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Abstract

With an increasing level of driving automation, new challenges for the development of
highly-automated vehicles and driver assistance systems arise. Highly automated vehicles
and advanced driver assistance systems are designed to take over some safety-critical driving
tasks. They must function in a wide range of traffic situations and environmental conditions,
which renders traditional development and verification methods unfeasible. Therefore, the
trend in automotive industry goes towards a scenario-based process.

Typically, scenarios are used at different abstraction levels. So-called concrete scenarios
describe a single evolution of a traffic simulation and are usually described by a sequence
of actions and events. Because they allow for the reproducible replay of scenarios, concrete
scenarios are commonly used for testing. Logical scenarios equip concrete scenarios with
parameters, such as the distance kept during an overtaking maneuver, allowing a certain
degree of freedom. Abstract and functional scenarios on the other hand focus on the
relations between traffic participants, and thereby allow an even higher abstraction level.
Therefore, they are well suited for clustering the scenario space. While functional scenarios
are described by natural language, abstract scenarios use a formal syntax and semantics.

In the field of automated driving, Traffic Sequence Charts (T'SCs) are a specification
language for abstract traffic scenarios, which focuses on scenario-based requirements spec-
ification. The core idea behind TSCs is to provide a graphical representation of traffic
situations, so-called spatial views. In a spatial view, participants and scenery (e.g., lane
markings, traffic signs, and obstacles) are described by placing symbols for every relevant
object. The relative placement of the symbols expresses the spatial relations between the
objects they represent. Each spatial view encodes an invariant over time. Spatial views
are assembled to T'SCs using boolean operators (conjunction, disjunction, negation) and
sequences. Additionally, charts can be annotated with timing constraints.

This thesis addresses the consistency problem for TSC-based requirements. Consistency
means that requirements (or scenarios, in the case of TSCs) are free of contradictions. This
includes contradictions within a requirement (or scenario) itself, as well as contradictions
with other requirements in the same or related documents (e.g., associated standards).

Consistency of formal requirements has been addressed in the literature already. However,
most of the existing work focuses on finite state systems and is not directly applicable to
TSCs. Therefore, this thesis addresses the following two research questions:

1. How can consistency for traffic sequence charts be formally defined?
2. How can a consistency check, that uses these definitions of consistency, be automated?

First, the role of a consistency analysis in a V-model development process is investigated.
This leads to some basic properties that a consistency analysis should have in relation to
an evolving requirement specification.

Second, consistency of TSCs is formally addressed. First, two “ideal” consistency
notions are defined that reflect the intuitive meaning of consistency: FExistential consistency,
which formalizes consistency of single TSCs based on existing work, and strong existential
consistency, which generalizes existential consistency for sets of TSCs. Unfortunately,
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transferring existing results about hybrid systems and interval logics to TSCs indicates
that these consistency notions are undecidable. As a consequence, two decidable variants
— weak existential consistency and partial consistency — are developed. In a development
process, it is more important to avoid false warnings than to prove the consistency of a
potentially incomplete specification. Therefore, the decidable variants are designed as weak
approximations of the idealized ones. For instance, if the consistency analysis reveals a
violation of partial consistency, we know that strong existential consistency is also violated.
This thesis examines and formally proves the properties and relations between the different
consistency notions.

The third contribution is the most technical one: a solution for checking decidable con-
sistency notions on a set of TSCs. Current work has shown that SMT (satisfiability modulo
theories) solvers can be efficiently used to check some form of consistency (sometimes called
existential consistency) and refinement for pattern-based requirements. The consistency
analysis for TSCs presented in this thesis also uses SMT solving. The idea is to reduce
consistency to a finite set of satisfiability problems for so-called positive existential TSCs.
A positive existential TSC describes an abstract scenario and is called satisfiable if there
exists at least one corresponding concrete scenario. This thesis describes a semi-decision
procedure that translates positive existential TSCs to decidable SMT problems. The
translation process consists of two parts: one that handles the temporal aspects (i.e. the
chart structure) of TSCs and one that handles spatial properties. The latter is developed
in two variants, yielding necessary and sufficient conditions for satisfiability of positive
existential TSCs. The former uses only information from the TSCs and the underlying
domain ontology, and is used to formally prove unsatisfiability of existential TSCs. The
latter also considers a simple but correct vehicle dynamics model and thereby can create
concrete scenarios as witnesses for satisfiable T'SCs. The correctness of these constructions
is proven.

The developed methods are prototypically implemented on top of the TSC editor, a
formal modeling tool for TSCs. Applicability, performance, and scalability are evaluated on
a series of experiments. This includes three case studies in which regulatory requirements
(traffic rules and a subset of UN regulation no. 157 on automated lane keeping systems)
are formalized as TSCs and analyzed for consistency using the developed methods.



Zusammenfassung

Mit erhéhtem Abstraktionsgrad entstehen neue Herausforderungen fiir die Entwicklung
hochautomatisierter Fahrzeuge und Fahrerassistenzsysteme. Hochautomatisierte Fahrzeuge
und Fahrerassistenzsysteme werden entwickelt, um sicherheitskritische Fahraufgaben zu
iibernehmen. Sie miissen in vielen Verkehrssituationen und unter verschiedenen Umweltbe-
dingungen funktionieren. Traditionelle Entwicklungsmethoden reichen hier nicht mehr aus.
In der Automobilindustrie geht der Trend daher hin zu szenarienbasierten Prozessen.

Standardméfig werden Szenarien auf unterschiedlichen Abstraktionsstufen benutzt. So-
genannte konkrete Szenarien beschreiben eine einzige Entwicklung einer Verkehrssimulation
und werden flir gewohnlich durch eine Sequenz aus Aktionen und Ereignissen beschrieben.
Da sie eine reproduzierbare Wiedergabe von Szenarien erméglichen, werden konkrete Sze-
narien hauptséchlich zum Testen eingesetzt. Logische Szenarien fiigen konkreten Szenarien
Parameter hinzu, wie z.B. den Abstand wihrend eines Uberholmanévers, und erméglichen
so eine gewisse Flexibilitdt. Abstrakte und funktionale Szenarien hingegen konzentrieren
sich auf die Relationen zwischen Verkehrsteilnehmern und erreichen dadurch einen noch
hoheren Abstraktionsgrad. Dadurch eignen diese sich besonders, um Szenarienridume zu
beschreiben. Wahrend funktionale Szenarien mit natiirlicher Sprache ausgedriickt werden,
verwenden abstrakte Szenarien eine formale Syntax und Semantik.

Im Bereich des automatisierten Fahrens stellen Traffic Sequence Charts (TSCs) eine
Beschreibungssprache fiir abstrakte Szenarien dar, die sich auf szenarienbasierte Anfor-
derungen konzentriert. Die Kernidee hinter TSCs ist eine graphische Darstellung von
Verkehrssituationen bereitzustellen, sogenannte Spatial Views. In einer Spatial View wer-
den Verkehrsteilnehmer und Szenerie (z.B. Fahrbahnmarkierungen, Verkehrsschilder und
Hindernisse) dargestellt, indem fiir alle relevanten Objekte Symbole platziert werden. Die
relative Anordnung der Symbole reprasentiert die rdumlichen Beziehungen der dargestellten
Objekte. Jede Spatial View stellt eine Invariante mit zeitlicher Ausdehnung dar. Spati-
al Views werden durch Bool’sche Operatoren (Konjunktion, Disjunktion und Negation)
sowie einem Sequenzoperator zu TSCs zusammengesetzt. Zusétzlich konnen TSCs mit
Zeitannotationen versehen werden.

Die vorliegende Arbeit adressiert das Konsistenzproblem fiir TSC-basierte Anforderun-
gen. Konsistenz bedeutet, dass Anforderungen (oder Szenarien, im Fall von TSCs) frei von
Widerspriichen sind. Dies schliefit sowohl Widerspriiche innerhalb einer Anforderung sowie
Widerspriiche zu anderen Anforderungen im selben oder verkniipften Dokumenten (z.B.
Standards) ein.

Konsistenz formaler Anforderungen wird in der Literatur bereits behandelt. Aller-
dings betrachten die meisten existierenden Arbeiten endliche Zustandssysteme und sind
nicht direkt auf T'SCs iibertragbar. Daher betrachtet die vorliegende Arbeit die folgenden
Forschungsfragen:

e Wie kann Konsistenz fiir Traffic Sequence Charts formal definiert werden?

e Wie kann eine Konsistenzpriifung, die diese Definitionen von Konsistenz nutzt, auto-
matisiert werden?

iii
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Als erstes wird die Rolle einer Konsistenzanalyse in einem V-Modell-Entwicklungsprozess
untersucht. Dies fiihrt zu einer Reihe von Eigenschaften, die eine Konsistenzanalyse im
Bezug auf eine sich entwickelnde Anforderungsspezifikation haben sollte.

Als zweites wird Konsistenz formal adressiert. Zunéchst werden zwei ,ideale” Konsistenz-
begriffe definiert, die die intuitive Bedeutung von Konsistenz widerspiegeln: Ezistentielle
Konsistenz, die, basierend auf existierenden Arbeiten, Konsistenz fiir einzelne TSCs be-
schreibt, und starke existentielle Konsistenz, die diese auf Mengen von T'SCs verallgemeinert.
Leider folgt aus existierenden Ergebnissen zu hybriden Systemen und Intervallogik, dass
diese Konsistenzbegriffe unentscheidbar sind. Als Antwort darauf werden zwei entscheid-
bare Varianten — schwache existentielle Konsistenz und partielle Konsistenz — entwickelt.
In einem Entwicklungsprozess ist es wichtiger falsche Warnungen zu vermeiden, als die
Konsistenz einer potentiell unvollstandigen Spezifikation zu beweisen. Daher werden die
entscheidbaren Varianten als schwache Approximationen fiir die idealen Konsistenzbegriffe
entwickelt. Wenn z.B. die Konsistenzanalyse eine Verletzung der partiellen Konsistenz
aufdeckt, ist klar, dass starke Konsistenz ebenfalls verletzt ist. Die vorliegende Arbeit unter-
sucht und beweist die Eigenschaften und Beziehungen der verschiedenen Konsistenzbegriffe
formal.

Der dritte Beitrag ist der am meisten technische: eine Losung, um entscheidbare
Konsistenzbegriffe fiir TSCs zu iiberpriifen. Aktuelle Arbeiten haben gezeigt, dass SMT
(Satisfiability modulo Theories)-Solver effektiv genutzt werden kénnen, um Formen von
Konsistenz und Refinement fiir patternbasierte Anforderungen zu iiberpriifen. Die Konsis-
tenzanalyse fiir TSCs, die in der vorliegenden Arbeit vorgestellt wird, benutzt ebenfalls
SMT-Solving. Die Idee ist Konsistenz auf eine endliche Menge an Erfiillbarkeitsproblemen
flir sogenannte positive existentielle TSCs zu reduzieren. Ein positives existentielles TSC
beschreibt ein abstraktes Szenario und ist erfiillbar, wenn ein entsprechendes konkretes
Szenario existiert. Die vorliegende Arbeit beschreibt ein Semi-Entscheidungsverfahren, bei
dem positive existentielle TSCs in entscheidbare SMT-Probleme iibersetzt werden. Der
Ubersetzungsprozess besteht aus zwei Teilen: einer beschreibt die temporalen Aspekte (d.h.,
die Chartstruktur) der TSCs und der andere die rdumlichen Relationen. Der letztere Teil
kommt in zwei Varianten, wodurch eine notwendige und eine hinreichende Bedingung fiir
die Erfiillbarkeit positiver existentieller TSCs erhalten werden. Die notwendige Bedingung
nutzt nur informationen aus dem TSC und der zugrundeliegenden Doménen-Ontologie
und wird verwendet, um Unerfiillbarkeit existentieller T'SCs zu zeigen. Die hinreichende
Bedingung nutzt zusétzlich ein einfaches aber korrektes Fahrzeugdynamikmodell und kann
dadurch konkrete Szenarien als Belege fiir erfiillbare TSCs erzeugen. Die Korrektheit dieser
Konstruktionen wird gezeigt.

Die entwickelten Methoden werden prototypisch im TSC-Editor umgesetzt, einem
formalen Modellierungswerkzeug fiir TSCs. Anwendbarkeit, Performanz und Skalierbarkeit
werden durch eine Reihe an Experimenten evaluiert. Diese enthalten drei Fallstudien, in
denen regulatorische Anforderungen (Verkehrsregeln und Teile von UN-Regulation 157
fiir automatisierte Spurhaltesysteme) als TSCs formalisiert und mittels der entwickelten
Methoden auf Konsistenz iiberpriift werden.
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1 Introduction

Requirements-driven development is state of the art in embedded systems engineering.
Normative standards define how safety shall be assessed during development of cyber-
physical systems. For example, ISO 26262 |76| defines a requirements-driven safety process
for the development of automotive systems |24, 89]. This process begins with a hazard
and risk analysis (HARA), where possible malfunctions of the system are identified and
analyzed. The results are used to derive safety requirements which are to be incorporated
into the system design.

With an increasing level of driving automation, new challenges arise. Highly automated
vehicles and advanced driver assistance systems are designed to take over some safety-critical
driving tasks. They must function in a wide range of traffic situations and environmental
conditions. Because they are expected to run unattended by a human driver for at least some
limited time, it is not possible to rely on the driver to intervene timely in case of malfunctions.
In addition to hardware failures in the scope of ISO 26262, functional deficiencies of the
system must be considered. These include perception faults, misinterpretation of traffic
situations, and unexpected behavior of the system. Due to the low statistical probability
— yet high relevance — of some critical events, it is impossible to base a safety argument
solely on field experience [117]. Together with the immense amount and complexity of the
to-be-considered driving situations, this renders traditional development and verification
methods infeasible |84]. Therefore, the trend in the automotive industry is towards a
scenario-based process [106]. The key idea is to cluster the different traffic situations and
scenarios into a manageable set of scenario classes [90]. Benefits of scenario-based methods
have been identified in many phases of the safety process required by ISO 26262 [90].

In a scenario-driven development process, scenarios are used at different abstraction
levels. So-called concrete scenarios describe a single evolution of a traffic simulation and
are usually described by a sequence of actions and events. Because they allow for the
reproducible replay of scenarios, concrete scenarios are commonly used for testing. Logical
scenarios equip concrete scenarios with parameters, such as the distance kept during
an overtaking maneuver, allowing a certain degree of freedom. Abstract and functional
scenarios on the other hand focus on the relations between traffic participants, and thereby
allow an even higher abstraction level. Therefore, they are well suited for clustering the
scenario space. While functional scenarios are described by natural language, abstract
scenarios use a formal syntax and semantics. In the field of automated driving, Traffic
Sequence Charts (T'SCs) [38| are a specification language for abstract traffic scenarios,
that also focuses on scenario-based requirements specification. The core idea behind TSCs
is to provide a graphical representation of traffic situations, so-called spatial views. In a
spatial view, participants and scenery (e.g., lane markings, traffic signs, and obstacles)
are described by placing symbols for every relevant object. The relative placement of the
symbols expresses the spatial relations between the objects they represent. Each spatial
view encodes an invariant over time. Spatial views are assembled to T'SCs using boolean
operators (conjunction, disjunction, negation) and sequences. Additionally, TSCs can be
annotated with timing constraints.

TSCs are used for different tasks. Some of the most relevant use cases are:
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e Specification of safety requirements for driving functions [33]|

e Specification of functional requirements (behavior in certain traffic situations) for
autonomous transportation systems |11} 33, 36|

e Specification of abstract test cases [40]
e Building databases of abstractions of real-world observations [39]

ISO 26262, and good engineering practices in general, mandate that requirements must
comply with the three big Cs: Correctness, Completeness and Consistency [123]. Whether a
specification is complete can usually only be defined relatively, for example in relation to the
outcome of the HARA [87]. Completeness can be addressed by using systematic approaches
to identify all relevant scenario classes |93, [101]. Consistency means that requirements
(or scenarios, in the case of TSCs) are free of contradictions. This includes contradictions
within a requirement (or scenario) itself, as well as contradictions with other requirements
in the same or related documents (e.g., associated standards) |76]. In the above use cases,
unsatisfiable test cases are useless and systems with contradictory requirements cannot
be built. In most cases, inconsistencies are caused by faults in the specifications. These
faults are likely to be found in later phases of the development process, but at the cost of
increased time and expense [54]. A specification is considered correct if it is both complete
and consistent |123].

This thesis tackles the consistency problem for TSC-based requirements. Consistency
of formal requirements has been addressed in the literature already (e.g. |1, |10} |48} 561, 77,
98]). However, most of the existing work focuses on finite state systems and is not directly
applicable to T'SCs. Therefore, this thesis addresses the following two research questions:

1. How can consistency for traffic sequence charts be formally defined?
2. How can a consistency check that uses these definitions of consistency be automated?

The research contributions of this thesis are structured as shown in Figure [1.1

First, the role of a consistency analysis in a V-model development process |89] is
investigated. This leads to some basic properties that a consistency analysis should have in
relation to an evolving requirement specification (i.e., adding new requirements). It is also
expected that the granularity of the domain and environment model descriptions (i.e., their
granularity) change during the development process. This needs to be considered when
interpreting consistency results in the context of the overall process.

With the defined use cases in mind, consistency of TSCs is formally addressed. First,
two “ideal” consistency notions are defined that reflect the intuitive meaning of consistency:
Euxistential consistency, which formalizes consistency of single TSCs based on existing work,
and strong existential consistency, which generalizes existential consistency for sets of TSCs.
Unfortunately, transferring existing results |22, [75] about hybrid systems and interval logics
to TSCs (cf. Section indicateﬂ that these consistency notions are undecidable. In
order to deal with the undecidability (and the to be expected complexity in decidable
cases), two decidable variants — weak existential consistency and partial consistency — are
developed. In a development process, it is more important to avoid false warnings than to
prove the consistency of a potentially incomplete specification. Therefore, the decidable
variants are designed as weak approximations of the idealized ones. For instance, if the

! A formal undecidability proof for TSCs is not part of this thesis.
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Figure 1.1: Structure of the thesis

consistency analysis revels a violation of partial consistency, we know that strong existential
consistency is also violated. This thesis examines and formally proves the properties and
relations between the different consistency notions.

The third contribution is the most technical one: a solution for checking decidable
consistency notions on a set of TSCs. Current work [10} |13 48, [56] has shown that SMT
(satisfiability modulo theories) solvers [8] can be efficiently used to check consistency and
refinement for pattern-based requirements. The consistency analysis for TSCs presented
in this thesis also uses SMT solving. The consistency notions presented rely on checking
satisfiability of T'SCs, i.e., determining whether the behavior described by a TSC is physically
possible. Since this is generally undecidable, this thesis describes a semi-decision procedure
that translates a certain sub-class of TSCs (so-called positive existential T'SCs) to decidable
SMT problems. The translation process consists of two parts: one that handles the temporal
aspects (i.e. the chart structure) of TSCs and one that handles spatial properties. The
latter is developed in two variants, yielding necessary and sufficient conditions for the
satisfiability of positive existential TSCs.

The thesis builds upon the author’s following published results:

[10] In Becker (2018): “Analyzing Consistency of Formal Requirements”, the idea of partial
consistency is presented for the first time.

[11] In Becker (2020): “Partial Consistency for Requirement Engineering with Traffic
Sequence Charts”, first consistency notions for TSCs are presented, including an
earlier version of partial consistency for pairs of TSCs. Applicability of the method is
demonstrated on a toy example.

[15, 18] In Becker et al. (2022): “Simulation of Abstract Scenarios: Towards Automated
Tooling in Criticality Analysis”, and Borchers et al. (2025): “TSC2CARLA: An
abstract scenario-based verification toolchain for automated driving systems”, the
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sufficient conditions for satisfiability of existential T'SCs are used for generating
concrete scenarios out of abstract ones.

[12] The encoding of the single track vehicle dynamics into linear satisfiability problems
(see Chapter|7)) is presented in detail in Becker (2024): “Safe Linear Encoding of Vehicle
Dynamics for the Instantiation of Abstract Scenarios”. Some of the experimental
results are reproduced in Section

[14] Becker and Neurohr (2025): “Correct-by-Construction Instantiation of Abstract
Scenarios” is an extended version of the above work [12| which additionally presents
reduced versions of the translation of the temporal structure of TSCs (without timing
annotations) and spatial views into SMT. Furthermore, it gives more details on the
performed experiments and further applications of the translation to SMT.

An overview on this thesis has been presented in the VEHITS24 Doctoral Consortiunﬂ [9].

The structure of the thesis is as follows. First, the technical background (TSCs, SMT-
solving, bounded model checking) is introduced. In Chapter |3| related work is discussed
which also motivates the choice of SMT solving and chosen encoding techniques. Then,
the main contributions of the thesis follow: Chapter [] places consistency analysis in a V-
development process context and takes a closer look at different world models. The different
consistency notions considered in the thesis are then formally introduced in Chapter [5
followed by their implementation (inclusive correctness proof) in Chapter @ Due to its
complexity, encoding of the sufficient conditions has been moved to a separate Chapter [7]
The evaluation follows in Chapter [§] Chapter [J closes the thesis with a conclusion and
outlook.

’https://vehits.scitevents.org/DoctoralConsortium.aspx?y=2024, accessed on 2026-02-28



2 TSC Syntax & Semantics, Notations

This chapter gives an overview on the theoretical foundations of this work. The first
section introduces technological bricks for the consistency analysis method: multi-sorted
signatures, satisfiability modulo theories (SMT) solving [8] and bounded model checking
(BMC). Multi-sorted signatures are a building block for both TSC formal semantics and
SMT/BMC; therefore they are described first. The second section then covers TSCs
and their detailed semantics, including a conceptualization of world models and a formal
definition of multi-sorted real-time logic (MSRTL). The latter forms the semantic basis for
TSCs.

2.1 Satisfiability Modulo Theories

Satisfiability modulo theories [§] is an extension of classical satisfiability solving that
considers, in addition to propositional logic, formulae over some multi-sorted signature.

Definition 1 (Multi-sorted Signature). A multi-sorted signature ¥ = (I, II, T) defines
finite sets of sorts (I'), n-ary predicate symbols (I1), and function symbols (T ).

Signatures can build on top of each other. We write X C ¥/ if ' C IV, II C IT’, and
TCY.

An SMT formula over some signature 3 is an expression build up from the predicate
and function symbols in ¥, i.e., formulas (constraints ¢ and terms t) follow the grammar

G u=pup(ti, ..., ty) | true | o1 Ao | 7| IX €S e ¢
t = fu(t1,...,tn) | (if ¢ then ¢; else t2)

where p, € IT and f,, € T are n-ary predicate rsp. function symbols (including constants),
and S € I' a sort from Y. For better readability, SMT formulae are written down in this
thesis using standard mathematical conventions. For instance, binary predicate and function
applications are written in infix notation (e.g., a + b instead of +(a,b)) if appropriate.
Furthermore, standard abbreviation symbols are used such as ¢1 = ¢2 for ¢y V ¢o, and
O1 € ¢ for (P1 A d2) V (1 A —¢ha).

A Y-model M assigns an interpretation p to every predicate symbol p and the same for
function symbols and sorts. Formally, sorts are mapped to (finite and infinite) subsets of
some universe U of values, and function and predicate symbols are mapped to functions
and predicates over U, respecting typing. The interpretation [¢] M of a formula ¢ in M is
defined as usual, in particular [42]:

[faltas. )] M= f ([ M, [tn] M)
[ti] M if [¢] M = true
[ta] M else

[Fx e Se ] M := 3z e S: [¢p] M[x — z] = true

[(if ¢ then t; else t2)] M := {

5
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Theory T

|

—— SAT, model M
SMT problem ¢ SMT solver ——— UNKNOWN
J—— UNSAT

Figure 2.1: Functionality of an SMT solver

[pa(tr, s t)] M p (TW] M - [En] M)

We write M = ¢ if [¢p] M = true. We write ¢1 = ¢ if M = ¢ = M = ¢o for all
Y-models M. For a set ® of constraints, M = ® holds if M = ¢ for all ¢ € .

In general, one is interested in models belonging to a certain theory 7. Given some
signature X, a Y-theory is a (possibly infinite) set of ¥-models that fixes the interpretation
of sorts, functions, and predicates. A set ® of constraints over X is T-satisfiable if there
exists a ¥-model M € T such that M |= &.

If all symbols in a formula belong to a given theory’s signature X, it is called a ground
term. Usually, constraints that form an SMT problem are not only ground terms. They also
contain uninterpreted function and predicate symbols not belonging to 3. Uninterpreted
0-ary function or predicate symbols are also called uninterpreted constants and take the
role of free variables. Together with the original symbols from ¥ they form a signature
¥/ D ¥. In this case, T-satisfiability asks for existence of a model M’ that is an ezpansion
of a model M € T. This means, M’ uses the same universe and same interpretations for
symbols from ¥ as M (and assigns new interpretations to uninterpreted functions and
predicates from Y'\ Y, resp. II" \ II.

In this thesis, the only used theory is mixed Boolean and linear arithmetic over the
reals, sometimes also called LinSAT. It uses decimal numbers as interpreted constants, and
the standard comparison operators (<, <,=) as predicate symbols. Pre-defined interpreted
functions are the arithmetic operations addition, subtraction, and multiplication. Division
is only allowed if the divisor is a ground term.

An SMT solver (Figure takes a set of constraints ® as input and tries to find a
satisfying model in a supported theoryE] T. Due to the undecidability of many theories,
or implementation limitations, the solver may also answer with UNKNOWN if it cannot
determine satisfiability. Because we apply SMT solving only to a decidable theory (linear
arithmetic over the reals with quantifiers) in this thesis, UNKNOWN will only be returned in
case of timeouts.

2.2 Bounded Model Checking

Bounded model checking (BMC) [27] is a technique that is commonly used on top of SMT
solving. Bounded model checking targets reacheability problems for transition systems.
The idea is simple: The initial and final (also called accepting) states of the system are
characterized by constraints I resp. F' over the state variables. We unroll the transition
relation £ times, introducing k + 1 copies of the state variables. The possible transitions
are thereby encoded as a constraint T' that relates the state variables between consecutive
states.

1Or a combination of supported theories
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Definition 2 (BMC problem). A BMC problem over a set X of variables is a tuple
BMC = (I,T, F) where I and F' are constraints over X and T is a constraint over X UX'.
The set X' contains a fresh variable ' for each x € X. Unrolling the BMC' problem for k
steps leads to an SMT problem BMCy, (over fresh copies Xo,X1,...,Xg of X) which is

k—1
BMCy, = IX\Xo] A\ TIX\X;, X'\ X 1] A FIX\X,] -
=0

In each unrolling step, variables are replaced (denoted by squared brackets) by the
instances that refer to the current state’s state vector, and primed variables by references
to the next step’s state vector. Typically, one starts with a minimum unrolling depth
(probably zero), and increases unrolling steps until a solution is found or a maximum
unrolling depth reached. Algorithm [I] presents a possible implementation skeleton based
on an SMTLib [28] compliant solver. Such a solver maintains a stack of assertions.
An assertion is a constraint that is part of the SMT problem; the SMT problem to be
solved is formed by the set of all assertions currently on the stack when the (check-sat)
instruction is executed (which triggers the (semi-)decision process). With (push) and
(pop), assertions can be put on or removed from the stack. Using this stack instead of a
new solver session for every unrolling step enables the solver to reuse learned information
from previous calls to (check-sat) (i.e., doing incremental solving). With (declare-fun
name (parameter-sorts) result-sort), new uninterpreted functions are declared. A
function with an empty parameter list is a constant. Analogously, (define-fun name
(parameters) result-sort body) declares an interpreted function that resolves to an
instance of the body term.

2.3 Traffic Sequence Charts for Requirements

The contents of this sections have been largely taken from the author’s published work [11].

Traffic Sequence Charts are a graphical specification language for traffic scenarios. They
enable a wide range of applications in the development process, because they have an
intuitive, yet formal semantics. In [36], a number of applications (including the use as a
requirement specification language) have already been identified. Recent work [40] exploits
the use of TSCs in testing. Another work [39] describes a discovery process for abstract
scenarios — represented as T'SCs — that exposs the violation of a safety goal. In the following,
the structure and semantics for TSCs is introduced.

2.3.1 An Overview on TSCs

Figure shows a TSC that specifies an overtaking scenario. Intuitively, the TSC specifies
the following behavior of a highly automated vehicle (adapted from [11]):

Whenever you are in the right of two lanes and there is another vehicle in front
of you, closer than 50 meters and slower than you, perform the following actions
within 40 seconds as long as the other vehicle remains in the right lane and does
not accelerate:

1. Move to the left lane, and accelerate until you are at least 20 km/h faster
than the other vehicle, but stay behind it.
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Algorithm 1: Bounded Model Checking
Input: BMC problem BMC = (I, T, F) over variables X = {xz1,z2,...,z,},
minimum and maximum unrolling depth £ < u
Output: A model M |= BMC}, (¢ <k <wu) or UNSAT or UNKNOWN
(define-fun p; (1 z2 ... =,) Bool I);
(define-fun pr (zy ) z2 2 ... z, ) Bool T);
(define-fun prp (x1 2 ... x,) Bool F);
for each z; € X do
‘ (declare-fun z;9 O o(x;));
end
(assert (pr =10 T20 ... Tno));
result := UNSAT,
for k=0,1,...u do
if k> ¢ then
(push);
(assert (pr Tik Tok -+ Tnk));
switch (check-sat) do
case SAT do return SAT, the model produced by the solver;
case UNKNOWN do result := UNKNOWN;
end
(pop);
end
for each z; € X do
| (declare-fun ;11 O o(x:));
end
(assert (Pr Tik Tiktl T2k T2htl --- Tnk Tnkil));
end
return result;
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2. Pass the other vehicle using the left lane.

3. When you are at least 50 meters in front of the vehicle, move back to the
right lane.

The basic building block of TSCs are the so-called nodes, which are the boxes numbered
(1) to (6) in Figure 2.2 All nodes in the example are so-called invariant nodes that
each contain graphical representations of traffic situations, called spatial viewsﬂ Nodes are
assembled to so-called basic chartsth

Within this thesis, two types of TSCs are used: TSCs for requirement specification,
and so-called existential TSCs. A TSC of the former type consists of three basic charts:
the history, the future and the consequence. Informally, the semantics of such a TSC is as
follows: Whenever the TSC’s history held from some point in the past until now, and the

2In earlier (before ~ 2020) publications, TSCs used a different terminology. No distinction between
invariant nodes and the containing spatial view was made. The combination of invariant node and spatial
view was called snapshot. It turned out that the term snapshot is misleading because it suggests a time
instant rather than a state invariant. Therefore, the old terminology has been replaced by the terminology
used in this thesis.

3called snapshot charts in earlier literature
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Figure 2.2: TSC “Overtaking” (adapted from [11])

TSC’s future will hold from now till some point in the future, then also the consequence
shall hold from now on. History and future form the so-called pre-chart of a TSC. The
pre-chart is drawn as a bisected dashed hexagon, where the history is in the left, and the
future is in the right part (in Figure history and future consist of one invariant node
each). Everything that follows the pre-chart (i.e. the second and third row of Figure is
part of the consequence. The rounded rectangle in Figure is the bulletin board of the
TSC and explained later.

In contrast to TSCs for requirement specification, existential TSCs do not have a
pre-chart, but solely consist of a bulletin board and a consequence. They are used to
describe abstract scenarios.

In a spatial view, symbols are placed to describe the spatial relations of their real-world
counterparts. For instance, the spatial views and @ in Figure specify that the
ego-vehicle (the HAV under development, white car) is in a lane, and that there exists a
second lane with another vehicle (black car) to the left of ego. The relative placement of
symbols induces somewhat strict constraints: Spatial view @ is only satisfied in traffic
situations where front and rear of the two vehicles are aligned exactly. Spatial view @ is
satisfied only if the front of ego is strictly between the front and rear of the other vehicle.
Somewhere-bozes, as in spatial view , can be used to relax some of the constraints. The
somewhere box in spatial view means that there is a vehicle somewhere on the left lane,
next to or in front of ego. Note that the left border of the box aligns with the left (i.e., rear)
border of the ego symbol. Therefore, the box does not match cars in the left lane behind
ego. To this end, spatial views speak only about the presence of objects at certain positions,
but do not restrict the existence of other objects. For example, there could be additional
cars around the ego vehicle in spatial views to To specify absence, nowhere-bozxes
are used. They are used analogous to somewhere-boxes, but with the opposite meaning.
For example, the nowhere-box in spatial view @ states that there must not be another
vehicle on the left lane next to or in front of ego. The graphical placement of symbols in
a spatial view can be complemented by textual annotations. Textual annotations can be
placed on distance lines or attached to one or more symbols. For instance, the distance
line in spatial view @ states that the other vehicle is at least 50 meters behind ego. Note,
that a distance line does not imply free space between the connected objects — free space
has to be made explicit by placing a nowhere-box with a symbol denoting the excluded
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Figure 2.3: Example spatial views

object type, as done in Figure invariant (5). The textual constraint shown in spatial
view |(f)| states that the acceleration of other is negative. For better readability, invariant

nodes with empty spatial views are drawn as hatched rectangles D Empty spatial views
are always satisfied.

Basic charts combine invariant nodes with the operations sequence, concurrency, choice,
and negation shown in Figure [2.4h—e. Furthermore, we allow multiple spatial views being
combined inside one invariant node using Boolean operators. For example, Figure
shows an invariant node that combines spatial views A, B, and C to (A V B) A C. We use
rounded rectangles (e.g. ) as placeholders for arbitrary sub-charts. A sequence of two
invariant nodes means that the first node has to hold, followed by the second. Invariant
nodes in a sequence follow each other directly; there is no time span between the first and
the second one. Concurrency means that both nodes (resp. basic charts) have to hold
simultaneously, and choice means that at least one of the charts has to hold, respectively.
Negation means the chart must not hold. There are two kinds of timing constraints in
TSCs. Hour glasses constrain the duration of a chart. A full hour glass (X) starts a clock,
and the empty hour glass (X) ends a clock and specifies a clock constraint, i.e., the duration
between start and end. For example, the hour glasses in Figure state that the sequence
B | | D |is completed in at most 5s. Another form of timing constraints are time
pins (£), which synchronize different time points in a chart. They are either put above a
sequence arrow or above a chart. In the latter case, multiple time pins can be set in a row
imposing an ordering among the time points. Time pins with the same label refer to the
same time point, and hence synchronize charts.

In this thesis, we restrict ourselves to basic charts that do not use chart negation
(negation of spatial views is allowedEb. We call this subset positive (existential/requirement)
TSCs. Because a negated basic chart allows almost any behavior, including unwanted
behavior, negation is barely needed.

The bulletin board binds symbols in the spatial views to certain objects. A symbol that
is contained in the bulletin board refers to the same object in every spatial view. The
bulletin board (rounded box) in Figure binds the white car symbol to the ego vehicle,
and the lane symbols to certain lanes of the road where ego is 0nE|. Also, the black car
symbol is bound to a vehicle that is the same in all spatial views; if the black car would
not be in the bulletin board, it could be a different vehicle in any spatial view.

“Note that there is a semantic difference between negating an invariant node, and negating the spatial
view inside an invariant node. These two forms of negation differ in time quantification. See the formal
definition of TSC semantics in Section

5That the lanes belong to the road used by ego is a consequence of the spatial relations expressed in
the spatial views, and not part of the bulletin board. Therefore, lane symbols can also be used to model,
e.g., incoming lanes at an intersection.
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Figure 2.4: Operations on basic charts

2.3.2 World Models and Symbol Dictionaries

A TSC is always interpreted over some world model. As its name suggests, the world model
models the different objects that a TSC can speak about. First of all, a world model
specifies a hierarchy of object types (e.g., obstacles, lanes, cars, pedestrians, ...) and their
attributes. Furthermore, the world model defines their dynamics, for example in form of
hybrid automata [3]. World models can be defined on different abstraction levels. Especially
for analysis of requirements it might be desirable to start the development process with a
very abstract world model that imposes only minimal restrictions on the dynamics of the
system (e.g., that vehicles have a minimum size), and use more detailed world models in
later steps. As discussed later in Section a simpler world model lowers the complexity
of an analysis and allows complete model-checking. However, for some use cases such as,
e.g., test-case generation, a more exact world model is needed.

The link between the world model and a TSC is defined in form of a so-called symbol
dictionary. The symbol dictionary links the graphical symbols used in the TSCs to object
classes in the world model (whereas the bulletin board binds symbols to certain objects). In
this thesis, very simple symbol dictionaries and world models are used that consist of only
of a few symbols and types. Figure 2.5 shows the world model that is used in the examples
in this chapter (the case studies presented in Chapter [§] use slightly different world models
that refine this one as needed). It defines the type Physical Object as the base for both
Dynamic Objects and Static Objects. Commonly, an obstacle can be any object on a
vehicle’s path that cannot be passed. Although this also may include dynamic objects such
as vehicles, in general, we consider only static obstacles (such as barriers or construction
sites) here. Other static objects (roads, lanes, crossings, traffic signs) describe the road
network. Physical Object declares six attributes z, x, =, y, y, and y that describe a
reference point (x,y) of the object, and its axis aligned bounding box. In general, attribute
values may change over time (e.g., when objects move). Therefore, Static Object refines
them explicitly to be constant. For Dynamic Objects, instead, we declare attributes for
speed (v) and acceleration (a). The dynamics of the world model are not relevant for
understanding the examples, and therefore omitted here.

The symbol dictionary is depicted in Table In this thesis, only symbols for types
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Physical Object

z,%,%,9,9,y: R

i
l l

Dynamic Object Static Object

v,a: R z,%,T,Y,Y,y const.

l l l l

Vehicle ’ Road ‘ ’ Lane ‘ ’ Obstacle ‘ ’Trafﬁc Sign‘ Crossing

’_L‘ lane_width : B
Car Driving Lane | | Acceleration No Overtaking

left _blinking : B Lane
right _blinking : B

Figure 2.5: World model

at the leaves of the refinement hierarchy are used (the only exception is a symbol for the
Lane type). To be able to distinguish between different objects of the same type, the
visual representation of a symbol may be varied. For instance, the car symbol is used with
different colors. Along the graphical representation of the symbols, the symbol dictionary
defines so-called anchors on each symbol, and how they map to the attributes of the object.
The anchors are used later on to derive spatial relations from a spatial view. For most
objects, the anchors map to the corners of the axis-aligned bounding box, except for traffic
signs where the reference point is used. Note that in the examples and case studies in this
thesis, two possible ways to model two lane roads are used: either as single objects using
the road symbol given in Table or as two separate lanes (the Driving Lane symbol or
a variant of it). This is caused by some of the case studies and examples being taken from
the author’s previous work [9, 11, 12} |15], where both ways are prominent.

2.4 TSC Formal Semantics

In [37, 38] the semantics of TSCs are formally defined. In the following, we recall the
semantics in a condensed form. We refer the reader to the related literature for the complete
semantics.

2.4.1 Semantics of Charts

Every chart BC can be translated to a multi-sorted real-time logic (MSRTL) formula ¢pc
that is interpreted on some trajectory m over some world model WM.

For the definition of MSRTL semantics, we consider signatures ¥ = (I', II, T) that define
at least a sort R for real numbers along with the usual arithmetic operations (addition and
multiplication) and the natural ordering relation. Furthermore, we split the set of sorts into
disjoint sets of class symbols and primitive type symbols. For simplicity, we assume that R
and B are the only primitive type symbolsﬂ We use real numbers also as the time domain.

SFor the definition of MSRTL semantics, this assumption can easily be relaxed by introducing new sorts,
which is a natural extension of the presented definitions. Extending the SMT encoding method described
in Chapter @ is also straight forward, as long as the SMT solver backend supports additional theories.
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Symbol Object Type Symbol Object Type

Car Driving Lane

zii@*
£ <|
N
s
< |

Car (other direction) Acceleration Lane

. - -y
__—— y No Overtaking x Obstacle
! - -¥
- BB ---- . :
| | R & -7
-® & - y+lw ! |
- & -y Crossing -9 & -v Road
-® L | :
| | - & -Y
B -y . .
xz Q.\/I;E Q.X/ T

Table 2.1: Symbol dictionary; lane width is abbreviated by Iw

For now, a world model provides a universe of objects (e.g., vehicles, pedestrians, and
roads), and an interpretation Z that maps some object types from the alphabet I' to
classes of objects, each having a defined set of attributes (in the context of MSRTL, object
attributes may be seen as unary function symbols). Furthermore, Z assigns interpretations
to the predicate and function symbols (excluding attributes, which are interpreted later
on for a given trajectory). A world model also defines a (typically infinite) set 7(WM) of
trajectories over the attributes of objects. This set contains any possible behavior of the
objects within the world model. For example, the world model trajectories may be seen as
generated from a network of hybrid automata, as suggested in |38]. A more detailed formal
definition of world models is postponed to Section [5.5]

In this work, we consider trajectories that are piecewise continuous. The following
definition is based on a definition by Alur et al. [3].

Definition 3 (Piecewise continuous function). A function f : R>o — R is piecewise
continuous if every closed interval I C R>o can be partitioned into a finite sequence
I, Iy, ... of intervals such that f coincides with some continuous function f; : CI(I;) = R
on each interval I; (i.e., f(t) = fi(t) for alli=1,2,... andt € I;).

This definition implies that f has only a finite number of discontinuities on every closed
interval. Furthermore, the f; are required to be defined and continuous on the closure
CI(I;) of each interval, i.e., the smallest closed interval containing I; (the partition Iy, Io, . ..
naturally contains both open and closed intervals). As a consequence, all discontinuities
are “jumps” where (different) limits of f exists from both sides. The definition naturally
extends to functions with a higher dimensional range.
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Definition 4 (Trajectory). A trajectory over an (ordered) set X of variables is a piecewise
continuous function m: Rsg — RX. A trajectory over some finite set O, of objects from
some world model WM is a trajectory over X 2 A(Oy), containing variables for all attributes
of objects in Or. We write 7w(t) for the state vector at time t and w(t)[obj.a] to access the
value of the attribute a of object obj € O at time t. The universe of trajectories over X is
denoted T (X).

The term m' denotes a trajectory m time-shifted by to, i.e., m°(t) = w(t + tg), which
is a suffiz of . The set of all suffizes is defined as Suffiz(r) := {n* | t € R>o} for a
single trajectory, and as Suffir(Il) := | J, e Suffiz(m) for a set of trajectories. We use ml;
to denote a prefiz of 7, i.e. a reduction of w to the domain [0,t]. The projection of ™ to a
subset Y C X of variables is written as wly.

By interpreting the Boole sort as a subset B = {0,1} C R of the reals, the above
definition also covers Boolean attributes of objectd’]

In contrast to related work, we do not consider scenarios during which objects are
created or destroyed. An attribute o.alive (as introduced in |37, 38|) that indicates if object
o0 is currently existing is not required. Instead, by convention a trajectory defines values
for all existing objects (and vice versa, an object exists in the trajectory if values for its
attributes are defined).

Definition 5 (Multi-sorted Real-time Logic |37, [38]). An MSRTL formula ¢ is of the form

@ r=pW1,.. ) | IT 0 Fo€0:p [Tz ER: | @ |1 Apa | o1V @2
|D[Tl’72)90 |71 — o X

= f(Wh1, .., 0n) | X ] oa |z

where p is an n-ary predicate symbol, f an n-ary function symbol, o is an object variable, a
is an attribute, T, 71, Ty are time variables, x is a primitive variable, < € {<, <, =,>,>1},
and X € R is a constant. An MSRTL formula that does not contain temporal operators or
time variables (i.e., it uses none of It 1 ¢ | Opry 1)@ | 71 — 721 X ) is called an MSRTL
predicate.

Furthermore, the usual abbreviations are used: V7 : ¢ is the usual abbreviation for
=37 : ¢, as well as Vo € 0 : ¢ abbreviates —do € 0 : —p. Implication p; = o stands for
—p1 V o. Also, we simply write 71 <X 79 instead of 7 — 79 < 0.

In the following, a valuation is a function that maps variables to values. We write a
valuation that assigns values vy, v, ... to variables x1,x,... as {z1 — v, 22 — va,... }.
Given a valuation pu, the term p U {x — v} denotes valuation p extended by mapping
x +— v (i.e., the valuation p/ with p/(z) = v and p/(2') = p(2’) for 2’ # x).

Definition 6 (MSRTL semantics |37, 38]). Consider a world model WM for a signature
Y and an MSRTL formula ¢ over some signature ¥’ C Y. Then, satisfaction of ¢ by a

"For efficiency, however, a practical implementation (including the consistency analysis prototype)
would use a dedicated Boole type



2.4. TSC FORMAL SEMANTICS 15

trajectory w over objects Oy from WM and a valuation p is defined as follows:

[o-alwm (7(0), 1) 7(0)[u(0).a]

[XTwm (7(0), 1) X for constants X

[z]\wm ((0), 1) wu(x) for variables x

[f (&1, - ¥n)lwm ((0), 1) () (W Twm (7(0), 1), - - s [nlym ((0), 1))
Tt P01 ) ZG) ([l ((0), 1), .- [a] (7(0), 1)

75 1t FwWM Uiy )9 VT € [u(m), 1(m2)) s 77, b Fwm ¢

T,k Fwm 37 e JveRso:m,pU{T—=v}FEwme
mpFEwm Iz ER:p eR:muU{r—v}FEwm e

T Ewm Jo €0 p dobj € Z(0) N Ox : m, U {0 — 0bj} Fwm ¢
T H FEwm T — T2 X p(r) — p(me) > X

R R

Boolean operators are defined as usual.

Definition 7 (Scope of time pins and hour glasses). The scope of a time pin or hour glass
1s determined by considering a TSC as a whole. A hour glass or time pin x is implicitly
introduced by some sub-chart BC of the TSC if either BC is the only chart that is annotated
with x, or BC is the innermost basic chart that contains all sub-charts that are annotated
with x.

Now, we are ready to define TSC semantics in terms of MSRTL.

Definition 8 (Translation of basic charts). A chart BC translates to a MSRTL formula
ppc with free time variables bgc and egc that stand for begin and end of the chart in a
trajectory.

For each time pin or hour glass x, introduce a time variable 7,. Then, each timing
annotation ta translates to a constraint 1, as follows:

e Hour glass starts Xp,g are translated to 1, := T4 = bpc.

e Hour glass ends Xy >0 X are translated to 1y 1= epc — Thg D4 X.

p1 Pn
e Time pin sequences PP are translated to Vg = bpc < Ty, <00 < 7, < eBC-
A basic chart BC, annotated with timing annotations tai,...,ta, and introducing time
pins and hour glasses x1,...,Tm, is translated as

OBC = ATy, e Tay, (PEC Ntay N+ N,
where Yy is the semantics of the unannotated chart as defined below. Square brackets [x\y]

denote substitution of variable x by variable y.

e If BC is an invariant node, then @gc = bgc < esc A Ulpge,eac)® where ¢ is the
translation of the node’s spatial view contents into a predicate (see Section for
the translation of spatial views).

e Concurrency: If BC=|---- then

©ic = palba\bsc,ea\esc) A vilbs\bsc, eB\eac]
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A
e Choice: If BC = then

vBc = palba\bec,ea\erc] V ¢r[bB\beC, €B\erc]

e Negation: If BC = then

vBC = —palba\bec, ea\eac]

p
e Sequence: If BC = (optionally with time pin, i.e. ) then

wac =37 : palba\bec,ea\T] A ppbe\T,eB\esc] ANTp =T
~———

only if time pin p is present

If the contents of an invariant node is a Boolean combination of spatial views svy, ..., Svp,
then ¢ := pr(dsvys- - Osvy ). Here, py is the n-ary predicate formed by the Boolean operators
that combine the spatial views.

For example, the combination of spatial views A, B, C depicted in Figure forms the
predicate ¢ = (—¢a V ¢B) A dc.

Note, that in the above inductive definition, the substitutions [x\y] only replace free
variables. The resulting MSRTL formula ¢gc has two dedicated free time variables bgc
and egc. All other free time variables denote time pins and hour glasses (note, that the
variable 7 introduced for a sequence is existentially bound and not free).

Example 1. The basic chart BC given below translates to the MSRTL formula:

( bec <1 A D[bBc7T1)¢A
p dri e /\ 71 < egc N\ D[leeBc)¢B
Sm O
HTPO/\ 0<7—2/\D[0,7—1)¢C
T2 < T3 A\ D[T3,T4)¢D

[ CHDHE] Iz e A drz e A\ T <71 <T3

L T3 < egc N\ D[T4,€Bc)(z)E

Definition 9 (TSC Semantics). A trajectory m € T(WM) satisfies a TSC TSC with history
H, future F, and consequence C' in the world model WM, written m Ewm TSC, if
7 Ewm Vo1 € 01,09 € 0g,...Vb,m,e:
(eu[br\b,en\m] A prp[bp\m,er\e]) = oclbc\m,ec\e] .

Here, 01 € 01,09 € 0a,... is the list of free object variables in ¢y, ©r, Yo originating from
the b-board.
A trajectory m € T(WM) satisfies an existential TSC with consequence BC if

T ):WM 301 S 01, 09 € 02, . E|b, e: wgc[bgc\m, egc\e] .

We say some TSC TSC is satisfiable in a world model WM, written SATWwm(TSC) if there
exists some trajectory m € T(WM) with m Ewm TSC.
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(a) Satisfiable sequence (b) Unsatisfiable sequence

Figure 2.6: Examples of a satisfiable (left) and an unsatisfiable (right) sequence of invariant nodes

Definition 10 (Equivalence of charts). A chart A implies another chart B, written A = B,
if, for all trajectories m and valuations p (in any world model where both A and B are
defined):

(7, 1 |= palba\b,ea\e]) = (m, 1 = oB[bB\b eB\e]) .

Here, b and e are fresh time variables. Two charts A and B are equivalent, written A = B,
if both A= B and B = A.

A note on the semantics of invariants. This thesis sticks to the original T'SC semantics
given by Damm et al. |37, |38] in the sense that invariant nodes are always evaluated on a
left-closed, right-open interval. While this definition is quite intuitive and uncomplicated
at first sight, it has some practical implications, as shown by the following example.

Example 2 (Infinitissimal discontinuity). Considering the two sequences depicted in
Figure[2.0, the left sequence is usually satisfiable, while the right one is not. Assuming that
the distance d between the car and the obstacle is a continuous function, the left sequence
requires that there exists some time points b < m < e such that d(t) > 0 for allb <t < m,
and d(t) = 0 for all m <t < e. This is satisfied for evample if d(t) = (m —t)? fort <m
and d(t) =0 for t > m. The right sequence, however, requires d(t) =0 for b <t < m and
d(t) >0 form <t <e. This is not possible with a continuous d because, however small
d(m) > 0 is, there would be some b <t < m with d(t) > 0, though.

This problem may be resolved by changing the semantics of invariant nodes (respectively
time-bounded globally in MSRTL) from “satisfied everywhere on [b,e)” to “satisfied almost
everywhere on [b,e]”. A similar semantics is applied for Duration Calculus (cf. Section ,
which uses Riemann integrals to evaluate state invariants. Improving the semantics of
TSCs, however, is future work and outside the scope of this thesis.

2.4.2 Semantics of Spatial Views

In this section, we have a closer look to the semantics of spatial views. Figure shows a
conceptual meta model for spatial views. According to the semantics definition in |37} 38|,
a spatial view is made up from frames. Frames contain spatial elements which are symbol
occurrences and bozeﬂ. The spatial view itself is a frame, and each box inside the spatial
view is also a frame. Spatial elements are equipped with anchors, which form the basis for
the semantics of spatial views.

Definition 11 (Elements of a frame [37, 38|). We adopt the notion from [37, |38] and
define for some frame f:

o S? 1s the set of symbol occurrences within f

8|37, 38| use the term symbol for both symbol occurrences and boxes. In this thesis the term spatial
element is used to avoid confusion.
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e Sp C SJQ is the set of symbol occurrences with reference to the bulletin board
o S%B is the set of somewhere boxes within f

o S}qB is the set of nowhere boxes within f

o 5? = SJScB US?B is the set of boxes in f

o Sp = 8]9 U S? is the set of spatial elements in f

e Ay is the set of attached predicates in f

e Ly is the set of distance arrows in f

Furthermore, a symbol occurrence s € SJQ belongs to a symbol definition s.3 and has some
type type(s.3) € C defined in the world model.

Definition 12 (Spatial view semantics |37, [38]). A frame f containing n € N symbol
occurrences and m € N boxes is translated to an MSRTL formula

¢f = F0s,.iq € type(s1.9) - - Jos, .id € type(s,.3)
Ly, s Torids Yy sqp Yoria € R 3Ly as T ids Yy, i Ubpia € R

/\ (gs.id < Tsiid N Yeid < Ys.id)
s€SY

A /\ Os.d(os.id)
SES?,

A topologicalRelations(f)

A N\ PO A /\ D)

lEAf lELf
A /\ (Z)s A /\ _‘(Z)s
seSP seSP
where $1,...,8, € 8]9 \ Sp (with n = |S]9 \ 8g|) range over all symbol occurrences in f,

except those from the bulletin board, and by,..., b, € S]]? (with m = ]S?U range over all
somewhere and nowhere boxes in f.

The predicates 0, P, D, and topologicalRelations are defined in the following.

Definition 13 (Visualized state). A symbol definition visualizes the state of an object,
such as a driving direction, or the state of turning indicators. The state that is expressed
within some symbol s € S? 1s defined as part of its symbol definition s.3 and translated as
the predicate 05 (0s.iq)-

For example, we can visually indicate the state of a car’s indicators in the car symbol
as shown in Figure [2.7]

Definition 14 (Semantics of attached predicates). An attached predicate | € Ay is attached
ton € N spatial elements l.s1,...,l.s, and labeled with a predicate 1label-predicate;. It
1s translated to

P(l) := label-predicate;(0(.q,).ids - - - > Ol.sn).id) -
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i' — E—
_ 0
left blinking =1 left blinking =0 right blinking =1 right_blinking = 0

Figure 2.7: Visualization of car indicator state

For translating spatial constraints, the anchors of the spatial elements are used. Each
spatial element s has some set o (s) of anchors. Each anchor s.a € d(s) has a position
(s.a.z,s.a.y) € R x R in the spatial view. This is the position where the anchor is placed
visually when drawing a spatial view. Opposed to that, the anchor has a semantical position
(Az(s.), Ay(s.ar)). Note, that the anchors itself are not shown in the spatial views; their
position is inferred from the symbol dictionary.

Definition 15 (Semantical position (A;(s.cv), Ay(s.cv)) of anchors). For object symbols, the
symbol dictionary sdic maps some anchor s.3.a to a pair (sdic(s.s.c.xz),sdic(s.3.a.y))
of expressions over the object attributes. When translating a frame, these expressions
are instantiated for the symbol’s object variable, i.e., Ay(s.«) := sdic(s.3.a.x)(0s,q) and
Ay(s.a) :=sdic(s.3.0.y)(0s.id)-

In case of a box, Ay(s.c) and Ay(s.ct) translate to the variables x;q, Tsia, Y, ,,, and
Ysid, depending on the anchor a. Per definition, boxes have four anchors, one in each
corner, as indicated in Figure[2.8.

Definition 16 (Semantics of distance lines). A distance line | connects two anchors
l.s1.a1 and l.s3.a2 and is labeled with a distance predicate dist-pred;. The semantics of a
horizontal distance line l is

D(l) := dist-pred;(|A(l.51.a1) — Az (l.52.a2)|)
= dist-pred;(Az(l.s1.01) — Az (l.52.2)) V dist-pred;(Az(l.s2.0c2) — Az (l.51.001)) .

The semantics of a verical distance line l is

D(l) := dist-pred;(|Ay(l.s1.a1) — Ay(l.52.a2)|)
= dist-pred;(Ay(l.s1.00) — Ay(l.52.a2)) V dist-pred;(A,(l.s2.0c0) — Ay(l.51.011)) .

Definition 17 (Topological relations). The topological relations in a frame f are defined as

topologicalRelations(f) := /\ topologyBetween(s, s)
(S,S/)GSf X (SfUSspans(f))

where topologyBetween is defined in Algom'thm@ below and Sgpans(sy = {1} if [ is a box
and Sepans(f) = 0 of f is the top-level spatial view.

Example 3 (Semantics of a spatial view). Consider the spatial view depicted in Figure .
We denote the road object by s, the white car by a, the black car by b, and the gray car by c.
Assuming that none of the object symbols is contained in the bulletin board, the spatial view
translates to:

¢ :=ds € Road : 321,71,y ,, Y1, 22, %2, Y,, Y2 € R:
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Figure 2.8: Box anchors
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Figure 2.9: Conceptual meta model for spatial views

Algorithm 2: topologyBetween(s,s’) (cf. |37, 38])

Input: Symbol occurrences s, s’
Output: A constraint T, o

1 Ts o 1= true ;

2 for each € {<,<,>, >} do

3 | for each (s.a,s'.a/) € d(s) x d(s') do
4 if s.a.x <18’ .0/.x then
5 ‘ Tss i= Tso A Ag(s.c) D1 Az(s".0)
6 end
7 end
8 | for each (s.a,s.0/) € d(s) x d(s') do
9 if s.a.yxs’.a’.y then
10 | Tew i=Tow Aby(s.ar) 1Ay (s'.0)
11 end
12 end
13 end
14 return Ty o
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Figure 2.10: Spatial view for Example

S.2 <X <Ty <xy<Ty<ST (outer frame, x-axis)
N Yy, =yY,=8y<y =Y =57 (outer frame, y-azxis)
A |zg —T1| > 50m (distance line)
N 1A P2
¢1 :=da € Car :
z, =ax<aT=1T1 (left sw-box, x-azis)
ANy <ay<ay<y (left sw-boz, y-azis)
¢ :=db,c € Car:
Ty =bx <bT <czx<cT==Ty (rightsw-box, r-azis)
N Y, <by<by<cy<cy<Y, (rightsw-boz, y-azxis)

Note, that some of the inequalities produced by topologicalRelations (e.g., b.x < ¢.T)
have been omitted because they are implied by the remaining inequalities. The quantified
variables of type R can be eliminated from the formula. This simplifies ¢ to:

¢ :=ds € Road : a,b,c € Car :

s.2<axr<aTANbr<bI<cz<cT<SsT (x-azis)
A bz —ax>50m (distance arrow)
AN sy<ay<ay<sy (y-axis from left sw-box)
A S.Q < b.g <by<cy<cy<sy (y-azxis from right sw-box)

An optimized variant of Algorithm [2]is given later on in Section [6.4] This optimized
version of the algorithm omits transitive relations as done in Example [3| above.



3 Related Work

In this chapter, a summary about related work is presented. This thesis is related to four
major fields of research:

e Consistency analysis of requirements
e Scenario-driven development in the automotive industry
e Model checking/verification of hybrid systems

e Trajectory generation/instatiation of abstract scenarios

The third one, hybrid systems verification, also includes work about model checking Duration
Calculus |23], a well-known interval logic for specifying real-time systems. Satisfiability
of Duration Calculus has been extensively studied and the results can be transferred to
TSCs. The following sections provide brief summaries of related work in each of these
fields. The first three sections cover work that this thesis directly build upon: Consistency,
scenario-driven development, and Duration Calculus. The remaining two sections report on
alternative and related approaches to hybrid systems verification and trajectory generation.

3.1 Consistency

In general, consistency of requirements can be defined as “no two or more requirements
in a specification contradict each other” [123|. Often, consistency is not only applied to
requirements but also to other artifacts such as design models. According to an overview
presented by Kamalrudin and Sidek |79], the predominant approaches to check consistency
can be categorized in traceability, heuristic, and formal analysis. Traceability supports
consistency by identifying existing and missing links between development artifacts [79].
This may be supported by a formal analysis of the artifacts, as presented by Carlan et al.
[21] or Egyed [47|. Heuristic analysis is mostly applied to semi-formal specifications. This
can be done, e.g., by checking pre-defined consistency rules |6} |47]. The Vitruvius approach
[53,105] builds on the paradigm of view-based development in order to maintain consistency.
It ensures maintainability and scalability by using a so-called virtual single underlying
models (V-SUM) which combines different meta-models by consistency preserving rules.
Senkyr and Kroha |112| use natural language processing to check consistency between UML
models and their textual requirements. Wan et al. |118] use natural language processing
and a domain ontology to check consistency of formalized traffic rules with their natural
language counterparts.

In this thesis, a formal approach to consistency analysis is followed. Early formal
approaches date back to the '90s |71} 77|. Here, consistency has been defined for automata-
like specification languages. A specification is consistent in terms of |71 [77], if, in any
state, there is at most one enabled transition.

More recent definitions of consistency can be found in |7}, (10} |17, 43| 48, 56, |82]. Here,
consistency is reduced to satisfiability of a temporal locics formula (the conjunction of

22
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all the requirements in a specification) |7} 17} 43| 56, 82| or equivalently existence of an
accepting run for the cross-product of automata |10, 48]. Some approaches |10} 48, 56| take
dedicated means to exclude trivial solutions that cannot be used as an argument for the
conflict-freeness of requirements. Among these, partial consistency |10] is of special interest
for this thesis. Although partial consistency has been developed for the simplified universal
pattern [16], the core idea is expected to be applicable for other specification languages
with a similar structure of triggers and actions. The trigger is some enabling condition of a
requirement (similar to the pre-chart of a TSC) and the action defines the behavior that
shall occur in response. The basic idea of partial consistency is to

1. identify critical combinations (including timing) of the triggers of different require-
ments

2. check if they are possible in practice, and

3. if they are, check if the whole set of requirements has at least one satisfying run under
each trigger combination.

Jéron et al. [78] generalize partial consistency to deterministic timed automata. A first
attempt to adapt partial consistency to TSCs is made by the thesis author himself in earlier
work [11]. In Chapter [5| of this thesis, partial consistency for TSCs is reworked in order to
improve scalability and to align with the rest of the developed framework.

3.2 Scenario-driven Development

Ulbrich et al. [115] define a scenario as a sequence of scenes, and a description of the
evolution between them. A scene is a “snapshot of the environment including the scenery
and dynamic elements” [115]. Menzel et al. [90] identified three abstraction levels for
scenarios: functional, logical, and concrete scenarios. Functional scenarios are natural
language descriptions of scenarios at a high level of abstraction, while concrete scenarios
describe a specific sequence of state values that results in a reproducible sequence of scenes.
Logical scenarios allow for state parameter ranges, and are at an intermediate abstraction
level between functional and concrete scenarios. Later on, abstract scenarios [94] have been
added to this hierarchy. Abstract scenarios can be seen as formal language descriptions of
functional scenarios.

A wide range of different modeling languages for traffic scenarios has been developed. For
example, Bach et al. [6] present a scenario language that comes with a graphical modeling
environment, while Zhang et al. |122]| propose a textual scripting language. An overview
of the different approaches is presented by Ma et al. [88]. At time writing this thesis, the
most prominent scenario language is OpenSCENARIO XMIEI [104]. It emerged to a widely
accepted standard and is supported by many industrial and academic simulators such as
ESMINI, Vires VTD, and CARLA. While OpenSCENARIO XML addresses concrete and
logical scenarios, OpenSCENARIO DSL [104] adds support for abstract scenarios. Other
languages for abstract scenarios include Zone graphs 20|, Scenic [64], and TSCs. These
languages follow complementary concepts. Zone graphs provide finite state abstractions of
abstract scenarios. The static part of a scene (e.g., a crossing with traffic lights) is modeled
as a graph of map regions, called zones. This leads to a discretization of traffic situations

!Formerly known as OpenSCENARIO 1.x
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Table 3.1: Comparison of basic charts and Duration Calculus

Basic Chart MSRTL Duration Calculus
,, 0alba\b,es\e] A oplbe\b es\e] ANB (conjunction)
walba\b,ea\e] V op[bp\b, es\€] AV B (disjunction)
—pA[ba\b, ea\€] -A (negation)
g Im : palba\b,ea\m] A pplbp\m,ep\e] A" B (chop)
X5 Xsox
walba\b,es\e]Ne—b~ X ANL~ X (duration)
[a] b<eAUpe)Pa [a] (state)

that allows to cluster the decision space of an HAV into a finite set of equivalence classes.
Schwammberger [111] follows a similar discretization approach for modeling traffic scenarios
at urban intersections. Scenic and OpenSCENARIO DSL are both textual languages that
script scenarios based on pre-defined libraries of driving maneuvers (e.g. lane changes,
following). Fremont et al. [64] present an execution engine for Scenic that uses guided
simulation and supports different simulators.

3.3 Duration Calculus

Duration Calculus [23] is a well-studied formalism for real-time systems. It is an interval
logic for dense time and has many similarities to TSCs: Conjunction, disjunction, negation,
and sequences of states are the core elements of Duration Calculus. Furthermore, it is
possible to specify the duration of states. In DC, a state predicate (as in state expressions
[s]) is a propositional formula over some set P of (propositional) state variables. DC
formulae are evaluated on bounded time intervals [b,e| on traces over P. As a notable
difference to MSRTL semantics, DC state expressions [s] are evaluated with the help of
a Riemann integra]ﬂ. This makes a distinction between open and closed time intervals
unnecessary and avoids problems such as seen in Example [2] in Section [2.4] Table [3.]]
compares basic charts/MSRT formulae to equivalent DC formulae. DC assumes finite
variability of traces, i.e., for every trace m, state variable p € P, and time points b < e,
there exists a finite sequence tg = b < t; < --- < t, = e of time points such that, for
all i = 1,2,...n, either 7 = Oy, | ,yp or m = Oy, 4,y~p. Under this assumption, the
equivalences between DC and charts in Table hold (i.e., the MSRTL formula is satisfied
if, and only if, the DC formula holds on the interval [b, e]).

*The semantics of [s] on a trace 7 and interval [b,e] is [ 1(7* = s)dt = e — b > 0 over the indicator

b
function of satisfaction of s at time ¢ on .
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A DC formula is called wvalid if it holds on every non-empty interval on every trace.
So, validity of DC-formulae corresponds to unsatisfiability of negated equivalent MSRTL
formulae. The subset of DC that consists only of the operators used in Table is
commonly referred to as the [s], £ = X subset’| of DC [22]. It has been shown that validity
of DC formulae of this subset is undecidable in general |22|, but decidable for the following
smaller subsets:

1. If DC is used on an integer time domain [22]
2. If DC formulae do not use duration constraints ¢ ~ X [22]
3. If the DC formula has a single outermost negation [57, 60]

In cases 1 and 2, DC formulae can be translated to equivalent finite automata that have an
empty language if, and only if, the DC formula is valid [22]|. Case 3 has first been shown
by Friinzle [57] for a fragment of DY} In a later work [60], Frinzle and Hansen show how
positive DC formula (i.e., without negationsﬂ but with general duration constraints) can
be translated to equisatisfiable LinSatﬁ constraints. The resulting constraint is satisfiable if,
and only if, the DC formula has a bounded model (i.e., is satisfied on some trace and interval)
|60]. Despite the small differences between the formal semantics of DC state expressions [s]
and TSC invariant nodes, using the equivalences from Table the undecidability proofs
for Duration Calculus apply to TSCs as well.

A practical approach for bounded model checking negation-free dense-time duration
calculus is explained in [113]. In combination with [57, |60], also a minimum unrolling
depth can be derived that guarantees completeness of the results. The approach reduces
satisfiability of a Duration Calculus formula to LinSat and is easy to implement on top of
recent SMT solvers, but results in a polynomial (O(n*)) blowup of the formula. Another
approach is presented in [65] which translates a similar subset of integer-time DC into
symbolic automata which can also be addressed with bounded model checking. This work
inspired the encoding technique for basic charts presented in Section Various other
approaches (e.g. [19, (68} |91]) address model checking of hybrid systems against different
variants of DC, but do not seem to be appropriate for consistency analysis of TSCs.

3.4 Other Approaches to Hybrid Systems Verification

Another related field to the consistency analysis of TSCs is verification of hybrid systems
in general. This field encompasses research from the past three decades (first popular
works are probably by Alur and Dill, e.g. [3]) and it is not possible to cover this research
completely here. A survey can be found for example in [44]. Given a formal description
of a hybrid system, e.g., in the form of a hybrid automaton [72], verification techniques
typically aim to prove or disprove whether the system fulfills some safety property. This
substantially differs from consistency analysis, which asks whether a fulfilling hybrid system
exists. Nevertheless, some of the existing solutions could serve as a basis for alternative

31.e., it does not allow generalized duration constraints of the form > ai [ si ~ X. Duration inequalities
¢ > X can be expressed in this subset as £ = X ~ true.

“where state durations only appear in the form [s] or £ ~ X

SIncluding the aforementioned outermost negation. However, negations are still allowed inside state
predicates.

Ssatisfiability of boolean combinations of linear inequalities
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approaches or further improvements to the consistency analysis of TSCs. The following
briefly summarizes some interesting work.

3.4.1 Hybrid Games

As an alternative to the different forms of existential consistency proposed in Section
consistency can be seen from a game-theoretic perspective as a two-player game between
the SUD and the environment: A specification is consistent, if there exists a strategy for
the SUD to satisfy all requirements, or alternatively, if there exists no strategy for the
environment to violate a requirement. A similar consistency notion has been developed in
[1]. For example, Henzinger et al. [74] as well as Quesel and Platzer |103] investigate into
solving hybrid games.

3.4.2 Hybrid Automata

In the formal definition of TSCs [37,|38], it is assumed that the world model defines a system
of hybrid automata [72]. It is expected that at least for a fragment of TSCs a translation to
a hybrid automaton is possible. Bouajjani et al. [19] present a translation from a dialect of
Duration Calculus into hybrid automata. A wide number of model checking tools for hybrid
automata exist. Among the most popular ones are HyTech |73|, PHAVer [62], its successor
SpaceEx [63], the work by Eggers et al. [46], and by Chen and Sankaranarayanan [25]. Of
special interest for this thesis may be [2]|, because the research focuses on hybrid systems
with large discrete state spaces (which is probably the case for simulations of multiple TSCs
and objects in the world model). Unfortunately, [2] is limited to linear hybrid automata.

Another interesting approach used in the (Timed)HYDICE tools presented by Plaku
et al. [96, |97]. The authors combine finite state LTL model checking with simulation
techniques for hybrid systems, being able to produce precise witness trajectories for LTL
property violation. The approach requires a sound discrete state approximation of the
system state space, which must be provided by the user of the method. In brief, the LTL
formula and user-provided abstraction are used to build up a search tree that in turn guides
the simulation. The authors evaluate their work on a scalable vehicle motion planning
problem and claim good scalability. However, performance and correctness clearly depends
on the quality of the user-provided discrete approximation.

3.4.3 Robust Interpretations

Robust interpretations of (hybrid) systems and temporal logics investigate satisfaction
and /or reachability under (infinitesimal) small perturbations in trajectories and constraints.
They rely on providing both upper and lower discrete approximations of the reachable
state space, which, for robust systems, converge for fine discretizations. This makes
satisfiability /reachability questions decidable in the end. For example, Damm, Pinto and
Ratschan [41] present a decision procedure for robust satisfaction of LTL properties on
discrete-time hybrid systems, which uses a successive discrete approximation of the state
space. Similarly, Franzle and Hansen [59] define a robust interpretation of duration calculus.
The authors present a time-wise discretization of the DC formula, which, by iterative
refinement, enables to semi-decide validity.
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3.4.4 Small Model Theorems

Another problem in determining the satisfiability of TSCs is the large number of objects in
the world that must be considered in the analysis. In theory, one must consider an unlimited
number of objects, such as vehicles and obstacles. Clearly, this renders the satisfiability
of a spatial view undecidable in general. In any case, considering more objects increases
the size of a system state. However, in practice, it is often possible to limit the number of
objects while preserving the soundness and completeness of the satisfiability results. Damm
et al. |35] present a small model theorem for families of linear hybrid automata, where each
automaton communicates with a bounded number of neighbors. Frénzle et al. |61] extend
multi-lane spatial logic (MLSL) by so-called scopes which limit the range of quantified
variables to a finite set of objects. The authors show that validity of MLSL formulae with
scopes is decidable. Furthermore, they show how this can be used to derive a semi-decision
procedure for a subset of MLSL without scopes.

The consistency checking approach presented in this thesis abstain from applying small
model theorems & la Frénzle et al. [61] or Damm et al. |35], because they may result in a
quite large number of potential neighbors and suffer from combinatorial explosion. Instead,
an abstraction is encoded that asks for the possibility of neighbor existence. However, in
future work, small model theorems may be used to derive adequate numbers of assumed
neighbors and thereby improve completeness.

3.5 Trajectory Planning and Generation

Describing vehicle trajectories with Bézier splines, as presented in Chapter [7] is not a new
idea. Bézier splines |99] describe parametric curves, such as a vehicle’s trajectory, uniquely
by a finite set of control points. They are commonly applied in trajectory planning and
optimization (e.g., |26} |67, [102]). In contrast to the approach followed in Chapter [7| where
a Bézier curve describes both the path and the speed profile, related work uses Bézier
curves for path planning only, and determines speed profiles separately (apparently this is
easier if distinct speed and steering controllers are used).

Other related work [45, 81, [107| utilizes constraint solving/optimization to generate
trajectories from abstract scenarios. Klischat and Althoff [81] use mixed-integer quadratic
optimization (MIQP) to find trajectories in a two-phase approach. Traffic scenarios are
described as propositional constraints that assign vehicles to so-called lanelet{]. These
predicates are then converted to MIQP constraints that are optimized subject to vehicle
dynamics and a cost function. The second phase then calculates concrete trajectories.
Esterle et al. [49, [52, [80] describe an encoding of vehicle dynamics into linear constraints
which they also use as part of an MIQP problem for maneuver planning. Similar to the
approach described in Chapter [7] of this thesis, they use a discretization of the vehicle
heading into intervals in order to encode the vehicle dynamics into linear constraints.
Compared to the Bézier spline encoding used in this thesis, Esterle et al. evaluate planning
constraints (such as collision avoidance) only at discrete time points and therefore require
a finer step size and discretization.

Eggers et al. [45] [107] use SMT solving for trajectory generation. The used scenario
specifications are quite similar to TSCs, but support only a reduced set of temporal (i.e.

A lanelet is a segment of a driving lane, allowing to separate complex road layouts and crossings into
a set of regions.
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sequences only) and spatial operators (relative distances and speed). The authors use a
custom solver that uses interval propagation techniques. None of [45, |81} |107] uses Bézier

curves to describe trajectories.
Plaku and Karaman [95] give a survey on motion planning under temporal (i.e., LTL)

constraints.



4 Consistency in the Development Process

This chapter goes into more detail about the purpose of the consistency analysis for TSCs.
Section gives an overview of the development process for highly automated vehicles,
and locates the consistency analysis within this process. Section then takes a closer look
at automated driving functions itself, and which part of their specification is targeted by
the methods being developed in this thesis. This leads to a set of goals for the development
of the T'SC consistency analysis which are collected in Section

4.1 Development Process and Scenarios

Development of safety-critical cyber-physical systems is traditionally organized in a V-
process |24]. The V-process dates back to the '90s [24] and has been adopted by the safety
standards in different transportation domains such as ISO 26262 for the automotive domain,
ARP 4754 for aerospace, EN 50128 for railway systems, and ISO 17894 for the maritime
domain. The process model is named after the shape of the upper-case letter V. The process
starts at the top left corner of the V, sliding down the left leg, and climbing up the right
leg. The left leg describes the system design and development phases which are carried
out top down. Typically, the process begins with system definition and a risk assessment,
followed by a hierarchical decomposition into (sub-)components. The purpose of the risk
assessment is to identify potential risks emerging from malfunctions of the product. This is
the basis for deriving appropriate safety requirements and assigning safety integrity levels,
which in turn define acceptable maximum failure rates and implementable safety measures.
The software implementation marks the point of the V. On the right leg of the V, the
developed parts are integrated bottom-up into the overall system, with an emphasis on
validation and verification. This typically begins with unit testing, followed by integration
testing, and finally acceptance testing.

The above-mentioned safety standards ISO 26262, EN 50128, and ISO 17894 target so-
called functional safety. Functional safety means to ensure that the system always operates
correctly with respect to its specification. This is done by systematically identifying
possible causes of malfunctions, rating their impact on overall safety, and defining adequate
mitigation strategies that are to be implemented as part of the development process. Hereby,
functional safety focuses on malfunction that is caused by random hardware faults. These
are physical factors that may cause malfunctions of computation hardware or electro-
mechanical components. Thereby it is assumed that a correct implementation of the system
specification on fault-free hardware will result in a safe system. Opposed to that, Safety of
the intended functionality (SOTIF) deals with safety risks that are caused by limitations of
the correctly functioning system. These are challenges for the development of HAV that
come on top of functional safety. Therefore, SOTIF is addressed by a dedicated normative
standard ISO 21448. SOTIF considers aspects such as:

e Sufficiency of the specified sensors and algorithms in order to identify traffic situations
correctly.

29
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Figure 4.1: The ISO 26262 and ISO 21448 V-processes overlaid (based on a figure from [89)).

e Completeness of the system specification with respect to all traffic situations and
conditions that the system may be confronted with.

The ISO 21448 standard proposes the use of scenario-based methods. Especially, it clusters
the overall scenario space to be considered for SOTIF into a 2 X 2 matrix considering
hazardous versus non-hazardous scenarios on one axis, and known versus unknown scenarios
on the other axis. Hence, an important element of SOTIF is the identification of criticalities,
with a special emphasis on completeness. One approach is to systematically derive critical
scenarios from the (a-priori known) operational scenarios and known driving maneuvers |86},
93, [101]. Furthermore, automotive industry tries to build up scenario catalogs from expert
knowledge and databases of recorded data |5, |100]. Due to HAVs having to operate in an
open world, it is expected that field experiences need to be fed back into the development
process [34]. Extending the V-process with this feedback loop from the operations phase
results in a systems engineering dev-ops process |29, 85|.

Menzel et al. |90] identify applications of driving scenarios in the ISO 26262 V-process.
In the concept phase, which marks the start of the automotive V-process, the operational
scenarios of the HAV are defined. This phase also contains the hazard analysis and risk
assessment (HARA), which forms the basis for defining safety requirements. Later on in
the development process, functional and technical requirements are derived that implement
these safety requirements. At the right side of the V, scenarios are used to define test cases
for safety validation, unit, and integration testing. The test scenarios will be based on the
operational scenarios, identified critical scenarios, and requirements |90, 94].

Figure overlays the different phases of the ISO 26262 and ISO 21448 reference
processes, based on an overview by Mariani [89]. Scenario refinement cycles due to feedback
loops in the process are also highlighted in the figure. TSCs are best suited for describing
requirements at the concept level, where the behavior of the HAV in different traffic
situations is specified. The outcome of HARA activities leads to both a functional safety
and a SOTIF concept, which extend the initial specification. During the Verification &
Validation phases, as well as the operations phase, new information is gathered. This leads
to an iterative refinement of requirements and TSCs in the development process.

ISO 26262 |76] states that consistency, beneath completeness, is a mandatory property of
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Figure 4.2: The sense-plan-act design pattern for HAVs. TSCs are best suited for specification of
the Plan part.

any requirements specification. According to this standard, consistency means that a set of
requirements is free of contradictions. This includes that each requirement neither contains
a contradiction within itself, nor contradicts other requirements in the same specification,
or related documents (e.g., other normative standards) |76]. Detecting inconsistencies early
in the development process prevents implementation faults and saves time and money
[54]. Therefore, an automated consistency analysis is beneficial in all phases in which
scenario-based requirements specification takes place, including the item definition, SOTIF
concept definition, and functional safety concept definition.

Note, that this thesis focuses on consistency between scenario-based requirements only.
Some related work, as outlined in Section has a more holistic view on the consistency
problem. It considers consistency not only between requirements, but between different
kinds of artifacts — such as textual requirements, models, or test cases — in the development
process. This leads to multi-dimensional consistency frameworks such as the one described
by Reussner et al. [105] and Feichtinger et al. [53]. The integration of the TSC consistency
analysis in such a framework is left to future work.

4.2 Worldmodel Aspects and Refinement

As explained in Section [2.3] TSCs are always used together with a world model. Damm et
al. [33] see world models as networks of communicating hybrid automata, each belonging
to some automaton class. Hence, world models define both the different types of entities
that are interacting in a scenario, as well as their possible behavior. The former is part of
the domain ontology which defines the concepts (including their relations) that are used in
the requirements specification.

To determine which aspects of a world model are important for the consistency analysis,
we take a closer look at the requirements specifications to be analyzed. In the previous
section, the SOTIF and functional safety concepts have already been identified as the
targeted abstraction level of the HAV, respectively the driving function under design.

Typically, the design of an automated driving function follows the sense-plan-act pattern
depicted in Figure The Sense part covers sensors such as cameras, LIDAR, radar,
telemetry, and GPS which capture the current driving situation and locate the HAV within
the scene. The Plan part contains the logic that chooses the next driving maneuver and
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calculates a trajectory for the HAV. The latter is finally executed in the control loop of
the Act part. As part of the SOTIF and safety concept, all parts include safety functions
which monitor correct functioning of the components and, in case of failures, maintain a
safe state. The Plan part is the one in focus of the TSC consistency analysis: In this part,
traffic rules and other behavioral requirements are evaluated that work on information
contained in a scene.

In the following, we examine the expected content of a domain ontology. This gives
insight on required capabilities of the consistency analysis when it comes to world models.

Koopman [83] gives a long — but still not exhaustive — list of different aspects that need
to be considered for a complete safety argumentation. Here, four “axes’ﬂ of the validation
space are identified. Koopman formulates them from a safety argumentation perspective.
Because a safety argumentation also requires a completeness argument, the axes give an
idea about the different aspects that we can expect to be addressed by a world model. The
four axes are:

e Operational Design Domain (ODD) which describes aspects of the environment (road
types, terrain, infrastructure) and environmental conditions under that the system
under development shall operate.

e Object and Event Detection and Response (OEDR) which includes types of traffic
participants, temporary obstacles, expected behavior of the environment, and the
perception thereof.

e Faults including imprecise or wrong perception, hardware failures (e.g., loss of sensors
or actuators, including degraded modes), capacity variation (e.g., vehicle being
overload), and wrong or missing external information.

o Maneuvers of the system under design.

A majority of concepts originating from the ODD and OEDR axes are already quite well
covered in automotive domain ontologies such as OpenXOntology [4], A.U.T.O [119], or
the Operational World Model Ontology |30} 131]. A good overview about the high-level
structure gives the popular 6-layer model [109] that structures urban traffic ontologies
into road network, roadside structures, temporal modifications thereof, dynamic objects
(e.g. vehicles), environmental conditions, and digital information (e.g. vehicle-to-vehicle
communication messages).

When using TSCs, the maneuvers are usually not described by the world model, but
by the set of T'SCs that describes the HAV and its ODD (cf. [39]). The world model has
to cover the features of the vehicles (e.g., turning indicator state, movement direction,
velocity) that are needed to describe them. While the world model may make assumptions
about possible vehicle behavior (e.g, assuming a single driving direction on highways), it
still must allow all possible maneuvers within the ODD.

Besides the HAV under development, the TSC instantiates roads (with a specific type),
nearby traffic participants, and obstacles. The underlying participant types, road types,
and associated parameter ranges (e.g., road width and allowed speed) are defined within
the world model. Environmental conditions and known failure modes may be specified
both in the TSC (e.g., in form of observed abnormal behavior) or in the world model (e.g.,

!The term azes that is used in [83] may be misleading in the sense that it suggests existence of a
natural ordering along each dimension, which is not the case.
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Figure 4.3: Validation space dimensions in TSCs and world model (examples)

in form of a state variable). In general, a TSC can restrict all the value ranges (e.g speed,
braking force) specified by the world model, and may restrict object variables to be bound
to objects of a specific type, so these dimensions are part of both the TSCs and the world
model. All these aspects may be specific to the system under test and its design domain.
However, the purpose of a consistency analysis is to identify conflicts in the requirements
specification. It is not a safety validation of the system under design. Hence, some of
the aspects described by Koopman are outside the scope of a consistency analysis. In the
context of this thesis, the following are explicitly not considered for consistency analysis.

Failure modes. Care must be exercised when modeling failure modes. A safety mechanism
can deduce the presence of failures only from observed behaviors. This also applies to
perception faults. TSCs, in their current form, do not allow to distinguish between the real
situation and the perceived situation. In general, perfect knowledge is assumed. Therefore,
perception faults are excluded from this thesis. Also, it cannot be expected that the
consistency analysis “knows” and examines malfunction behavior. This is subject to a
dedicated risk analysis and out of scope for this thesis. Instead, we assume that malfunction
behavior is explicitly modeled, e.g., in form of a requirement TSC that describes what the
system shall do if the HAV exceeds the speed limit for a certain period of time. However, it
is totally fine to model detected faults as status variables in the world model. For example,
the system under design may have a status variable indicating detected vehicle overload. A
requirement TSC then may specify that safety distances must be increased.

Adverse conditions. Similar to failure models, it is not part of the consistency analysis
to prove that the required maneuvers are feasible in presence of, e.g., aggressive drivers.
The same holds for environmental effects. The world model can, and certainly will, contain
information about weather conditions and road type, but again, they refer to information
present to the (ego) vehicle. However, it is outside scope of a consistency analysis to
evaluate the effect of these environmental conditions on the system under design.

4.3 Requirements for a TSC Consistency Analysis

The characterization of the application area of a TSC consistency analysis given in the pre-
vious sections leads to the following requirements. They form the basis for the development
of a TSC consistency analysis and therefore are entitled thesis goals.

Approaches to automated consistency analysis, as described in the literature, aim to
identify conflicting behavior specifications in discrete state systems, such as LTL (e.g. [56,
98]) or (timed) automata (e.g. [48, 71]). For this kind of systems, sound and complete
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finite state space abstractions are well known. This enables analysis methods to give a
definite answer whether a specification is consistent or not. TSCs, in contrast, describe
hybrid systems, for which reachable states are much harder to compute. They require
precise knowledge about the dynamics of the system and its environment. Therefore, in
order to provide a tool that is both practicable and reliable, this thesis aims at a provably
correct semi-decision procedure for consistency. Section describes the assumed scenario-
based development process in which the consistency analysis shall be applied. Due to the
iterative structure coming from feedback loops, the requirements specifications are initially
incomplete and successively refined. Furthermore, it has to be assumed that the domain
knowledge captured in the world model is incomplete as well, i.e., abstracting from physical
details. Therefore, the consistency analysis shall focus on conflicts that can be formally
proven with available world model knowledge.

Thesis Goal 1. The consistency analysis shall produce only valid inconsistency results,
and the correctness of the identified inconsistencies shall be prioritized over completeness.

Considering the feedback loops depicted in Figure and the iterative nature of the
development process in general, it is worth exploiting knowledge from earlier iterations for
the consistency analysis of an updated specification.

Thesis Goal 2. It shall be possible to reuse consistency analysis results about a subset of
requirements to evaluate a refined set of requirements.

In order to be able to fix found inconsistencies, an engineer must be able to trace the
cause of an inconsistency. A prominent tool here is the automatic calculation of minimal
inconsistent sets.

Thesis Goal 3. The consistency analysis shall be able to point out the source of an identified
inconsistency, e.g., by producing minimal inconsistent subsets.

Furthermore, the requirements specification forms the basis for test case generation. Test
cases are typically specified using concrete scenarios, which encompass vehicle trajectories.
The following goal highlights this connection.

Thesis Goal 4. The consistency analysis shall be able to produce trajectories as witnesses.

Section 2] has a closer look at the world models that form the basis for the TSC
specifications. It turns out that the used world models are highly dependent on the HAV’s
ODD and will evolve during the development process. Therefore, it does not make sense to
limit the consistency analysis to a single world model in advance.

Thesis Goal 5. The consistency analysis shall support user-defined world models containing
custom entity types and attributes.

A central concept in road traffic ontologies are vehicles. Due to our Goal [4] above and
the focus of TSCs on spatio-temporal relations including distance constraints, a simple
model of vehicle dynamics is required at least. This dynamics model shall be capable of
describing the driving maneuvers that are to be expected in a HAV’s ODD. The NHTSA
identified a list of driving maneuvers related to HAVs [114]. Similarly, OpenXOntology
defines a set of basic maneuvers such as lane changes, turns, or standstill.
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Thesis Goal 6. The consistency analysis shall use a simple vehicle dynamics model that
is capable of generating sound trajectories for abstract scenarios involving:

e acceleration from/to standstill

e lane change

e right/left turns

e velocity, acceleration, and distance constraints

Achievement of these goals is evaluated later on in Section [8.5]



5 Consistency Notions for TSCs

Before we can decide whether a set of requirements is consistent, we have to define what
consistency means. As mentioned previously, different consistency notions have been
proposed in the literature. In this chapter, consistency notions dedicated to requirement
TSCs are developed. The first one — existential consistency — wraps up a popular idea from
related work |10} 48, [56] that works well for single requirements. However, when adopted
for sets of TSCs, applying it for a set does not add value compared to checking each TSC
individually. Therefore, the second notion — strong existential consistency — strengthens
the first one for sets of TSCs. Because this one, however, is intractable by SMT solving,
partial consistency is developed as a trade-off between the former two notions.

~N

.
. / . :
FSC is Definition POl €VerY TSC .g FS:(E I8 | Definition every TSC E TSC is
strongly existentially strongly existentially existentially
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Theorem Theorem Theorem
A
X / — X
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partially partially weakly existentially
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J

Figure 5.1: Relations between different consistency notions. The arrows indicate implications
between the statements.

Figure 5.1 shows how the different consistency notions are related. The horizontal impli-
cations directly follow from the definitions of strong existential consistency (Definition
and partial consistency (Definition while the vertical implications are shown in the
following sections in Theorems [I] and

5.1 Existential Consistency

This thesis proposes a notion for consistency of TSCs based on previous work for pattern-
based requirements |10} 48, [56] due to the following reasons:

e The considered pattern languages define the semantics of requirements in terms of
unbounded system runs.

e They allow “don’t care’s in the requirements.

e The considered requirements are structured in a premise/consequence scheme.

In this context, “don’t care” means that a requirement only restricts certain system variables,
allowing for a high degree of freedom. For example, a TSC usually describes the behavior
of traffic participants in terms of distance intervals. Within the interval, any behavior is

36
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valid. Recall that requirement T'SCs consist of two parts: the pre-chart (history and future)
and the consequence. On any sub-trajectory, where the history is followed by the future,
the consequence must hold in parallel to the future. The requirements tackled in related
work |10} 48, 56| are structured similar: They specify some consequence (called action for
pattern-based requirements |10, 48|) that shall occur in response to some premise (called
trigger for pattern-based requirements |10} 48]).

The authors of [48, 56| define consistency as follows: A set of requirements is consistent,
if there exists at least one trajectory that satisfies all the requirements in the set. This
is called existential consistency in [48|. Lifting existential consistency to TSCs means the
following: A set of TSCs is existentially consistent, if there exists at least one trajectory
that satisfies all the TSCs. In the following, we restrict ourselves to a set consisting of a
single TSC and consider the case of multiple TSCs later. By Definition [9] a trajectory
satisfies a TSC if, for any time points b < m < e, such that the history holds from b to m
and the future holds from m to e, the consequence holds from ¢ to e. This is problematic for
two reasons: First, the property is difficult to check, because there are typically infinitely
many triples (b,¢,e) on a trajectory where history and future hold. Second, we may choose
a trajectory for witness, where history and future are never satisfied at all, in which case
the consistency argument is not of practical use. The authors of [48, [56] solve the second
issue by requiring that the premise of the requirements be satisfied at least once on the
witness trajectory. When speaking about TSCs, this means that we search for a trajectory
m € T(WM), valuation p, and time points 0 < b < m < e such that

™, = orbr\b,er\m] A op[br\m, er\e] (5.1)

where H and F' are the history and the future of the TSC, respectively. We call a TSC
existentially consistent if the trajectory in addition satisfies the whole T'SC.

Definition 18 (Existential Consistency). A TSC TSC with history H and future F is
existentially consistent in a world model WM if there exists a trajectory m € T(WM) such
that both ™ =wm TSC and m Ewm HFrsc hold, where the existential TSC HFtsc is defied

as
HFrsc = I

and has the same bulletin board as TSC.

5.2 Weak Existential Consistency

In the following, we weaken existential consistency defined above and derive a consistency
notion that we can easier address with SMT solving. Weak existential consistency avoids to
search for a satisfying trajectory for the requirement TSC and instead reduces consistency
to satisfiability of an existential TSC. As a consistency argument, we would like to see that
it is at least possible to satisfy the consequence C' of the T'SC in parallel to the future.
This brings us to our second consistency notion for TSCs which we call weak existential
consistency for TSCs.

Definition 19 (Weak Existential Consistency). A TSC with history H, future F', and
consequence C' is weakly existentially consistent wrt. the world model WM if the existential
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Cm AR ) HB B ) I [ B )

time

Figure 5.2: Timing diagram for naive existential consistency check of three TSCs

TSC

HFCrsc = I ***** ;

with the same bulletin board as the original TSC, is satisfiable in WM.

Fact 1 (Existential approximation). Assume some TSC TSC with history H, future F and
consequence C' that is interpreted over some world model WM. A trajectory m € T (WM)
that satisfies both m =wm TSC and m Ewm HFtsc, also satisfies m Ewm HFCrsc.

This fact can be derived from Definitions [5] to [J] using some basic algebra. This fact
implies that weak existential consistency does not produce false warnings. In other words,
if a TSC is weakly existentially inconsistent (i.e., HFCysc is unsatisfiable within the world
model), then either the pre-chart can never occur, or its occurrence directly violates
the TSC’s consequence. Note that the opposite is not true. A trajectory that satisfies
HFCysc does not necessarily satisfy the T'SC. However, using this under-approximation of a
satisfying trajectory we get rid of the all-quantifier in the formal definition of satisfaction of
a trajectory by a TSC. Also, we can restrict ourselves to search for a prefix of a trajectory,
instead of a complete trajectory, which would require some kind of unbounded model
checking techniques in a consistency analysis.

Theorem 1 (Existential Consistency = Weak Existential Consistency). A T'SC that is
existentially consistent within some world model is also weakly existentially consistent within
the same world model.

Proof. This follows directly from Fact O

5.3 Strong Existential Consistency

The most intuitive way of lifting existential consistency from one to a set of TSCs is probably
building a conjunction of the consistency condition (Equation (5.1))) for the individual
TSCs in the set, i.e.,

dr € T(WM), valuation p: 7, = /\ (Ib,m,ee0<b<m<e
TSCeTSC

N oplba\b,er\m| A rlbr\m,er\e] A o1sc) . (5.2)

However, this formula is also satisfied by trajectories where pre-charts do not overlap, as
illustrated in the timing diagram in Figure . Especially for encoding techniques (cf.
Chapter @ that approximate dynamics by very weak constraints only, the solver finds a
solution for Equation above whenever it finds a solution for existential consistency
for each of the TSCs. As indicated in Figure [5.2] this solution can be assembled by
“gluing” witness trajectories for the individual TSCs together. The following example
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shows an inconsistency between two TSCs that is not found with the naive definition
of existential consistency from Equation (5.2]), but found with the definition of strong
existential consistency later on in this section.

Example 4. Assume a specification with two TSCs stating the following:
TSC 1 Whenever the velocity of ego is below the speed limit, ego shall accelerate.
TSC 2 Whenever ego is being overtaken by another vehicle, ego must not accelerate.

Intuitively, the TSCs are inconsistent, because the require contradictory behavior when ego
1s being overtaken and at the same time below the speed limit. However, the following
scenario describes a trajectory satifying Equation (5.2)):

1. other is on the same lane behind ego; the velocity of ego is below the speed limit
2. other stays behind ego while ego accelerates to the speed limit

3. other is overtaking ego (exceeding the speed limit) which keeps its velocity at the
speed limit.

The idea that brings us closer to solving this problem is quite simple: Instead of searching
for a single, unconstrained—and therefore trivial—witness combining all the TSCs, we
should check all possible combinations of the TSCs. We construct these combinations by
constraining the time points b < e that mark begin and end of the TSC consequences. A
first approach is to check all combinations of time points:

Vbl,el,...,bn,€n€R20|b1 <epby<eg,....by <ey:

Ir € T(WM), valuation p: 7, u = /\(Pre(TSCi, bi,ei) A prsc;) (5.3)

=1

where
Pre(TSCi, b;, ei) =dt: YH, [bHi\t, €H1\bl] N QR [bFi\bz} eFi\ei]

All-quantifying the time points by, e, ..., by, e, ensures that (besides trajectories that
combine T'SCs sequentially as illustrated above) parallel compositions (i.e., [b;, e;)N[b;, e;) #
() for some 1, j) are included. However, with the above formula also combinations are checked
where not even pre-charts are satisfiable, e.g., because

e the chosen time span |e; — b;| of one of the TSCs future is shorter (or longer) than
possible,

e two T'SCs with overlapping time intervals have mutually exclusive futures, i.e., describe
different developments of the situation, or

e two pre-charts cannot occur in the same trajectory, e.g., because they apply to
different global environmental conditions (e.g., weather).

Obviously, none of the above indicates a specification fault. and therefore shall not be
treated as inconsistencies. Rather, they describe cases in which only a subset of the TSCs
apply, or in a different combination. Therefore, strong existential consistency defined below
excludes these cases from the consistency check.
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Definition 20 (Strong existential consistency). A set TSC of TSCs is strongly existentially
consistent wrt. a world model WM if

1. all TSCs in TSC are existentially consistent, and

2. for every k < |TSC|, subset {TSCy,...,TSCx} C TSC and by, e1,...,bg,er € R
with b; < e; (1 <i<k) holds

(Hﬂ € T(WM), valuation pu: 7, p = /\f:1 Pre(TSC;, b;, ei)>
(CONS)
(377 € T(WM), valuation p: 7, p = /\?Zl(Pre(TSCi, bi,ei) A @Tsci))

Definition [20| combines existential consistency with the idea from Equation above.
Again, the time points by, ey, ..., b, ex are all-quantified, which includes parallel combina-
tions of T'SCs into the consistency check. The notable difference to Equation is the
insertion of the left-hand side of the implication which filters out combinations with
mutually exclusive pre-charts. The term “strong” has been chosen in order to distinguish it
from a weaker consistency check, called partial consistency, which is discussed in the next
section.

5.4 Partial Consistency

The problem with strong existential consistency as defined in the last section is the fact
that all possible combinations of time points b; < e; (for ¢ = 1,...,n) have to be checked.
This results in a quantifier nesting. Although current SMT solvers are capable in resolving
quantifiers in many cases, and the chart encoding (see Section results mostly in linear
arithmetic where quantifier elimination is possible theoretically, the resulting problems will
become too complex to be solved in acceptable time.

The goal of partial consistency is to reduce the infinite number of combinations to a
finite number of cases, and, at the same time, to avoid alternating quantiﬁersﬂ Each case
C can be solved as a separate SMT problem and subsumes an infinite number of time
point combinations by < eq,...,b, < e,. Whenever condition holds for all the
subsumed combinations, then also C is satisfied. For deriving the cases, one TSC of each
subset (we refer to it with the variable TSC) is selected as the primary TSC. The other
TSCs from the set (we refer to them as T') are constrained (by using time pins p and q)
such that the futures start before and end after the future of TSC. This is depicted in
Figure Informally, the other TSCs are placed “around” the primary TSC. Because the
duration of a future may not be arbitrary, we cannot decide which TSC to use as a primary
TSC in advance. As a consequence, we generate analysis cases with each TSC from the set
being the primary TSC once. To filter out impossible combinations, we run each case once
without the futures, and withdraw the case unless we know for sure that a trajectory exists
with all the pre-charts satisfied (this is analogous to strong existential consistency, except
that the number of cases is finite).

For each case C = (TSC,T), two existential TSCs are derived and checked for satisfia-
bility:

'The reader will note in Section that quantifier elimination is actually necessary regardless of the
consistency notion. However, this only concerns encoding of spatial constraints and can be performed in a
pre-processing step. So, the actual consistency check is quantifier-free.
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p q
TSC i o
T Hs F3

> time

Figure 5.3: Timing diagram for a partial consistency case

e The first one, BCISC’T, approximates the left-hand side of (CONSJ).

e The second one, BC;—SC’T, approximates the right-hand side of (CONSJ),

The first one only contains pre-charts and filters cases in which not all TSCs are applicable.
The second one checks for consistency in the remaining cases.

Definition 21 (Partial Consistency). For some TSC TSC = (H, F,C), and a set of TSCs

T ={(H,F1,C1),...,(Hp, F,,Cy)}, construct the existential TSC's BCISC’T and BC-QFSC’T
as

pPaq
PP
scTser . | [ 0 | gepser | M 5

A set TSC of TSCs is partially consistent wrt. a world model WM if
e all TSCs in TSC are weakly existentially consistent wrt. WM, and,

e for every TSC € TSC and non-empty set T C TSC \ {TSC} holds
Satwm(BCI*CT) = Sarywm(BCI>CT) (PCONS)

The combination of n different TSCs into two existential TSCs BClTSC’T and BC;SC’T
requires to merge the bulletin boards of the individual TSCs into one. How this merge is
performed is left to the implementation of the analysis and does not impact validity of
the following theorems (as long the same merge is used for both BCISC’T and BCgSC’T).
The prototype implementation developed as part of this thesis merges bulletin boards by
unifying entries with same name. As the experimental evaluation (Section shows, this

rather simple and straight forward approach works sufficiently well if the TSCs follow a
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well-defined naming scheme with predefined roles for the different objects. Section [6.2
sketches how partial consistency lifts to a general framework that allows for other means
of combining requirement TSCs from a specification. For example, it could be considered
that a traffic rule applies to all vehicles in a scenario and thereby may lead to some kind of
deadlock situation. However, this requires to add the traffic rule from different perspectives
and thereby blow up the number of to-be-checked cases. The current approach — considering
a single, canonical, combination of TSCs in each subset — therefore is a trade-off between
completeness and complexity.

Theorem 2 (Strong Existential Consistency = Partial Consistency). If a set TSC is
strongly existentially consistent wrt. a world model WM, then it is partially consistent wrt
the same world model.

Proof. Assume that the set TSC is strongly existentially consistent wrt. some world model
WM. By definition, all TSCs in TSC are existentially consistent. As a consequence of
Theorem (1} they are also weakly existentially consistent. Choose some TSC = (H, F,C) €
TSC and set T'={TSC;, = (H;, F;,C;) |i=1,...,k} CTSC\ {TSC}. By TSC semantics,

(pBCIsc,T [bBCISC’T \O, eBc‘ll'SC,T\ei| =
(3t0,b0,6000<t0 <by<ey<eAp=byAq=eg
A wulba\to, er\bo] A ¢r[br\bo, er\eo] )
n

/\/\(Elti,bi,ei00<ti<bi<ei<e/\bi§p/\q§ei
=1

N QH; [bHi\ti’ eHz\bl] N QPF, [bFi\bi7 eFi\ei] )

which in turn is equivalent to

Fi:=0<p<q<eAPre(TSC,p,q)A
k
A <E|bi,ei e0<b <pAg<e<eA Pre(TSCi,bi,ei)>
i=1

Analogously, PpcTseT |:bBC;'SC,T\0, GBC'QI'SC,T\C:| is equivalent to
Fy:=0<p<qg<eAPre(TSC,p,q) A pclbc\p; ec\q]
k
A /\ (Elbi, e;o0 <b <pAqg<e <eAPre(TSC;, b, ei) A e, [bo,\bi, eci\ei]>

=1

Assume there exist a trajectory m € T(WM) and a valuation p such that 7, u = Fy. Then
it is possible to find another valuation p’ such that

k
7,1’ = Pre(TSC, by, eg) A /\ Pre(TSC;, bi,e;)
i=1

with 11/ (bo) = p(p) < #/(e0) = pu(q), and p'(b;) < p(p) < pulq) < p'(ei) fori=1,...,k. So,
i’ yields a set of time points that satisfies the left-hand side of (CONS)) for the subset
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T U {TSC} of TSCs. By assumption, the right-hand side of (CONS]) is satisfied for the
same set and time points, i.e., there exist 7’ € T(WM) and valuation u” such that

k
7', 1" = Pre(TSC, by, e9) A @rsc A /\(Pre(TSCm bi, ei) N\ pTsc;)
=1

By Fact |1} we know that Pre(TSC;, b;, e;) A ¢1sc, = Pre(TSC;, bs, e;) A o, [be; \b1, ec; \éi).
So, finally, we can find a valuation p’” such that 7/, u”" = F. As a consequence, TSC is
partially consistent. O

5.5 World Models

A worldmodel defines a type hierarchy and the universe of objects. In the following, we
refine the definition of world models given earlier in Section In particular, hierarchical
class structures are introduced. Later on in the section, refinement relations between world
models are considered.

Definition 22 (Type Hierarchy). A type hierarchy (C,3) is a finite set of classes C and
a partial order =X on C that is the refinement relation. Fach class C' € C defines a set of
attributes A(C), and the possible behaviors T(C) C T (A(C)) in form of traces over A(C).

A class Cq refines class Co if C1 2 Co. We require that Cy 3 Co implies A(C1) 2 A(C»)
and T(C1)dacy) € T(C2).

Definition 23 (World Model). Given some multi-sorted signature ¥, a world model
WM = ((C,3), Obj, type,I) over ¥ defines a class hierarchy (C,3), a universe Obj of
objects, a typing function type: Obj — C and an interpretation I that maps all class symbols
from X to classes from C, and predicate and function symbols (except attribute symbols) to
predicates and functions over R. Furthermore, the class hierarchy must define an attribute
for every attribute symbol from X.

In the context of MSRTL, we can see attributes as a special form of unary function
symbols. These function symbols are not covered by Z because they are interpreted in the
context of a trajectory.

Fact 2 (Well-defined semantics and refinement). For any two signatures ¥ C 3/, an
MSRTL formula over ¥ has a well-defined semantics in any world model over Y.

This follows directly from the above definition which requires that all symbols have an
interpretation. Therefore, we call every world model over ¥’ D ¥ a Y-world model.

Subclasses may add additional attributes, and restrict possible behaviors, but must
not add new behavior. This is consistent with description logic, where any statement that
can be derived from the superclass axioms must also be valid for instances of any subclass.
As a consequence, any member of class C' can be treated as a member of class C' = C.
Somewhat lazy, we write o € C' if type(o) 2 C. The attributes of an object o € Obj are
defined as A(0) = {o.a | a € A(type(0))}. We naturally extend this to sets of objects, i.e.,
A(O) := U,ep A(o). The possible behavior in a given world model WM is defined as a
usually infinite set 7(WM) of trajectories over the attributes of finite subsets of Obj:

TWM)C ] T(A4©0))

OC Obj
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For convenience, we denote the set O C Obj, that some particular trajectory m € T(WM)
is defined over, by O;.

Definition 24 (World Model Refinement). A world model WMy = ((C1, Z1), Objy, typey, 1)
over signature X1 refines a world model WMy = ((Ca, Z2), Objy, typey, Ia) over signature
Yo, written WMy X WMy, if X9 C 31, Obj; = Objy, Dom(Z;) 2O Dom(Zy), there exists an
injective mapping m: Co — C1 such that

e 7:(0) = m(Z2(0Q)) for all class symbols 0 € T' N Dom(Zy),

e type;(0) 3 C < typey(o) X m(C) for all o € Obj; = Objy and C € Cy
e O 32C"&m(C) 21 m(C") for all C,C" € Cy,

e A(C) C A(m(C)) for all C € Cy,

and T (f) = Zo(f) for all predicate and function symbols f in Yo except attribute symbols.
A refinement WMy 3 WMy is conservative if T(WM1)l 4,(005,) = T(WMa)l 4,(005,)
and monotone if T(WM1)] a,(0bj,) € T(WM2)l 4, (0b,)-

Note that a refinement WM; < WMy always implies As(Objy) C A1 (Obj; ). Intuitively,
we allow to refine a world model by introducing new classes and refining existing classes (i.e
adding new attributes). In the above definition, this is realized by assuming the existence
of some mapping m between the old and new class hierarchy. The universe of objects must
remain the same. A refinement can change the type of objects, but only if the new type is a
valid refinement of the old one. New predicate symbols can also be introduced, but it is not
possible to remove existing ones or change their definition. The reason (and consequence)
of these restrictions is that MSRTL formulae shall be interpretable also over refinements of
their original world model.

Theorem 3 (World model refinement). For any two world models WMy =S WMy, and any
MSRTL formula ¢ over some signature X hold the following properties:

1. If WMy is a X-world model then WM s also a 3-world model.

2. If the refinement is conservative and both WM and WMy are X-world models, then
SATVVMl((p) Ang SAT\NMz (90)

3. If the refinement is monotone, and both WMy and WMs are X-world models, then
SATVVMl(QO) = SATVVM2 (90)

Proof. The first bullet point follows directly from the definition of =: If WMy is a X-world
model, then by definition ¥ C 31 C 35, so WMy is a 3-world model.

For the second and third bullet point we show that w1, 1 FEwwm, ¢ iff m2, p Fwm, @
for all m; € T(WMl) and my € T(WMQ) with W1¢A1(Objl) = 7r2~l/A2(Obj2)- Note that—by
definition of monotone refinements—such a w9 exists for all 71; in case of conservative
refinements also vice versa. As an induction base, the above is true for formulae of the form
p(o1.a1,...,0n.ay) because the interpretation of p is the same in both WM; and WMs. It
is also trivially true for terms of the form ¢; — to ~ X. The induction step is trivial for
Boolean and temporal operators, as well as time quantification. The only crucial case is
object quantification. Assume that 71, 1 F=wm, Jo € 0 : ¢'. So, there exists obj € Obj;
such that 7, u U {o— obj} Ewwm, ¢’ and type, (0bj) Z1 Z1(0). Recall that 0 is interpreted
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by both WM; and WMy, so 0 € Dom(Z2) N Dom(Z3). B