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Ontology-based Scenario Generation for Automated
Driving Systems Verification and Validation using
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Abstract—The verification and validation (V&V) process for
Automated Driving Systems (ADS) has undergone a significant
transformation in defining the meaning of safety. Initially rooted
in the quantity of miles driven, it has now shifted towards empha-
sizing the quality of test miles. These test miles must effectively
capture the full spectrum of behaviours and operational design
domains (ODD) of the ADS. To assess an ADS’s compliance with
specific rules or requirements, a connection must be established
between the rules and the scenarios used for testing. In this paper,
we propose a targeted scenario generation methodology aimed
at testing ADS against formal rules. Our approach leverages
ontologies to represent objects and their relationships in a
scenario. The rules, are first formally specified, expressed as horn
clauses. We then employ a rule transformation process, along
with off-the-shelf reasoning tools, to generate corresponding
scenarios. These generated scenarios may then utilized to test
the ADS’s adherence to the specified rules. To illustrate the
effectiveness of our methodology, we present an application to
example rules derived from both the UK Highway Code and the
Vienna Conventions. By utilizing our approach, we enhance the
precision and rigor of the verification and validation flow for
ADS, ensuring improved safety measures during operation.

Index Terms—scenario, scenario generation, ontologies, rules
of the road, verification and validation, automated driving
systems.

I. INTRODUCTION

The on-road readiness of a human driver is assessed by
examining their ability to adhere to a set of driving rules.
These rules express protocols of driving behaviour on the road
and also set an expectation of how other road actors behave
and respond to the driver’s actions. It is only when the driver
is able to demonstrate that they adhere to these rules, that they
are issued a license that certifies them to operate a vehicle on
the road.

With ongoing developments in vehicle autonomy, actions of
the human driver are being replaced by autonomous driving
systems (ADSs). The Society of Automotive Engineers (SAE)
defines six levels of automated driving, from no automation
to full automation, replacing the human driver [1]. Autonomy
is encouraged for its potential to reduce on-road accidents
causing injuries and fatalities [2], while also improving overall
driving characteristics [3]. It is widely accepted that realising
these gains requires a philosophy of testing that is based in the
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quality of miles driven by the ADS, as opposed to the quantity
of testing miles [4], [5], exposing the ADS to the myriad
conditions it is expected to respond to. This is further asserted
through various studies and the adoption of scenario-based
testing as the basis of V&V approaches [6]–[11]. A scenario is
a ‘temporal development between several scenes in a sequence
of scenes. Every scenario starts with an initial scene. Action
and 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.’ [12].

The evaluation of ADSs in diverse scenarios is essential;
however, it lacks a robust mechanism for precisely defining
correct ADS behavior. An appealing criterion for evaluation
is the existing set of rules of the road, originally designed for
human understanding. Nevertheless, for an ADS to be deemed
deployable within a specific domain, whether it be a city,
region, or country, it must demonstrate strict adherence to the
relevant rules of the road. To achieve this, formal codification
of these rules is necessary to make them usable for specifying
and evaluating ADS compliance with the designated rules.

The set of driving rules serves as a fundamental protocol for
driving behavior. However, ensuring the completeness of these
specifications presents a well-known challenge in the field of
specification design. The question arises: How can we assess
the sufficiency of these specifications, particularly in terms of
intention? It is crucial to consider the possibility of interactions
among active specification rules that could render the set of
actions available to the ADS empty, leading to a situation
known as a deadlock. This concept is a central concern in
systems and protocol design and testing [13]–[15]. If the set
of fundamental driving actions, governed by the driving rules,
results in a deadlock, it indicates the need for augmenting
the rules to enable the vehicle to make progress. Additionally,
when dealing with situations stemming from driving rules, it
becomes imperative to generate scenarios that can effectively
test the ADS’s adherence to these rules.

This paper contributes to addressing the aforementioned
gaps in the following ways:

1) Methodology for Formalising Rules of the Road: We
propose a comprehensive methodology for formalising
rules of the road. To illustrate the practical application of
this methodology, we utilise examples from the United
Kingdom (UK) Highway Code [16] and the Vienna
Convention [17]. Through these examples, we discuss
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concrete challenges towards formalisation of rules and
the actions needed to address them.

2) Scenario Generation for ADS Testing against Rules of
the Road: We demonstrate how the results obtained
from reasoning processes can be utilised to generate
purpose-built scenarios for testing Automated Driving
Systems (ADS). These scenarios are tailored to evaluate
the ADS’s performance and adherence to the specified
rules, ensuring thorough verification and validation of
its safety during real-world operations.

By addressing these key aspects, our work contributes to
the advancement of verification and validation processes for
ADS, enhancing their safety and reliability for deployment in
various domains. In the subsequent sections, we delve into key
aspects of our study. Section II delves into related research,
while Section III provides an in-depth insight into our rule-
set codification methodology. We then introduce our scenario
generation framework originating from codified road rules in
Section IV. To demonstrate practicality, Section V showcases
the application of our approach to select rules from the U.K.
Highway Code and the Vienna Conventions. Our observations,
challenges, and identified gaps are deliberated upon in Sec-
tion VI, followed by concluding remarks in Section VII.

II. RELATED WORK

The case for using smart-miles to assess the safety of ADSs,
where the quality of distance driven is more important than
quantity, has been widely accepted as the way forward [5],
[11], [12], [18]. Hence, scenarios are now a cornerstone of
the V&V lifecycle. Due to the real-valued nature of param-
eters representing key scenario elements (such as positions,
distances, and lengths; velocity and acceleration; time at which
a manoeuvre is executed; heading angles; weather parameters,
and so on), and their value combinations, the theoretical
number of scenarios for testing becomes infinite. Furthermore,
the arrangement of events in a scenario and their timings adds
to this complexity. Intelligent mechanisms to generate targeted
scenarios is important to handle this difficulty.

In the past, there have been studies aimed at generating
scenarios from accident databases [10], [19] or from standards
such as the Automated Lane Keeping Standard (ALKS) [20]
and others. A number of studies have proposed Ontologies
for use with ADS testing and test management [21], [22]. An
ontology is a structured representation of knowledge within a
specific domain. It defines concepts, their relationships, and
attributes, serving as a framework for organizing information.
It also facilitates effective information processing, reasoning
and manipulation. Ontologies have also been used to generate
test cases for ADS to test autonomous functions [22], [23]. The
authors in these studies [22], [23] use ontologies, together with
combinatorial methods and machine learning to intelligently
generate test vectors that cover critical autonomous functions.
The work does not however discuss how the ontologies for the
critical scenario would be themselves generated, only how the
resulting structure is used to generate tests using the proposed
combinatorial methods.

Other studies have proposed an ontology designed specifi-
cally for scenario definition [7]. The work presents an ontolog-

ical definition of a scenario founded on object-oriented princi-
ples, with the classes, attributes, and properties represented as
an ontology. The authors demonstrate that the ontology can be
used to construct a detailed scenario description in an object-
oriented fashion and can be translated into code using scenario
description languages.

The Association for Standardisation of Automation and
Measuring Systems (ASAM), as part of it array of standards
has developed an ontology concept, ASAM OpenXOntol-
ogy [24]. The ASAM OpenXOntology provides fundamental
definitions, properties, and relations of concepts in ADS. The
ontology is publicly available, and well documented. Such
ontologies make it easy to have a single consistent definition
for terms and concepts across scenario specification languages
such OpenSCENARIO [25] and OpenDrive [26].

Recent endeavors have introduced a structured natural lan-
guage framework for rules of the road, thus facilitating their
expression [27]. The study emphasizes the significance of
adopting a consistent and structured approach to expressing
rules of the road, underlining the importance of well-defined
rules. It advocates for seamlessly integrating these rules with
testing scenarios to assess ADS capabilities.

However, as the complexity of driving scenarios continues
to escalate, a pressing requirement has emerged to synchronize
Automated Driving System (ADS) testing with assessments
against established road regulations. The focal point of this
challenge is to develop scenarios that precisely target specific
rules of the road. This article addresses this challenge by em-
ploying ontologies and formally articulated rules of the road.
Employing a consistent language to express road regulations
(as exemplified in Ref. [27]) expedites their translation into an
appropriate formal logical structure. This, in turn, enhances the
process delineated in this article.

III. FORMALISING RULES OF THE ROAD

Presently, road rules are often penned in unstructured
language, yielding incomplete specifications and ambiguous
statements. For instance, the U.K. Highway Code’s Rule
162 [16] includes phrases like “sufficiently clear ahead”
and “suitable gap”, intended for human comprehension but
unsuitable for ADS precision. These terms necessitate clear,
objective definitions. Recent efforts propose a structured nat-
ural language framework [27] that could rectify this, fostering
more consistent handling of such rules for improved ADS
understanding.

The process of formalising these rules aims to reveal any
incomplete specifications and clarify the semantics of rule
terms, making them usable as the gold standard for verification
of safe ADS behavior. A further objective is to enable easy use
and exchange of rules among various stakeholders involved
in ADS safety verification and validation (V&V), including
regulators and vehicle manufacturers. The language should be
expressive enough to specify the existing rules as they apply
to ADSs, facilitating rule analysis, ADS V&V, and scenario
generation.

While a complete and exact representation of the rules
of the road should consider fuzzy and probabilistic logic
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interpretations, our methodology focuses on an abstraction
level that is practical for our purposes and scalable. In each
scenario that an ADS may encounter, rules must be assessed
and adhered to at every point in time. Importantly, each
individual rule describes the world’s state at a singular point in
time and therefore does not require memory of past states for
evaluation, i.e., they are stateless. Therefore, we concentrate
on a first-order logic [28], [29] interpretation of the rules in
this article.

We propose the following three step process for translating
natural language rules to their codified forms.

1) Construct a Concept and Predicate Vocabulary: For a
rule, terms relevant to the dynamic driving task are
identified. These terms include nouns, verbs, adjectives,
pronouns, along with word inflections and terms used
for co-referencing. These terms are then compared with
standard taxonomies for ADS, such as the ISO 34504
and BSI PAS-1883 ODD taxonomies, and a vocabulary
of predicates is developed. Fuzzy terms, synonyms,
antonyms are also identified and a normalized predicate
vocabulary is constructed.

2) Reduce the rule to its Minimal Form: In this step, each
rule is meticulously streamlined to its core essence. Ex-
traneous phrases and terms are methodically eliminated,
ensuring that only components integral to the rule’s
essence remain encapsulated within a succinct statement.

3) Express rule in first-order logic: Using the predicates
and concept vocabulary, express the rule in first-order
logic.

Due to the nature of the language used in the highway code,
the process of codification is a manual process. It is also
important that ADS domain expertise be used to identify and
separate terms that are fuzzy - requiring further elaboration
and specification.

A rule for an ADS takes the following general form:

Initialization ∧ Scenery-ODD → Safety-Condition

The three components of a rule are described as follows:
• Initialization: This sets up the variables that take part in

the rule. It specifies the context for a variable. A variable
can represent an actor in the scenario, an ODD element
(road, road property, weather etc.), position information,
and other parameters in the scenario. This part of the rule
indicates what each variable represents.

• Scenery-ODD: This component then sets up the re-
lations between the variables that require the safety
condition to be asserted. For instance, this component
could be a check to evaluate if a vehicle is less than the
prescribed distance away from the lead vehicle.

• Safety-Condition: This component asserts what the
vehicle must or must not do in the context of the specified
Scenery-ODD. For instance, the vehicle must not drive
forward (brake) if too close to the lead vehicle.

IV. SCENARIO GENERATION FOR ADS TESTING AGAINST
RULES OF THE ROAD

In the context of Automated Driving Systems (ADS), a
scenario represents a sequential progression of scenes over

time. The rules governing an ADS are universally applicable
in all scenes and at all points in this temporal evolution.
Therefore, the rules are continuously in effect throughout the
scenario. For the purpose of this article, we focus on non-
temporal rules that specify the ADS’s actions or restrictions
based on defined Operational Design Domains (ODD) or
behavioral conditions. These rules are expressed using first-
order logic and do not involve implicit temporal constraints,
such as time-based counting. Our discussion is thus limited
to the behavior governed by these non-temporal rules under
specified ODD and behavioral contexts, while acknowledging
that performance requirements may incorporate temporal con-
straints.

Scenario Builder

Ontology
& Rule

owlready2
(pellet)
Reasoner

Static

Derived
KB

Scenario
Attribute
Manager

Ontology to
Attribute
Mapping

Manager

KB

owlready2

Ontology
Live

1 2

3

4

5

6

7

8

9
10

11

gen list

Fig. 1. Scenario generation from Rules of the Road: Methodology Overview

The block diagram presented in Figure 1 provides an
overview of the scenario generation process based on codified
rules of the road. The entire process is coordinated by the
Scenario Builder module, which follows a series of steps as
reflected in the figure. The broad actions are described in order
below:

• Instruction and Rule Selection: The Scenario Builder re-
ceives instructions to generate scenarios from the system
or user (gen). These instructions specify the rules of
interest for which scenarios need to be created. These
rules are typically selected based on the specific aspects
or behaviors of the ADS under evaluation.

• Ontology Preparation: Upon receiving the instruction,
the Scenario Builder communicates with the Ontology
& Rule Manager. It instructs the manager to prepare the
ontology specifically for scenario generation (step 1) and
specifies the rules for which scenarios need to be gener-
ated (step 2). The ontology represents the knowledge base
that describes the domain and the relationships between
objects relevant to the ADS and the rules of the road.

• Rule Configuration and Assertion: The Ontology & Rule
Manager configures the knowledge base (KB) according
to the selected rules (step 3). It initializes the necessary
objects, sets up their attributes and relationships, and
translates the rules into a form that can be interpreted by
the reasoning engine. These rules are then asserted within
the KB, which means that they are added as known facts
or information.

• Reasoning and Inference: The Ontology & Rule Manager
then requests the Reasoner to synchronise the ontology
with the newly added assertions (step 4). The Reasoner
is a critical component that applies logical reasoning and
inference algorithms to deduce new knowledge from the
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asserted rules and existing information within the KB. It
resolves any knowledge gaps and infers new relationships
and properties between the objects.

• Knowledge Base Update: The Reasoner updates the KB
with the derived knowledge obtained from the inference
process (step 5). This update includes newly inferred
relationships, object properties, and any additional in-
formation that was not explicitly stated in the original
assertions.

• Scenario Retrieval: Once the KB is updated, the Scenario
Builder proceeds to retrieve scenarios from the Scenario
Attribute Manager (steps 6-11). These scenarios are gen-
erated based on the current state of the ontology, which
now includes the additional knowledge derived by the
Reasoner.

• Abstract Scenario Generation: The Scenario Attribute
Manager interacts with the Ontology to Attribute Map-
ping component (steps 7-10) to transform the current state
of the ontology into abstract scenarios. These abstract
scenarios capture the essential elements and interactions
between objects.

• Logical Scenario Generation: The Scenario Attribute
Manager further refines the abstract scenarios to create a
set of logical scenarios (step 11). These logical scenarios
represent concrete situations and events that the ADS may
encounter while adhering to the specified rules of the
road.

• Output: The Scenario Builder provides the set of logical
scenarios as the output of the scenario generation process
(list).

The scenarios generated by this process may then be used
for testing the ADS’s behavior, performance, and adherence
to the codified rules of the road. They serve as essential
evaluation tools for verification and validation during the de-
velopment and deployment of the Automated Driving Systems.

A. Preparing Rules of the Road for Scenario Generation
We construct our scenario ontology using the taxonomy of

the ISO 34503 [30]/BSI PAS 1883 [31].
The Semantic Web Rule Language (SWRL) [32] allows for

the specification of rules that express logic formulae similar
to Horn Clauses. A horn statement is of the form a1 ∧ a2
∧ a3 ∧ ... ∧ an → b, with its clausal form being ¬a1 ∨
¬a2 ∨ ¬a3 ∨ ... ∨ ¬an ∨ b, where ai (1 ≤ i ≤ n), b are
Boolean variables (literals). A horn clause can have atmost
one Boolean variable in the consequent of the clause, with
all variables in the clause negated except for b . Unlike Horn,
SWRL clauses can have multiple positive literals in the clause.

Ontology tools such as Protégé support using SWRL rules
to augment the domain ontology. Reasoning engines such as
Pellet [33] and HermiT [34] are then used to reason about the
ontology in the context of the rules.

Given the ontology, representing knowledge about the do-
main (ADS, in our case), along with the rules (expressing
safety or performance requirements), it then becomes possible
to use an automated reasoner (such as Pellet [33] or Her-
miT [34]) to infer a scenario that will place the ADS in a
situation that tests it against the rule or ruleset.

From the perspective of a scenario description, a rule for an
ADS can be re-arranged to follow the structure below:

Initialisation ∧ ScenarioConds → SafetyConds

The three components are as follows:
• Initialisation: This component, in a rule’s antecedent,

establishes the variables involved in the rule and defines
their context within the scenario. These variables rep-
resent various aspects such as actors, elements of the
Operational Design Domain (ODD), positional informa-
tion, weather conditions, and other relevant parameters.
By specifying the context of each variable, this part of
the rule clarifies their roles in the scenario.

• ScenarioConds: This component, in a rule’s antecedent,
specifies the relationships between scenario parameters
that lead to the activation of the safety condition. It acts
as a check to determine whether certain conditions, such
as vehicle distances, are satisfied within the scenario.

• SafetyCondition: This component, in a rule’s consequent,
asserts the actions or restrictions that the ADS must
follow when the specified ScenarioConds conditions are
met. For example, it could define actions to avoid colli-
sions or maintain safe distances from other vehicles.

To generate scenarios for each ADS rule, the rule is inverted.
The article presents both the non-inverted form, where the
scenario conditions are expressed as the antecedent of the rule,
and the inverted form, where the safety conditions are swapped
with the scenario conditions. The inverted form of the rule
takes the following form:

Initialisation ∧ SafetyConds → ScenarioConds

By inverting the conditions in the rule, we can assert scenario
conditions based on the safety conditions we want to examine.
As a result, the inverted rule enables us to set up scenarios
that specifically challenge the ADS to respond to particular
safety conditions. By varying these safety conditions, we can
thoroughly evaluate the system’s performance and verify its
adherence to the specified safety requirements. This allows us
to systematically generate scenarios that test the ADS behavior
under different safety-critical situations, as they relate to the
rules. The term scenario rule refers to the rule with the
swapped conditions.

Rule 1: No Turning Right: If a vehicle is in a lane which
has a solid line as the right side marking then the vehicle must
not change lane right and it must not turn right.
car(c)∧ laneType(l)∧ solidLine(sl) ∧ isOn(c,l)∧ turnRight(tr)
∧ changeLaneRight(lcr) ∧ hasRightLaneMarking(l,sl)

→ mustNot(c,lcr) ∧ mustNot(c,tr)

Scenario Rule 1: No Turning Right
car(c) ∧ laneType(l) ∧ solidLine(sl) ∧ turnRight(tl) ∧
changeLaneRight(lcr) ∧ mustNot(c,tr) ∧ mustNot(c,lcr)

→ isOn(c,l) ∧ hasRightLaneMarking(l,sl)

In Rule 1, the predicates car(.), laneType(.), solidLine(.),
changeLaneRight(lcr) and turnRight(tr) impose the require-
ment that the variables contained as parameters of each
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predicate are associated with the class type that the predicate
refers to. For instance, car(c) requires that variable c is of
type car. When all constituent parts of the scenario exist,
we use hasRightLaneMarking(l,sl) and isOn(c,l) to establish
the relationships between the variables. This constitutes the
scenario condition. The safety condition in the consequent
is that the car c must not be associated with a lane change
right or a turn right manoeuvre. Observe that in the rule, it is
the scenario ODD conditions that dictate the safety condition
(that the car mustn’t do something dangerous), while in the
corresponding scenario rule, the scenario terms and safety
terms are exchanged to assert the scenario for a situation where
the vehicle must adhere to the safety condition.

A similar exercise is used to express the four rules that
follow.

Rule 2: No Turning Left: If a vehicle is in a lane which
has a solid line as the left side marking then the vehicle must
not change lane left and it must not turn left.
car(c) ∧ laneType(l) ∧ solidLine(sl) ∧ isOn(c,l) ∧ turnLeft(tl)
∧ changeLaneLeft(lcl) ∧ hasLeftLaneMarking(l,sl)

→ mustNot(c,lcl) ∧ mustNot(c,tl)

Scenario Rule 2: No Turning Left
car(c) ∧ laneType(l) ∧ solidLine(sl) ∧ turnLeft(tl) ∧
changeLaneLeft(lcl) ∧ mustNot(c,tl) ∧ mustNot(c,lcl)

→ isOn(c,l) ∧ hasLeftLaneMarking(l,sl)

Rule 3: Safety and Pedestrians: When a pedestrian is on
the same lane as the vehicle and is at its front, the vehicle can
not drive forward.
car(c) ∧ pedestrian(p) ∧ drive(d) ∧ laneType(l) ∧
isOn(c,l) ∧ isOn(p,l) ∧ isFrontOf(p,c) → mustNot(c, d)

Scenario Rule 3: Safety and Pedestrians
car(c)∧ pedestrian(p)∧ drive(d)∧ laneType(l)∧ mustNot(c,d)

→ isOn(c,l) ∧ isOn(p,l) ∧ isFrontOf(p,c)

Rule 4: Reversing on One-Way Roads: On a one-way
road, a vehicle must not reverse if reversing moves it against
the driving direction for the road.
car(c) ∧ laneType(l) ∧ reverse(r) ∧ unidirectional(ud) ∧
isOn(c, l) ∧ hasProperty(l, ud) → mustNot(c, r)

Scenario Rule 4: Reversing on One-Way Roads
car(c) ∧ laneType(l) ∧ reverse(r) ∧ unidirectional(ud) ∧
mustNot(c, r) → isOn(c, l) ∧ hasProperty(l, ud)

B. Dealing with Action Sequences in Rules

A temporal aspect characterizes certain rules of the road,
wherein these rules regulate the conduct of an ADS over a
series of sequential actions, such as during overtaking maneu-
vers. An overtaking maneuver entails a sequence of actions
including lane changes to surpass another vehicle, followed
by positioning ahead of the overtaken vehicle, succeeded
by another lane change. By imposing safety prerequisites
prior to executing each action in the sequence, these rules

guide these actions. Consequently, an ADS contemplating an
overtaking maneuver must assess its ability to successfully
execute the planned sequence of actions while adhering to the
rule’s constraints. However, due to challenges in perceiving the
environment, the ADS might be incapable of predetermining
the safety of each step before initiating the entire maneuver.
In response, the ADS could adopt an optimistic or pessimistic
approach. In the pessimistic scenario, the ADS might opt
to entirely forgo the maneuver, whereas in the optimistic
scenario, it might endeavor to perform as many actions as
feasible within safety limits until reaching a point where an
action can no longer be deemed safe due to its dynamically
evolving surroundings. Multiple scenarios may emerge in
which the vehicle can initiate the maneuver, with the quantity
of such scenarios contingent upon the length of the rule-
defined sequence.

A1 A2 An

C2 CnC3

C2 CnC3¬C1

C1

¬C2 CnC3C1

C2 Cn¬C3C1

C2 ¬CnC3C1

Fig. 2. Series of Rule violation scenarios for rule with n sequential conditions
C1, C2, ..., Cn, and actions A1, ..., An

A breach of safety regarding such a rule would encompass
the ADS erroneously deeming an action in the sequence as
safe to execute, contrary to the stipulations of the rule. In
alignment with this comprehension, the array of scenarios for
testing this rule would encompass the following: a scenario
wherein all constraints of the rule are fulfilled, as well as
separate scenarios for each instance where an environmental
factor violates one of the rule’s constraints. This is illustrated
in Figure 2, which depicts a representational set of scenarios
required to challenge the ADS against a rule governing a
sequence of n actions A1, A2, ..., An. Before each action the
rule stipulates a set of conditions C1, C2, ..., Cn. The initial
scenario, illustrated in the topmost row of the diagram, show-
cases the fulfillment of all conditions. Subsequent scenarios,
however, progressively deviate, wherein each successive in-
stance portrays the non-fulfillment of one of the n conditions.

A rule organized as a series of n sequential conditions
and corresponding actions can be logically decomposed into a
collection of n sub-rules, each pertaining to a specific segment
of the sequence. Each sub-rule serves to define the conditions
and actions within its corresponding phase. Such a sub-rule is
structured as follows:

Initialisation ∧ PhaseConditions ∧ ScenarioConditions

→ SafetyConditions

Copyright IEEE



ACCEPTED (FEB 28th 2024) FOR PUBLICATION IN IEEE TRANSACTIONS ON INTELLIGENT VEHICLES (T-IV) 6

Conversely, its inverse form takes the shape:

Initialisation ∧ SafetyConditions
→ PhaseConditions ∧ ScenarioConditions

Here, PhaseConditions ensure that the scenario conditions
align with the designated phase of the sequence. This crucial
alignment guarantees that the generated scenarios faithfully
adhere to the inherent organization of conditions and corre-
sponding actions. We employ the predicate inPhase(a, p) to
confirm that object a, initialised in the rule, pertains to phase
p, where p is a numeric designation, and a signifies an ODD
or behavior aspect that must be explicitly validated within
the operational environment of the ADS. This aspect plays
a pivotal role in constructing the scenarios generated during
the evaluation process.

V. CASE STUDIES AND RESULTS

In this section, we’ll look at real-life examples to show how
the method works. We’ll start by using a simple example
to explain it visually. After that, we apply the method to
rules taken from the UK highway code (UKHC) and Vienna
conventions (VC) to generate a logical scenario in the WMG-
SDL Level 2 scenario language [35], [36].

A. Walkthrough of the Methodology

We initialize the ontology to contain object instances rep-
resenting objects that may take part in a scenario. The objects
are meant to be representative of actual object and actors in
the scenario. For our example here, we use a drive, car, lan-
eType, changeLaneLeft, changeLaneRight, unidirection, lane-
Markings, pedestrian, reverse, turnLeft, turnRight objects.

Initially, the object instances are not associated with any
properties other than the properties they inherit from their
classes. For instance, the location of the pedestrian is unknown
at this stage. It is unknown if a rule would result in the
involvement of the pedestrian. Objects are instantiated so that
they may take part in a scenario, but do not necessarily need to.
A rule may require relationships between some objects to be
initialized, and may not require relationships between others.
Figure 3 depicts the state of the ontology when individual
instances of objects have been initialized with no relationships
between them asserted.

From the rules in Section IV-A, a scenario can be generated
from one or more rules simultaneously. The generated scenario
would incorporate the relationships inferred from the chosen
rules and the ontology.

Given a collection of rules denoted as R1, R2, ..., Rn, let
us consider that each rule encompasses a safety condition that
necessitates testing. Activation of a rule’s safety condition
simultaneously triggers the activation of the rule itself. By
activating the safety conditions of multiple rules, it becomes
feasible to activate multiple rules concurrently. For example,
assuming R3, R8, and R63 symbolize the safety conditions
pertaining to rules 3, 8, and 63 respectively, and if there exists
an individual referred to as start within the rule class, the
subsequent rule expression would activate rules 3, 8, and 63
as follows:

Fig. 3. Screenshot of Protégé showing an empty property assertions list for
the car object (named ego) on the right pane.

Fig. 4. Screenshot of Protégé showing a non-empty property assertions list
for the car object (named ego) on the right pane after evaluating Scenario
Rule 2: No Turning Left.

start → R3 ∧R8 ∧R63

In cases where safety conditions reference scenario objects,
it is imperative to ascertain the existence of these objects by
either testing for their presence or enforcing their inclusion
as an integral part of the rule. Verification of their existence
can be conducted by appending a test to the antecedent.
Consequently, the rule transforms into the following form:
start ∧ testConditions → safetyConditions.

Subsequently, the utilization of an ontology reasoner in
conjunction with SWRL rules can be employed to generate the
scenario linked with the rule, as well as other ontological con-
ditions. The outcomes of employing this reasoning approach
are demonstrated for the ego in Figure 4.When evaluating
Scenario Rule 2: No Turning Left, a ripple effect of inferred
relations among objects within the scenario becomes apparent.
This is visually depicted through populated property assertions
for specific individuals, indicating novel object relationships
deduced from the rules.

By iteratively examining the properties of all individuals
present, a comprehensive collection of property assertions and
descriptions can be amassed, encompassing all pertinent actors
and elements from the ODD that partake in the generated
scenario. In this instance, the generated scenario is functionally
described, stipulating that "The car is positioned on lane1,
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which features a left lane marking identified as marking1,
characterized by a solid line."

The outcomes of the reasoning process can be exported
as a CSV file, amenable for further processing to generate
a scenario in a preferred format. Depending on the level of
detail incorporated within the ontology, the resultant scenario
may adopt the form of a functional scenario (if the ontology
is abstract) or manifest as a logical or concrete scenario, as
discussed in previous literature [37].

We now present two case studies of scenario generation
from rules. The rules are derived from the UK Highway
Code [16] and the Vienna Conventions [17].

B. Pedestrian Crossings (Article 21 VC, Rule 195 UKHC)

...
SCENERY ELEMENTS:
DO: Map −roads and junctions network [Network1] as:
Junctions: None
Roads:
R1: START

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]

...
Special road structures [Pedestrian crossing]
as [PC1] at [10 to 20] distance from START

...
DYNAMIC ELEMENTS:
INITIAL: Vehicle [Ego] in [R1.L1]

AND Pedestrian [U1] in [R1.L1]
with a [Longitudinal] offset of [10 to 20]
AND at relative position [F]
with relative heading angle [85 to 95] to [Ego]

AND Global timer [T1] = [0]
WHEN: [Ego] is [Going_Ahead]

DO: [U1]
PHASE 1: [Stopped] [−, 0 to 0, 0 to 0] [Ego: 6 to 8, R]

...
END

SDL Description 1. Pedestrian Crossing Rule in WMG SDL Level 2

In accordance with Article 21 of the Vienna Convention,
drivers are mandated to halt their vehicles whenever pedes-
trians are in the process of crossing or stepping onto a
designated pedestrian crossing, as indicated by signage or
road markings. This provision, outlined in the Convention,
emphasizes the importance of prioritizing pedestrian safety
at such crossings. While the full text of the rule contains
intricate legal and technical language, the essence of the
requirement is distilled in the quoted excerpt above for clarity
and succinctness, thereby ensuring the primary focus remains
on the crucial obligation of drivers to yield to pedestrians at
pedestrian crossings. An equivalent is represented in a part of
Rule 195 of the UK highway code, [a]s you approach a zebra
crossing[,] look out for pedestrians waiting to cross and be
ready to slow down or stop to let them cross. On the contrary
this representation, as given in the UK highway code, has been
provided for human drivers and with that can come a separate
set of difficulties when expressing the logic of a rule.

The following rule is articulated using first-order logic,
adapted to the SWRL syntax, and is presented as follows:

ego(x) ∧ pedestrian(u) ∧ laneType(y) ∧ zebraCrossing(z) ∧
isAheadOf(z, x) ∧ isOn(x, y) ∧ isOn(u, z) ∧ stop(s)

→ mustDoAction(x, s)

It’s important to note that the rule’s presentation has been
streamlined for the purpose of illustration. More intricate sce-
nario components, like the precise interpretation of isAheadOf,
may be explicitly defined within the Ontology. In our process
of generating scenarios, we make an assumption about a range
of longitudinal distances existing between the Autonomous
Driving System (ADS) and the pedestrian. This assumption
can be further refined to align with specific test objectives as
required by the user.

A scenario is generated from this rule and expressed using
the WMG Scenario Description Language (Level 2) [35], [36].
The dynamic initialisation within the scenario is reproduced
in SDL Description 1.

C. Sequenced Overtaking (Rules 162, 163 UKHC)

In this illustrative instance of a sequential rule, our attention
is directed toward depicting overtaking maneuvers as outlined
in the UK highway code. Specifically, we center our focus on
Rule 162 and the relevant portions of Rule 163. Given that
these rules were not originally formulated with consideration
for an ADS, our approach involves restructuring the pertinent
elements of each rule to correlate them with the specific phases
of an overtaking manoeuvre.

Rule 162 delineates the prerequisites that should be met
before initiating an overtaking maneuver, encompassing con-
siderations such as the road’s visibility, ongoing overtaking
actions by other road users, and the presence of an appropriate
gap ahead of the vehicle to be overtaken. While the entirety
of Rule 163 provides guidelines for safe overtaking, only
specific segments are extracted and integrated into our logical
framework, aligning with distinct phases of the overtaking
sequence. Notably, these extracted sections encompass the
[imperative to] maintain a safe distance from the leading
vehicle during the overtaking process, the subsequent swift
passage past the overtaken vehicle, and the maintenance of
a safe distance to the overtaken vehicle when re-entering the
lane. The careful selection of relevant portions of Rule 163
ensures that our logical representation captures the critical
elements influencing the sequence of an overtaking maneuver,
while excluding extraneous aspects that pertain to broader
contexts and not directly tied to the temporal progression of
the overtaking manoeuvre itself.

This rule has a sequential nature, and to develop it into
rules, we express the sub-rules as follows:

a) Phase-1: Preliminary conditions and changing lane
right: Between the two relevant rules in the highway code
that pertain to overtaking, specific conditions and actions occur
during the initial phase of the maneuver. In this context,
the first phase involves several prerequisites. Firstly, the road
ahead, which pertains to the lane required for the overtaking,
must be appropriately clear. Additionally, it’s necessary to
ensure that vehicles behind you are not in the process of
overtaking, and furthermore, there must exist an adequate
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gap (referred to as headway) ahead of the vehicle you in-
tend to overtake. Once these conditions are met, this phase
also encompasses the ego vehicle’s action of changing lanes,
specifically moving into the designated overtaking lane. The
corresponding rule governing the elements within the scenario
is outlined below:

ego(x) ∧ laneType(y) ∧ isOn(x, y) ∧ laneType(z) ∧
isRightOf(z, y) ∧ isClearAhead(z, true) ∧ car(u) ∧
isAheadOf(u, x) ∧ car(v) ∧ isRearOf(v, x) ∧ overtake(o) ∧
hasSuitableGap(u, true) ∧ isNotPerforming(v, o)

→ canDoAction(x, o)

b) Phase-2: Safely passing vehicle: Moving to the sub-
sequent phase, the ego vehicle’s actions influenced by these
conditions are as follows; the ego’s primary action here
involves acceleration, enabling it to pass the overtaken vehicle
in a prompt manner. This acceleration should ensure a swift
overtake while also maintaining a safe distance between the
ego vehicle and the overtaken vehicle. During this manoeuvre
phase, the ego must check its environment to ensure that the
conditions of the overtake continue to hold. The corresponding
rule governing the elements within the scenario is outlined
below:

ego(x) ∧ laneType(y) ∧ laneType(z) ∧ overtake(o) ∧
isRightOf(z, y) ∧ isOn(x, z) ∧ isClearAhead(z, true) ∧
car(u) ∧ isAheadOf(u, x) ∧ hasSuitableGap(u, true) ∧

→ canDoAction(x, o)

Additionally, it’s worth noting that a rule could potentially be
deduced to oversee the behavior of the ego vehicle. However,
since this aspect doesn’t impact the scenario generation pro-
cess, we omit its representation within this context.

c) Phase-3: Safely re-entering lane: In this concluding
phase, the ego vehicle executes a lane change to the left,
returning to its original lane. To fulfill the criteria for com-
pleting this phase, it’s necessary to uphold a secure distance
that prevents any abrupt cut-in actions from occurring. The
corresponding rule governing the elements within the scenario
is outlined below:

car(x) ∧ laneType(y) ∧ laneType(z) ∧ overtake(o) ∧
isRightOf(z, y) ∧ isOn(x, z) ∧ isClearAhead(y, true) ∧
car(u) ∧ isAheadOf(x, u) ∧ hasSuitableGap(u, true) ∧

→ canDoAction(x, o)

Utilizing the proposed approach, scenarios are generated
based on the aforementioned rule and are represented using
the WMG Scenario Description Language (Level 2) [35],
[36]. The provided scenario exemplifies a fusion of two
distinct instances where potential rule violations might occur
during separate phases of the scenario, as dictated by the
rule’s specific phases. These scenarios position the Ego in a
state where aspects of the rule are violated, preventing the
successful completion of the overtaking maneuver. If the Ego
were to attempt the overtake under these violations, it would
be in breach of the established rules.

In phase 1 of the scenario, a violation becomes evident as
vehicle V1, initially trailing the ego vehicle, undertakes a lane
change to the right, initiating an overtaking maneuver that

...
SCENERY ELEMENTS:
DO: Map −roads and junctions network
[Network1] as:
Junctions: None
Roads:
R1: START

Road type [Minor road] as [R1] with zone as [N/A] AND
speed limit of [50] in an [Urban] environment
with Number of lanes [2] as [R1.L1, R1.L−1]
Road traffic direction [Left−handed]

...
DYNAMIC ELEMENTS:
INITIAL: Vehicle [Ego] in [R1.L1]

AND Vehicle [V1] in [R1.L1]
with a [Longitudinal] offset of [−5 to −10]
AND at relative position [R] with
relative heading angle [0 to 5] to [Ego]

AND Vehicle [U1] in [R1.L11] with a
[Longitudinal] offset of [5 to 10]
AND at relative position [F] with
relative heading angle [0 to 5] to [Ego]

AND Global timer [T1] = [0]
WHEN: [Ego] is [Going_Ahead]

DO: [V1]
PHASE 1: [LaneChangeRight_CutOut] [−, 10 to 14, 2 to 5]
[Ego: 3 to 5, R]

...
PHASE 1: [Drive_Towards] [−, 6 to 8, 0 to 0] [Ego: −4 to −2, R]
PHASE 2: [Drive_Towards] [−, 6 to 8, 0 to 0] [Ego: −4 to −2, R]
PHASE 3: [Drive_Towards] [−, 6 to 8, 0 to 0] [Ego: −4 to −2, R]

AND: [U1]
PHASE 1: [Drive_Away] [−, 6 to 8, 0 to 0] [Ego: −4 to −2, F]
PHASE 2: [Drive_Away] [−, 6 to 8, 0 to 0] [Ego: −4 to −2, F]

WHILE: [U1] [Longitudinal] offset to Ego is > [2]
PHASE 3: [Drive_Towards] [−, 8 to 12, 2 to 4] [Ego: −2 to 2, RSR]

END
...

SDL Description 2. Sequenced Overtaking Rule in WMG SDL Level 2

directly contradicts the conditions outlined in phase 1 of the
rules.

A possible second rule violation could transpire in Phase 3
of the scenario. Here, as the ego vehicle initiates its leftward
lane change, symbolizing its return to the original lane, it
comes within a 2-meter range of the front of vehicle U1.
Subsequently, the vehicle U1 accelerates, reducing the gap
between itself and the Ego to a degree that qualifies as an
unsafe distance.

The scenario’s dynamic initialization is structured as de-
picted in SDL Description 2.

VI. DISCUSSIONS

This section discusses our finding and proposals for future
avenues of research.

A. Rules of the Road designed for ADS

In this investigation, we conducted an examination of cur-
rent road regulations across various jurisdictions. Our observa-
tions reveal that a majority of these regulations are formulated
using unstructured natural language. Such regulations often
suffer from incomplete specifications and ambiguous expres-
sions, as exemplified by statements like, ’there is a suitable gap
in front of the road user you plan to overtake.’ While such
linguistic constructs are suitable for human comprehension,
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allowing for user interpretation of terminologies, conveying
the same level of precision to an automated system proves to
be laborious.

To facilitate the integration of these regulations into ADS,
a process of formal codification becomes imperative. This
codification process serves the dual purpose of unveiling inher-
ent issues within the regulations and establishing unequivocal
semantics for them. The resultant codified regulations assume
significance in the realm of ADS, serving not only for eval-
uation purposes but also during operational phases—enabling
continuous monitoring of the system and safeguarding against
unsafe behaviors.

Rule codification entails the transformation of regulations
into a formal framework such as the one proposed in Ref [27],
ensuring consistency in description suitable for adoption by
regulatory bodies and vehicle manufacturers. This endeavor
encompasses the identification of all regulations pertinent to
ADS, subsequently subjecting them to the codification process.
The codified ’rules of the road’ thus obtained encapsulate
the essential intricacies of pre-existing regulations, thereby
facilitating rule analysis, verification, validation (V&V), and
scenario generation.

Effective codification mandates precise delineation, accom-
panied by a collection of unambiguous semantic definitions
that elucidate the intended meanings of the codified regula-
tions. Once codified, these regulations are amenable to literal
interpretation in alignment with the provided semantic defini-
tions. The methodology expounded in this article employs a
meticulous logical interpretation of certain extant regulations.

B. Concretising Scenarios from Rules

In view of a logical scenario developed through the ap-
proach outlined in this article, a subsequent challenge emerges
in discerning precise attribute values for these scenarios. Such
values assume a pivotal role in the examination of boundary
cases within the rule structure.

One viable approach involves the utilization of Satisfiability
Modulo Theories (SMT) solvers, which can be employed
to detect corner cases by introducing supplementary goal
constraints. Alternatively, the integration of Machine Learning
models and techniques from Artificial Intelligence, such as
Bayesian Optimization [18], presents another avenue. This
approach facilitates the construction of tangible scenarios by
leveraging suitable failure objectives.

C. Expressing Deadlocks for ADS Driving Task

It is possible that some rules when considered together, lead
to a planning deadlock for the ADS. A deadlock within the
rule-set is defined by a collection of rules that when taken
together can in some situations prevent the ADS from making
any progress, i.e. the ADS stops and cannot manoeuvre out of
the situation.

To identify deadlock causing scenes, it is necessary to
associate rules with actions in a way that allows us to define a
deadlock, and then work backward through the rule structure
to generate situations that may lead to them. These situations
are those that are generated directly from the rules themselves.

Recall that rules in the Highway Code may be expressed in
the form of,

Situation → Action OR Situation → ¬Action

In general, for a deadlock to occur, it must be a situation
that prohibits any action from being taken. Therefore, to decide
that a deadlock has occurred, it must be the case that every
action is examined and found to be prohibited by the rule-set.
This definition of a deadlock is logically expressed as,(

Actor(x) ∧
∧
a∈A

Action(a) ∧MustNot(x, a)

)
↔ Deadlock(x)

where A is the set of all actions, ‘x’ and ‘a’ are variables.
Here, mustNot is a predicate that has two parameters, x which
is an object, and the action name. If the predicates are all true,
that is “x must not change lane and x must not turn and x must
not drive etc.”, then x is in a deadlock, and vice-versa. The
operator symbol ↔ is used to express a bi-conditional logical
statement, where the left and the right side of the operator are
taken to be logically equivalent; one cannot happen without
the other being true. One cannot be in a deadlock if one can
change lane, or turn, or drive; and similarly, if one must not
perform any action, a deadlock must exist.

To identify rules that may cause a deadlock, we must
be able to reason backward. That is, beginning from the
existence of a deadlock, being unable to perform any action,
identify which rules are associated with the action, and then
work backwards through the implication chain to establish
under what circumstances a collection of rules could become
applicable to cause the deadlock. This may be achieved using
the rule for deadlocks described above, together with the
codified set of rules of the road.

Considering the substantial volume of rules involved, it
becomes essential to develop a scalable mechanism capable of
identifying these deadlocks. This would then enable suitable
modifications to be made within the rule-set to prevent such
deadlocks effectively.

VII. CONCLUSIONS

This article examines the use of ontologies to generate
scenarios that target testing against rules of the road (to ex-
press safety or performance requirements). The methodology
depends on an ontology for ADS scenarios. Rules written in
SWRL are used in conjunction with the ontology to automat-
ically reason and infer relationships among scenario objects.
These relationships and instantiations form the scenario that
targets the rule. We use the open-source tool Protégé along
with the inbuilt HermiT reasoner for generating scenarios.
The complexity and abstraction level of the ontology dictate
the detail in the scenario. The ontology instance generated by
this method can be exported as an XML which can then be
further processed to generate scenarios compatible with V&V
toolchains.

We demonstrate the methodology on a set of example rules
and for one of the examples present how the rule can be used
to automatically construct a scenario.
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