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Autonomous driving functions (ADFs) are becoming more relevant and complex. Still, their safe 
and correct operation must be guaranteed. Scenario-based testing, i.e. confronting the ADF under 
test with other traffic in specified scenarios is an established approach for the validation and 
verification of ADFs, but tests currently often only consider simple technical requirements. Safe 
and correct operation is not only the absence of collisions but involves complex spatio-temporal 
requirements on the externally observable, functional driving behaviour in traffic.
In this work, we consider Traffic Sequence Charts (TSCs) as a visual formalism for the specification 
of complex, functional ADF requirements. We define a monitoring problem for TSCs and 
finite, sampled observations of ADF behaviour and discuss how monitor verdicts contribute to 
requirements testing. We show that such monitors can effectively be constructed for realistic 
requirements and that they can contribute to efficient testing by assessing ADF behaviour at 
runtime.

1. Introduction

The importance of highly automated and autonomous driving functions (ADFs) for future mobility is increasing rapidly [1,2]. ADFs 
have to safely operate in complex and dynamic traffic environments while their internal behaviour is often not sufficiently known, 
e.g., due to the presence of AI-based components. A promising approach for ADF validation and verification in the automotive 
domain is scenario-based testing [3--5]. In scenario-based testing, the system(s) under test are confronted with particular behaviours 
of other traffic participants and the environment in different scenarios like turns at crossings. The behaviour that the system under 
test exhibits over time is then assessed in particular for requirement satisfaction. Today, this assessment mostly considers simple 
technical system requirements (like limits on maximum acceleration) [6]. However, in order to act safely in traffic environments, 
ADFs also need to take into account complex world knowledge about traffic rules and social norms regarding the interaction of traffic 
participants, resulting in more complex system requirements. Knowledge of several stakeholders, e.g., lawyers, safety experts and 
psychologists, needs to be integrated into ADF system requirements and subject to verification and validation. In many cases, these 
system requirements concern the temporal evolution of spatial relations between traffic participants and their environment. In order 
to objectify requirements derived from such knowledge, formalisation is important. Thus, for ADF validation and verification, there 
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is a need for a formalisation language that can usefully formalise knowledge from several stakeholders to specify spatio-temporal 
system requirements and a suitable method that checks the system’s behaviour against these requirements. Since the validation and 
verification of ADFs is a time and resource intensive process, runtime monitoring would be particularly beneficial due to continuous 
calculation of verdicts. Specifically, the continuously calculated verdicts may provide additional insights into cause and effect of 
violations and can be used as early termination criteria for test runs.

In [7], we have outlined how the Traffic Sequence Chart language (TSC) [8,9] could fill this gap if complemented with runtime 
monitors to efficiently check the behaviour of ADFs for satisfaction of complex spatio-temporal requirements. In this work we elaborate 
on this approach and fill the formal gaps between complex, functional requirements and their runtime monitoring during testing with 
an emphasis on practical applications of the monitoring theory for test settings in simulators. The main contribution in this work is the 
formal specification of TSC monitors for sampled observations of traffic behaviours and a formal explanation of their use in (scenario
based) testing. We introduce an explicit interface from the data source (that provides the observations of the ADF’s behaviour) to 
the monitor so that the same requirements specification can be used in different contexts with a meaningful interpretation. This 
component extends and concretises the monitor architecture presented in [7] by providing a specification for each component. We 
show how the monitor recognises satisfaction and violation of requirements using simulation runs in the driving simulators CARLA for 
one example of complex functional requirements formalised using TSCs. We discuss how to apply that example to another simulator 
SILAB. Further more we present a second new example of complex functional requirements formalised using TSCs.

The rest of the paper is structured as follows: In Section 2, we present related work on formalisation languages for automotive 
requirements and monitoring of automotive requirements. Next, we give an overview of our approach for runtime monitoring of 
complex requirements for test evaluation in Section 3. Section 4 briefly introduces syntax and semantics of Traffic Sequence Charts 
(TSCs). In Section 5, we present an architecture and specification of online monitors for properties specified as TSCs. In Section 6, we 
present the construction of a monitor for an example of a complex requirement according to the specification introduced in Section 5. 
We further show how this monitor can be applied in a test setting to evaluate satisfaction or violation of the requirement. Using a 
second example, we discuss how the monitor construction can be generalized to more complex requirements. We finally conclude 
and discuss future work in Section 7.

2. Related work

A number of specification languages are present in literature that have been designed for (or have been applied to) automotive 
system requirements in general and scenario-oriented specification in particular.

Some of them are purely text-based. A popular one is the probabilistic programming language Scenic [10] that allows modelling of 
system environment and scenarios as well as policies for dynamic agents that are present in the scenario. Another well-known language 
is OpenScenario [11] that allows for describing complex automotive manoeuvres involving multiple actors and is compatible with a 
number of simulators. These languages have a defined syntax, but lack a visual concrete syntax and they are designed towards the 
specification of sets of scenarios to be executed in scenario-based testing rather than specifying functional requirements of driving 
functions.

A visual specification enables an easier understanding and concise representation of traffic scenarios and requirements. Addition
ally, they allow involvement of experts from multiple domains such as lawyers, psychologists, etc. while defining, discussing and 
adapting system requirements. Multi-Lane Spatial Logic (MLSL) [12][13] is a formalism that allows specification of spatial require
ments for automotive system controllers for traffic manoeuvres on motorways and urban road intersections. However, it is limited to 
specification of spatial requirements for particular types of manoeuvres. The Traffic Sequence Chart (TSC) specification language, on 
the other hand, is a spatio-temporal specification language with a well-defined visual concrete syntax that enables specification of ab
stract traffic scenarios. TSCs have previously been used for specification of test scenarios [6,3,5] as well as system requirements [14].

In the literature, a number of works exist that introduce different methods for performing online monitoring of temporal require
ments using temporal logics such as Linear Temporal Logic (LTL) [15] and Signal Temporal Logic (STL) [16--19]. Extensions to STL 
that allow specification and monitoring of spatial and spatio-temporal requirements have been presented in [20--22]. In the work [23], 
automaton-based runtime monitoring was developed based on UML system models, where the system requirements were initially 
specified as LTL formulae. However, these methods use textual specification languages for spatial and temporal requirements. They 
also do not show how they can be used for runtime monitoring of complex spatio-temporal system requirements in the automotive 
domain.

For runtime monitoring of system requirements in the automotive domain, the following works are available. The work [24] 
presents a simulation-based approach for runtime monitoring of an experimental Adaptive Cruise Control (ACC) module for an 
autonomous vehicle. They specify the temporal requirements for a PID controller used for ACC using STL and quantitatively monitor 
the requirements for robustness. However, monitoring of functional driving behaviour of the vehicle with ACC module are not 
tackled in this work. In [25], the authors introduce a testing framework with the aim to find and collect diverse traffic situations 
based on pre-defined qualitative and quantitative properties; complex system requirements are not considered. In [26], the authors 
present the specification of traffic rules and monitor whether a certain vehicle follows those rules using non-linear SAT solvers. Their 
method requires the availability of a complete system trace (i.e. a data recording over a given period of time) to provide the monitor 
verdict, which makes it unsuitable for online monitoring. Our runtime monitoring approach in contrast provides a verdict as soon 
as the specification is satisfied or violated and does not need the complete system trace. This method further does not consider the 
connection between the data sources in different setups (like different simulation environments) to the model-based specification 
through a signal-to-attributes mapping. In [27] the authors, based on their discrete-time, grid-based abstract scenario specification, 
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Fig. 1. The overall goal is to check whether vehicle behaviour in traffic satisfies a requirement given as a formal, model-based specification (here: as TSC)(1). To 
this end, data (or signals) from the vehicle and other traffic participants are related in a traceable way to the attributes that the specification refers to by a mapping 
function (2). For runtime verdicts, in particular during testing, only finite observations of vehicle behaviour are available as inputs to the online monitor, which is to 
be constructed from the specification and whose (possibly temporarily inconclusive) output is to be related to requirement satisfaction or violation (3).

conceptualized a runtime monitoring based on LTL-formulae. As a first proof of concept, a hard-coded runtime monitor for checking 
a collision sensor value against a relevant safety property was developed. In contrast to this proof-of-concept regarding discrete
time specification monitoring of simple thresholds properties, our approach is based on a continuous-time specification and is able 
to monitor more complex spatial and temporal relations between multiple traffic participants. They also do not mention how the 
mapping between their system signals and the runtime monitor works. The work [28] proposes a technique to specify and monitor 
safety requirements for automated driving functions using a scene graph and LTL-based domain specific language (DSL). They further 
show that their technique is able to find mistakes committed by AI-based driving functions in simulation. However, the specification 
of properties using the DSL requires expert knowledge for creation and understanding. TSCs with their intuitive visual syntax are 
easier to understand and create by non-experts. Further, they do not mention how the mapping-part works in their case. With this 
simplification, their approach can only consider properties over the observables that the scene graph generation provides, and in the 
presented case, this is a component of the driving stack inside the vehicle (which is still useful, as is shown). The approach presented 
in the work here is more generic since it considers generic scenario properties that may refer to observables that are not available in 
scene graphs or even in the driving stack, and comes with an intuitive visual concrete syntax for (abstract) traffic scenarios. This is 
in addition to the possibility to use graph logic expressions as labels for the nodes in the TSC chart structure and thereby formalise 
graph logic invariants as well as scenarios over graph logic invariants. This would mean that the graph logic can replace spatial view 
formulae and the Spatial View Recognition (SVR) component of the monitor would evaluate graph logic formulae.

In the papers [29,30], the authors propose a framework to learn runtime monitors that enable capturing of an Operational Design 
Domain (ODD) for Machine Learning-based black-box systems. Their proposed framework uses the probabilistic scenario generation 
language Scenic [10] and VerifAI [31] to generate multiple and varied system runs. These runs are then provided as training data to 
a monitor learner that implements ODD of the black-box component. While these articles do not directly target the online monitoring 
of expected behaviour of systems, they mention mapping as a required step for establishing connection between system signals and 
the online monitor.

3. Overview: runtime monitoring of scenario-based requirements

The following section gives an overview over the approach presented in this work to address the challenges described in the 
introduction. Recall that we consider validation and verification of automated or autonomous driving functions with respect to 
complex, functional requirements in the sense that these requirements refer to the behaviour of vehicles that are controlled by a 
given driving function when confronted with adversary traffic. Such requirements often take the form of a traffic scenario [32], that 
is, an evolution over time of the spatial relations between vehicle under test and the adversary traffic and environment objects and 
their respective individual properties.

The problem that we address in this work is to support the assessment of whether an automated driving function satisfies its 
scenario-based requirements (see Fig. 1, (1)). To this end, we consider (informally described) requirements and their formal specifi
cation using the scenario-oriented language of Traffic Sequence Charts [8,9].

The requirement formalisations that we consider are supposed to be evaluated in different contexts, like different simulation 
environments (where the positions and states of simulation objects may be available through completely different data structures) 
and also at operation time of the vehicle, where the vehicle’s perception chain would provide most of the data. The formal descriptions 
are hence stated over abstract object models. To evaluate these formal descriptions for concrete data as provided by a simulation 
environment or the vehicle in operation, we introduce a notion of requirement satisfaction with respect to a signals-to-attributes 
mapping (see Fig. 1, (2)). Making this connection explicit supports traceability because it provides a record of which data exactly has 
been considered to compute verdicts with respect to the specification.

In particular in the scenario-based testing approach for requirements validation and verification, only finite observations (up to 
some time 𝑡) are available for assessment of requirements satisfaction. In the following, we propose to construct runtime monitors 
for such finite observations, that is, software components that read new data items (or signal values) time after time (and subject 
to the signals-to-attributes mapping) and each time provide an intermediate verdict of whether the data since the last activation 
of the monitor is sufficient to tell that the specification is satisfied or violated for any future data. Using runtime monitors for the 
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Fig. 2. Tra˙ic Sequence Chart (TSC) example. 

requirement specifications as introduced in the following, expensive test executions can be terminated immediately if the requirement 
is found to be violated, or countermeasures can be triggered if a requirement violation is detected at operation time.

To present our construction of these runtime monitors we give a brief introduction to the visual formalism Traffic Sequence Charts 
(TSC) in Section 4. In Section 5, for requirements specified as TSCs, we define the monitoring problem on finite observations of vehicle 
behaviour and propose a generic software architecture for implementations of runtime monitors that separates the concern of spatial 
and temporal aspects of the requirement. In Section 6, we show how monitors as specified in Section 5 can be practically constructed 
and operated effectively for the purpose of testing automated vehicles.

4. Preliminaries

This section briefly recalls the visual formalism Traffic Sequence Charts (TSC) [8,9] for self-containedness. We begin the presen
tation with the underlying so-called object model in Section 4.1, continue with the concrete syntax in 4.2, then have their abstract 
syntax in 4.3, and finally provide their semantics for timed evolutions of system configurations over object models in Section 4.4.

4.1. Object model

TSCs formalise abstract traffic scenarios in terms of objects (e.g. cars, roads, obstacles) and the evolution of their attributes’ 
(e.g. position, velocity, acceleration) values. Formally, each TSC is specified over an object model. An object model OM is a tuple 
OM = ( ,,Fun,Pred), where  is a set of basic types,  is a set of object types (or classes), Fun is a set of typed function symbols 
and Pred is a set of typed predicate symbols. Each object type 𝐂 ∈  has a finite set of typed attributes Attr(𝐂) = {𝑎1 ∶ 𝜏1,… , 𝑎𝑛 ∶ 𝜏𝑛}
with 𝜏1,… , 𝜏𝑛 ∈  . The set of basic types includes a dedicated position type and Fun the distance functions 𝑑𝑥 and 𝑑𝑦.

Given a set of (logical) object variables, we obtain the set Φ(OM) of (well-typed) predicate logic formulae over OM.

4.2. Traffic sequence charts concrete syntax

Fig. 2 gives an example for the concrete, graphical syntax of Traffic Sequence Charts. It depicts a TSC over a simple object model 
with three classes Car, StaticObstacle, and Lane. Car and StaticObstacle have attributes pos (of the dedicated position type), 𝑣 (velocity) 
and 𝑎 (acceleration), Lane has two attributes posleft and posright of position type.

The three large black rectangles in the example represent so-called invariant nodes and are annotated with spatial views, rep
resenting their respective spatial view conditions. Each spatial view is a diagram, constructed by placing so-called symbols on a 
rectangular canvas. The symbol dictionary (for a given object model) provides a set of images (like the green car, red box and grey 
road in the example), these are the object symbols (see Fig. 3). Each object symbol is associated with exactly one object type from 
the object model and (optionally) a unique logical object variable (in the example, these are obstacle, ego and lane). In addition, 
object symbols may include so-called anchors (graphically a blue circled cross), each associated with a position type attribute of the 
associated object type. Other elements for the construction of spatial views include so-called predicate arrows, distance lines, and 
somewhere boxes. Distance lines connect two anchors with a horizontal or vertical arrow and are used to represent sub-formulae 
that introduce constraints on the corresponding position type terms. Somewhere boxes relax the consideration of relative graphical 
position. For details of the model elements for spatial views we refer to [8].

The semantics of a spatial view (diagram) is a situation formula over the TSC’s object model the free variables of which are 
included in the logical object variables from the symbol dictionary. The situation formula is constructed according to the algorithms 
given in [8]; the resulting formula is the spatial view condition for the invariant node in the abstract syntax (cf. Section 4.3 below).

A speciality of TSC spatial views (and a justification for the name) is that the relative positioning of symbols (or rather: their 
anchors) within the spatial view along the horizontal and vertical axes is semantically relevant. Since the car symbol is placed 
towards the left of the obstacle symbol, the spatial view condition for the leftmost spatial view in Fig. 2 includes a sub-formula of the 
form

ego.𝑥 < obstacle.𝑥 (1)

where 𝑥 is an abbreviation for the projection of the position type attribute onto its first component (the position in 𝑥-direction).
The small arrows connecting the invariant nodes in Fig. 2 represent the sequence operator used in the chart construction for the 

temporal aspect of the specification, i.e. the chart is a sequence of three invariant nodes.
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Fig. 3. TSC symbols for StaticObstacle, Car and Lane with their point anchors that are here associated with attributes of position type for each of the three object types. 
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

The TSC is completed by a so-called header that determines quantification of paths, times, etc. for which to consider the chart. 
More complex examples can be found in Section 6 and in the literature, for example in [6].

4.3. Traffic sequence charts abstract syntax

Let OM be an object model. A Traffic Sequence Chart 𝑇 over OM is a tuple (𝐻,𝑆) consisting of a header 𝐻 and a chart(-structure) 
𝑆 . Here, the header is a tuple 𝐻 = (path_q, time_q,obj_q,𝐴) where path_q, time_q, obj_q ∈ {exists, forall} are called path, time, and object 
quantification, respectively, and 𝐴∈Φ(OM) is called the activation.

The chart 𝑆 is either a single invariant node 𝐶 with a spatial view condition 𝐹 (𝐶) ∈ Φ(OM), or a composite chart, constructed from 
simpler charts using operators sequence, negation, choice, concurrency, etc.

4.4. Traffic sequence charts semantics

The semantics of a Traffic Sequence Chart is defined relative to a structure for its object model, i.e. an interpretation of types, 
predicate and function symbols. A structure for object model OM = ( ,,Fun,Pred) provides for each basic type 𝜏 ∈  a non-empty 
domain of values (𝜏), pairwise disjoint, infinite sets (𝐂) of object identities for each object type 𝐂 ∈ , and for each predicate 
and function symbol a type-consistent interpretation. Specifically, the domain of the position type is ℝ2 . We write ( ) and () to 
denote the union of all (𝜏) and all object identity sets, respectively.

A system configuration over an object model OM for a given structure is a function 𝜎 on a finite set of object identities 𝑂 ⊂(), 
that assigns to each object identity 𝑜 ∈ 𝑂 a type consistent valuation of the attributes, i.e. for each 𝑜 ∈ 𝑂 with 𝑜 ∈(𝐂) a function 
𝜎(𝑜) ∶ Attr(𝐂)→( ) with 𝜎(𝑜)(𝑎) ∈(𝜏) for each attribute 𝑎 ∈ Attr(𝐂) with basic type 𝜏 . We use Conf (OM) to denote the set of all 
system configurations of OM.

With valuations of the object variables, i.e. functions 𝜚 ∶ LVar →() that assigns an object identity to each free object variable 
in formula 𝜙, we obtain a satisfaction relation between 𝜙, situation 𝜎, and valuation 𝜚 as usual. We write 𝜎, 𝜚 ⊧ 𝜙 if and only if 𝜙 is 
satisfied for 𝜎 under 𝜚.

As stated before the semantical domain of TSCs are evolutions of situations over their object model over time. That is, an evolution 
over OM is a function 𝜋 ∶ Time → Conf (OM) for time domain Time = ℝ≥0, mapping each point in time to a system configuration of 
OM.

From now on when considering a TSC over object model OM with activation 𝐴 ∈ Φ(OM), an assignment 𝜚, and an evolution 𝜋
over OM we assume that for each finite interval [𝑡1, 𝑡2] ⊂ ℝ the set of times 𝑡 ∈ [𝑡1, 𝑡2] ∩ 𝑇 𝑖𝑚𝑒 with 𝜋(𝑡), 𝜚 ⊧ 𝐴 is finite, like external 
events or triggers, or like changes of the evaluation of conditions (rising or falling edges).

We can now formally define the semantics of TSC charts as a satisfaction relation between evolutions, valuations of free object 
variables in the situation formulae included in the chart (the spatial view conditions), finite subintervals of the evolutions’ time 
domain and charts:

Let 𝑆 be a TSC chart over object model OM, 𝜋 ∶ Time → Conf (OM) be an evolution over OM, 𝜚 a valuation of free variables in 
the spatial view conditions included in 𝑆 , and [𝑏, 𝑒] ⊆ Time. We say 𝜋 satisfies 𝑆 on [𝑏, 𝑒] for 𝜚, denoted by 𝜋, 𝜚, [𝑏, 𝑒] ⊧ 𝑆 , under the 
following conditions: In case 𝑆 is a single invariant node 𝐶 with spatial view condition  (𝐶),

𝜋, 𝜚, [𝑏, 𝑒] ⊧ 𝑆 ∶⟺ ∀𝑏 ≤ 𝑡 < 𝑒 ∶ 𝜋(𝑡), 𝜚 ⊧  (𝐶). (2)

In case 𝑆 is the sequence of two charts 𝑆1 and 𝑆2

𝜋, 𝜚, [𝑏, 𝑒] ⊧ 𝑆 ∶⟺ ∃𝑏 ≤𝑚 ≤ 𝑒 ∶ (𝜋, 𝜚, [𝑏,𝑚] ⊧ 𝑆1 ∧ 𝜋, 𝜚, [𝑚,𝑒] ⊧ 𝑆2). (3)

Similar definitions apply for the other chart operators like negation, choice and concurrency.
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Using this we can finally define the semantics of a TSC as follows: Let 𝑇 = ((path_q, time_q,obj_q,𝐴), 𝑆) be a TSC over object model 
OM, and Π ∶ Time → Conf (OM) a set of evolutions over OM. We define 𝜋, 𝜚 ⊧ 𝑇 in case path_q = obj_q = time_q = forall if and only if 
𝜋(𝑏), 𝜚 ⊧ 𝐴 for all 𝜋 ∈ Π, for all valuations 𝜚, and for all 𝑏 implies that there is 𝑒 > 𝑏 s.t. 𝜋, 𝜚, [𝑏, 𝑒] ⊧ 𝑆 and similarly for the other 
combinations of path, object, and time quantifiers. The dual case path_q = obj_q = time_q = exists for example asks for one evolution in 
Π for which one valuation at one point in time activates and completes the chart.

Path quantification ‘forall’ is used for universal requirements, i.e. properties that need to be satisfied by all evolutions of a system. 
Since universal requirements can be trivially satisfied (by avoiding the situation that activates the chart), systems may be required 
to be able to exhibit a certain behaviour at least once. This distinction can also be useful in testing by using the set of conducted test 
cases as basis, an acceptance test could ask for the existence of one evolution that shows the required behaviour. In the following, we 
focus on single evolutions (rather then sets) and leave it to the overall test procedure how to interpret verdicts on single evolutions 
with respect to the overall test objective.

In the terminology of scenario-based testing [32], a system configuration is (a model of) a concrete traffic situation and a situation 
formula is an abstract specification of a set of concrete situations (also called abstract situation for short). An informal description of 
a set of concrete situations would be called a functional situation.

Similarly, an evolution is (a model of) a concrete scenario and a TSC is an abstract specification of sets of concrete scenarios (also 
called abstract scenario for short). The informal description of the scenario-based requirement would be called a functional scenario. 
That is, the task here is to evaluate whether (prefixes of) concrete scenarios satisfy abstract scenario specifications in form of TSCs.

5. Scenario monitoring

In this section we discuss the monitoring problem for requirements formalised as a TSC and for arbitrary vehicle behaviour. 
To this end, we first propose in Section 5.1 to use an explicit, hence traceable, mapping from observed data to the attributes in 
the TSC. In Section 5.2, we elaborate on how finite observations of data can be related to the overall requirement and Section 5.3
specifies the expectations on a monitor component that continuously provides verdicts that can be used to determine satisfaction of 
the requirement. Section 5.4 proposes a particular architecture that separates the concerns of spatial and temporal properties and is 
supposed to provide verdicts based on a sampled observation of vehicle behaviour.

5.1. Relating observations of vehicle behaviour to model-based scenario specifications

Depending on the test environment, different data will be observable during test execution. While, e.g. in simulative testing the 
simulator may provide ground-truth data for some observables, in physical testing we have to rely on sensor data. Also, each simulator 
and each sensor setup will provide data in its own format.

We aim to construct monitors that internally use the data format of the TSC’s object model. Provided an interface mapping data 
from the observation format to the object model format in a meaningful way, we can then use these monitors in any test setting.

In practical examples the most challenging part of this mapping is often that of positions. While in most test settings there is data 
available regarding the positions of involved objects, this position data is mostly given with respect to a global reference system, e.g., 
in the form of GPS coordinates. In contrast, the model of space referenced in TSC specifications is typically a local reference system 
oriented along the road the scenario takes place on.

Beyond potentially complex coordinate transformation for mapping of position data, there may also be the need to perform unit 
conversions for simple physical quantities (like the velocity of vehicles). Furthermore, in some cases the mapping may be more of 
a pre-processing that smoothens input data, interpolates missing data, or generally performs any operations on available input-data 
that appear helpful to prepare it for the application at hand.

For simplicity, from now on we consider an observation of a vehicle’s behaviour (as input to the mapping) to be an evolution over 
plain signals:

Definition 5.1 (Observation of Signals). Let Obs be a finite set of typed signals with domain . An interpretation of Obs is a type
consistent assignment 𝛾 ∶ Obs → . We denote the set of all interpretations by Γ. An observation  ∶ Time → Γ is an evolution of 
signals over time domain Time ⊆ℝ≥0.

Consider from now on a fixed TSC object model OM as introduced in Section 4 and a fixed set of signals Obs with interpretations 
Γ.

Definition 5.2 (Signals to Attributes). S2A is a function

S2A ∶ Γ→ Conf (OM) (4)

that maps interpretations of Obs to system configurations over OM. The S2A function can be lifted from interpretations to observations 
of vehicle behaviours  so that S2A() ∶ Time → Conf (OM)is an evolution over OM.

Using this we can define a satisfaction relation between observations on time domain 𝑇 𝑖𝑚𝑒 =ℝ≥0 and TSCs 𝑇 over OM relative 
to a given S2A function:

 ⊧S2A 𝑇 ∶⟺ S2A() ⊧ 𝑇 (5)
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What Definition 5.2 does is to explicate the responsibility to state how the quantities, which attributes in the object model are 
supposed to model, are acquired and preprocessed from the data that the system under test and its environment provide. If the 
mapping is wrong with respect to the intentions of the requirement, e.g., if the two components of positions are mixed up, then one 
may observe false positives or negatives, while the satisfaction with respect to S2A is formally correct. Whether S2A matches the 
intentions of the requirement needs to be confirmed by the test engineers.

Defining S2A for concrete case studies can be trivial if, e.g., a driving simulator works with the same object model as the TSC. 
Section 6 presents some examples on how to use different driving simulators with different S2A components.

5.2. TSC requirement testing

In the context of testing we do not observe the complete behaviour (as an infinite evolution on time domain Time =ℝ≥0) of the 
system but only ever prefixes of this, i.e. evolutions on a finite time domain Time = [0, 𝑒] for some 𝑒 ∈ℝ≥0.

The goal of testing is to determine for a given requirement, whether the system under test (or rather: its behaviour) satisfies this 
requirement or not. As such, a requirement is primarily a property of infinite evolutions. In testing, we must then, based on a finite 
prefix of the evolution, decide whether the complete behaviour of the system might or might not satisfy the requirement.

Consider now a universal requirement formalised as a TSC, i.e. with header (forall, forall, forall,𝐴) for some predicate logic formula 
𝐴 over the object model. In a test for this requirement the input consists of an evolution over the TSC’s object model with finite time 
domain Time = [0, 𝑒] for some 𝑒 ∈ℝ≥0. Let now {𝑡1,… , 𝑡𝑛} be the set of times in Time at which the evolution satisfies the activation 
condition (for valuations 𝜚1,… , 𝜚𝑛). If we determine for each 𝑡𝑖 whether

(1) the chart of the TSC is satisfied for 𝜚𝑖 on some interval [𝑡𝑖, 𝑒𝑖] for 𝑒𝑖 ≤ 𝑒,
(2) not (1) but the chart of the TSC is satisfied for 𝜚𝑖 on an interval [𝑡𝑖, 𝑒𝑖] for some 𝑒𝑖 > 𝑒 and some continuation of the evolution 

past 𝑒 until 𝑒𝑖, or
(3) neither (1) nor (2),

we can evaluate the test as follows:

• pass: if (1) for each 𝑖 ∈ {1,… , 𝑛},
• ``strong pass'': if (1) for each 𝑖 ∈ {1,… , 𝑛} and 𝑛 > 0,
• fail: if (3) for any 𝑖 ∈ {1,… , 𝑛},
• ``weak pass'': if (3) for no 𝑖 ∈ {1,… , 𝑛} and (2) for at least one 𝑖 ∈ {1,… , 𝑛}.

In this case any test failing means that the system behaviour definitely violates the requirement. A pass indicates conversely that 
the test does not show a violation of the requirement and indeed, for every instance of the activation condition being satisfied during 
the test, we have seen the system react as required. A strong pass furthermore indicates that the test execution contains at least one 
instance of the activation condition with the system behaving as required afterwards. A weak pass meanwhile indicates that while 
we have not seen a violation of the requirement, the test was cut short in the middle of the system reacting as required (at least up 
until the end of the test) to at least one instance of the activation condition being satisfied.

In an acceptance test setting, each evolution from a given test suite receiving a ``pass'' is taken as an indication that the system 
satisfies the requirement as a whole and should be accepted. For other requirements (e.g. existential instead of universal) similar pass 
and fail criteria can be derived.

5.3. TSC monitor

Let 𝜑 be a property of evolutions on time domain ℝ≥0, i.e. a function mapping these evolutions to {true, false}. Then a monitor for 
𝜑 is a function 𝑀𝜑 mapping finite evolutions 𝜋′ to {✓,✗, ?} with

𝑀𝜑(𝜋′) =
⎧
⎪
⎨
⎪
⎩

✓, if for each infinite evolution 𝜋 with prefix 𝜋′: 𝜑(𝜋)
✗, if for each infinite evolution 𝜋 with prefix 𝜋′: ¬𝜑(𝜋)
?, otherwise

(6)

A monitor for a property given as the chart of a TSC, ✓, ? and ✗ correspond exactly to (1), (2), (3) from Section 5.2. Moreover, an 
online monitor, i.e. a monitor iteratively evaluated on increasing prefixes of its input, will by definition never change its verdict once 
it has reached ✓ or ✗. Hence if we can implement an online monitor for a given TSC chart and start an instance of this monitor for 
every satisfaction of the activation condition, we can determine (1), (2), (3) from Section 5.2 as early as possible for each activation 
and consequently determine pass or fail of a given test execution as early as possible (e.g., fail as soon as any monitor has verdict ✗).

5.4. Online monitor architecture

We have seen how online monitors for properties defined as TSC charts would be helpful in test evaluation with respect to 
requirements formalised as TSCs. However such monitors would require as input finite prefixes of complete evolutions over the TSC’s 
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Fig. 4. Online monitor architecture. 

object model. In practice we generally only observe sampled data from test executions. By using S2A as described in Section 5.1
to map the observed data to attribute values over the object model, we can compute a sampled evolution over the object model. A 
sampled evolution here is a series 𝜉 = (𝜎𝑖, 𝑡𝑖)𝑖=0,…,𝑛 of time stamped system configurations 𝜎𝑖 with 𝑡𝑗 > 𝑡𝑘 for 𝑗 > 𝑘.

To separate spatial and temporal concerns, we construct a monitor for a given chart 𝑆 with set of spatial views SV and valuation 
𝜚 in two components, Spatial View Recognition (SVR) and Temporal Evolution Recognition (TER) (see Fig. 4).

The specification of SVR is to compute, from a sampled evolution over the object model (𝜎𝑖, 𝑡𝑖)𝑖=0,…,𝑛, a sampled spatial view 
satisfaction SVS: for each time stamp 𝑡𝑖 of the sampled evolution it is supposed to yield the set of spatial views from the TSC satisfied 
by 𝜎𝑖:

SVS = ({sv ∈ SV|𝜎𝑖, 𝜚 ⊧ sv}, 𝑡𝑖)𝑖=0,…,𝑛. (7)

We correspondingly define the spatial view satisfaction of complete evolutions 𝜋 ∶ Time → Conf (OM).
The specification of TER is to compute, from a given sampled spatial view satisfaction SVS = (SV 𝑖, 𝑡𝑖)𝑖=0,…,𝑛, the verdict a monitor 

for the TSC chart would provide for any evolution that 𝜉 could have been sampled from.
To determine how the verdicts of a TSC monitor for an evolution 𝜋 relate to the verdicts computed by SVR and TER for the 

sampled evolution 𝜉 computed by S2A on the basis of an observation of 𝜋, we first need to know how 𝜋 relates to 𝜉. Assume that 
the relation between observation and sampled observation is available as a function 𝜀, i.e. 𝜉 = 𝜀(𝜋). Then 𝜀 influences the verdicts of 
SVR and TER since

• there may be errors in signals, e.g., distortions of values or spurious values,
• the satisfaction of a spatial view or the activation condition by the observation may have a too short duration to be perceived 

by 𝜀,
• 𝜀 can in general not determine the exact point in time where spatial view satisfaction changed which is relevant for timing 

constraints,
• etc.

In a sense, 𝜀 models the perception chain through which the monitor sees the observation and, analogously to S2A, we obtain a 
verdict relative to 𝜀. Whether 𝜀 is suitable for a particular requirement testing task in the sense that the output of the online monitor 
allows to conclude to the relation between system under test and requirement needs to be assessed separately.

6. Case studies

This section demonstrates the procedure as presented in Fig. 1 (from functional scenario to verdict) for three different case studies 
and shows that online monitors for TSCs as specified in Section 5 can effectively be constructed.

Section 6.1 considers the example TSC from Section 4 to discuss the procedure in detail: the formalisation of the functional scenario 
as TSC, its abstract syntax, the use of the abstract syntax for the construction of an online monitor for this TSC, and experiments with 
two different automotive simulation environments (CARLA and SILAB) that show the effectiveness of signals-to-attributes mappings 
and runtime monitoring overall. Section 6.2 presents a more involved scenario-based requirement that resembles the one considered 
in [7]. Section 6.3 presents one further example that shows how the specification can be constructed if the goal is in-vehicle runtime 
monitoring that uses only data that is available through vehicle sensors.

6.1. Example I - Stopping in front of obstacle

6.1.1. Requirement formalisation

The example TSC in Fig. 2 on page 4 is a formalisation of the following requirement:

Requirement R1: Whenever a car approaches a stationary obstacle on the lane it is travelling on up to a distance of 80 meters, the car 
must start decelerating at the very latest with a remaining distance of 20 meters to the obstacle. It must keep decelerating until it comes to a 

complete stop with a remaining distance of at least 1 meter to the obstacle. It must not leave the lane during this manoeuvre.
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Table 1
Object model of the TSC in Figure.

Object Type Attribute Basic Type Domain 
Lane 

posright position ℝ2

posleft position ℝ2

Car 
pos position ℝ2

𝑣 velocity {𝑟kmh−1|𝑟 ∈ℝ}
𝑎 acceleration {𝑟m s−2|𝑟 ∈ℝ}

StaticObstacle 
pos position ℝ2

𝑣 velocity {𝑟kmh−1|𝑟 ∈ℝ}

R1 states requirements on the behaviour of three distinct objects: a car, a lane, and a static obstacle. These objects are modelled 
by three object types Car, StaticObstacle, and Lane, where Car and StaticObstacle have one position attribute each, and Lane has two 
of those that provide the lane boundaries since we want to specify the car and obstacle being on the lane, i.e. inside its boundaries. 
The full object model we choose for our formalisation of R1 is noted in Table 1, the symbol dictionary is given in Fig. 3 on page 5.

In the behaviour required by R1 after the car approaching the obstacle to a distance of 80 meters, we identify three subsequent 
phases with invariant conditions: The car approaching up to a distance of 20 meters, the car braking and the car standing still. We 
model this temporal structure as a chart consisting of a sequence of three invariant nodes.

The first spatial view, for the approaching phase, specifies that ego has a frontal distance to obstacle of 𝑑 ≥ 20 m. The velocity of 
obstacle is specified as 𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒.𝑣 = 0, expressing that it is not moving. The symbols for ego and obstacle are placed vertically between 
the anchors of the lane symbol to specify that both ego and obstacle are on lane. The symbol of ego is placed left from that of obstacle. 
This placement expresses that ego is driving towards obstacle. Additionally, there is a somewhere box around the symbol of obstacle. 
This relaxes the implicit constraint on the ordering of ego’s and obstacle’s positions in 𝑦-direction. The following two phases differ in 
requiring a negative acceleration and a full stop at a safe distance. The full semantics of the first spatial view following [8], is the 
following formula:

𝑆𝑉 1 = ego.pos.𝑥 < obstacle.pos.𝑥 (8a)

∧ 𝑑𝑥(ego.pos,obstacle.pos) ≥ 20[m] (8b)

∧ lane.posright.𝑦 < ego.pos.𝑦 < lane.posleft.𝑦 (8c)

∧ lane.posright.𝑦 < obstacle.pos.𝑦 < lane.posleft.𝑦 (8d)

∧ lane.posright.𝑥 < ego.pos.𝑥 (8e)

∧ lane.posleft.𝑥 < ego.pos.𝑥 (8f)

∧ lane.posright.𝑥 < obstacle.posright.𝑥 (8g)

∧ lane.posleft.𝑥 = lane.posright.𝑥 (8h)

∧ obstacle.v = 0[kmh−1] (8i)

The activation condition is satisfied if the frontal distance of ego to obstacle changes from more than 80m to less than 80m with a 
velocity 𝑣 ∈ [ 45,55] kilometres per hour. Given the fact that R1 states a requirement for every time any car approaches a stationary 
obstacle on its lane, the path, object, and time quantification of our specification has to be forall.

6.1.2. Online monitor construction

By specification from Section 5, we need three components: The spatial view recognition (SVR), the temporal evolution recognition 
(TER), and the signal-to-attributes mapping (S2A). In the following, we describe SVR and TER and thereafter present two different 
S2A components that allow us to use the online monitor with two different simulation environments.

The SVR component is in general, by specification, supposed to output for a given time-stamped system configuration the set of 
spatial views of the considered TSC that are satisfied by the system configuration and to keep the time-stamp. Implementations of 
SVR components can more or less directly use the (quantifier free) spatial view formulae like (8) shown above that resemble boolean 
expressions in programming languages like Python or C + + as long as the functions and predicates used in the formulae are available 
for the expression. The component would then evaluate these expressions for each new data item. Yet the implementation needs to 
consider limitations of the type systems and operators in the used programming language. For example how arithmetic operations 
handle range over-/underflow and floating point numbers, where SVR should throw an exception if the equivalent evaluation of 
formula and expression cannot be guaranteed for a given data item.

One further observation in our experiments is that it could be useful to construct SVR in a way that does not compare values for 
exact equality but uses a function like is_near even if the formula in spatial view reads, e.g., 𝑣 = 0 or ‘distance equals 80 m’. This can 
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Fig. 5. TER automaton for the TSC from Fig. 2. 

Table 2
Signal-to-attributes mapping for the TSC from Fig. 2.

Attributes ↦S2A Expression 
𝑜𝑒.v [kmh−1] ↦𝑆𝑒.status.velocity [m s−1] ⋅ 3.6
𝑜𝑒.a [m s−2] ↦𝑆𝑒.status.acceleration.linear.y [m s−2] ⋅−1.0
𝑜𝑒.posx [m] ↦𝑆𝑒.location ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).x [m]
𝑜𝑒.posy [m] ↦𝑆𝑒.location ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).y [m]
𝑜𝑜.v [kmh−1] ↦𝑆𝑜.status.velocity [m s−1] ⋅ 3.6
𝑜𝑜.posx [m] ↦𝑆𝑒.distance ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).x [m]
𝑜𝑜.posy [m] ↦𝑆𝑒.distance ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).y [m]
𝑜𝑙𝑙 .posx [m] ↦𝑆𝑒.lane_info ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).xmax [m]
𝑜𝑙𝑙 .posy [m] ↦𝑆𝑒.lane_info ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).ymax [m]
𝑜𝑙𝑟.posx [m] ↦𝑆𝑒.lane_info ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).xmin [m]
𝑜𝑙𝑟.posy [m] ↦𝑆𝑒.lane_info ⋅ rotate(𝑆𝑒.lane_info.orientation, 𝑓monitor).ymin [m]

be useful because signal values are often only exact up to a certain precision when obtained from a simulator or physical sensors for 
monitoring (this is different from the setting of concrete scenario generation [6], where exact values can be synthesised and prescribed 
into the generated concrete scenario). If this construction would be used, it would need to be reported in a transparent way of course 
so satisfaction of the TSC would then be with respect to this value processing. Alternatively, is_near could be used explicitly in the 
formalisation of the requirement but this carries the risk of cluttering the spatial view appearance.

For the construction of the TER component, we use an automata-based approach. The temporal aspect of the TSC specifications 
that we consider here (without or with very regular time constraints) fit right-nested until-formulae in LTL, for which there are tools 
to synthesise automata like the particular one for the example as shown in Fig. 5. In our case, we used the LTL3 Tools [33,15]. The 
edges are labelled with sets of spatial views (as delivered by SVR), the nodes show the value that TER is supposed to output after 
each new data item from SVR has been consumed. Double outline for nodes here only have the purpose to highlight the definite 
outputs ‘✓’ and ‘✗’ where TER can also stop processing further inputs since TSC specifications as considered here have the property 
that future data items will not change this verdict.

6.1.3. TSC-runtime monitoring for CARLA and SILAB

To evaluate the approach with explicit signals-to-attributes mapping, we used the SVR and TER implementations described above 
with two different driving simulators, in our case CARLA [34] and SILAB [35].

Table 2 shows the expressions that are used in particular for the coordinate transformation. The monitor coordinate system is by 
our definition the forward direction vector 𝑓monitor = (1,0,0) of the lane used by the ego vehicle. By specification (cf. Section 5), the 
S2A component is supposed to provide values for a number of objects that the logical variables in the spatial view formula then bind 
to.

The mapping needs that occur in Table 2 are somewhat common in our experience: Next to the coordinate transformation there 
is here a need for conversion between units of measurement and the adaption of the sign since the simulator CARLA apparently has 
a different interpretation of positive and negative acceleration than the attribute in the object model.

We have implemented the S2A, SVR, and TER components as described above and set up a data connection to the CARLA driving 
simulator using the ROS2 [36] publish/subscribe mechanisms. We created a number of concrete scenarios in CARLA by controlling 
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Fig. 6. Runtime monitoring with concrete scenarios in CARLA. 

Fig. 7. Concrete scenario in SILAB. 

a vehicle through the CARLA API. Some of these concrete scenarios are supposed to satisfy the specification and some are supposed 
to violate the specification.

Fig. 6 shows plots of the corresponding observations in the upper diagrams. Speed in green, acceleration in red, and distance to 
obstacle in blue. The lower diagrams show the output for one activation at time 0. In Fig. 6 (a), we see that the vehicle successfully 
stops in front of the obstacle while the three spatial views are subsequently satisfied and this activation of the monitor reports ‘✓’. 
Fig. 6 (b) is an observation where the vehicle does not stop in time but hits the obstacle. In this case, the monitor reports ‘✗’ because 
there is a concrete situation at a point in time after the second spatial view has been satisfied which does not satisfy the second or 
the third, hence the observation cannot be continued for satisfaction.

The first case would be useful in acceptance testing, where the developers of the vehicle should demonstrate one successful braking 
manoeuvre. The runtime monitor provides hints for when the demonstration can be stopped and in this case the data can be inspected 
to confirm that it is actually a satisfying activation.

The second case would be useful in testing in general. The runtime monitor provides hints for when the test execution can be 
stopped and in this case the data can be inspected to confirm that there is actually an issue with the driving function.

The outcome that the monitor verdicts are valid with CARLA have been expected since the input data sampling in this experiment 
is less than 20 milliseconds. Considering that the simulation platforms aim for a realistic physics model of objects and environments, 
the specification does not require a tighter sampling.

SILAB [35] is another driving simulator that is used in driving behaviour research. We have created similar concrete scenarios 
with a vehicle and an obstacle, in this case on a countryside road and with a construction site (see Fig. 7 for some snapshots from the 
driver’s perspective).

The monitor described above could directly be operated with SILAB after adjusting the S2A component, although SILAB provides 
the signal value in the form of different data structures (with different signal names) than CARLA and some information is encoded 
in a different way.

6.2. Example II - Bus at bus stop

To demonstrate how our monitor construction generalizes to more complex scenarios, we consider the following requirement 
derived from StVO § 20 (German road traffic regulations), specifying how a car should behave when encountering a bus standing at 
a bus stop:
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Fig. 8. Tra˙ic Sequence Chart (TSC) for Example 2 - Bus at bus stop. 

Requirement R2: When a car approaches a bus standing at a bus stop on the car’s lane, it must either stay behind the bus until the bus 
drives on from the bus stop or pass by the bus on the left side at walking speed. The car must always keep a safe distance to the bus, of at 

least 2 meters laterally or at least 20 meters longitudinally.

We formalise this requirement as a TSC (see Fig. 8) over the following object model (Table 3):

Table 3
TSC object model for the formalisation of requirement R2 declar
ing three object types Road, Car and Bus with their attributes.

Object Type Attribute Basic Type Domain 
Road 

posright position ℝ2

posmid position ℝ2

posleft position ℝ2

Car 
posmin position ℝ2

posmax position ℝ2

𝑣 velocity {𝑟kmh−1|𝑟 ∈ℝ}

Bus 
posmin position ℝ2

posmax position ℝ2

𝑣 velocity {𝑟kmh−1|𝑟 ∈ℝ}
at_stop boolean {true, false}

This object model somewhat resembles the one presented in Table 1, but has some key differences. Instead of an object type 
Lane it has an object type Road modelling two neighbouring lanes on a road. This object type has an additional position-attribute, 
modelling the position of the line separating both lanes. The object type Car here has two position attributes modelling the corners 
of an axis-aligned bounding box around the car as in contrast to the previous requirement we here are interested not only in the 
longitudinal distance between the car and another object in front of the car but also the lateral distance and the distance to an object 
behind the car. We have an object type Bus instead of the object type StaticObstacle as in this requirement the car interacts explicitly 
with a bus. The position attributes are the same as for object type Car for the same reason. Additionally, Bus has a boolean attribute 
at_stop modelling whether the bus is currently at a bus stop or not.

Over this object model we can then formalise R2 as the TSC shown in Fig. 8. Here the object symbols and their anchors are defined 
as one would expect. The grey rectangle with white lines resembling a road is an object symbol of type Road its anchors from top to 
bottom represent position-attributes posleft, posmid and posright and we associate it with object variable road. The car symbol is the 
same as before up to the anchors. The anchor in the top-right corner of the symbol models posmax and the anchor in the bottom left 
models posmin. We associate the symbol with object variable ego. The final symbol (the yellowish bus) is our symbol for object type 
Bus. Its anchors are positioned in the same way as for the car symbol. We associate this symbol with object variable bus.
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Fig. 9. One spatial view from a scenario specification of how to pass by an obstacle in potential presence of upcoming traffic. 

The chart is constructed from invariant nodes using the sequence operation as before and additionally a choice operation. Specif
ically it is a sequence of an invariant node SV0 (topmost node in the chart) and the choice of a sequence of three invariant nodes 
SV1,SV2,SV3 (middle row of nodes) and a single invariant node SV4 (bottom node).

The TSC can be read as follows: Whenever, in any evolution, ego (an object of type Car) is 20 meters behind a bus standing at a 
bus stop on the right lane of a road (header), ego must stay on the lane and more than 20 meters behind the bus (SV0) until (sequence) 
one of two things happens (choice): either the bus drives on (SV4), or the bus stays at the bus stop while the car passes the bus on 
the left at a safe distance (SV1,SV2,SV3).

To construct a monitor to support evaluating tests with respect to the requirement as formalised by the TSC, we consider SVR and 
TER as before. SVR can be implemented based on spatial view formulae just as we did for the previous example very similar to the 
ones from before.

TER can again be implemented as a finite automaton. The choice of two charts is defined to be satisfied by an evolution (for a 
given valuation on a given time interval) if either one of its component charts is satisfied by the evolution (for the same valuation and 
time interval). Hence the language of spatial view satisfactions of evolutions satisfying the choice is the union of the corresponding 
languages of its component charts. It is a well known fact that the class of regular languages is closed under union and there are 
algorithms to construct the corresponding automaton [37]. For the sequence operation the construction is the same as in the previous 
example.

As the object model is quite similar to the one before and the data we observe from simulation runs stays the same, the interface 
S2A only has to be adapted to the changes in the object model for CARLA or SILAB. For instance, to get an adequate mapping for the 
bounding box position attributes for car and bus we make use of information regarding the car’s and bus’s geometry (approximately 
rectangular with known width and length). Given any reference position of the car and its orientation relative to the road, we can 
determine the positions of its corners with the help of some trigonometry and use these to compute the bounding box.

6.3. Example III - In-vehicle runtime monitoring

The two case studies presented above have in common that the specifications have been constructed over an object model that 
assumes extensive availability of signal data as typically found in a simulator or a test field with road side sensors. For runtime 
verification at operation time with monitors placed inside the vehicle, this specification approach is in general not appropriate but 
should consider the available perception system during requirement formalisation. Fig. 9 shows one spatial view from a larger TSC 
specification that is supposed to monitor the vehicle behaviour in presence of an obstacle on the same lane with possible upcoming 
traffic. These spatial views do not use distance arrows to express distances between objects but introduce a dedicated symbol for a 
distance sensing unit, namely the purple attachment as overlay on the front of the car. Distance constraints are formed over attributes 
of the distance sensing unit, which is then also visible in the S2A construction.

6.4. Discussion

In the experiments described above, we specified informal, functional requirements as formal abstract scenarios using Traffic 
Sequence Charts. We have constructed and successfully applied runtime monitors for individual activations in a driving simulators 
using the separation into signals-to-attributes mapping and the SVR-TER components. We also discussed how that monitor can be 
applied to a different simulator by adjusting the signals-to-attributes component only. We have demonstrated that the constructed 
runtime monitor can provide the correct verdicts for concrete scenarios of a simulated vehicle.
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As a next step we aim for a full automation of the online monitor construction. For S2A, there needs to be a machine-readable 
description language similar to Table 2 that specifies how signals on the side of the data source, simulator or test vehicle, are combined 
or assigned to provide attribute values. As an intermediate step, one can provide basic S2A components for the target data sources 
and a standard object model over which TSC specifications are then written (which can be syntactically checked).

For SVR, there are implementations of the algorithms from [8] that define the situation formulae for given spatial views. A reliable 
implementation needs to provide corresponding arithmetic operations (if not directly available in the programming language) and 
take care that, e.g., over-/underflows are treated correctly.

For the temporal aspect in TER, different constructions need to be investigated for efficiency, appropriateness, and expressiveness 
since the TSC language is richer than presented here. At least for sequences the construction shown here directly generalises to any 
number of spatial views in a sequence.

7. Conclusion

Our work shows that TSC monitoring can effectively be used to support scenario-based testing of automated driving functions for 
complex, functional spatio-temporal requirements formalised as TSC. We define a notion of monitoring verdict that considers both, 
the need to support different data sources like driving simulators or test vehicles and the need to consider the perception chain that 
pre-processes the data. The resulting verdict is defined relative to a signal-to-attributes mapping and an abstract sampling procedure, 
which makes the corresponding choices for test execution explicit and traceable.

Future work is to achieve a high degree of automation, that is, to generate the software components of a TSC monitor automatically 
from the class of TSC specifications considered here under consideration of complementing signal-to-attributes and Spatial View 
Recognition (SVR) configurations, to generalise the approach to support a larger subset of the TSC language (with corresponding 
syntactical checks for monitorable TSCs), and the application of TSC monitoring in different domains and for different purposes. The 
work [38], for example, uses the language variant Maritime TSCs for the purpose to formally specify how test or experimentation 
drives are to be conducted in the maritime domain. That is, how a vessel should be steered over time and relative to, e.g., reference 
objects on the water to obtain meaningful data recordings for further investigations. TSC monitoring would be employed to confirm 
that the data collection journey has been successfully completed as specified. Upcoming research projects will also examine purposes 
such as validating test cases (discussed in [39]), conformance testing [40], safeguarding, runtime explanations, and ODD monitoring, 
which is concerned with checking whether a system is in its intended domain.
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