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ABSTRACT Ensuring the quality of automated driving systems is a major challenge the automotive
industry faces. In this context, quality defines the degree to which an object meets expectations and
requirements. Especially, highly automated and automated vehicles at SAE levels 4 and 5 will be expected to
operate safely in various contexts and complex situations without misconduct. Thus, a systematic approach
is needed to show their safe operation. A way to address this challenge is simulation-based testing, as
pure physical testing is not feasible for automated driving at levels 4 and 5 since several billion kilometers
of driving are necessary. During simulation-based testing, the data used to evaluate the actual quality of
an automated driving system are generated using a simulation. However, to rely on these simulation data,
the overall simulation, including its simulation models, must provide a certain quality level. This quality
level depends on the intended purpose for which the generated simulation data should be used. Therefore,
three categories of quality can be considered: simulation quality (e.g., reliable simulation tool), quality of
the automated driving system (e.g., handling of dangerous situations), and scenario quality (e.g., scenario
criticality). Quality must be determined and evaluated in various process steps in developing and testing
automated driving systems, the overall simulation, and the simulation models used for the simulation. In
this paper, we propose a conceptual taxonomy to better understand quality in the development and testing
process to have a clear separation and insight where further testing is needed — both in terms of automated
driving systems and simulation, including their simulation models and scenarios used for testing.

INDEX TERMS Automated driving, criticality, metrics, PEGASUS family, quality, scenario, scenario-
based testing, simulation, taxonomy, validation, verification

l. INTRODUCTION

Future mobility systems will face many challenges as the
growing urbanization may bring transportation systems to
their limits [1]]. Thus, problems we are already facing today,
e.g., traffic jams or accidents, will likely become worse.
Assisted and automated driving systems have the potential to
meet these challenges by promising more mobility for every-
one, driving more efficiently, environmentally friendly, and
safely. However, it also leads to growing system complexity
and interconnection of automotive features [2]. Above all,
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safety will be a crucial issue for introducing and accepting
these systems in society. Thus, ensuring and validating the
vehicles’ safe behavior is essential. For this purpose, the vehi-
cle must be thoroughly tested at various test levels to assure
requirements are met, the system has necessary capabilities
in all intended use cases, and unreasonable risk is avoided
p. 6].

Presently, real-world test drives are used to validate the
safe behavior of vehicles equipped with assisted driving
systems. These test results state their quality, “the degree
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of excellence” [4]]. According to Wachenfeld and Winner
[5], the distance-based test approach is no longer feasible
at a certain degree of automation, e.g., SAE level 4 (high
driving automation and no reliable human fallback) and level
5 (full driving automation under all driver-manageable road
conditions) [|6], since more than six billion test kilometers
would be necessary to ensure the vehicles’ safe behavior
unless a very simplistic operational design domain is consid-
ered. Additionally, if there are changes or variations in the
automated driving system, all testing must be repeated.

Scenario-based test approaches promise an alternative
or supplemental test method, especially combined with a
simulation-based approach. Compared to the random scenar-
ios emerging during a real-world test drive, in scenario-based
testing, new and relevant scenarios are systematically derived
and tested at different process steps during the development
and test process [7]], [8]. These approaches aim to create
a collection of relevant scenarios, depending on the test
object, the test objectives, and the test object’s preceding
requirements, and can be executed in a simulation-based
or real-world test. Simulation-based tests are significantly
cheaper than real-world test. It has to be ensured that the
system under test (SUT) meets its specifications, but further,
all used simulation models and tools must possess a certain
quality level to generate sufficiently valid simulation results
[9]. We propose three categories of quality that can be
distinguished: the quality of the automated vehicle and the
quality of the simulation, consisting of simulation models as
the simulation environment and scenarios as the schedule of
events. The system under test depends on the category and test
level considered. Within the first category, the system under
test can be, for example, the overall automated vehicle or a
system, component, or a unit of the automated vehicle like
the automated driving system or a path planning algorithm.
Within the second and third categories, the system under
test can be, for example, the overall simulation, coupled
simulation models, a single simulation model, or a scenario.
All categories have to be considered when simulation-based
approaches are used.

While the proposed approach might be applicable for other
areas of safety-critical simulation, e.g., flight simulation, it
mainly focuses on automotive simulation and its evaluation.
However, the generalized parts of our work, e.g. terminology,
may apply to other domains. This comparison between do-
mains was not the focus of this work but might be considered
in future work.

NOVELTY AND MAIN CONTRIBUTION TO THE STATE OF
THE ART

This paper’s novelty and main contribution is a conceptional
taxonomy for a systematical classification of quality during
the simulation in the development and test process of auto-
mated driving systems. Therefore, we

define of relevant quality-related terms to avoid ambigu-
ity,
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FIGURE 1. V-model with different X-in-the-loop phases |10] combined with
abstraction levels of scenarios at different development stages, adapted from
Bock et al. [11].

divide the simulation quality into three main categories
that may occur during scenario-based testing and sim-
ulation: the quality regarding the simulation model or
tool, the quality of a vehicle or components of it, and the
quality of scenarios for testing, and

propose an expandable taxonomy and terminology for
all three categories and levels of resolution, to serve
a categorization of quality metrics and aspects and to
make it easier to communicate the area of interest within
a simulation setup. The taxonomy uses classification
to help scientists imminently understand and organize
the differences of all areas of quality in the field of
automotive simulation.

STRUCTURE

In section [l scenario-based testing and different quality
metrics are described. Section defines relevant quality-
related terms. Section [[V|introduces the proposed taxonomy
for quality throughout simulation-based testing and gives
a simulation example that shows that each category and
resolution level plays a role during the complete development
and test process. Additionally, examples from literature to
show the taxonomy’s role in the existing research were
collected. Finally, section[V] gives a short conclusion.

Il. RELATED WORK

In this section, we summarize scenario-based testing, give an
introduction to traffic simulation abstraction levels and quality
metrics.

A. SIMULATION- AND SCENARIO-BASED TESTING

Quality assurance is an essential part of the development
process. Therefore, it shall be integrated into the development
process as early as possible. The V-model visualizes an
established development approval citeking2019automated and
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is shown in Fig[ L. The left part of the V describes the top-and an exemplary assignment of scenario abstraction levels to
down design process after the concept phase. The right patiie V-model is shown in Fifl] 1. The next abstraction level is
describes a bottom-up test process that includes veri catiorthelogical level and re nes the representation of functional
and validation activities. This process can be used to develogcenarios with the help of parameters. The most detailed
of a simulation model, the complete simulation tool, vehicle level is calledconcrete It describes operating scenarios
components, or the complete vehicle. with concrete values for each parameter in the parameter
Depending on the proportion of simulated and real el-space. These systematics means that one logical scenario can
ements, the corresponding test method can be called, fofield many concrete scenarios, depending on the number of
example, Hardware-in-the-loop (HiL), Software-in-the-Loop variables, range size, and their step size.
(SiL), Vehicle-in-the-Loop (VeHiL)([5]. Scenarios can be de ned by scenario description languages,
As stated by Wooet al.[3}, pp. 83], scenario-based testing e.g., SceML[[16] or OpenSCENARIQ [114], which goes hand
is a suitable approach to supplementing the distance-based hand with the map format OpenDRIVE [17] and the road
approach of real-world driving, thus reducing the necessansurface description OpenCRG [18]. Another related term is
mileage. The scenario-based approach includes the techniquésst caseAccording to Steimlet al. [19], in scenario-based
and strategies during the test process listed below to gaitest approaches, a test case consists of at least a (concrete)
information and make statements about the quality of a systenscenario and evaluation criteria.

under test: The automotive domain has brought forth a multitude of
decomposing the system and individual testing of systensimulation software. The following tools are currently relevant
elements, for this work. However, we do not warrant its completeness.

combining different platforms and design technigues Commercial tools for automotive simulation are available
(e.g., variable variation or stochastic variation for in- from Vires VTD [20], dSPACE [21], and IPG [22]. All
creasing test coverage), three simulation tools provide modules for map and scenario
de ning scenarios by using expert knowledge about creation sensor and dynamic models, to name some examples.
interesting situations or automatic extraction of traf ¢ A further example tool is Carla, an open-source simulator

data, and with a growing community and based on the game engine
de ning surrogate metrics (e.g., crash potential of a givenUnreal [23]. It offers several additional modules, e.g., a
situation) and performance measures. scenario tool that includes its scenario format and support

The Operational Design Domain (ODOpr an automated  for OpenSCENARIO, a graphical tool for creating scenarios,
driving function has to be stated to choose scenarios for testing ROS-bridge, and SUMO support. SUMO is an open-source
According to SAE [[6], the ODD de nes conditions under Software tool for modeling microscopic traf ¢ simulation
which an automated driving system or feature is intendedrom DLR [24]. It specializes in big-scale traf ¢ simulation
to function. It determinesvhere (e.g., environmental or and can be used to evaluate traf ¢ lights cycles, evaluation
geographical characteristics) amthen (e.g., time-of-day  Of emissions (noise, pollutants), traf ¢ forecast, and many
restrictions) an automated driving system must act reliably. others. Other tools worth mentioning are: openPASS [25],

Ulbrich et al. [12] de nes a scenario as the temporal PTV Vissim [26], or esmini [27], an OpenSCENARIO player.
development of an initial scene and its participating static
and dynamic actors, similar to a storyline. According to B. SIMULATION PROCESS
Bachet al.[13], scenarios can be divided into movie-related The IEEE Std 1730-201EEE Recommended Practice for
acts and use abstract propositional and temporal description@istributed Simulation Engineering and Execution Process
Consistency checks can be utilized to generate derivation@SEEP)[28] de nes processes and procedures to develop
of these scenarios to create a database with a collectioand execute distributed simulations. It refers to distributed
of scenarios. This movie-related storyboard approach isimulation engineering, and many automotive simulation tools
also taken up by OpenSCENARIO, an emerging scenari@nd XiL-applications lie within its eld. It states seven main
description standard [14]. steps for simulation engineering:

Menzel et al. [8] suggest three abstraction levels for 1 De ne simulation environment objectives: De ne and
scenarios: functional, logical, and concrete. Scenarios are  document the problem space addressed with the simula-
developed at an abstract level during the concept phase [15] tion environment.
and get detailed and concretized throughout the development 2 Perform conceptual analysis: Developing a real-world
and test process|[8]. According to Menzeglal. [8], the most representation regarding its problem space and scenario,
abstract level of scenario representation is cédiledtional requirement speci cation.
and describes a scenario via linguistic notation using natural, 3 Design simulation environment: Select and design mem-
non-structured language terminology. The main goal for this ber applications and models.
level is to create scenarios that are easily understandable and4 Develop simulation environment: Implement member
open for discussion. Boadt al. [11] propose a supplementary applications, models, and coupling methods.
abstraction level, called abstract scenarios, de ned by a con- 5 Integrate and test simulation environment: Integrate
trolled natural language format that is machine-interpretable, = member applications and test simulation environment.
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6 Execute simulation: Execute planned simulation and
document execution problems.
7 Analyze data and evaluate results: Analyze how well
requirements are met and test criteria are ful lled.
Furthermore, Durakt al.[29] propose a simulation qual-
i cation level (SQL) that states how strictly a simulation
environment in the sense of reliability and credibility is
evaluated. Their idea concerns ight simulation, however,
translates to the eld of automotive simulation and reminds
of the tool con dence level of ISO 26262 [30].

C. ABSTRACTION LEVELS OF TRAFFIC SIMULATION

Traf ¢ simulation can generally be divided into different ab-
straction levels regarding the depth of resolution: nanoscopic,
microscopic, mesoscopic, and macroscopic [31], [32], [33], as
shown in Fig. 2. In macroscopic traf ¢ simulation, the traf c

is modeled as uid and is used to evaluate traf c ows or
congestion in heavy traf c situations. The following resolution
level is mesoscopic traf ¢ simulation. Every participant is
modeled as a discrete particle whose position lacks personality,
such as mass or size. This lacking personal information is
added at the microscopic level. At this level of resolution, each
participant has its own modeled behavior with an individual
state and variables, such as mass, speed, and accelerati ) - e i )
Additionally, individual maneuvers relevant for speci ¢ sce- for smulayon model veri cation, validation, and uncertainty
narios are modeled. An example for microscopic trafc guanti cation. More challenges have to be faced through the

simulation is the SUMO framework [24]. The next abstraction COUPIing and execution of the simulation models. To our
level in traf ¢ simulation is nanoscopic (sometimes called knowledge, there are no established or widely recognized
submicroscopic) and views each vehicle as a compositio{€' cation or validation methods for simulation models and
of different subunits that need to be coupled to achieve 4N€ir coupling mechanisms. , o ,

higher level of detail. Scenario-based testing often occurs in Metrics to evaluate driver behavior or driving functions are
microscopic and nanoscopic simulations since the main goa$tandard, and there ex_|sts a long list of different possibilities
is to evaluate (sub)units and their individual behavior in given [37]- Well-known metrics are surrogate safety measures to

Different levels of resolution in traf ¢ simulation [31], [32].

Rigdmaieret al.[36] present a uni ed framework and survey

scenarios. analyze the con ict potential or severity of microscopic traf ¢
scenarios [38]. Example metrics are the calculation of the
D. QUALITY METRICS time-to-collision (TTC) [39], post-encroachment time (PET)

To de ne suitable metrics for evaluation, it must rst be [40], and Gap Time (GT) [40]. These metrics are well-known
determined what needs to be tested, i.e., what is the systeffiticality metrics and easy to compute. However, they are only
under test and its requirements, and which aspects should gg§commended in certain use cases, e.g., TTC was developed
considered in the corresponding test cases [7]. In a less formdpr car-following scenarios and PET for intersection scenarios.
phase, e.g., prototyping a proof-of-concept for a simulatior® further evaluation of possible scenario types for these and
model, at least goals for the intended functionality haveOther metrics is given by Westhofenal. [37].
to be known. From these requirements or goals, quality The evaluation of scenario quality depends on the aspects
metrics can be derived and are essential parts of a test ca§é @ scenario that are important for further test cases and
[19] to determine and quantify the quality of the intended Scenarios. Abeysirigoonawardeetal. [41] use a distance-
functionality. based metric for two traf ¢ participants to nd new scenarios,
Before assessing the system under test using data gewhereas Hallerbacht al. [42] consider the current traf ¢
erated by simulation, the quality of the overall simulation situation, e.g., traf ¢ density, to make a statement about a
and its individual simulation models must be assessed anflighway scenario. Junietz [43] proposes a metric to evaluate
ensured, e.g., tool quali cation [30]. Viehof and Winner the macroscopic accident risk, the average risk of fatal
[34] introduced a method for objective quality assessment oficcidents, and the microscopic risk, describing the accident
simulation models by statistical validation, where a simulationisk in a single scenario.
model and its parameterization are validated separately. This
method has already been used successfully for vehicle dy-
namics simulation models and adapted for sensor perceptiol this section, terms related to quality aspects that are relevant
simulation models by Rosenbergaral. [35]. Furthermore, for this paper are explained. Fig. 3 shows these terms and their
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relationships as a UML diagram. Additionally, an example is at a certain point in time and consists of a number and a unit.
given for each term (green boxes). In the following paragraphsThe calculated metric results are evaluated according to the
these terms are described. corresponding [quality] criteria.” [19] A possible PET result

According to the Cambridge Dictionary [4Quality is (1)  could be3 s, which means actor 1 leaves the area of interest
“the degree of excellence of something, often a high degre® sbefore actor 2 enters it.
of it.” Hence, quality always belongs to something we call The metric results can be evaluated using two different
element, e.g., simulation model or system under test. Ammethods, which usually exclude each other: using a threshold
elementmay be, e.g., a simulation or an automated drivingvalue or an evaluation scale.
function. This quanti ed quality can be set in relation to  “A threshold valueis a xed number (with a unit) used to
other quanti ed qualities. Quality is evaluated by one or more test the compliance of calculated metric results with this xed
quality criteria. This work distinguishes between different number according to the [quality] criterion. Therefore, only a
quality categories within the domain of automated driving,statement is possible regarding whether the [quality] criterion
which are further explained in section IV. is ful lled or not.” [19]

The following terms and their descriptions are cited from Allen et al. [40] proposel:5s as threshold for post-
Steimleet al.[19]. In the original text, Steimlet al.[19] use = encroachment-time, where the result can be seen as critical if
the more general term “evaluation.” Since these descriptiondt falls below1:5s
refers to a quality, the term “evaluation” is replaced by “An evaluation scaleis a scale used to evaluate the adher-
“quality.” Additionally, we highlighted (in bold) the terms ence of calculated metric results with this scale according
shown in Fig. 3. to the [quality] criterion. Therefore, it is also possible to

“[A quality] criterion is used to evaluate one or more make a statement about how well the [quality] criterion is
metric results in relation to a threshold value or an evaluationful lled.” [19] Another interpretation of post-encroachment-
scale within a speci ed application period. These metrictime could include the severity of the potential critical
results are calculated using a mathematical formula (describedituation that can be coupled to the distance in time and results
by [a quality] metric) and data generated during test casen more severe situations when the time interval between two
execution [...]. Thus, [a quality] criterion references [a quality] actors gets smaller.
metric, it has a threshold value or an evaluation scale, and it “An application period de nes the periods in which the
has an application period.” [19] An example quality criterion corresponding [quality] criterion is applied. The application
is the evaluation of post-encroachment-time calculated foiperiod is de ned by one or more conditions that are linked
a scenario execution and comparing to a threshold, e.g., with AND and/or OR operators. When the linked conditions
scenario is considered non-critical if post-encroachment-timeare ful lled, the application of the [quality] criterion starts.
exceedd:5s[40]. Its application continues until the linked conditions are no

“[A quality] metric is referred to by [a quality] metric longer ful lled, a speci ed time has elapsed, or a speci ed
name and describes a mathematical formula. This formulavent has occurred.” [19] A possible application period for
is used to calculate one or more metric results based opost-encroachment-time is throughout the complete scenario.
data generated during test case execution [...]. Examples A wide spread term in the automotive area is criticality or
of [quality] metrics related to automated driving are the criticality metric. From our point of view, (low) criticality is a
metric named time-to-collision (TTC) and the metric named subcategory of quality. Therefore, when we mention quality
post-encroachment-time (PET) (each including the associatedriteria and quality metrics, they also include criticality criteria
mathematical formula).” [19] and criticality metrics.

“[A quality] metric name (e.g., time-to-collision (TTC) or
post-encroachment-time (PET)) refers to a speci ¢ [quality]
metric used to calculate one or more associated metridhis section explains our taxonomy with its domains of
results.” [19] interest and resolution levels in simulation quality. In addition

“A mathematical formula (described by [a quality] met- to traf c resolution, we propose three domains of interest for
ric) is a calculation rule used to convert input values (generategimulation quality (columns): simulation quality, system under
during test case execution) at a speci ¢ point in time into test quality, and scenario quality. All domains can be examined
an output value (called metric result) that can be used foin different levels of resolution, as it is possible for traf c
test case evaluation.” [19] Post-encroachment-time uses th&mulation (rows): nanoscopic, microscopic, and macroscopic.
formulaPET = t, t;, wheret; denotes the time when New rows, columns, or single entries can be added to our
actor 1 leaves the designated encroachment are& ahd taxonomy if another resolution level or domain of interest
time where actor 2 enters this area. Thus, post-encroachmens needed. Further, this section states the role of all domains
time is the distance in time between two actors passing thand their different resolutions during the development and test
same area of interest. process. Fig. 4 shows all proposed combinations of domains

“A metric result is calculated using a mathematical for- of interest and resolution levels in a table, whereas Fig. 5
mula (described by [a quality] metric) and data [...] generateddepicts the base structure of quality interaction. The bracketed
during test case execution [...]. A metric result is calculatednumbers in the text match those in Fig. 4 and Fig. 5 and show
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Relationship between relevant terms related to quality aspects. An example for each term is given in the assigned green boxes (PET:
post-encroachment-time), based on [19].

Quality matrix with three proposed quality categories and resolution levels: simulation quality, system under test (SUT) quality, scenario quality. The
category of traf ¢ simulation serves as entry point for this presentation.
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Basic structure of quality interaction described by section IV with examples. Abbreviated metrics are post-encroachment time (PET),
encroachment-time (ET), time-to-collision (TTC).

which entry they belong to. The last column in Fig. 4 also a model can be used, it must be ensured that it approximates
shows the established resolution levels of traf ¢ simulation asits real-world equivalent or functionality suf ciently in the

an entry point. relevant aspects.
According to Balci [44], the process of ascertaining the
A. SIMULATION EXAMPLE simulation model quality consists of two parts: model veri -

In the following description of the taxonomy, we use a cation and model vaIidation. Model veri catiqn e_valuates the
simpli ed example for describing each domain of interest 8ccuracy of transforming a problem formulation into a model,
and its resolution levels: i.e., building the simulation modeight. Model validation
checks whether the simulation model is suf ciently valid for
its intended purpose, i.e., building tHght simulation model.
Regarding veri cation and validation, model testing is the
process of nding errors or inaccuracies within a simulation
model. Hence, concerning veri cation and validation, the
simulation quality describes the degree to which simulation
model(s) and their coupling methods ful Il both aspects
during model development and application.

In the urban intersection example described in sediieh
simulation quality includes the following parts, which are also
An operational design domain for the example functionshown on the left side of Fig. 5:

under the de nition of operational design domain from SAE  1: Nanoscopic: quality of single atomic simulation models,

A highly automated driving function to avoid colli-
sions at urban intersections without traf ¢ signs or
lights shall be tested with simulation-based methods.
Therefore, the driving function is the system under
test. Its input is an object list that is available
after sensor fusion. The output is a target trajectory
with additional information about target speed and
acceleration for several time steps in the future. A
simulation environment shall be used for evaluation.

[6] is de ned: The driving function is designed to operate e.g., pedestrian model, subunits of opponent vehicles,
at an urban intersection at daylight and at speeds not to  2: Microscopic: quality of coupling, e.g., synchronization,
exceedb8 km=h. Additionally to the ego vehicle, other traf c message format, actor availability,

participants, e.g., pedestrians or opponent vehicles, are neededs: Macroscopic: quality of coupled system, e.g., opponent
to test collision avoidance. We used dSPACE Motion Desk vehicle, simulation environment module.

[21] as a simulation tool for our example scenarios. AlthoughThere are several methods for the quality assessment of
we used a simpli ed example to understand the proposedimylation models. An overview can be found in Riedmaier
concept better, it does not mean the taxonomy concept canngjj [36]: the focus is on a single atomic or coupled simulation
be applied to other scenarios and use cases or more complexode| (1) and (3), and several quality criteria for validation
situations. All quality metrics in the following text were used gre proposed, depending on the kind of simulation model
as examples. Itis possible to use quality metrics in more thaigeterministic vs. non-deterministic) as well as the output
one category. Additionally, thresholds can be changed, an@naracteristics (boolean, probabilistic, real-valued). Unit tests
additional metrics might be required to evaluate the use case’gyr simulation models, partial simulations, comparison with

requirements properly. real-world data, or fault-injections fall into categories (1) and
(3). Another example is given by Frericbsal.[45], where the
B. SIMULATION QUALITY simulation model of a steering system is tested. In simulation

Simulation quality refers to a simulation model's quality or is quality, the quality of atomic simulation models or units is
presumed to have. The simulation model or their couplings arecalled nanoscopic and the quality of coupled simulation
the elements from which the qualities are quanti ed. Before models is calleagnacroscopic Between atomic and coupled
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warping shall not deviate further thah0:0 m for a trajectory
with 2500 data pointd-or the rst run of experiments to nd
the parameter sets, this is suf cient since it is known that the
used driving function is non-deterministic. Two simulation
environments were used: Carla 0.9.11 and CarMaker 8.0.2
from IPG combined with two different driving functions,
called F1 and F2, respectively. F1 is an external driving
function connected via the open simulation interface (OSI)
[46] and F2 the BasicAgent from Carla's PythonAPI [23]. The
same intersection scenario was executed ten times for each
setup, where the rst execution was used as a reference point
for the following results. The trajectories of the ego vehicle
and an adversary vehicle were compared with the reference
scenario's trajectories via dynamic time warping (DTW), a
metric to get the distance between two time series [47]. Ideally,
i . 4 . . and to indicate deterministic results, the distance should be
Dynamic Time Warping (DTW) comparison of different ego driving . . . .
functions (F1, F2) and adversary vehicles in different simulation environments 0:0m or close ta0:0 m for nearly identical simulation results.
(Carla, CarMaker) for several executions of the same scenario description. We usedl0:0 m as a threshold, indicated by the red lines in
Fig. 6 a) and b); in ¢) no threshold is shown since all values
lie beyond this threshold. If a simulation consists2600
simulation model quality falls the quality of the coupling steps, this means that the average trajectory deviation per step
mechanism (2), calleghicroscopicsimulation quality. (2) and  should be smaller that0=2000 m = 0:005 m
(3) can lead to several iterations until the quality of the coupled  Fig. 6 shows the results for all executions. The only
units is adequately assessed. If (atomic) simulation modelgctor with completely deterministic behavior is the adversary
are coupled, we would ideally expect that by using validatedyehicle in Fig. 6 c), a trajectory follower and part of the
coupling mechanisms, we could automatically assume thatarMaker software. The biggest DTW distances can be
the coupled simulation models are of high quality. For mostohserved for F1 in Fig. 6 b), where scenario 3 has a value over
applications, however, this is unfortunately not the case. Ors000 for the ego and over 9000 for the adversary vehicle (both
its own, the coupling quality can be rated as good, but inyalues are not shown since the scale would make it even more
an overall system with multiple simulation models, errors dif cult to read other results). In this scenario, the ego vehicle
can still occur. Examples of coupling quality are checking came off the course and drove a circle at the intersection,
actor availability, synchronization between actors, or datayhich results in a very different trajectory than the reference
availability in message protocols. To our knowledge, there arerajectory. Additionally, it in uences the opponent's behavior,
no established standards yet. e.g., an adversary vehicle might need to wait longer until it
Moreover, we assume that a general statement on thean pass the intersection if it is occupied by the ego vehicle.
simulation quality can never be made and that measure@here are several possible reasons why these distances are as
quality is only an approximation of the actual quality. The high as in Fig. 6 and indicate a poor macroscopic simulation
description of simulation quality might lead to the impression quality: the used driving functions are not reliable enough
that tool quali cation is done by a bottom-up approach. (low system under test quality, which is explained further
However, it does not contradict a top-down approach andn sectionlV-C, coupling methods are of bad quality (low
merely states what levels of tool quali cation can take place.microscopic simulation quality), or non-deterministic physics
Table 1 shows a few examples for simulation model testingmodel (if a deterministic model is needed for simulation a
There are many methods for veri cation and validation of non-deterministic model indicates low nanoscopic simulation
simulation models, and the ISO 26262 provides a standard foguality). Fig. 6 a) shows a DTW value aroufi) for each F2
tool quali cation. However, it is hard to come by methods for trajectory and since Carla 0.9.11. uses the non-deterministic
coupling strategies of simulation models. physics model from its Unreal engine, it indicates that in the
The example intersection scenario from sectiém is best case, there are minor differences, but overall results are
used in different simulation tools for a better understandingstill close to each other. The adversary vehicle has higher
To state the reliability of simulation outcome of different DTW values since the adversary vehicle reacts to the ego
simulation environment setups and, therefore, a macroscopieehicle and, therefore, the differences from the ego actor
quality, we compared execution results from each setup amongre added and result in even higher trajectory deviations
several executions of the same scenario. Our goal is to ndmostly in time. Furthermore, Fig. 6 ¢) demonstrates that
critical parameter sets within a logical scenario and de ne aCarMaker's adversary vehicle is capable of deterministic
possible requirement regarding the used simulation sétap: behavior. However, F1 still shows non-deterministic results,
concrete scenario is executed twice or more, the deviation obut all values are below the given thresholdl6f0 m. From
traf ¢ participants' trajectories measured with dynamic time these observations and the knowledge we have about the
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Simulation quality in literature

Level Description Publication

Nanoscopic  simulation model&V methods survey  [36]

steering system evaluation [45]
scenario-based model evaluation [48]
Microscopic accuracy, effort, ef ciency [49]

Macroscopic simulation model&V methods survey  [36]
ISO 26262 Standard: tool quali cation [30]

simulators, the results indicate further experiments are needed
to evaluate the microscopic simulation quality (coupling of ~ Example scenario with ego vehicle and pedestrian at an
the driving function), where problems might come from the ™e'section as itis shown in dSPACE [21]

used PID controller or the message interface (OSI) as well
as evaluation of the system under test (driving function F1)
quality in all three levels of resolution.

This example shows that the proposed taxonomy offers
terms and terminology for a faster and more precise under-
standing and communication of areas of interest in evaluatinqA
simulation results. 0

6: Macroscopic: quality of system under test for a set
of time intervals, e.g., overall collision probability for
functional scenario or ODD.

scenario-based test approach is used, and functional and
gical scenarios and their pass/fail criteria can be derived
[8]. We propose one possible functional scenario: at an urban
C. SYSTEM UNDER TEST QUALITY ir_wtersection, the_ego vehi_cle shall turn right; by entering the

' i right arm of the intersection, a pedestrian crosses the street.
The System under test quality evaluates the observable behayg yeep the logical scenario simple, only three variables were

ior and performance of a system under test with respect G,qquced that can vary throughout the derived concrete
the desired or intended functionality according to prede ned g.enarios: the maximum spe®gla allowed for the ego

requirements. A remarkable and widely used sub-class of th@ehicle, the timeteoss the pedestrian needs to cross the
system under test quality is safety quality, which evaluates ho"‘étreet, and the starting distandgar between ego vehicle
safea system under test can ha_ndle certain situations. Safety,,q pedestrian, that has to be reached for the pedestrian to
can be functional safety according to ISO 26262 [30], wheregiat crossing the intersection. Concrete scenarios can then be
itis described as “absence of unreasonable risk due to hazarqgytained and executed when all variable ranges are de ned,
caused by malfunctioning behavior of Electrical/Electronic 5,4 Fig. 7 shows an example scene from a simulation of
systems”. A further approach is to assess safety in critical, h,ssible concrete scenario. In our example, the derived
scenarios derived from an initial criticality analysis [50]. A ~qncrete scenarios consist of all possible combinations of

typical example is a near-collision situation evaluated with o three variables. where possible valuesvqy are from
metrics like the time-to-collision (TTC) metric [39]. Assessing 30 km=h to 58 km:r; with step size2 km=h, teross from 5

safety, e.g., functional safety needs to foIIo_W d_e ned devel, g5 with step sizel s anddsge from 10m to 24 m with
opment and test processes and tool quali cation rules. Ingiep, size0 m. After deriving and concretizing scenarios, these
the early stages of the development process, where proof Qfocrete scenarios can be executed in a simulator, and gained

concepts and ideas are tested, performance might play a mo{g¢ormation can be summarized and combined to assess the
signi cant role for developers than safety. Additionally, it is system under test quality.

essential to note that different quality metric; can contradict ~ oy gt quality at the time step level can be evaluated. This
each other: improving comfortable braking might also lead t0gey, i associated with the matrix entry (4) in Fig. 4 and Fig. 5.
more collisions in critical situations. o _ Information on this level can differ throughout time series,
In the urban intersection example described in sedWoA, ¢ g the distance between two traf ¢ participants. Fig. 8 a)
the system under test quality shall investigate how well thegp s the metric results calculated for four different quality

driving function can avoid collisions in critical situations and metrics at the time step level of the intersection scenario
might include the following quality metrics, which are also iih Vimax = 32km=h, teross = 5, anddsar = 16 m. The

shown on the top right side of Fig. 5: used quality metrics are braking time, braking distance, gap
4: Nanoscopic: quality of system under test for one timetime, and headway (distance) between the ego vehicle and the
step, e.g., headway or gap time, pedestrian during the simulation. Gap time describes the pre-

5: Microscopic: quality of system under test for a time dicted distance in time between vehicle and pedestrian passing
interval, e.g., post-encroachment-time or encroachmentthe intersection of their trajectories. The fact that it is going
time, towardsO smeans there is a near-collision situation or even a
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a) Example for nanoscopic metrics. b) + c) Examples for microscopic metrics.

collision. Gap time cannot be measured anymore when oné occupying the intersection point or area and, therefore,
actor passes the intersection of both trajectories and, therefordgscribes the time it is exposed to a possible accident. As
the green gap time graph stops after al@@P swhen the  shown in Fig[8 b), encroachment-time increases slightly
application period of gap time has passed. The gaps in thaith the time the pedestrian needs to cross the sttggd,
graphs of braking time and distance show the system under tegtut, as expected, the ego vehicle's starting distance and ego
either stood still or tried to accelerate (where braking time andvehicle's speed have no impact as they are not related to the
distance approach in nity) in between braking phases sincegpedestrian's movement. Therefore, in the urban intersection
the application period condition for both metrics is a negativeexample, the quality metrics are post-encroachment-time
acceleration. Additionally, threshold values can be de nedand encroachment-time. The metric results can be evaluated
for the considered quality metrics, e.@Gap Time > 2s  with the example threshold valu€ET > 1:5s [40] and
In Fig.[§ a), the gap time and headway approach a valu&T > 2:0s In Fig.[§ b) it is shown that the ego vehicle falls
of 0:0sand0:0 m, respectively. Both metrics indicate that below the given threshold in several scenarios, which indicates
the ego vehicle gets dangerously close to the pedestriaaritical scenarios. In an exemplary use case, the goal of the
We conclude that the ego vehicle is already standing at theimulations is to nd out if the ego vehicle needs additional
time of the smallest headway since both metrics reach theidevelopment time for algorithm re nement to avoid critical
minimum at different times. The ego vehicle ful lled its goals situations. Encountering a set of critical scenarios shows that
in terms of not hitting the pedestrian. However, regarding thefurther development is needed. Additionally, these scenarios
small gap time, other goals, e.g., the ego vehicle shall notan serve as a performance baseline for testing following
frighten vulnerable road participants, might not be achievedsoftware revisions. Unfortunately, encroachment-time does
and demand further software development phases. Anotherot deliver new insights, apart from the trivial fact that the
performance quality example could be to evaluate comfortableslower the pedestrian moves, the longer they occupy the road.
braking behavior. Simulation results, as depicted in[Rig. 8 a)}ror both metrics, application time is controlled by the time the
are callechanoscopicsystem under test quality. actors pass the trajectory intersection. Another possible quality
The following entry is information evaluation on a time Metric is the smallest measured distance between two actors
interval level (5), where qua"ty criteria and their results during one scenario. The smallest measured distance is the

can be used to gain more information on a time interval microscopic version of the nanoscopic headway. Simulation
e.g., (partial) scenario. A time interval can also be de nedresults of time intervals as depicted in Fig. 8 are called
through an application period, e.qg. if two traf ¢ participants microscopicsystem under test quality.

are within a certain distance and only if this condition is  Quality evaluation on the next abstraction level is called
true other metrics are used. Hig. 8 b) and c) show the metrienacroscopicsince it combines microscopic quality criteria
results of post-encroachment-time (PET) and encroachmentf different time intervals, test series, or aggregated scenarios
time (ET), respectively, and each value belongs to a concreteegarding a system under test. This step is associated with
scenario derived from the logical scenario in the urbanthe entry (6). A functional scenario can lead to different
intersection example. According to Allest al. [40], post-  logical scenarios, e.g., similar situations on different maps,
encroachment-time is de ned as the actual time gap betweenifferent types of pedestrians, e.g., children or handicapped
two traf ¢ participants passing the intersection point or areawith walking aids. Additionally, one logical scenario can
of their trajectories. Encroachment-time is the time an actoibe implemented differently: actors can follow prede ned

10 VOLUME 4, 2016



Schutt et al.: A Taxonomy for Quality in Simulation-based Development and Testing of Automated Driving Systems

System under test quality in literature introducing scenario-based testing as a standard for testing
procedures, scenarios have to represent realistic situations and
Level Description Publication traf ¢ participants. To our knowledge, there is no research
regarding subjective points of view within scenarios or the
degree of how realistic a scenario represents a situation. The
latter also overlaps to some degree with simulation model
quality.
min. Time-to-collision [51] A widely used objective scenario quality metric, the dis-
Macroscopic  collision probability [51] tance between two cars, can be used to evaluate an adaptive
cruise control system [54] and nd new scenarios [32]. An-
other scenario quality worth mentioning is scenario coverage,
which plays an essential role in overall test coverage. Scenario
coverage can be viewed on different levels, e.g., does a set
of concrete scenarios suf ciently represent a logical scenario,
or does the scenario set or database suf ciently represent all
situations within an operational design domain. Reducing
mileage is one of the goals of scenario-based testing, and
for that, it is crucial to make a statement about the coverage.
Scenario quality metrics can give evidence about a scenario's
criticality or relevance for a test series. The difference between
the system under test quality and scenario quality is the focus
of the evaluation. In the system under test quality, all metrics
pertain to the system under test, whereas scenario quality
focuses on various properties of a scenario. However, the
system under test quality can be part of it. Quality criteria for
scenarios can be a composition of different quality metrics or
Euclidean distance and worst time-to-collision (WTTC) between the same metrics taken from different traf ¢ participants and
ego vehicle and pedestrian as microscopic scenario quality. evaluated together.
In the urban intersection example described in sedieh
) ) _ N two goals could be nding scenarios with near-collision situa-
trajectories or only be given goal positions they have to reachjons or scenarios with insuf cient environmental information
In the urban intersection example, results from scenarioge to covert road users for further testing and monitoring
derived from the functional scenario can be combined withine quality of collision avoidance during different software
other near-collision scenarios and evaluated, e.g., calculatgyisions. Fig. 9 shows the minimum euclidean distance and
overall collision probability in a functional scenario or ODD. \yorst time-to-collision (WTTC) [52] between ego vehicle
Table 2 lists a few examples for the system under test qualitynd the road crossing pedestrian. In this case, the focus
evaluation. Elements for which system under test quality isyges not lie on the performance of the ego vehicle but the
measured can be highly automated driving functions, assisteghicroscopic scenario quality, the end value for an executed
driving functions, or even simulation models. For instance gcenario. The nanoscopic qualities for this scenario are the
the system under test is a simulation model, then nanoscopigycligean distances and worst time-to-collision that were
microscopic, and macroscopic system under test quality can bg,easured for every time step during the simulation with their
used to get hanoscopic simulation quality for this Simmationmicroscopic version of choosing the minimum value for a

Nanoscopic  Time-to-collision [39], [51]
Gap Time [40]
Microscopic ~ PET, ET [40]

model. completely simulated scenario, respectively.
This example shows that the proposed taxonomy helps
D. SCENARIO QUALITY easily distinguish and communicate the difference in the area

In some phases during the development and test process,adf interest. In this case, the performance of the ego vehicle is
is necessary to evaluate the quality of a scenario segment, r@ot the focus of the evaluated scenarios but the scenario itself.
single scenario, or a set of scenarios, e.g., to determine thiéor instance, a set of scenarios gained this way can be used to
criticality of a situation regarding the criticality analysis of a evaluate changes made to the used driving function in a later
system under test [50]. In this case, the quanti ed element igrevision.

the scenario itself. The eld of scenario quality needs further All scenarios compared in Fig. 9 were the same, and only
research since it is mainly equated with the system undethe x coordinate of the ego vehicle's starting position varied
test quality [52], [53]. Often the scenario is assessed fronbetween38 m and 78 m. Throughout of these scenarios, it
the point of view of the ego vehicle, which is an objective is possible to see that the worst time-to-collision starts with
point of view. A more subjective point of view would be to scenarios close tdsbut increases the further away the ego
assess the overall situation independent of the ego vehicle. Faehicle is set. Regarding worst time-to-collision, it could
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Scenario quality in literature in a two-dimensional matrix. This taxonomy shows that the

classi cation is a way to help scientists imminently understand

Level Description Publication and communicate the differences of areas of quality in
Nanoscopic  TTC 53] automotive simulation.

traf ¢ quality [42] As long as simulation model quality is not good enough,

WTTC 52] simulation models have to be developed further until they can

. , — be used for testing, which belongs to (1)-(3) in Fig. 4. Scenario

Microscopic  scenario uniqueness [55]

quality decides if scenarios are interesting and relevant for a
function at hand, can give a coverage statement, or help to
nd new scenarios or better tting ones (7)-(9). Finally, the
Macroscopic ~ coverage [56] system under test quality sholwew gooda function is and

if it needs more revisions during development or performs
compared to others (4)-(6). If other domains of interest arise,
be interesting to do more simulations with a starting pointthey can be easily added to the taxonomy.

between positio®3 mand64 msince there is a gap between  Additionally, quality metrics for simulation models and
the results, which often indicates a change in the order andiriving functions can be used (among scenario-speci ¢ met-
course of the scenario and its participants. The same holdgcs) to evaluate scenario quality, and scenarios can be used
for starting position$3 m and54 mregarding the minimum  to test simulation models and driving functions. However,

[32] (min. distance),

search-based techniques 53] (min. TTC)

euclidean distance. this subjective method might lead to a cyclical dependence:
Possible metrics for scenario quality, which are also shownsystem under test/simulation model quality metrics are used
on the bottom right side of Fig. 5 are: to nd critical scenarios, and these, in turn, are then used to

7: Nanoscopic: quality of scenario segment, e.g., time-tolest the system under test/simulation model. In our opinion, it
collision (time step), headway (time step), or traf ¢ IS essential to distinguish between scenario and system under
density (time step or time interval), test/simulation model quality to allow more objective metrics.

8: Microscopic: quality of single scenario, e.g., min(time- Metrics that do not center around the performance of an ego
to-collision) or min(headway), vehicle, but on other features, e.g., assess the start set up of

coverage within this set. scenario and could be used to de ne universal baseline sets of

. . . . scenarios to ensure speci ¢ quality standards independent of
Example metrics as used in sectidiC are possible on P d y P

. : : .. driving functions or simulation models.
a nanoscopic (7) level and quantify the scenario quality ) .
for a scenario segment, i.e., time step, time interval, or In the future, quality assessment and metrics can be related

application time depending on conditions that are not ful lled to this taxonomy for an easier understanding and classi cation,

during the complete scenario. The next level of scenarioand if needed, new domains of interest or resolution levels can
quality is themicroscopic (8) level, where the quality of be added, or single categories can be studied more in-depth.

a complete scenario is evaluated. The last abstraction levéY!0reover, new tools and standards are important to assess and
is macroscopicscenario quality, where the aggregation of Compare quality throughout the development and test process.
a set of scenarios is evaluated (9). A typical example foriowever, S|mula_t|on model veri cation and vahdatlon neeq
macroscopic scenario evaluation is coverage [56]. Table 3Urther systematic approaches for a better quality evaluation
lists literature about scenario quality evaluation. in general. In particular, the entrlgs (2) and (7)-(9) in Fig. 4
can be researched further to establish useful, well-de ned, and
safe methods to ensure overall simulation and testing quality.
In this paper, we de ned and delineated the quality andProposed future regearch includes quality r.nt_aFrics forcoupliqg
methods and metrics to evaluate the credibility of a scenario,

important terms relevant during the simulation process. We g : ; .
i.e., how realistic is the testing scenario or scenario coverage

explained all relevant terms in section Il and gave an overview. o : i, -
if a set of scenarios is used for testing. In addition, scenario

of their relationships to each other. Based on these terms, we . S . . .
: . : . ; duality needs more objective evaluation metrics combined
analyzed different domains of interest and simulation resolu-': o . )
: S ; with existing ones, e.g., to de ne baseline scenario sets for
tion types and proposed a classi cation to assess quality fO{ . S
: ) . sting. Therefore, we propose the following list of future
each aspect. For this purpose, terms regarding resolution and . :
. . : ; s .work as an anchor how to proceed further with this work as a
established in other domains were introduced: macroscop|% -
. . ; ; N asis:
microscopic, and nanoscopic. Although this work is highly
conceptional, this approach eases the evaluation process Simulation Quality : methods and metrics for evaluating
since it de nes comparable aspects during the veri cation coupling mechanisms,
and validation process and clearly de nes what level of System under Test Quality methods to summarize
information a quality criterion provides. A taxonomy for metrics from a nanoscopic and microscopic level on a

three different quality classes was introduced, represented = macroscopic level,
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Scenario Quality: subjective metrics to evaluate sce-
nario segments and scenarios, either the degree to which
they correspond to reality or their quality regarding
test requirements, e.g., criticality; metrics for scenario
coverage.
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