ASAM OpenX
(BSI Flex 1889) ASAM OpenX

Concrete
Scenario 1.1.1

Abstract Scenario |

Logical Scenario
1.1
Concrete
Scenario 1.1.2
Logical Scenario Concrete
1.2 Scenario 1.2.1

Figure 1. Scenario Abstraction Levels

1

As illustrated in Figure 1, a single abstract scenario can be broken down into multiple logical scenarios.
By its nature, an abstract scenarios lacks detail and typically uses qualitative descriptions of scenario
elements. For instance, in an abstract scenario, one may indicate that “a vehicle drove towards a
junction”. This lack of detail in the specification of route taken by the vehicle, how fast the vehicle moved
, the type of junction involved (was it a roundabout, how large was it, how many lanes did it have, or
was it an intersection — perhaps a T-Junction), allows further logical scenarios to be created.
Conversely, multiple logical scenarios can represent the same abstract scenario. Similarly, a single
logical scenario can be divided into numerous concrete scenario instances, and multiple concrete
scenarios can correspond to instances of the same logical scenario. The ASAM OpenX standards
(OpenSCENARIO XML® [10] and OpenDRIVE® [11]) are widely adopted by simulation tools as the
standard language for exchanging logical and concrete scenario descriptions. However, because these
languages are designed for scenario execution, they are not easily readable. This necessitates the
development of an intermediary language that is both translatable to these standard formats and
maintains readability and detail. This report describes this intermediary Scenario Description Language
(SDL) at the logical level, with descriptions that can be translated into ASAM OpenSCENARIO XML®
and ASAM OpenDRIVE® standards. It is important to note that the work detailed in this report describes
the outcome of development activities on SDL conducted at WMG, University of Warwick, as part of
previous initiatives [12], [13], [14], [15], [16], and was not specifically developed for the i4Driving project.

1.3 Readability

Readability applies to both natural language and structured Domain Specific Languages (DSLs), though
in different forms. In DSLs, features such as comments, choice of structure, and choice of names can
determine the readability. For the development of WMG-SDL, a mixed approach was followed which
combines the natural language terms in a structured DSL format. SDL as a whole concept includes two
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levels of abstraction, as demonstrated in Figure 1. The two levels of abstraction are designed in order
to satisfy the varied end users of scenarios.

1.4 Relation to other Languages and Standards

1.4.1 BSIFLEX 1889 — SDL Level 1 (BSI, 2022)

SDL Level 1 is a ‘natural language’ inspired format that formalises the concepts of BSI Flex 1889. The
language is compliant with BSI Flex 1889 [17]. It represents a variation of a functional scenario. Tools
for conversion between the language described in this document (SDL Level 2) and this higher
abstraction have been developed internally and the result can be seen stored on Safety Pool™ [18].

1.4.2 1SO 34503 Road Vehicles — Test scenarios for automated driving systems

— Specification for operational design domain
ISO 34503 specifies requirements for defining the operational design domain (ODD) of an automated
driving system (ADS) using a hierarchical taxonomy [19]. It addresses scenarios relevant to level 3 and
level 4 ADS, enabling organizations to develop safety cases, conduct trials, and define ADS operating
capabilities.

1.4.3 ASAM OpenSCENARIO XML® and OpenDRIVE®

OpenSCENARIO® is a component of the ASAM simulation standards, specifically designed for
handling simulation data in the automotive domain [10]. OpenSCENARIO® seamlessly integrates with
road network descriptions defined according to the ASAM OpenDRIVE® standard [11], enhancing
simulation capabilities. Notably, OpenSCENARIO® enjoys broad support across various simulation
platforms. Tools for conversion between the language described in this document (SDL Level 2) and
the simulatable ASAM standards have been developed internally and the result can be seen stored on
Safety Pool™ [18].

1.5 Conventions

1.5.1 Units
Numeric values in SDL are given using Sl units unless otherwise specified. The table below displays
these details.

Table 1. Units
Variable Unit Symbol
Length Meter m
Time Second S
Angle Degrees °
Speed* Meters per second m/s
Acceleration Meters per second squared m/s?
Mass Kilogram kg
Light intensity Lux Ix




2 SDL Concepts

At the domain level, several key SDL concepts have been identified and developed to describe a
scenario. Broadly, these can be categorized as follows:

e Dynamic Elements

o Individual actors (Scripted Traffic): This consists of the descriptions of the behaviours
as well as the actor types for those actors whose behaviour characteristics need to be
explicitly controlled.

o Macroscopic traffic (Non-scripted Traffic): This contains the description of the
macroscopic traffic behaviour that surrounds the vehicle under test, the behaviour of
the individual actors within the traffic will not be described.

e Scenery Elements
These include all the traffic infrastructures, road topology, junction details and road
structures, this also incorporates temporary changes.

e Environment Elements
These describe the global ambient conditions, including weather conditions, lighting
conditions, air particulates as well as data & communication conditions.

e Ego Vehicle
This refers to the vehicle under test (VUT) or subject vehicle. It should be noted that
SDL will not provide detailed behaviour description for the VUT as this will be
determined by the corresponding vehicle control software.

2.1 Dynamic Elements

Dynamic elements provide the information related to the behaviours of the actors as well as the actor
categories. The actor categories include road users (i.e., those who can legally travel on the road such
as vehicles, animal riders, cyclists), pedestrians and animals. For the behaviour aspect, they are defined
using a combined information of relative manoeuvres and absolute manoeuvres:

e Relative manoeuvres refer to behaviours that indicate the relation between one actor and
another actor or a scenery object, such as cut-in, towards. Such manoeuvres cannot be
completed by one single actor alone.

e Absolute manoeuvres refer to the manoeuvres that can be performed by a single actor without
any relation to others, such as drive, turn left. Such manoeuvres can be directly translated to
vehicle control input parameters and applied to the intended actor.

The concept of dynamic elements can be split into two main categories: scripted traffic and non-
scripted traffic. The following section will explain both categories in details.

2.1.1 Scripted Traffic

For the SDL scripted traffic, the full description of each actors dynamic behaviour is specified - it is
usually required for the non-ego actors who directly influence the behaviour of the ego vehicle. The
description will define the behaviours relative to the ego vehicle, other non-ego actors and scenery
objects within a scenario.

Table 2. Absolute manoeuvres

ID Absolute manoeuvres
1 Drive

2 Stop

& Lane change right

4 Lane change left
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5 Turn right
6 Turn left

7 Reverse

2.1.1.1 Road User Manoeuvres

A set of base, ‘absolute manoeuvres’, has been identified for use in SDL, as shown in Table 2. Absolute
manoeuvres can be performed by an individual vehicle without considering their relations to other actors
or scenery objects, and they can be translated directly into vehicle control input parameters (such as
throttle, steering angle and brake) for execution across different environments. Further during a
manoeuvre the ‘absolute speed’ of the road user is defined as the speed of the road user during the
manoeuvre.

Absolute manoeuvres alone are not sufficient to uniquely describe the actor behaviour if no initial
conditions or previous phases exist.

This concept is illustrated in Figure 2.a-d, all the manoeuvre cases can be referred to as V1 turning
right since V1’s relation to V2 or the crossroad junction are not described. To remove this ambiguity,
two other parameters are introduced: relative manoeuvre and relative heading angle. And a further
‘relative speed’ parameter is used to define the speed of the actor relative to another.

i a) I b)
i <) ! d)
Figure 2. Absolute Manoeuvre Example

e Figure 2a: V1 turning right, cut-in and then cut-out of V2’s lane, V1 has an initial relative heading
angle of 270 degree to V2, and a final relative heading angle of 180 to V2.

e Figure 2b: V1 turning right and cut-in of V2, V1 initial relative heading angle is 90 degree and
final heading angle is O degree to V2.

e Figure 2c: V1 turning right, cut-in and then cut-out of V2, V1 initial relative heading angle is 180
and final heading angle is 90 degrees to V2.

Figure 2d: V1 turning right and cut-out of V2, V1 initial relative heading angle is 0 degree and final
heading angle is 270 degrees to V2.Table 3 summarises the relative manoeuvre types for the road
users that are used for SDL level 2.
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Table 3. Road Users Relative Manoeuvre Types

Relative manoeuvre type

Cut-in
Cut-out
Towards
Away

Cross

2.1.1.2 Relative heading angle

Table 4. Road Users Relative Heading Angle

Relative heading angle

Same direction — 0 degree
Opposite direction — 180 degrees
Perpendicular direction — 270 or 90 degrees

Arbitrary input angle

Table 4 summarises the heading angle and relative manoeuvre types for the road users that are used
for SDL level 2. For the relative heading angle, the actual value ranges are used.

A convention for describing heading angle for any actor in SDL is shown in Figure 3. The black vehicle
marked by ‘Vx’ is the reference vehicle, the purple vehicle marked by V1’ has a relative heading angle
to Vx. The angle is calculated by projecting the heading of the two vehicles and rotating
counterclockwise from Vx to V1. Hence a vehicle travelling from the right to the left of Vx, has a relative
heading of 90°.

270°

Figure 3. Road User Relative Heading Angle Compass

2.1.1.3 Relative position

Relative position is a required parameter within an SDL description. The following example will
demonstrate that without the relative position information it will not be able to instantiate unique cases
for certain scenarios, if absolute position has not been specified.

12



Figure 4 illustrates two scenarios featuring a lane change left (cut-in) with the same relative heading
angle between V1 and V2. To differentiate between the two, without the need for exact location to be
specified within the scenario the relative position compass is introduced, as shown in Figure 5.

Figure 4a) V1 is changing lane left, Figure 4b) V1 is changing lane left, cutting-in at RSR
cutting-in at FSR position to V2 position to V2.

Figure 4. Two Potential Variations of the Cut-In Manoeuvre

F

FSL FSR

SL SR

RSL RSR

R
Figure 5. Vehicle Relative Location Compass

The relative position compass is used to specify the position of one actor to another. F corresponds to
the front position, FSR is front side right, SR is side right, RSR is rear side right, R is rear, RSL is rear
side left, SL is side left and FSL is front side left. Therefore in

Figure 4.a V1 is changing lane left, cutting-in at FSR position to V2, and in
Figure 4.b V1 is changing lane left, cutting-in at RSR position to V2.

The concepts of absolute manoeuvre, relative manoeuvre, relative position, and relative heading angles
have been introduced. Figure 6 details their combined effect for defining scenarios using three
examples.

Figure 6a) Figure 6b) Figure 6¢)

Figure 6. Three Examples lllustrating the Concepts of Absolute Manoeuvres, Relative
Manoeuvres, Relative Position And Relative Heading Angle

a) Lane change right, Cut-out, RSR (315° between V1 and V2 at mid-point of manoeuvre)
b) Lane change right, Cut-out, RSL (135° between V1 and V2 at mid-point of manoeuvre)
c) Lane change right, Towards, RSL (315° between V1 and V2 at mid-point of manoeuvre)

After combining an absolute manoeuvre with a relative manoeuvre, a combined SDL manoeuvre type
is created. In SDL level 2, combined manoeuvres are used to describe actor behaviours. Table
Sillustrates the complete SDL manoeuvre matrix. There are 33 manoeuvre matrix IDs, the first 30 rows
are the results of combining the absolute and relative manoeuvres, the last 3 rows indicate collide and
stop manoeuvre as well as the stopped state, which are manoeuvre matrix IDs individually.

13



Table 5. Road User Manoeuvre Matrix

No. Manoeuvre matrix 1D Absolute manoeuvre Relative manoeuvre
1 Drive_Cutln Drive Cut-in

2 Drive_CutOut Drive Cut-out
8 Drive_Towards Drive Towards
4 Drive_Away Drive Away

5 Drive_Cross Drive Cross

6 LaneChangeRight_Cutin Lane change right Cut-in

7 LaneChangeRight_CutOut Lane change right Cut-out
8 LaneChangeRight_Towards Lane change right Towards
9 LaneChangeRight_Away Lane change right Away
10 LaneChangeRight_Cross Lane change right Cross
11 LaneChangeLeft_Cutin Lane change left Cut-in
12 LaneChangelLeft_CutOut Lane change left Cut-out
13 LaneChangeLeft_Towards Lane change left Towards
14 LaneChangelLeft_Away Lane change left Away
15 LaneChangelLeft_Cross Lane change left Cross
16 TurnRight_Cutln Turn right Cut-in
17 TurnRight_CutOut Turn right Cut-out
18 TurnRight_Towards Turn right Towards
19 TurnRight_Away Turn right Away
20 TurnRight_Cross Turn right Cross
21 TurnLeft_Cutln Turn left Cut-in
22 TurnLeft_CutOut Turn left Cut-out
23 TurnLeft_Towards Turn left Towards
24 TurnLeft_Away Turn left Away
25 TurnLeft_Cross Turn left Cross
26 Reverse_Cutin Reverse Cut-in
27 Reverse_CutOut Reverse Cut-out
28 Reverse_Towards Reverse Towards
29 Reverse_Away Reverse Away
30 Reverse_Cross Reverse Cross
31 Collide Collide

32 Stop Stop

33 Stopped Stopped

All the elements related to the road user manoeuvres have been introduced, which are: absolute
manoeuvres, relative manoeuvres, relative positions, relative heading angles, absolute speed,
relative speed.

2.1.1.4 Pedestrian/Animal Manoeuvres
Pedestrians and animals are types of vulnerable road users (VRUs) and hence being able to describe
their behaviours within scenarios is of key importance. Following the same manoeuvre concept for the
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road user’s dynamic description, the pedestrians/animals manoeuvres can also be divided into absolute
and relative.

Three basic types of absolute manoeuvres for pedestrian have been identified, which are walk, run
and slide; and three types of relative manoeuvre have been identified, which are cross (cross lane),
away (moving away from agent) and towards (moving towards agent). In addition, stop is also included
as a standalone manoeuvre type. Their combinations are shown in Table 6.

Table 6. Pedestrian/Animal Manoeuvre Matrix

No. Manoeuvre matrix ID Absolute manoeuvre Relative manoeuvre
1 Walk_Towards Walk Towards
2 Walk_Cross Walk Cross

3 Walk_Away Walk Away

4 Run_Towards Run Towards
5 Run_Cross Run Cross

6 Run_Away Run Away

7 Slide_Towards Slide Towards
8 Slide_Cross Slide Cross

9 Slide_Away Slide Away
10 Stop Stop

Like the road user manoeuvres, the relative position and the relative heading angle of the pedestrians
are also necessary to describe their behaviour. However, due to the low-speed nature of most
pedestrian/animal manoeuvres, their relative speed becomes an optional parameter and only the
absolute speed is compulsory. To summarise, all the elements needed for the pedestrian/animal
manoeuvre descriptions are absolute manoeuvres, relative manoeuvres, relative positions,
relative heading angles and absolute speed.

Figure 7 illustrates these elements, assuming that the pedestrian is stationary. In this example, the
absolute manoeuvre and relative manoeuvre will be ‘Stop’, the relative position to V1 will be ‘F’, the
relative heading angle to V1 will be 45 degrees and the absolute speed will be 0.

PD1ES

Figure 7. Example of a Snapshot Involving a Pedestrian and a Vehicle

2.1.1.5 Scripted Road User Behaviour Semantic
For the behaviour description, the overall structure contains two parts: initialisation phase and activity
phases.

2.1.1.5.1 Initialisation Phase:

The initialisation phase sets out the initial road and lane for each actor, as well as stating whether the
actor has communication (comms) capabilities and hence if it does, the transceiver’s directionality and
any casting types that are able to be used are also defined. The relative heading angles and relative
positions between actors can also be specified.

2.1.1.5.2 Activity Phase:

For the activity phases, a behaviour tree style description format is utilised. An activity phase consists
of a manoeuvre phase and/or a communications (comms) phase, as well as a trigger condition. If the
manoeuvre is omitted in one phase, it is assumed that the previous manoeuvre is still being repeated,
however, if the comms is omitted in one phase, it is assumed that there is no communications being
sent at all. Each actor contains one or more activity phases in a sequential relation to represent the
temporal progression; when two actors are performing activities at the same time the activity phases
between the two actors are in a parallel relation.
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Figure 8 illustrates the logic of an SDL behaviour description consisting of three actors, where the first
two actors each have two activity phases and these two actors are performing actions at the same time
(synchronously).

In the 15t Actor’s description for phase 1 (Activity 1-1), there is just a manoeuvre happening, caused by
the trigger 1-1. In the 2nd Actor’s description for phase 1 (Activity 2-1), there is both a manoeuvre and
communication performed by this actor simultaneously. Then in the 2" Actor’s description for phase 2
(Activity 2-2), there is just a communication happening without a manoeuvre.

There can be 3 combinations of behaviour occurring for an actor at each phase: a manoeuvre, a
communication or both a manoeuvre and a communication. The third actor starts to perform activities
after the first two actors have stopped or completed their action sets.

The 4% Actor has asynchronous activity blocks to actors 1, 2 and 3. The behaviours of this actor are
triggered independently from the others in the scenario.

Activity 1-1 Activity 1-2 : Parallel Relation
| (success on One)

1
i Activity 3-1 Activity 3-2
1

1

1
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1

; gge
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i « Bl Trigger 3-1 Trigger 3-2
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1

1

1

Activity 2-1 Activity 2-2
B Manoeuvre 2-1

Comms 2-2
Comms 2-1

Trigger 2-2
Trigger 2-1 =

o

i Manoeuvre 4-1 g Manoeuvre 4-2 H

Trigger 4-1 Trigger 4-2

Figure 8. Dynamic Behaviour SDL Definition Architecture

The term event in the SDL concept represents the instantaneous snapshots where trigger conditions
are met. The list below shows common types of triggers:

= Time based [Example: after certain time duration]

= Actor’s location on map [Example: when Ego vehicle is 2-3 meters from Junction J1]

= Scenery elements’ event [Example: when Traffic light T1 is Green]

= Environment element’s event [Example: when precipitation is rain]

= Connectivity element’s event [Example: when Ego broadcasts location data of V1]

=  Or combination of one or more types joined by logical operators of AND, OR and NOT.

From a semantic perspective, the dynamic events of a scenario can be characterised as follows. Each
actor’s ‘activity’ (as in Figure 8 above) is part of a Synchronised Serial Manoeuvre Sequence (SSMS),
made up of a sequence of phased manoeuvres. In Figure 8, an SSMS is represented by the grey dotted
box that groups the various actors’ manoeuvre sequences together. The progression of the scenario
through the SSMS, and in turn its phases, must be clearly defined for the language to be executable. It
must be clear when describing a scenario how an actor might progress from one phase to the next, and
in turn how an SMSS is initiated or terminated. The definition of this execution semantic is presented
below.

Synchronised Serial Manoeuvre Sequence (SSMS) Execution Semantic:
= An SSMS may contain multiple manoeuvre sequences, each pertaining to an actor.
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= Each sequence of an SSMS organises an actor's behaviour into a series of phased
manoeuvres.

= An SSMS has a WHEN trigger, which triggers all actors’ contained within it, to begin with their
respective Phase 1s.

= Phases across different sequences, but within the same SSMS, having identical index values,
operate synchronously.

= Any two SSMSs taken together may operate asynchronously from each other.

2.1.2 Non-Scripted Traffic

To cater for the requirement to indiscriminately describe traffic rather than individual scripting actors,
the non-scripted (goal-based) traffic description is used to define intelligently controlled traffic. Traffic
can be based on Al decisions or surveillance camera recordings. This data can be used to specify the
traffic model in the scenario.

200m road section, 4 vehicles, 70mph

Figure 9. Example of Non-Scripted Traffic

Figure 9 illustrates an example of a simple non-scripted traffic scenario; all the four vehicles are non-
scripted vehicles. The key characteristics of this traffic are: the distance/range (200m), the number of
vehicles involved (4 vehicles) and vehicle average speed (70 mph).

These properties can be used as defining characteristics that make up ‘traffic’ — density, volume and
speed.

o Density defines how many vehicles on average are expected within the observed road section,
which is measured as vehicles per distance.

e Volume defines the rate of vehicle appearance/disappearance at the observed road section,
which is measured as vehicles per duration of time.

e And speed defines how fast the vehicle will travel, which is measured as distance per time.
One can derive the third parameter by knowing the other two parameters, since volume =
density x speed.

The speed and volume are required within an SDL definition. In addition, the start and end points of the
traffic are required, these allow the placement of the traffic within the scenery of the scenario. Actor
types, or the composition of the macroscopic traffic, and the presence of special vehicles can also be
specified optionally to increase the fidelity of the described traffic.

Non-scripted traffic

T S ey e gt
Y —> Traffic speed

Pedestrian

Animal
Animal Rider Presence‘of special
vehicles
Bike

Motorcycle

Car

Bus

Truck

Figure 10. Non-Scripted Traffic Parameters
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2.2 Scenery Elements

The scenery elements provide descriptions of the static and quasi-static elements within a scenario,
using junctions and roads as the building blocks. Static elements refer to the scenario elements that
cannot change state or position (such as buildings), whereas quasi-static elements refer to the
scenarios elements that can change state but cannot change position (such as an automated toll bar).

SDL level 2 scenery elements can contain many attributes to represent real world scenarios. The
elements must be able to describe the Operational Design Domain (ODD) taxonomy for an ADS, as
defined in the standard ISO-34503 ODD taxonomy[19].. ODD refers to the operating conditions under
which an ADS can perform safely [20] .

The grammar for describing scenery in SDL is drawn from the attributes of ISO 34503 Road Vehicles
— Test scenarios for automated driving systems — Specification for operational design domain [19].
These have been used to form the domain model for SDL, the high-level elements are shown in Figure
11.

(SDL Scenery EIements)

N N T A A

Zones Drivable Fixed Temporary 5o Junctions
areas Road Road
structures

structures structures

Figure 11. Scenery Elements Main Categorisation

2.2.1 Zones

The zones element specifies any special areas that might differ from the typical road conditions. This
could be due to local regulatory requirements (such as low-emission zone), or ambient conditions
applied to a local area (GPS interference zone). The zone element will include but is not limited to:
Geo-fenced areas; Traffic management zones; School zones; Regions or States and Interference
zones (e.g., dense foliage or loss of GPS due to tall buildings).

2.2.2 Drivable Area

The drivable area defines the layout and the surface characteristics of roads and other designated
drivable spaces. For any individual section of a road, it provides a description of the elements that are
directly related to the road users’ manoeuvrability. At a high level, the drivable area includes: the road
type; geometry; lane specification; roadway edge features and road surface types/conditions, as shown
in

Figure 12.

Drivable
area

Y Yy Y Yy
Road Geometry Lane Roadway Road Road
type specification edge surface sign

Figure 12. Scenery Drivable Area Categorisation
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Road Type

( Road type )
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| Motorways || Radial roads ||Distributorroads || Minor roads | | parking |

With active traffic
management

Without active
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management

Figure 13. Road Type Categorisation

Within the drivable area category, the road type element can be further divided into five main types:
Motorways; Radial roads; Distributor roads; Minor roads and Parking.
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> Level plane —>| Divided/undivided road |
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Figure 14. Geometry Categorisation

The geometry defines the shape of the road in three-dimensional space, which consists of the
horizontal plane, the vertical plane and the transverse plane.

2223

The horizontal plane can be visualised as the road being projected onto an x-y plane, such as
a physical 2-dimensional map. In this plane the road layout can be classified as a straight or
curved road. If curved, the radius of curvature is specified.

The vertical plane can be visualised as the elevation property of the road central line. It is
classified as up-slope, down-slope or level plane with their corresponding gradients specified
in the SDL description.

The transverse plane can be visualised as the cross section of a road, consisting of the road
edge, lanes, lane markings, etc. In addition, the banking angle can also be specified within the
transverse plane description.

Lane Specification

Within the SDL, individual roads can be further broken down into lane components. To define the lane
in SDL, the following characteristics need to be specified, and can be specified on a per lane basis,
allowing for mixed lanes with different widths or types:

1.

2.
3.
4

Lane dimensions: Length and width.

Lane markings: Broken line, Solid line, None, N/A.

(Optional presence of) Regulatory lines: Stop line, Yield line

Lane type: Bus lane, Traffic lane, Cycle lane, Tram lane, Emergency lane or another Special
lane.
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5. Number of lanes in the road.
6. Traffic direction: left-handed or right-handed.

2.2.2.4 Road Sign and Roadway Edge

All the road signs will be classified into three main groups based on their functionality: information signs,
regulatory signs, and warning signs. Furthermore, they can be variable (such as electronic signs) or
uniform, full-time or temporary. The road signs individual sign name along with the categories and sign
properties need to be specified.

The roadway edge illustrates the details at the outer boundary of the road element. Possible roadway
edge parameters include line markers, road shoulder (paved/gravel/grass), roadway edge barriers
(grating/rail/curb/cones etc) and temporary line markers.

2.2.2.5 Road surface

The road surface indicates the condition of the road, the surface features and the surface type. The
road surface conditions can be weather-induced conditions such as icy roads, flooded roadways,
mirages, snow, standing water or wet road. The road surface features may include damages caused
by the traffic such as cracks, potholes, ruts and swells. The road surface type may include loose surface,
segmented or uniform surface.

2.2.2.6 Roads

The attributes concerning roads are combined into a section of the SDL description to define the roads
of the scenario. As per the language grammar, which can be accessed in Section 4 some elements of
the road description are essential to construct a valid road in SDL.

The essential elements are Road ID, Road type, Zone Type, Speed limit, Environment type, Number of
lanes and Lane ID, Lane marking type, Horizontal geometry, Vertical geometry, Transverse geometry,
Road banking angle, Road length and Lane width.

Optional inclusions to increase the richness of the road description are Road surface type, Road
condition, Road surface feature, Road edge feature, Special road features, Fixed road structures,
Temporary road structures and Road signs.

2.2.2.6.1 Convention

When defining a road in SDL, two factors must be considered: the direction of the road and whether the
traffic is right-handed or left-handed.

Left-Handed Traffic (LHT): For LHT, lanes to the left of the centreline are numbered increasingly
outwards from 1 to n, while lanes to the right of the centreline are numbered in a negative series from -
1to -n (where n is the number of lanes).

Lateral offsets are interpreted as positive to the left and negative to the right, in the direction of travel
on positively numbered lanes. This lane naming principle for LHT is depicted in Figure 15.

=== ===
-1

Figure 15. Road section displaying lane numbering convention.

21



Right-Handed Traffic (RHT): For RHT, the inverse is true. Lanes to the left of the centreline are
numbered in a negative series from -1 to -n, while lanes to the right of the centreline are numbered
increasingly outwards from 1 to n. Lateral offsets are interpreted similarly to LHT.

Lane Naming: When defining the number of lanes for a road, they are assigned names as appropriate.
Roads are given an alphanumeric name during their definition, which propagates forward to the names
of the individual lanes. For instance, if R1 is a bidirectional road with two lanes, the lanes would be
named R1.L1 and R1.L-1, as shown in the example description in Figure 16.

Road type [Minor road] as [R1] with zone as [N/A] AND
speed limit of [30] in an [Urban] environment with
Number of lanes [2] as [R1.L1, R1.L-1]

Road traffic direction [Left-handed]

Lane type [Traffic lane]

Lane markings [Broken line]

Horizontal road geometry [S1:Straight, CR1: Curved,
S2:Straight] with curvature radius of [S1:N/A, CR1:-8 to -10,
S2:N/A]

Vertical road geometry [Level plane]

Transverse road geometry [Pavement, Undivided]

Fixed road structures [Street lights: {spacing: 20 to 30,
height: 4.5 to 12}]

Fixed road structures [Trees, Buildings]

Length [S1:300 to 450, CR1:1 to 3, S2: 300 to 450] AND
Lane width [3.4 to 3.6]

END

Figure 16. Example of lane numbering for road R1 having two lanes.

2.2.2.6.2 Curved roads

This section provides instructions for describing curved roads in WMG SDL Level-2. Different definition
languages approach the description of curvature using different approaches. WMG SDL utilizes the
‘radius of curvature’ as a method for defining curved roads or curved road segments.

Definition of Curvature Radius:

In SDL we use radius of a curve (R), to define the curvature of a road, which is the inverse of the
curvature (K) (as used later in the translation of scenarios defined in SDL Level-2 to ASAM OpenDRIVE
[11])

1
R=—
K

Users creating curved roads should keep in mind that there is an important relationship between the
length of a road and the defined radius of curvature. The radius of curvature is the radius of a circle
tangent to the preceding straight segment of the road and therefore,

For a fixed radius of curvature:

e Shorter segments : lesser of the circular segment is part of the curve (appearing to make the
curve shallow) - shallow curve bend.

e Longer segments : more of the circular path is part of the road geometry (appearing to
exaggerate the curve) - tighter curve bend.

For a fixed curved segment length:

e Small radius - tighter curve bend.
e Large radius - shallow curve bend.
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2.2.3 Special Structures, Fixed Road Structures, Temporary Road Structures
Road structures are the features that are not required to construct the logical and drivable roads and
junctions network. However, in a real-world scenario scenery setting, they are important ODD features
which might impact the driving behaviours.

Special Structures Fixed Road structures Temporary Road Structures

Bridges Vegetation Road Works
Tunnels Street furniture Construction site (Detours)
Rail crossing Street lights Refuse collection
Automated barriers Buildings

Pedestrian crossing

Toll plaza

Figure 17. Road Structures Categorisation

Three categories of structures are considered in SDL (inherited from ISO 34503): special structures,
fixed road structures and temporary road structures (as shown in Figure 17).

Special structures are permanent structures that can be placed directly on the drivable area, such as
bridges, rail crossings and a toll plaza, or structures that have the potential interact with the actors of
the scenario such as connectivity related structures like sensing units and communications units.

Fixed road structures are not drivable by road users and don’t interact directly with the actors during
scenarios, but can contribute towards the scenery settings, such as streetlights, buildings.

Temporary structures could be placed both on the drivable area or non-drivable area and they contain
objects that are movable. Please note that this temporary nature might not necessarily need to be
reflected within one scenario, but rather it represents the common understanding of such a group of
objects in the real world, with examples containing road works or a refuse collection. l.e. Refuse
collection obstructions could be obstructing a lane when the scenario is initialised and move out of the
path of the vehicle by the time that the ego approaches. Regardless of whether the feature is removed
from the roadway it is temporary in nature and therefore is categorised as such.

2.2.4 Junctions

Within an SDL scenery description, all the information is composed in the form of a ‘roads and junctions’
network. As the elements for road descriptions are already covered in the drivable area, this section
will cover the elements for junction description. At a high level, junctions can be divided into
intersections and roundabouts.

Figure 18, shows that an intersection can be further classified into t-junction, staggered, y-junction,
grade separated, straight and crossroad. Roundabouts can be further classified into normal
roundabouts, large roundabouts, compact roundabouts, double roundabouts, and mini roundabouts.
Furthermore, both ‘intersections’ and ‘roundabouts’ need to specify whether they are signalised or non-
signalised.

Within a roads and junctions network each junction links two or more roads together. The specification
requires definition of the road connections, featuring the connection angles and the lanes connections
from road to road. A further characteristic is the dimension of the junction, given as width and depth.
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Figure 18. Scenery Map Junctions Categorisation

When defining a junction in SDL, one road must be defined as the reference road for the junction. The
reference road is the sole road defined with a centreline heading towards the junction, using the junction
as their end point. All other roads must be defined as heading away from the junction, using the junction
as their origin.

Angles between roads are calculated using the same convention as relative angles between vehicles.
The centreline of the reference road is projected forward into the junction, and the angle is calculated
counterclockwise to the projected centreline of the outgoing road in question. Figure 19 demonstrates
this convention: R1 is the reference road (incoming), R2 and R3 (outgoing) have relative angles of 90°
and 270° respectively.

!

R1

Figure 19. Road connection angle convention at junctions.

In terms of junction construction, the reference road is placed first. Using the defined angles, the
outgoing roads are then placed. A fully- constrained junction definition, for a junction with n roads,
requires n — 1 angles to be specified. For Figure 19, this means R1 — R2 and R2 — R3.

Road lane connections must also be fully-constrained for the road network to be useable in simulation.
To ensure that sufficient connections are established in the definition of the junction, for a junction
containing n lanes, this results in a requirement of n/2 lane connections defined.

A method for ensuring this involves defining the connections completely for all incoming lanes to the
junction. In Figure 19, there are 6 lanes, requiring a minimum of 3 to be defined. This is performed for
R1.L1, R3.L-1 and R2.L-1, which would be:

R1.L1->R3.L1 + R2.L-1, R3.L-1 -> R1.L-1 + R2.L1, R2.L-1 -> R3.L1 + R1.L-1.
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For a network of multiple junctions, thought must be given to the order of placement of the roads, and
therefore the assignment of the ingoing reference road to the second junction. For the example in Figure
20, as it has already been placed, R3 becomes the reference road for the second junction, and
therefore, the other roads must be defined as outgoing.

There are rare circumstances where it is not possible to maintain the convention of having a single
incoming (reference) road, with the remaining roads as outgoing. This is more likely to occur, as the
number junctions and roads in a scenario increases. In this circumstance a reference must be selected
in the regular fashion and from the perspective of the junction being defined, the angles are calculated.
An issue only arises if the angles of junctions have been calculated incorrectly to align with the already
placed road, in which case the network would not be constructable.

The road lane connections would need to align with the orientation of the road which had already been
placed into the scenario. This may mean a negatively numbered lane where ordinarily an outgoing road
would feature a positively numbered name.

Figure 20. A road network comprised of two connected t- junctions.

2.3 Environment Elements

Environment elements are considered as the last layer of information to be defined by SDL. The
environment elements are classified into weather, particulates, illumination, connectivity, and time, as
illustrated in

Figure 21.

Environment

Y ¢
Day

Wind Marine Transmission Type
Rainfall Mist/fog Night/low Casting Type
Snowdall Sand/dust Artificial source Transmission Size
Smoke Cloudiness Transmission Time
Pollution Transmission Strength
Volcanic ash Sun elevation angle Transceiver Directionality
Position of the Sun Message Type
Positioning
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Figure 21. Environment Elements Categorisation

Within the weather category, it includes wind, rainfall and snowfall. This can be further detailed into
different levels using their measuring metrics, such as heavy rain or light rain. The illumination includes
daylight or night, and for daylight cases where the Sun is the light source, the Sun’s elevation angle
and position also need to be specified. Cloudiness will also need to be described using the ‘okta’
measuring unit which defines the amount of cloud covers at any given location.

2.4 Ego Vehicle

The SDL dynamic elements described so far are intended to define the behaviours of actors other than
the vehicle/system under test. Among dynamic elements, ‘Scripted actors’ represents the vehicles,
pedestrians and animals whose behaviours are completely defined within the scenarios; the scripted
actors are used to set the test situations for the vehicle/system under test. On the other hand, the
vehicle/system under test is referred to as the Ego Vehicle in the SDL concept. The SDL is not intended
to control the ego vehicle behaviour but can only influence its behaviour and might act dynamically
based on its reactions.

As can be seen in Figure 22, the ego vehicle’s observed behaviour can be described in a similar way
to agent vehicle absolute manoeuvres. It consists of going ahead, stopped, reversing, lane changing
(right/left), turning (left/right). In addition, the location and speed of the ego vehicle can also be
specified, in SDL level 2 they will be described quantitatively.

Ego Vehicle

v v }

Going ahead

Stopped

Reversing

Lane changing (L/R)

Turning (L/R)

Miscellaneous

Figure 22. Ego Vehicle Observed Information
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3 Translation from WMG-SDL Level 2 to ASAM OpenX
Formats

Given the diverse range of scenario description languages and the growing need for simulation tools to
support them, the ASAM Standards body developed the OpenX languages: OpenSCENARIO XML®
(OSC) and OpenDRIVE® (ODR). Several simulation tools support subsets of these languages, with the
open-source “Environment Simulator Minimalistic (esmini)” tool offering the most comprehensive
feature coverage for OSC XML (v1.1) and ODR v1.7 [21]. Although OSC DSL has been recently
released, most simulation tools have yet to adopt it, continuing to support OSC XML.

The limitations of these scenario standards are two-fold. Unlike WMG-SDL Level 2, which integrates all
scenario attributes into a single specification, the OpenX solution divides the specification into two parts:
OSC XML covers the behavioural and environmental aspects, while ODR addresses static road and
junction attributes. The mapping from WMG-SDL Level-2 to OpenX languages is depicted in Figure 23.
Additionally, the XML-based structure of OSC XML and ODR, while well-structured and machine-
readable, complicates the human-readability of scenarios.

To bridge the gap between the ease of specification and readability of WMG-Level-2 format and the
simulation support for ASAM OpenX scenario standards, we develop methods for translating from
WMG-SDL Level-2 into OSC XML and ODR [13].

Scenario (SDL Level 2) !

_ ' ASAM OpenDRIVE
@enery: Roads, Junctlons.l—‘iI > (ODR)

|
|

:

:‘Dynamics (Actor behaviour),‘: ASAM OpenSCENARIO
'_Environmental conditions | (0sQ)

Figure 23.Translation from WMG-SDL Level-2 to ASAM OpenX formats

Our approach consists of two main stages. Initially, we parse the scenario into a structure that can be
searched and manipulated. Subsequently, we identify a mapping that links WMG-SDL Level-2
components to OpenX language components. The primary challenge lies in achieving semantic
equivalence when identifying the syntax structures in ODR/OSC required to implement WMG-SDL
Level-2 grammar components. Additionally, we are limited to using only those syntactic structures of
OSC/ODR supported by the simulator in use (esmini). This is needed to visually validate the translation
into OSC/ODR against the specification in WMG-SDL Level-2. Other commercial scenario simulators
offer selective support for OSC/ODR. Therefore, the syntax mapping process is iterative, with each
translation iteration being tested to ensure that the actions specified in WMG-SDL Level-2 are
accurately represented in a simulation of the translated OSC/ODR specifications.

The WMG-SDL Level-2 specification comprises four core components:

1. Scenery (Roads and Junctions)

2. Scripted Traffic (Actors, their positions, and actions)

3. Environment (Time of Day, Weather, Cloud state, lllumination conditions, etc.)
4. Non-scripted Traffic (Location and Density)

Component 1 (Scenery) is translated into an ODR specification, while Components 2 to 4 are translated
into an OSC specification. This section details how the various components are translated and
discusses the challenges we encountered. The OSC specification depends on the scenery naming
convention used in the ODR. In WMG-SDL Level-2, scenery and dynamics are described in the same
scenario specification, unlike OSC and ODR specifications. For clarity, each component's translation
will refer to both OSC and ODR and present their dependencies.

Translating the scenery in WMG-SDL Level-2 into an ODR specification involves converting the
descriptive road-junction network specification of WMG-SDL Level-2 into concrete coordinates in ODR.

27



This requires interpreting specifications in relative and functional terms in WMG-SDL Level-2 (e.g., road
X has three segments: one straight of length 1, one curved of length |2 with curvature c2, and one straight
of length I3) into a coordinate space specifying the x-y-z and heading angles of each road segment and
their connections.

There are three main algorithmic challenges in translating WMG-SDL Level-2 into OSC: (1) Addressing
the differences in the specification structure for synchronous/asynchronous actions of individual
scenario actors, (2) Converting high-level abstract manoeuvres in WMG-SDL Level-2 into a series of
sub-manoeuvres in OSC, and (3) The mechanism of indexing roads and lanes, which introduces
challenges in implementing vehicle turning manoeuvres.

We address these challenges, providing exact translations where possible and semantic translations
where an exact translation is not feasible. In instances where the treatment of scenario elements
between OSC/ODR and WMG-SDL Level-2 is identical, we use syntactic translations (e.g., for aspects
of the traffic and environment). For more complex components in WMG-SDL Level-2 (such as scenery
and dynamics), where there is no one-to-one mapping between syntactic elements in both languages,
the translations are semantic. This means we use OSC/ODR syntax components to build manoeuvre
dynamics and roads/junctions in a way that allows us to uniformly translate scenarios in WMG-SDL
Level-2.

We implement the translation algorithm using xText and xTend. A parser for WMG-SDL Level-2,
implemented in xText, parses the WMG-SDL Level-2 into an object structure, which is then
systematically explored to construct the OSC/ODR specification. The construction of the OSC/ODR
specifications is implemented in xTend. The tool required to translate WMG-SDL Level-2 into OSC/ODR
specifications can be executed as a binary (a Java JAR) or in the Eclipse IDE.

This section is organized based on the WMG-SDL Level-2 scenario specification syntax. The WMG-
SDL Level-2 syntax divides a scenario into scenery, dynamics, environment, and traffic. As illustrated
in Figure 23, the scenery is translated into an ODR specification, while the latter three components are
grouped into an OSC specification. We use extracts from scenario specifications in WMG-SDL Level-2
and ODR or OSC (as needed) to demonstrate the translation and associated challenges. The units of
measurement for WMG-SDL Level-2 align with the ASAM OpenX standard unless otherwise specified.
The term "Ego" refers to the vehicle under test (the ADS).

3.1 Scenery

The scenery includes descriptions of roads and junctions within the scenario. These roads and junctions
are defined in the ASAM ODR specification and referenced in the ASAM OSC specification. This section
explains how scenery specifications in WMG-SDL are translated into ODR.

3.1.1 Roads

In ODR, a Road element specifies the geometry and layout of the road, including its length, curvature,
number of lanes, and more. The road is detailed using sub-elements such as type, planView,
lateralProfile, elevationProfile, and lanes. The type element describes the road material and speed limit.
The planView, lateralProfile, and elevationProfile elements define the road’s geometry, while the lanes
element lists the different lanes that form part of the roads.

Roads and lanes in ODR are numbered. Depending on the road’s direction, lanes to the right of the
centerline are numbered starting with -1, increasing negatively towards the outermost right lane.
Conversely, lanes to the left of the centerline are numbered starting with 1, increasing positively towards
the leftmost lane. This numbering is independent of traffic direction and solely depends on the road’s
centerline direction.

Translating the scenery in WMG-SDL into ODR requires considering the syntax and semantics of OSC
manoeuvres within the scenery.

In OSC, lane changes are applied to an actor’s position by either indicating a lane displacement relative
to the vehicle’s current position or specifying a destination lane ID. During a lane-change manoeuvre,
it is not possible at runtime to know the vehicle’s lane to specify a destination lane beforehand. Hence,
lane movements must be defined using a relative displacement. Furthermore, in OSC, left and right
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lane change movements have different displacements, which also depend on the traffic direction. For
a vehicle moving in the direction of the centerline with right-handed traffic, positive lane changes
indicate a left lane change, whereas negative values indicate a right lane change. For a vehicle moving
against the centerline direction, positive lane changes indicate a right lane change, whereas negative
values indicate a left lane change. Left-handed traffic would mirror these lane change actions. It also
becomes important to statically memorize and track the road and lane locations of actors as their
manoeuvres play out.

Key

Road Centre
—. f02d

Direction

Figure 23. Road centerline direction and Conventions for Lane humbering

To ensure consistent treatment of lane maneuvers, regardless of the actor’s position on the road, we
use the RelativeTargetLane positional element in OSC for translating lane change maneuvers from
WMG-SDL Level-2. This approach allows us to handle lane changes relative to the entity’s position and
direction of movement. Note that a lane change requires the change of the entities current lane by either
+1 or -1 (if the actor remains on their side of the road), or alternately by +2 or -2 if the actor crosses the
centerline. The change in the lane index is dependent on the traffic direction and whether the actor is
moving with or against the direction of the centerline. This is handled during translation.

Further, in WMG-SDL Level-2, roads are specified using declarative constraints, while in ODR,
complete road geometries must be defined. For example, observe Figure 24 the WMG-SDL Level-2
description of road R1 describes a road with two lanes, one on each side of the centerline. The road
has a horizontal geometry consisting of three segments: S1, CR1, and S2, with the middle segment
being curved, with radii of curvature specified where needed (N/A otherwise). Translating from WMG-
SDL to ODR, as shown in Figure 25, involves solving WMG-SDL constraints to form road and junction
geometric coordinates and road-segment headings used in ODR.
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<OpenDRIVE>
2 <road id="1" junction="-1" length="30.0" name="R1" rule="RHT">
<planView>
<geometry hdg="0.0" length="11.0" s="0.0" x="0.0" y="0.0">
<line/>

</geometry>
7 <geometry hdg="0.0" length="8.0" s="11.0" x="11.0" y="0.0">
Roads: 8 <arc curvature="0.26246719160104987"/>
R1: 9 </geometry>
START 10 <g?0metry ‘1dg:“2.09973"753"2808399“ \cwglh:"lﬂl.O" 5="19.0"
Road type [_\lin\\l l\hi\u as [R1] with zone as [N/A] AND speed limit of [30] in a f' ,<:“#:;f2)89332419748945 y='5.73260038291595">
[Rural] environment with 13 </geometry>
Number of lanes [2] as [R1.L-1, R1.L1] 1 </planView>
Road traffic direction [Right-handed] 1 <lanes>
Lane type [Traffic lane] </road>
Lane markings [Broken ling] 3 <road id="2" junction="-1" length="30.0" name="AR1" rule="RHT">
Horimnt‘al road geometry [\7I Straight jl R1: Curved, S2:Straight] with curvature ?;aer;\rﬁg:& hdg="5.2413301863981925" length="11.0" 5="0.0"
I'adll!i of [S1:N/A, CR1:3.05 to 4.57, S2:N/A] x="8.738517665923368" y="15.229360649907651">
Vertical road geometry [Level plane] 39 <line/>
Transverse road geometry [Divided] with [No] roadside feature 10 </geometry>
Roadway edge features [Pavement] 11 <geometry hdg="5.2413301863981925" length="8.0" s="11.0"
Fixed road structures [Trees, Buildings, Street lights : {spacing: 20 to 30, height 42 x="14.289332419748947" y="5.732600382915951">
451012} 3 <arc curvature="-0.26246719160104987"/>
ot f@ 419 CR1T to 0 €9: 1 1" anm wi 34103 6 4 </geometry>
| ]\-T;-ICI]] [S1:10 10 12, CR1:7 to 9, S2: 10 to 12] AND Lane width [3.4 10 3.6] . <geometry hdg="3.1415926535897936" length="11.0" 5="19.0"
x="11.000000000000004" y="8.881784197001252E-16">
<line/>
</geometry>
</planView>
50 <lanes>
<type type="Minor road">
</road>
</OpenDRIVE>
Figure 24. Source Definition of a Minor Road in  Figure 25. Translated definition of Minor Road in
WMG-SDL Level-2 ASAM OpenDRIVE

The WMG-SDL Level-2 horizontal road geometry is translated into the ODR specification of the
planView, which requires concrete geometries to be specified.

3.1.2 Junctions

Translating junctions is primarily a syntactic task and involves greater geometric challenges compared
to roads. A junction in WMG-SDL translates into a series of road connections in ODR. ODR requires
each junction to specify the connecting roads and the links between lanes. Roundabouts in WMG-SDL
are translated into groups of junctions in ODR.

Each road within the scenario is first translated into a road in ODR, with an origin at <x,y>=<0,0>. The
junction constrains specify angular separations between pairs of roads at the junction. Once all roads
are translated, given the specification of a junction, the coordinate system of each road is rotated and
translated to an appropriate position (as specified by the junction constraints).

Further a junction specified the connections between the lanes of roads at the junction. In ODR, these
connections are treated as individual connecting roads. The main challenge in defining junctions is
creating smooth connections between roads at a junction. This involves defining connecting roads. A
junction is treated as the connection of multiple roads to a single reference road. This is necessary to
compute the geometries of the roads as they approach or leave a junction. We first set one of the roads
arriving at the junction as the reference road and calculate its endpoint using standard geometry. The
reference road is placed with its centerline directed into the junction. Every junction has a depth and a
width (or a diameter for roundabouts). The endpoint of the reference road is placed on a virtual boundary
of the junction as specified by its dimensions. Other roads are placed on this virtual boundary in
accordance with the angular constraints specified in the junction definition. Connecting roads are then
placed, connecting a predecessor road with a successor road. A connecting road is a road segment
that links one road at the junction to other roads at the junction and is characterized by the smooth
curve required to connect roads at the junction. The endpoint of the connecting road becomes the
starting point of the appropriate successor road within the junction road list. The geometry of the
connecting road may be a combination of segments, with a mixture of straight and curved segments.
The lengths and curvatures of these segments are computed in a manner that satisfies the connection
required to be made. The input to the computation of connecting segment lengths and curvatures is a
pair of <x,y> coordinates that are required to be connected, along with the heading angles of the roads
being connected.
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3.2 Dynamics

In this section, we describe the translation of actor dynamics specified in WMG-SDL into OSC. For each
component of an actor’s dynamics, we describe its mapping from WMG-SDL into OSC elements.

The most complex component of the scenario specification to translate is actor dynamics. For a
scenario, recall that dynamics are specified in the OSC specification. In WMG-SDL Level-2, the scripted
dynamic elements of the scenario are specified as a series of manoeuvre sequences for each actor.
These sequences may be required to execute synchronously or asynchronously.

In WMG-SDL, the dynamic elements are grouped into an initialization, a collection of synchronous
activities, and a stopping condition. The dynamics in OSC are described within a Storyboard, which
consists of three core components: (1) Init - describing where the actors are placed and their initial
dynamics when the scenario begins, (2) Story - describing the activity of actors during the scenario, (3)
StopTrigger - specifying the conditions, if true, cause the scenario to halt immediately. In the following
text, we describe how each of these components is constructed from the WMG-SDL scenario.

3.2.1 Init

The initialisations represent the positions and dynamic activities of each actor when the scenario begins.
The initialisation in WMG-SDL is broken up into three components: (1) The Ego Initialisation, (2) Vehicle
and Pedestrian initialisations, and (3) Timer Declarations.

For each actor, its position and speed are specified in absolute terms (describing a road and lane
position) or in terms relative to other actors (such as by specifying a lateral or longitudinal offset). This
covers the first two components of the WMG-SDL Level-2 Initialisation. Since OSC only supports the
use of a Simulation Timer which is global across the simulation, while WMG-SDL Level-2 also enables
use of timers local to a single manoeuvre phase, these are left uninitialized and benefit from a different
treatment during dynamic translation, as will be described later.

3.2.2 Story

In WMG-SDL, all activities post-initialisation are organized as a collection of Synchronised Serial
Manoeuvre Sequences (SSMSs). An actor’s activity consists of a sequence of phased manoeuvres
specific to the actor. In Figure 27, an SSMS is represented by the dashed box that groups the various
actors’ manoeuvre sequences. The phases are numbered from ‘1’ to the total number of phases in the
SSMS. A WHEN condition triggers an SSMS to begin, causing all actors’ manoeuvre sequences to start
at Phase 1. Phases across different sequences but within the same SSMS, having identical index
values, operate synchronously. Any two SSMSs may operate asynchronously from each other.
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Figure 26. WMG-SDL Execution Semantics of Phased Manoeuvre Sequences

For an actor, a phase consists of a manoeuvre, manoeuvre parameters, and a WHILE invariant
condition that must hold while that phase is in operation. In the figure, the invariant for phase i and actor
j is represented by the symbol Ci. A phase is considered ‘complete’ once the active component of all

31



actors’ manoeuvres in the same phase have completed, or when any WHILE condition linked to that
phase is invalidated. Hence, as long as all WHILE conditions of the phase hold, any actor having
completed its active manoeuvre component continues with a default drive action until all actors in the
same phase complete their respective active manoeuvre components. A drive-only phase (stopping,
accelerating, or braking to reach a target velocity), unlike manoeuvres requiring lateral motion (such as
lane changes), is unique. Therefore, the completion of a phase containing a drive manoeuvre
necessarily requires either a WHILE condition associated with the drive manoeuvre to become invalid
or once the active ‘speed change’ component of the drive action is complete, the drive phase is
considered complete. Further turns must occur at a junction, and describe an actor being routed from
its current road-lane position (approaching the junction) to a desired road-lane position after crossing
the junction after making the turn.

Initialisation Triggers: In WMG-SDL, each SSMS begins with a triggering condition, the WHEN
condition. If this condition is satisfied, then the actors may begin executing the manoeuvres defined
within the SSMS.

Table 7 summarizes the hierarchy of OSC elements used for translating the two types of WHEN
conditions in WMG-SDL. The first type is movement-related (going ahead or being stopped), while the
other is based on the vehicle’s position on a road or lane.

Table 7. Mapping WMG-SDL WHEN Manoeuvre Condition into OSC Elements

WMG-SDL WHEN OSC Element

The beginning of an OSC Maneuvre is marked using a {StartTrigger} hierarchically containing the
following elements: {StartTrigger} - {ConditionGroup} - {Condition} - {TypeOfCondition}
Going Ahead

Stopped

Road Lane Position {ByEntityCondition} - {EntityCondition} - {ReachPositionCondition} -
{Position} - {LanePosition}

{ByEntityCondition} - {EntityCondition} - {SpeedCondition}

Manoeuvres: Similarly, manoeuvres in WMG-SDL can be translated into OSC elements as described
in Table 8. WMG-SDL manoeuvres are a composition of an absolute manoeuvre (X) and a relative
manoeuvre (Y), expressed as X_Y. Relative manoeuvre components of a WMG-SDL manoeuvre, such
as Cut in, Cut out, Towards, and Away, cannot be translated into OSC because relative actions aren’t
supported in OSC, however may be used to assess whether the intended scenario has occurred.

Table 8. Mapping SDL Manoeuvres to OSC Actions

WMG-SDL Manoeuvre OSC Action

Drive_{Towards,Away,Cutln,CutOut} {SpeedAction}
Stop_{Towards,Away,Cutin,CutOut} {SpeedAction}
Reverse_{Towards,Away,Cutln,CutOut} {SpeedAction}

LaneChangeRight_{Towards,Away,Cutin,CutOut} {laneChangeAction}
LaneChangeLeft {Towards,Away,Cutln,CutOut} {laneChangeAction}
TurnRight_{Towards,Away,Cutln,CutOut} {RoutingAction}
TurnLeft {Towards,Away,Cutln,CutOut} {RoutingAction}

Synchronous/Asynchronous Activities: In OSC, activities are grouped into asynchronous Stories.
Synchronization is achieved by explicitly triggering stories or contained acts (groups of manoeuvres)
using triggering conditions. Table 9describes the translation of WMG-SDL phased manoeuvres into
OSC elements. To achieve synchronization between phases, the OSC Act associated with a phase is
conditioned to start only when all earlier phases, across all actors, within the same SSMS, have ended.
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Table 9. Translation of WMG-SDL Dynamic Story Elements into OSC Story Elements

WMG-SDL OSC Element Translation

Element

SSMS Story Each {SSMS} is mapped into an OSC {Story}.

Phase Act (Story) For each actors manoeuvre phase, within its

manoeuvre sequence, an OSC {Act} is created. This is
because it is possible to trigger the beginning and end
of an Act, which allows us to synchronize phases
across all actors within the same SSMS.

WHEN (SSMS) StartTrigger (Actu) The WMG-SDL SSMS WHEN condition is mapped into
the {StartTrigger} of the first act (which we refer to as
{Act1}) corresponding to the first phase for every actor’s
manoeuvre sequence.

WHILE (Phase) StopTrigger (Act) The {StopTrigger} of all acts are defined by their
respective phase’s WHILE condition.

Phase StartTrigger (Act) The {StartTrigger} for every other phase is designed to

Synchronization be a group of conditions. Each condition asserts that

the OSC Act associated with the earlier phase has
reached its {completedState}, {endTransition}, or
{stopTransition} state. These states are implemented in
OSC simulators as states of an OSC Act.

Timers: Furthermore, WMG-SDL makes use of timers to synchronize activities across actors. Two
types of timers are used: global timers (shared across actors’ phases and SSMSs) and local timers
(local to a phase and reset when there is a phase change). Global timers have a syntactic equivalent
in OSC, which uses simulation time and supports conditions defined on it. However, while OSC does
not have a syntactic mechanism for defining local timers, it does support a mechanism to delay the
detection of a condition trigger. OSC associates each activity (a group of manoeuvres, actions, and
events) with a name and a state. The state of the activity describes whether it has started, is running,
or has stopped or ended. It is possible to specify timings relative to when a change of state occurred
for such elements. We use this to implement the local timers of WMG-SDL. A local timer is used to
condition the end of a phase in WMG-SDL. We translate this into a condition on the OSC Act
corresponding to the latter phase, i.e. we delay the triggering the start of the next activity using the timer
constraint specified on the current activity. We use this mechanism to translate local phase timers by
using the timer constraint as a delay within OSC conditions. The condition requires the Act to stop after
the limit on time defined on the WMG-SDL local timer for that phase has expired. This condition is
defined as a delay after the Act began.

3.3 Environment

The environment specification in WMG-SDL is translated into the OSC specifications pertaining to the
time of day, weather and road condition. These attributes are direct translations of the syntax of
environment in WMG-SDL using the domain model of OSC. An example of the environment in WMG-
SDL and its equivalent in OSC are shown in Figure 27 and Figure 28.

ENVIRONMENT ELEMENTS:

DO: [Envl]
Wind [0 to 0.2] Cloudiness [0 to 1] Particulates [None]
Rainfall [None: N/A] Snowfall [None: N/A] Time of the day [03:00 to 06:00]
[llumination [Day] with [Sun] as light source at [10 to 30] degree elevation AND
[F] position|

Figure 27. Source Environment definition in WMG-SDL
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<GlobalAction>
<EnvironmentAction> <Environment name="">
<TimeOfDay animation="true" dateTime="2022-04-11T03:00:52.577+0100"/>
<Weather cloudState="free">
<Sun intensity="10000.0" azimuth="0.0" elevation="20.0" />
<Precipitation precipitationType="dry" precipitationintensity="0"/>
<Wind direction="0.0" speed="0.1"/>
</Weather>
</Environment> </EnvironmentAction>
</GlobalAction>

Figure 28. Translated Environment definition in OSC

4 Concluding Remarks

In the scenario-based testing workflow for Automated Driving Systems (ADS), various Scenario
Description Languages (SDLs) are currently in use. To bridge the gap between detailed technical
descriptions and human readability, an intermediate logical SDL is essential. This intermediate
language can adapt to the rapidly evolving needs of scenario description, allowing for the
documentation of scenario content even before official standards are established. However, since this
proposed language is not widely supported by off-the-shelf simulators, a translation mechanism is
necessary. The SDL, in the form that has been presented in this report, has been developed over the
course of numerous initiatives and studies conducted at WMG, the University of Warwick. This work
was not specifically developed for the i4Driving project.

In addition to the SDL, this report presents a methodology that enables the translation of scenarios from
WMG-SDL Level-2 to OSC/ODR specifications, enhancing compatibility between these languages. This
translation is semantic because the two languages are not syntactically equivalent.

The SDL expressibility and translation capabilities have been evaluated using benchmark ALKS and
LSAD scenarios visualised with the esmini tool. The results demonstrate that it is possible to write high-
level functional descriptions of scenarios in WMG-SDL Level-2 and automate their conversion into the
OpenX specification standards OSC/ODR. This approach ensures that scenarios are written in a
readable format that is easy to share, debug, and maintain.

For the most recent updates on WMG Level-2 SDL, including its grammar and the evolution of the
translation methodology to ASAM OpenSCENARIO and ASAM OpenDRIVE, please refer to the Safety
Pool Database Knowledgebase [1].

34



5 References

[1]

(2]

3]

[4]
5]

[6]

[7]

(8]

9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

WMG - University of Warwick and Deepen Al, “Safety PoolTM Database Knowledgebase.”
Accessed: Nov. 18, 2024. [Online]. Available: https://docs.safetypooldb.ai/

N. Kalra and S. M. Paddock, “Driving to safety: How many miles of driving would it take to
demonstrate autonomous vehicle reliability?,” Transp Res Part A Policy Pract, vol. 94, no.
December, pp. 182—-193, 2016, doi: 10.1016/j.tra.2016.09.010.

T. Menzel, G. Bagschik, and A. M. Maurer, “Scenarios for Development, Test and Validation of
Automated Vehicles,” in IEEE Intelligent Vehicles Symposium, Proceedings, |IEEE, 2018, pp.
1821-1827. doi: 10.1109/1VS.2018.8500406.

Euro NCAP, “Euro NCAP 2025 Roadmap: In pursuit of Vision Zero,” 2017.

S. Khastgir, S. Birrell, G. Dhadyalla, and P. Jennings, “The Science of Testing: An Automotive
Perspective,” in SAE Technical Papers, 2018.

K. Go and J. Carroll, “The blind men and the elephant: views of scenario-based system design,”
Interactions, vol. 11, no. 6, pp. 44-53, 2004.

S. Ulbrich, T. Menzel, A. Reschka, F. Schuldt, and M. Maurer, “Defining and Substantiating the
Terms Scene, Situation, and Scenario for Automated Driving,” IEEE Conference on Intelligent
Transportation Systems, Proceedings, ITSC, vol. 2015-Octob, pp. 982-988, 2015.

E. de Gelder, J. Manders, C. Grappiolo, J.-P. Paardekooper, O. O. den Camp, and B. De
Schutter, “Real-World Scenario Mining for the Assessment of Automated Vehicles,” in 2020
IEEE 23rd International Conference on Intelligent Transportation Systems (ITSC), 2020, pp. 1-
8. doi: 10.1109/ITSC45102.2020.9294652.

C. Neurohr, L. Westhofen, M. Butz, M. Bolimann, U. Eberle, and R. Galbas, “Criticality Analysis
for the Verification and Validation of Automated Vehicles,” IEEE Access, vol. 9, no. i, 2021, doi:
10.1109/ACCESS.2021.3053159.

ASAM, “ASAM OpenSCENARIO® - User Guide,” pp. 0-61, 2020.

M. Dupuis, E. Hekele, and A. Biehn, “ASAM OpenDRIVE® Format Specification, Rev. 1.5,”
OpenDRIVE, no. M, pp. 1-133, 2019.

X. Zhang, S. Khastgir, and P. Jennings, “Scenario Description Language for Automated Driving
Systems: A Two Level Abstraction Approach,” IEEE International Conference on Systems, Man
and Cybernetics (SMC), 2020.

A. A. Bruto da Costa, P. Irvine, X. Zhang, S. Khastgir, and P. Jennings, “Translating Automated
Vehicle Test Scenario Specifications between Scenario Languages: Learnings and Challenges,”
in Proceedings of the Driving Simulation Conference Europe 2022 VR, Driving Simulation
Association, 2022, pp. 65-72.

A. A. Bruto Da Costa, P. Irvine, X. Zhang, S. Khastgir, and P. Jennings, “Writing Accessible and
Correct Test Scenarios for Automated Driving Systems,” in 2022 IEEE International Conference
on Systems, Man, and Cybernetics (SMC), IEEE, Oct. 2022, pp. 1356-1363. doi:
10.1109/SMC53654.2022.9945564.

P. Irvine, P. Baker, A. B. da Costa, X. Zhang, S. Khastgir, and P. Jennings, “Vehicle-to-
Everything (V2X) in scenarios: Extending Scenario Description Language for Connected Vehicle
Scenario Descriptions,” in 2022 |IEEE Intelligent Vehicles Symposium (1V), IEEE, 2022, pp. 548—
555.

T. Dodoiu, A. A. B. da Costa, S. Khastgir, and P. Jennings, “Incorporating Human Factors into
Scenario Languages for Automated Driving Systems,” in 2024 IEEE Intelligent Vehicles
Symposium (1V), IEEE, Jun. 2024, pp. 3009-3016. doi: 10.1109/1V55156.2024.10588672.

BSI, “BSI Flex 1889 - Natural language description for abstract scenarios for automated driving
systems - Specifi cation.”

35



(18]

[19]

[20]
[21]

WMG - University of Warwick and Deepen Al, “Safety PoolTM Scenario Database.” [Online].
Available: https://www.safetypool.ai/

ISO, “ISO 34503 - Road Vehicles - Test scenarios for automated driving systems - Taxonomy
for operational design domain.” [Online]. Available: https://www.iso.org/standard/78952.htmi

SAE International, “Surface Vehicle Recommended Practice - J3016,” 2018.

E. Knabe and others, “Environment Simulator Minimalistic (esmini).”

36



