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Abstract

:

Safety validation of Autonomous Vehicles (AV) requires simulation. Automotive manufacturers need to generate scenarios used during this simulation-based validation process. Several approaches have been proposed to master scenario generation. However, none have proposed a method to measure the potential hazardousness of the scenarios with regard to the performance limitations of AV. In other words, there is no method offering a metric to guide the search for potentially critical scenarios within the infinite space of scenarios. However, designers have knowledge of the functional limitations of AV components depending on the situations encountered. The more sensitive the AV is to a situation, the more safety experts consider it to be critical. In this paper, we present a new method to help estimate the sensitivity of AV to logical situations and events before their use for the generation of concrete scenarios submitted to simulators. We propose a characterization of the inputs used for sensitivity analysis (definition of the context of the automation function, generation of functional and logical situations with their associated events). We then propose an approach to set up a distribution function that will make it possible to select situations and events according to their importance in terms of sensitivity. We illustrate this approach by implementing it on the Traffic Jam Chauffeur (TJC) function. Finally, we compare the obtained sensitivity rank with expert judgment to demonstrate its relevance. This approach has been shown to be a promising method to guide the search for potentially hazardous scenarios that are relevant to the simulation-based safety validation process for AV.
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1. Introduction


The standard ISO 26262 [1] is the international reference used in the automotive field for functional safety. This standard deals with the electrical and electronic malfunctions that vehicles may face, and which can lead to safety issues. However, in the context of Autonomous Vehicles (AV), ISO 26262 is limited. Indeed, it does not address safety violations which may be caused by performance limitations in the absence of failure. It has also been observed that, with AV, the driver may be out of the decision loop in contrast to human-controlled vehicles. Consequently, we cannot rely on him/her to deal with the deviations resulting from the behavior of other road users or unusual road conditions. However, automotive manufacturers need to ensure that AVs are completely safe before their deployment on roads.



For this reason, another standard known as ISO 21448 [2] was recently proposed. Its objectives are (i) to consider the AV’s functional performance limitations, which may occur in the absence of failures, and (ii) to cover the reasonably foreseeable misuse of the vehicle. This new standard ISO 21448 is to be used complementarily with the ISO 26262 standard. It is commonly called SOTIF (Safety Of the Intended Functionality), which means: “absence of unreasonable risk due to hazards resulting from functional insufficiencies of the intended functionality or from reasonably foreseeable misuse by persons” (ISO 21448, 2022).



The technologies used to develop an AV are specific: sensors, localization systems, communication systems and intelligent control systems (potentially including Artificial Intelligence based algorithms). These technologies are subject to limitations which are mainly due to the environment features in which the vehicle will operate, e.g., rain, fog, snow, degradation of pavements, puddles, curvature of roads, lack of road markings [3,4]. This environment is very complex and its description involves a large number of parameters which must be identified. Therefore, the activities detailed in the standard are intended to define an efficient process for identifying and dealing with scenarios that will be critical for the AV during its operational phase. According to the standard, critical scenarios relate to two areas: the first refers to “known unsafe scenarios” (area 2) and the second to “unknown unsafe scenarios” (area 3). To explore these two areas, simulation-based validation approaches need to be used to complement driving validation [5]. This is all the more true given that Kalra and Paddock [6] have demonstrated that the validation of AV by driving would require covering billions of kilometers. The use of simulation has many advantages, including testing controllability and path planning strategies, simulating different ranges of operational parameters, ensuring reproducibility and efficiency of the tests [7,8], testing specific collision avoidance strategies [9], etc. Previous authors have worked on the validation of automotive models and propose an assessment process that is not only focused on safety validation, but also on the quantification of modeling errors and uncertainties of the simulation compared to real driving [10].



However, the process of implementing simulation-based safety validation must allow sufficient coverage of the operational environment of the AV and meet the “mile of driving” requirement. Thus, there is a need for an approach which can identify the set of test scenarios and contribute to an efficient simulation-based validation process [11]. Such an approach would make it possible to select the scenarios that the AV has to face, in particular those that are considered to be challenging, to achieve the validation objectives more quickly. The main issue is how to identify these scenarios. On the road, frequent and often unchallenging scenarios (considered as nominal) will be encountered but rare and challenging scenarios may not be encountered. The simulation must therefore be oriented to test the AV with critical scenarios that are particularly interesting in order to demonstrate the safety of the vehicle.



Some approaches have been suggested in the industrial domain to help identify these test scenarios [12]: feedback from experience, feedback from users, accidentology databases, information extracted from driving, consortiums and projects such as MOOVE or PEGASUS.



However, despite the efforts made by the car manufacturers, it is difficult to predict all the real-life situations that AV will face, due to many variations in environmental conditions (traffic conditions, weather conditions, infrastructure, behaviors of other road users). As a result, other recommendations to control the scenario generation process have been proposed. The first is to deploy the AV by level of automation. In this case, the vehicle is limited to a number of tactical maneuvers and can carry out its mission in a dedicated and controlled environment called ODD (Operational Design Domain). Another proposal is to structure scenarios into three levels of abstraction in order to gradually identify them: functional, logical and concrete [13]. The functional scenario describes all entities and their relationships in a human-understandable linguistic form. The second level, the logical scenario, uses the functional scenario to describe the state space using parameter ranges. Finally, the concrete scenario allows concrete values to be assigned to the previously defined parameters. This is obtained by choosing a value for each parameter from the range of values defined in the corresponding logical scenario. Structuring scenarios in three levels of abstraction is interesting because it allows a scenario-based approach for the development of AV, while offering a hierarchical approach to structuring the generation process within the infinite space of scenarios.



These approaches seem interesting and helpful in the scenario identification process. However, to the best of our knowledge, there is no approach which proposes a metric to identify potentially critical scenarios in advance, in order to guide scenario generation before the simulation. In the literature, several performance indicators (criteria and metrics) have been proposed for the validation of AV [14,15,16]. Most of these indicators are used during and after simulation or driving to evaluate the safety level of AV. This means that the proposed indicators can only be used when the scenarios are run, before the measurement is made. In other words, these indicators cannot be used to guide scenario generation, as they only qualify the situation after the simulation.



Therefore, in this paper, we propose an approach to analyze and estimate the sensitivity of AV to logical situations and events, in order to guide the search for scenarios that are relevant to the simulation-based safety validation process.



The rest of the paper is organized as follows. Section 2 is a more detailed review of the state of the art. Firstly, it reviews the performance indicators for scenario generation and simulation-based validation of the safety level of AV. Secondly, it reminds the concepts related to scenario generation strategies in the context of AV. Section 3 provides a quick overview of the proposed approach. Then, as previously mentioned, a structuring of scenarios into functional, logical and concrete levels is used, as proposed by Menzel et al. [13]. Since the sensitivity metric that we want to implement requires knowledge of the operational situations at stake, the ranges of values of the parameters, at the logical level of abstraction, are specified. In Section 4 we include a step to achieve the generation of situations and potentially associated events at the functional and logical levels. Even if we have this structural framework (functional, logical, concrete) for scenario generation, its operationalization is not immediate. Unresolved questions include: which elements are relevant for functional level characterization, how can value ranges of the logical scenarios be defined, or finally, how can these ranges be combined to obtain logical situations? We also identify and characterize the usage context of an automation function in Section 4, as this is necessary for the characterization of functional and logical scenarios. Once logical situations have been defined, Section 5 proposes a sensitivity analysis of AV to logical situations and events in order to prioritize the exploration of those scenarios that pose risks for the AV. The proposed sensitivity analysis is then described in Section 6. Section 7 summarizes the results, compares our results with those of an expert and addresses some discussion points. In Section 8, we conclude this paper and propose further work that can be addressed in the future. Abbreviation part sums up the acronyms and variables used in this paper.




2. Related Work


Different metrics have been proposed in the literature to measure the performance of tests performed for the safety validation of AV. The most widely mentioned metric is test coverage, which is commonly encountered in software engineering. This is defined as follows: “degree, expressed as a percentage, to which specified test coverage items have been exercised by a test case or test cases” (ISO/IEC/IEEE 29119-1 [17]), Indeed, it is necessary to justify that the scenarios used during simulation for the validation of the AV cover its entire operational environment. Such a justification can be based on the fact that driving in real conditions contains “dead periods” which are not useful for the validation. On the other hand, the use of scenarios allows focus only on what is relevant from a validation point of view. However, the large number of parameters influencing the behavior of the AV creates a combinatorial explosion that makes it impossible to test all possible scenarios. For this reason, Amersbach and Winner [15] proposed to determine another indicator: the number of scenarios to be tested. This provides an equivalence to the distance indicator proposed by Kalra and Paddock (2014). Indeed, in order to cover a target distance for the validation of the AV (depending on the level of automation), the corresponding number of scenarios required for testing is determined. Zhou and Re [16] prefer to use directly the coverage indicator of the number of critical scenarios by using databases in which thousands of scenarios are recorded for reference. The reference database used by the authors is the Second Strategic Highway Research Program Naturalistic Driving Study (SHRP 2 NDS). This database includes 775 critical highway events. The idea is to check what percentage of the critical scenarios in the baseline were covered by the scenarios generated by Zhou and Re.



In recent years, advances have also been made regarding the effectiveness of Advanced Driver Assistance System (ADAS) functions in the case of possible road crashes. Authors have provided risk metrics for scenarios where a crash may be inevitable. For instance, Vangi et al. [18] proposed criteria to intervene on braking and steering, based on the injury risk to vehicle occupants. According to Alvarez et al. [19], to estimate the safety benefits of ADAS and active safety systems, “the most frequently used metrics are the number (or reduction in the number expressed as percentage) of avoided accidents and the number of avoided injuries”. Gulino et al. [20] defined a Crash Momentum Index (CMI) and demonstrated its effectiveness in assessing the performance of ADAS in critical road scenarios. Smit et al. [21] pointed out the interest of developing appropriate testing methods to assess the safety capabilities of ADAS (avoiding accidents or mitigating the injury severity). They proposed an impact model which aims to predict collision parameters (here delta-v). These are correlated with the risk of becoming injured and based on the re-simulation of real accidents. Such a model is useful to assess the effects of ADAS in terms of injury severity in accidents. However, even if the sensitivity of the model is evaluated for some input parameters, it is not sufficient for Automated Driving Systems (ADS). In fact, the scenario space to be covered for the safety validation of ADS is too large. In addition, there is little feedback on accidents related to these ADS and their behavior, as they have not yet been introduced on the road.



Furthermore, since safety validation is required to ensure that the AV can safely react in all the scenarios it will face, another important consideration is how to measure and assess the hazardousness of a scenario during validation. ISO 26262 assesses the risk associated with a scenario through a combination of severity, exposure and controllability: “combination of the probability of occurrence of harm (§1.56) and the severity (§1.120) of that harm” (ISO 26262-1, 2011). Feng et al. [22] also proposed a definition of critical scenario: “The criticality of a scenario measures the importance in evaluating a performance metric”. Here, the performance is related to the following indicators “Safety, Functionality, Mobility, Rider’s comfort”. Another definition is given by Hallerbach et al. [23], in these words: “Critical scenarios are defined as scenarios that need to be tested, regardless, whether the requirements are functional or non-functional”.



However, the criticality referred to by these authors can only be effectively measured once the simulation has been carried out and the reaction of the AV observed. Furthermore, the number of scenarios that need to be tested is very high and the identification of all critical scenarios can be slow, and yet we have not found in the literature a metric to guide the generation of scenarios before simulation, by identifying the potentially critical scenarios beforehand. In this paper, we thus propose a sensitivity metric to fill this gap. The notion of “sensitivity” mentioned here is quite different from the usual meaning, and consists in analyzing how the uncertainty in a system’s output (e.g., a failure probability, an injury severity probability) can be attributed to the uncertainty in its input variables [24,25].



Four key concepts appear in the context of scenario generation for the safety validation of AVs: scenario, scene, situation and event. Definitions have been proposed for each of these by several authors [26,27,28,29]. The desire to establish a consensus has given rise to reflections, notably in the framework of ISO 21448. The definitions proposed by Ulbrich et al. were considered as references in the preliminary version of this standard. However, Koné et al. [30] found that some terms, such as “scenery” and “self-representations”. were still under discussion. They also noted that the definition proposed by Ulbrich et al. for the concept of scene, used to define a scenario, remains unclear: “A scene describes a snapshot of the environment including the scenery and dynamic elements, as well as all actors’ and observers’ self-representations, and the relationships among those entities. Only a scene representation in a simulated world can be all-encompassing (objective scene, ground truth). In the real world it is incomplete, incorrect, uncertain, and from one or several observers’ points of view (subjective scene)”.



This definition highlights that a scene can contain a great deal of information and its implementation can be very subjective and vary from person to person. Furthermore, the term “snapshot” makes the elements of the environment lose their stable character (no loss of movement or duration of lifespan).



As an alternative, Koné et al. [30] took a closer look at the concept of situation. They found that the term “operational situation” is often considered in scenarios for describing accidents [31] or in methods for determining “hazardous events” [32].



Let us remember that we seek knowledge of the state of the AV and the elements of the situation [33]. We need to know which conditions must be true to solicit a reaction from the AV [28]. As a result, Koné et al. point out that focusing the scenario description on the situation makes it possible to highlight the influencing factors and interactions between the elements of the situation and the AV. This is particularly relevant because the situation also indicates a restrictiveness related to the relevant elements of the scene and is therefore a more interesting level of abstraction than the scene.



In this work, the concepts that will be of interest are scenario, operational situation and event. The definitions proposed by Koné et al. serve as a reference to define these concepts [30]:



Operational situation: set of states of the AV and other entities in an operational environment present for a period of time, defined by the stability of these states.



A scenario: description, in a given time interval, of the temporal sequence of operational situations. The transition from one (initial) situation to another (intermediate) is caused by one or more events.



Event: modification of the state of one or more environmental entities (AV and others) which induces, can induce or must induce a new action from the AV (new behavior). Action is the reaction of the AV following an event (definition proposed from the perspective of the AV).



In summary, this section pointed out the limitations of existing approaches to generate test scenarios and defined key concepts that will be used in the following sections.



The rest of this document develops the steps necessary to set up the AV sensitivity analysis to logical situations and events. The first step is to define the usage context of an automation function and the process for obtaining functional and logical situations, with their associated events.




3. Overview of the Proposed Method


In this section, we present the general structure of the method, which results in the analysis of the sensitivity of AV to situations and events. It is structured according to the following steps:




	
Define the usage context of the automation function to be tested (Section 4.1)



	
Generate situations and events at the functional level (Section 4.2)



	
Generate situations at the logical level (Section 4.3)



	
Analyze the sensitivity of the AV to logical situations and define the sensitivity distribution function (Section 5.1)



	
Analyze the sensitivity to events and define the sensitivity distribution function (Section 5.2)








These different steps are detailed in the following sections.




4. Context Definition of an Automation Function, Generation of Situations and Events at the Functional and Logical Abstraction Levels


In this section, we present the steps for generating scenarios at the functional and logical levels. The first step consists in defining the scope of the generation by choosing the automation function concerned and defining its usage context.



4.1. Define the Usage Context of the Automation Function to Be Tested


Once the automation function and its automation level have been identified, we need to describe the operational environment in which it will be used. This operational environment is called ODD (Operational Design Domain). It is described in such a way as to emphasize the concept of operational situation. This provides knowledge of the state of the AV (i.e., the expected properties, the level of automation and the corresponding speed range), and of the other entities (i.e., the physical infrastructure, the weather conditions and the other road users). This activity is carried out in support with the functional designer, as he/she has knowledge of the specification of the function and the mission profile related to customer needs.



The expected properties of the AV, such as its functional performances, are among the elements needed to define the usage context. These functional performances must be identified in order to deepen the knowledge of the function and to know what to test during the validation.



Likewise, we also need to specify the operational modes in which the AV may find itself and the maneuvers it may perform during its use. This information is useful to accurately qualify the behavior of the vehicle at the occurrence of any event. Then, these modes and maneuvers must be characterized by specifying their validity criteria. This information helps to qualify the events whose occurrence generates changes or transitions between operational modes and maneuvers.



4.1.1. Example: Choice of the Automation Function


The contributions of this paper will be illustrated on the “Traffic Jam Chauffeur (TJC)” function. The TJC is a level 3 automation function, designed to support autonomous driving on divided lanes (motorway or expressway), in congested conditions, where the speed is limited to a maximum speed Vmax (in the range of 60–70 km/h). The Ego vehicle (the vehicle equipped with the automation function, corresponding here to the AV) follows the vehicle in front of it, keeps to its lane, manages acceleration and braking within the authorized speed limit, and keeps a safe distance. The driver can perform other activities but must remain alert and be able to regain control of the vehicle within 10 s when prompted by the system. The system should allow the driver to activate the function and to intervene at any time, and should give them enough time to do so.




4.1.2. Example of TJC Context Description


Table 1 gives the entities of the ODD, i.e., the type of infrastructure in which the function is to be used, the other users and the weather conditions are defined. Functional constraints, corresponding to the TJC function, are defined in the column “Ego Vehicle”. They concern the speed limit for the function (in our example, the speed is limited to 60 km/h), the need for a driver and examples of unauthorized operational maneuvers.



As regards operational modes, several are valid for TJC, including Activation, Give Back and Minimum Risk Maneuver (MRM) modes. The system is in Activation mode when the automation function is activated. The system switches to Give Back mode when the function can no longer guarantee its nominal operation, either because the availability conditions are no longer met or a failure is detected. The MRM mode corresponds to a reduction of risk in the case where the driver does not respond to a request to take over. This may be a vehicle deceleration phase. Moreover, “Car Following” is the main maneuver selected for the TJC function. The validity conditions of AV are as follows: the function must be in Activation mode; a vehicle must be in front of the Ego (this will be named lead vehicle or OtherVehicle.1); the inter-distance between Ego and lead vehicle is greater or equal to the minimum safe distance. However, several functional performances are expected from the function in terms of situation perception, trajectory control and reaction to the situation. For perception, the system should, for example, have the following functionalities: identify the appropriate type of infrastructure; identify the specified weather conditions; identify other relevant objects. Otherwise, certain performance limitations may be observed, including incomplete/limited perception of the situation (e.g., the vehicle does not see all elements of the situation) or misperception of the elements of the situation (e.g., a motorbike is seen as a car).



All the information gathered during the definition of the usage context will allow the generation of scenarios according to the three abstraction levels: functional, logical and concrete.





4.2. Generate Situations and Events at the Functional Level


Operational maneuvers allow the description of vehicle behaviors and can be identified so as to be mutually exclusive. Since the aim is to test the behavior of the AV, the operational maneuver seems to be a relevant starting point to address the scenario generation problem. Thus, like most work in the context of the AV, we propose to characterize functional scenarios by the corresponding operational maneuvers. For example, one can have a functional scenario for “car following” or “lane changing”. In order to give more details for this characterization, it is necessary to define the functional situations and events which can be found in a functional scenario.



4.2.1. Generate the Functional Situations


Although we defined the situation as describing the state of the AV and of the other entities of its operational environment, when generating the functional situations, we have to remain consistent with the definition of the functional level given by Menzel et al. At this stage of the identification, the detailed information on the parameters and their values is not to be filled in, the aim being simply to know the configurations of situations that will have to be considered when generating the test scenarios. Therefore, the identification of the functional situations proposed here is mainly based on the information collected during the definition of the automation function, its usage context or the operational maneuvers.



Figure 1 shows the process for obtaining the functional situations. These are obtained by combining the information provided by the ODD (type of traffic density, type of infrastructure), and the operational modes and maneuvers.



Examples for the TJC function: Traffic density can be fluid, congested or accordion-like. It is related to the number of users present in the traffic (i.e., around the AV). If Number_of_users < 3, then traffic is fluid, otherwise traffic is congested or accordion-like.



For the infrastructure, several types can be encountered: divided lanes (motorway, expressway), toll area, work zone, road tunnel, etc.



By considering the TJC function and the description of its usage context, we can deduce the functional situations which need to be considered for the generation. Table 2 illustrates the six functional situations obtained.



In the reminder of this example, we focus on a specific functional situation: Ego in a “Car following” situation in the “Activation” mode on a motorway and in congested traffic.




4.2.2. Types of Events That Can Occur within a Functional Situation


An event is defined as a change in the state of one or more entities in the environment (AV and other entities) that induces, may induce or must induce a new action by the AV (i.e., new behavior). In other words, it means that a parameter acquires a new value in a range different from the range of its initial value. Consequently, the change of the value of a parameter modelling the operational environment of the AV corresponds to the generation of an event. Some events are critical and may increase the risk associated with the scenario, and others are not. We have identified all the factors that can cause limitations in the performance of the AV. They can be organized into events occurring within the ODD and those occurring outside the ODD. The first category includes events related to performance limitations of the automation function, deviations in the behaviors of other road users and transitions in the operational maneuvers of road users. The second category mainly includes events related to the constraints of the use of the function and the transitions between the operational modes of the AV.



Furthermore, it is important to note that the concept of event considered here covers the notion of “triggering condition” defined in the Standard 21448 SOTIF as follows: “Triggering conditions: specific conditions of a scenario (3.23) that serve as an initiator for a subsequent system reaction, possibly leading to a hazardous behavior”. This standard also states that an identification of triggering conditions can be supported by a detailed description of the environment model.



Once the functional situations and event types have been identified, the next section defines the various parameters and identifies their value ranges so they can be used in the rest of the generation process.





4.3. Generate Situations at the Logical Level


The aim is to identify the value ranges of the parameters of all the entities (Infrastructure, Other users, Drivers/Passengers, Atmospheric conditions, AV) observed in the functional situation, or which may be subject to an event. Depending on the way in which the variation spaces are divided into ranges, there will be a greater or reduced number of logical situations and events to be tested at the end of the combinations.



We make the following modelling hypothesis: expert knowledge allows us to partition parameter variation spaces and to define a minimum number of ranges for each parameter, depending on its impact on the AV. The AV will be more or less sensitive to each range.



4.3.1. Define Parameters and Value Ranges


Different parameters (variables) have to be considered for the generation of the scenarios and, more specifically, for the description of the scenarios. For examples, we have qualitative variables (nominal, ordinal, binary) such as “Type of users (pedestrian, cyclist, vehicle)” or “Level of brightness (Low, Medium, High, Very high), and quantitative variables (discrete or continuous) such as “Number of lanes [(1, 2, 3 and more)” or “Vehicle_speed (0–30 km/h).



We define the sensitivity of AV to a range of value as follows: the degree to which the range of value can lure the automation function.



As a situation is defined by a combination of different parameters, the more the AV is sensitive to the range of value of each parameter, the more it is sensitive to this situation.



As these parameters are numerous and most of them have continuous value ranges, we thought it appropriate to distinguish value ranges which make a significant contribution in estimating the achievement of the AV safety performance.



This distinction is made with the help of a safety expert. However, partitioning the value ranges into classes (i.e., exclusive but complementary value ranges) is intended to ensure that each possible situation that the vehicle may encounter and to which it may be sensitive is properly defined. For each parameter, the safety expert is asked to define different classes of variation. For each class, he/she examines the impact of that class on each AV technology. If two close classes have a similar impact, they may be combined into a single class. The number of ranges for each parameter must be determined according to the different sensitivities of the AV technologies, but the safety expert must reduce this number as much as possible.



Consider the example of the “rainfall level” parameter. Its space variation is from 1 to 100 mm/h. We propose to divide it into two classes of variation: Light = 1–7 mm/h and Heavy = 8–100 mm/h. As some sensor technologies are sensitive to heavy rainfall, such a partition makes it possible to highlight the range of heavy rainfall. When combined with other parameters, this range further increases the possibility of logical scenarios that have a high impact on criticality.




4.3.2. Generate the Set of Logical Situations Associated with Each Functional Situation


Logical situations are obtained by combining the value ranges of the parameters describing each functional situation. A systematic combination method is used, i.e., each of the subspaces of variation of each parameter appears in each combination obtained. In addition, special care must be taken when combining value ranges. Constraints between the value ranges may be defined in order to ensure that inconsistencies in the obtained situations are avoided.



Suppose the following parameters are used for the description of the scenarios: Number_lanes, Curvature, Speed_Ego (km/h), Rainfall level and Speed_OtherVehicle.1 (km/h). The value ranges for each parameter are shown in Table 3.



By combining the ranges of these five parameters in a systematic way (2 ranges × 2 ranges × 1 range × 2 ranges × 1 range), we obtain the eight logical situations described in Table 4.



The number of logical situations obtained depends on the number of parameters considered and the ranges of values associated with each of them. A combinatorial explosion can be observed as soon as the parameters are numerous and the space of variation of each one is broken down into two or three ranges. This means that the decision to split or not a space of variation into ranges of values, and the identification of the constraints inherited from the ODD and the function specification, must be done carefully, and in collaboration with experts. The number of ranges for each parameter is determined according to the difference of sensitivity of the AV technologies. This procedure aims to limit the number of combinations and then the number of logical situations generated.



Obtaining logical situations is the phase which precedes the generation of concrete scenarios. The high number of concrete scenarios that can be obtained led us to propose a sensitivity analysis of the AV to logical situations and events in order to prioritize the exploration of those that are at risk for the AV.






5. Sensitivity Analysis of AV to Situations and Events for the Generation of Concrete Scenarios


In order to identify the potentially critical scenarios necessary for the simulation-based validation of the AV, we will proceed to an analysis of its sensitivity to logical situations and events. The aim of this analysis is to focus on the logical situations and events most likely to induce a risk for the AV, and to accelerate the validation process.



5.1. Analyze the Sensitivity of AV to Logical Situations and Define the Sensitivity Distribution Function


In this part, we start by analyzing the sensitivity of AV to logical situations. Then, we will establish a distribution function on the sensitivities of the logical situations.



5.1.1. Definition of the Sensitivity of AV to Logical Situations


The calculation of the a priori sensitivity of the AV to logical situations is obtained in two steps. First, we consider the a priori sensitivity of the AV to each value range characterizing the generation parameters. This is done with the functional architecture of the AV composed as follows: perception, decision and actuation. Five sensor technologies ensure perception functionalities and are grouped as follows: radar (long-range and short-range), ultrasonic, lidar, stereoscopic (3D vision) and monocular cameras. The proposed process for determining sensitivity is not tied to specific components. It offers the possibility of being adaptable to the specificities of the components that will be used on a given vehicle. Thus, for each considered range, with the help of the expert, we answer the following question: is the sensor technology under consideration (or decision or actuation) sensitive in this range?



The expected answer from the expert is either yes or no. Then, the scale described in Table 5 makes it possible to determine the level of sensitivity of the AV to the range according to the impacted AV component(s). Next, all the responses obtained will be used to determine the a priori sensitivity of the AV to each logical situation. Indeed, the logical situation is a combination of ranges of values. We propose to calculate the a priori sensitivity of the AV to a combination of ranges (and therefore to a logical situation) by aggregating the sensitivities associated with the ranges.



We assume that each component (perception, decision, actuation) makes a maximum contribution of 1 to the overall sensitivity of a logical situation. Since the AV has five main types of sensor technologies, each sensor technology, therefore, is considered to make a contribution of 0.2 towards the sensitivity to the logical situation if it is impacted by at least one range of variation. The decision made by the AV (in the absence of any lure of the sensors) or the actuation makes, respectively, a contribution of 1 in the calculation of sensitivity to the logical situation, when it is misled by at least one of the ranges of values composing the logical situation. Table 6 synthetizes the contribution of each component in obtaining the sensitivity of a logical situation.



Furthermore, when generating scenarios, the randomness of their occurrences must be considered. We, therefore, propose the implementation of a sensitivity distribution function.




5.1.2. Sensitivity Distribution Function on Logical Situations


The sensitivity distribution function   q    Y j      is obtained by normalizing the AV sensitivities to the logical situations. This distribution function makes it possible to draw, one after the other, the logical situations which will be used to generate the concrete scenarios for subsequent simulations. As we can see, with such a distribution, the logical situations with high sensitivity values will also have high probability values and will have higher occurrences during the sampling. Thus, the sensitivity distribution function is based on an importance function that allows us to prioritize the sampling of logical situations    Y j    for which the a priori sensitivity value of the AV is high.



The probability distribution of   q    Y j      is defined as follows:


        q    Y j      ϵ     0 , 1          ∑   Y j     q       Y j    = 1        











Let Sj be the sensitivity value of the AV to the logical situation    Y j    and let   W =  ∑  Y j    S j    be the normalisation factor. Thus, the sensitivity or importance distribution function can be defined as follows:


  q    Y j    =    S j   W   











We can check that    ∑   Y j    q      Y j    =  ∑   Y j       S j   W  = 1  .



We have defined how to lead a sensitivity analysis on the logical situations. However, in order to generate scenarios, it is also necessary to create events. In this respect, as for the logical situation, a sensitivity analysis of the events will be introduced in order to draw events according to their potential impact on the safety of the AV.





5.2. Analyze the Sensitivity to Events and Define the Sensitivity Distribution Function


An event is the modification of the state of one or more entities in the environment (the AV and others) which induces, can induce or must induce a new action from the AV. At the logical level, situations are obtained by combining ranges of variation. Thus, the event is formulated at the level of the change of value range for a parameter.



The entry point for identifying events is the initial logical situation. The event can be a change in the value of a parameter remaining in the same range of values with a certain level of sensitivity (the AV remains a priori in the same logical situation). It can also be a change in the value of a parameter from the initial range of values (of the initial logical situation) to another range (of another logical situation).



5.2.1. Sensitivity Analysis and Gradient


We have identified three possible levels of impact of the event:




	-

	
Functional impact: once generated, this event leads to the transition from one functional situation to another.




	-

	
Logical impact: once generated, this event leads to the transition from one logical situation to another, within the same functional situation, fixed at the beginning.




	-

	
Concrete impact: once generated, this event leads to the transition from one concrete situation to another, within the same logical situation set at the start.









Figure 2 illustrates the three impact levels. Consider the logical situation LS1 belonging to the functional situation FS1. The functional impact is the modification of a range of values of LS1 that switches to a logical situation of another functional situation, for instance, FS3. With the logical impact, the modification of a range of values of LS1 causes a switch to another logical situation (for instance, LS3 also belonging to FS1). Finally, at the level of the concrete impact, no range of LS1 is modified (the values that are modified by the event remain in the same value ranges).



A range of LS1 values is considered relevant as an event if it has a non-zero sensitivity level. The drawing of a concrete event value within this range causes the AV to move from one concrete situation to another within LS1 (for instance, from CS1 to CS2). Thus, by assumption, we consider that the other events (which concern the other ranges with a null sensitivity value) are not relevant because the AV is not sensitive to these events.



These three levels of impact of the event suggest the existence of a variation in the associated sensitivity level. When the event concerns a modification of the value of a parameter in the same range of values (impact at the concrete level), its sensitivity is obtained with the a priori sensitivity value of the AV to the range, as defined in the scale in Table 2. It will be noted that Δ(Ax_y), with Ax_y as the value range.



When the event is a modification with a change of the value range (logical or functional impact), it will be noted that Δ(Ax_y, Ax_z). Its sensitivity is then calculated using a concept we call “sensitivity gradient”. The sensitivity gradient is defined as the absolute value of the difference in sensitivity between two logical situations. It is thus associated with the event that causes the transition from the initial logical situation to an intermediate situation.



The sensitivity gradient of the event impacting the logical level is obtained by the absolute value of the difference in sensitivity between the initial and the intermediate logical situation (within the same functional situation). Only the level 1 neighborhood of the logical situations is considered, i.e., starting from an initial logical situation (for instance, LS1), the intermediate logical situations to be considered are those which differ by only one range of values. This means that we only consider here the generation of a “single event”.



When generated, the event impacting the functional level takes the AV out of the FS under analysis. If this is the case, it means that the new range of values is either outside the validity conditions of the operational maneuver characterizing the FS or outside the ODD. To obtain the sensitivity gradient of this event which impacts the functional level, we are interested in the new range obtained as a result of the modification. We will first calculate the sensitivity associated with the range, using the scale in Table 2, and then add +1 to this value. Indeed, given that such an event induces a change to another FS, an additional difficulty is added to the AV decision component. To consider this, we decide to add +1 to the sensitivity obtained for the change in the range of values.




5.2.2. Sensitivity Distribution Function on Events


To obtain the sensitivity distribution function, the same principles as those used in the case of logic apply. The sensitivity distribution function is obtained by normalizing the sensitivities or sensitivity gradients of events. As already noted, the considered logical situation makes it possible to identify the events that can be associated with it. Thus, for each logical situation    Y j   , there is a list    E j    of events    e  j i    . The sensitivity value of each event eji belonging to this list will be normalized to obtain a sensitivity distribution function   q    e  j i      .



The probability distribution of   q    e  j i       is defined as follows:


        q    e  j i       ϵ     0 , 1          ∑   Y j    q      e  j i     = 1        











Let   S    e  j i       be the sensitivity value of an event    e  j i     and let    W   E j    =  ∑   e  j i     S    e  j i       be the normalization factor for the list    E j    of events eji. Thus, the sensitivity distribution function can be defined as follows:


  q    e  j i     =   S    e  j i        W  E j       ∀    e  j i     ϵ    E j   











We can check that:    ∑   e  j i     q      e  j i     =  ∑   e  j i       S    e  j i        W  E j     = 1  .



The proposals made in this section on the sensitivity of the AV to logical situations and events aim to provide a layer of risk analysis when declining the scenarios according to the three levels of abstraction: functional, logical and concrete. Such a consideration helps to guide the generation of scenarios by prioritizing the situations to which the AV has a high sensitivity value. In Section 6, we illustrate this principle of sensitivity analysis of the AV to logical situations and events.






6. Results: Application of the Sensitivity Analysis on the “Traffic Jam Chauffeur”


This example consists first in studying the sensitivity of the AV to the logical situations and then in using the result to establish a distribution function of the sensitivity over the logical situations. The types of events faced by the AV, the usage constraints imposed by its ODD and the ranges of variations characterizing the logical situations are defined. Thanks to this information, an identification of the events according to the three types of impact is made for each logical situation. Finally, a sensitivity study is carried out on the events of each logical situation in order to have a sensitivity distribution function per list of events associated with a logical situation.



6.1. Analyze the Sensitivity of the AV to Logical Situations and Define the Sensitivity Distribution Function


Let us consider the eight logical situations obtained in Table 4.



6.1.1. Sensitivity Analysis of AV to the Logical Situations


The sensitivity of the AV to these logical situations is presented in the Appendix A. When the sensor technology (or decision or actuation components) is sensitive to the Ax_x value range, this is indicated by the corresponding value using the scale in Table 5. Otherwise, it means that there is no sensitivity. Then, Table 6 provides the sensitivity value of a logical situation by aggregating the range sensitivity values.



None of the AV components is sensitive to one of the value ranges that characterize the logical situation    Y 1    (Table A1).



For    Y 2    (Table A2), the AV design experts judge that the A2_2 range (Curvature.High) has an impact on two sensors (contribution of 0.4 to the sensitivity).



In the case of    Y 3    (Table A3), we can note that the A4_2 range (Rain.Heavy) can mislead three sensor technologies (contribution of 0.6 to the sensitivity) and actuation (contribution of 1 to the sensitivity) and this leads to a sensitivity of 1.6.



In case of the logical situation    Y 4    (Table A4), the same sensitivity is obtained for    Y 4   . A4_2 range makes the same contribution as for    Y 3    and since the range A2_2 may mislead the same sensors than A4_2, this leads to the same sensitivity of 1.6.



In the case of    Y 5    (Table A5), we have a sensitivity of 1.4. This is due to the range A1_2 (number of lanes = 3 and more) which can lure both two sensor technologies (contribution of 0.4 to the sensitivity) and the decision (contribution of 1 to the sensitivity calculation). A sensitivity of 1.4 is also obtained for    Y 6    (Table A6) since, complementarily to A1_2, the range A2_2 has an impact on the same two sensors.



Finally,    Y 7    (Table A7) and    Y 8    (Table A8) have the highest sensitivity value. They include both the A1_2 (number of lanes = three and more) and A4_2 (Rain.Heavy) ranges, while    Y 8    additionally includes A2_2. The respective effects of each range on the AV components are cumulative, resulting in a sensitivity of 2.6.



In addition, the randomness of the occurrence of the scenarios in relation to the presence of uncertainty in the operational environment of the AV has to be considered when generating the scenarios. Thus, the sensitivity of the AV to a logical situation will be used to set up a sensitivity distribution function. This will allow a random selection of logical situations while prioritizing the occurrence of those to which the AV is the most sensitive.




6.1.2. Sensitivity Distribution Function on Logical Situations


The distribution of the sensitivity of the AV to logical situations, as presented in Section 5.1, is obtained as follows:



  q    Y j    =    S j   W    and    ∑   Y j    q      Y j    =  ∑   Y j       S j   W  = 1  , with   W =  ∑   Y j     S j    the normalization factor,    Y j    the logical situation j and    S j    its sensitivity.



Considering the eight logical situations and their sensitivity, we obtain


  W =  ∑  j = 1  8   S j  = 0 + 0.4 + 1.6 + 1.6 + 1.4 + 1.4 + 2.6 + 2.6 = 11.6  











Thus, for each of the above logical situations, the sensitivity distribution is:




	-

	
Logical situation Y1:   q    Y 1    =  0  11.6   = 0  




	-

	
Logical situation Y2:   q    Y 2    =   0.4   11.6   = 3.45 ×   10   − 2    




	-

	
Logical situations Y5 and Y6:   q    Y 5    = q    Y 6    =   1.4   11.6   = 12.07 ×   10   − 2    




	-

	
Logical situations Y3 and Y4:   q    Y 3    = q    Y 4    =   1.6   11.6   = 13.79 ×   10   − 2    




	-

	
Logical situations Y7 and Y8:   q    Y 7    = q    Y 8    =   2.6   11.6   = 22.41 ×   10   − 2    









Obviously, the value obtained for   q    Y 7      and   q    Y 8      is greater because the sensitivity of the AV to Y7 or Y8 is stronger. Note also that the total sum of probability for the eight situations is equal to 1 by definition.



Therefore, we have five classes, which in terms of priority can be considered as follows:




	-

	
Priority 1: Y8 = Y7




	-

	
Priority 2: Y4 = Y3




	-

	
Priority 3: Y6 = Y5 (rather close to priority 2)




	-

	
Priority 4: Y2




	-

	
Priority 5: Y1











6.2. Sensitivity Analysis of AV to Events and Distribution Function


The events associated with each logical situation are of three types: those impacting the functional level, those impacting the logical level and those impacting the concrete level.



6.2.1. Sensitivity Analysis of AV to Events


For each logical situation, a list of events is associated with it. In order to identify this list, we will rely on the types of events that the AV may face in TJC conditions, the limits of the associated ODD and the value ranges of the logical situations. To illustrate this, let us consider Table 7, which shows the sensitivity of the logical situation Y8 as defined in the Appendix A.



The events for this situation are as follows:




	(1)

	
Events impacting the concrete level concern the ranges to which at least one of the components of the AV is sensitive. Ranges A1_2, A2_2 and A4_2 are concerned. Their sensitivities are defined in Table 8. We note    e  j i     an event i of the logical situation j and S(   e  j i    ) its sensitivity. Δ(Ax_y) is an event concerning a change of value within the same range of values Ax_y.




	(2)

	
Events impacting the logical level consist of a change in the range of values of the logical situation considered and concern what we have called the level 1 neighborhood. By analyzing the eight logical situations, those that differ from Y8 by a single range of values are: Y4, Y6 and Y7 (they represent the level 1 neighborhood of Y8). Since such an event triggers a transition from one logical situation to another, the gradient (i.e., the absolute value of the difference in sensitivity between the initial and final situation) is used to obtain the sensitivity. Table 9 gives the events and their sensitivity in the case of logical situation Y8. Δ(Ax_y, Ax_z) is a range change event.




	(3)

	
The events impacting the functional level trigger a transition of the AV out of the “Car following” situation. Considering the conditions of validity of the “Car following” situation and the constraints of the ODD mentioned in paragraph 4.2, the modifications of the value ranges (and thus the events) that make it leave the “Car following” situation are among others:




	
e8.7 = Δ(A1_1, A1_0) (switching from two lanes to one lane: end of Ego lane)



	
e8.8 = Δ(A1_2, A1_0) (switching from 3+ lanes to one lane: end of Ego lane)



	
e8.9 = Δ(A5_1, A5_2) (switching from Speed_OtherVehicle.1.Low to Speed_OtherVehicle.1.High)














The range A1_0 does not affect any technology (sensitivity contribution = 0) but its occurrence implies a change of lane for the Ego (addition of a factor of 1 to the sensitivity) and thus causes a change of functional situation; therefore, a sensitivity of 1 is obtained. The sensitivities of these events are shown in Table 10.



About the range A5_2, its occurrence leads to a violation of one of the TJC conditions, which is that the speed must be less than a maximum value of 60 km/h (Table 1). This range does not have an impact on any technology but induces a new operational mode (i.e., “GiveBack”). Therefore, the difficulty of this change implies a sensitivity of 1.



The list    E 8    of events associated with the logical situation Y8 groups together the events identified in Table 8, Table 9 and Table 10 and contains a total of nine events ranging from e8.1 to e8.9.



As with the logical situations, a distribution function is introduced to generate the events according to their sensitivity.




6.2.2. Sensitivity Distribution Function on Events


To ensure that events with zero sensitivity may be also picked (e.g., this concerns e8.5), a minimum non-zero sensitivity value must be assigned to them. We have chosen this value to be the lowest of all the sensitivity values in the list. Thus, we will assign a sensitivity of 0.1 to the event concerned.



The sensitivity distribution function is defined as follows:



  q   e j i   =   S (  e  j i   )    W  E j       and    ∑  e j i   q      e  j i     =  ∑  e j i     S (  e  j i   )    W  E j     = 1  , where    W  E j   =  ∑   e  j i     S    e  j i       is the normalization factor for the list    E j    of events    e  j i     and S(   e  j i    ) the sensitivity of the event    e  j i    .



Considering the list    E 8    of the nine events associated with the logical situation Y8 and their sensitivity values, we find:    W  E 8   =  ∑  i = 1  9  S    e  8 i     = 8.7  .



The sensitivity distribution of the events is given in Table 11. Furthermore, since the sum of all probabilities is 1, we verify that    ∑  i = 1  9  q    e  8 i     = 1  .





6.3. Comparing Our Results with Those of an Expert


In order to evaluate the relevance of the proposed sensitivity assessment method, we decided to compare our sensitivity results (Table 12) obtained in Section 6.1 with the opinion of an expert.



To do that, we asked an expert to classify the same logical situations (all described in Table 4) from the most critical to the least critical.



The classification is performed using the pairwise comparison with the analogy of the well-known multi-criteria decision-making approach called Analytic Hierarchy Process (AHP). This approach aims to compare criteria and their importance. In our work, the aim is to compare situations according to their criticality. The question is: which criterion (resp. situation) is more important (resp. critical), and how much more on a scale of 1–9? The scale is as follows: 1—Equal Importance, 3—Moderate importance, 5—Strong importance, 7—Very strong importance, 9—Extreme importance.



The first principle intuitively used by the expert to compare two situations was that “one situation is more critical than another if it has a higher number of ranges impacting the automation function”. We obtained the results in Figure 3. The logical situations are classed from S1 to S8.



As we can observe, these results give a four-level classification (rank 1 for S8, rank 2 for S7, S6 and S4, rank 5 for S5, S3 and S2, rank 8 for S1) which is totally different from our classification results as mentioned in Table 12. Even if the consistency ratio of the expert is quite good as we obtain 1.6% (0.016 < 0.1), the problem with such a logic is that the differences between the impact degrees of the ranges are not taken into account: two different ranges affecting the same technology or component are considered as having the same risk level.



Thus, we proposed that another classification be made, but considering the fact that the ranges of values have their proper degree of impact on the sensor technologies or on decision and actuation components. Therefore, the new principle used by the expert is that “A situation is more critical than another if the number of sensor technologies, decision and actuation components that are sensitive to value ranges is more important”. Figure 4 shows the resulting classification.



With this new logic, we get a six-level classification (rank 1 for S8, rank 2 for S7, rank 3 for S3 and S4, rank 5 for S6 and S5, rank 7 for S2, rank 8 for S1) and the consistency ratio is also quite good (0.032 < 0.1).



When comparing with our results (see Table 12), which gave a five-level classification, we can deduce that there is a similarity. In fact, the main difference is that, in our results, situations Y7 and Y8 (called S7 and S8 by the expert) are considered as belonging to the same class, whereas in the expert’s results they have been split into two classes. However, the expert could have gathered them together, as their priority values are very close (26.9% and 27.6% in Figure 4). The other situations belong to the same classes and ranks in both classifications. The experts consider such a classification of sensitivity values for these logical scenarios as relevant and recognize that their former intuitive logic is less rational than the one used subsequently.





7. Discussion


Originality. The two main contributions of this paper are a method for analyzing the sensitivity of AV to logical situations and associated events, and, more specifically, the setting up of a sensitivity distribution function for both logical situations and events. We also define and apply this method on the TJC example to characterize the context of usage of an automation function, as well as the functional and logical abstraction levels. The reasoning is based on the three levels of abstractions (functional, logical and concrete scenarios) proposed by Menzel et al. [13]. Despite its relevance, this structuring cannot obtain all the scenarios corresponding to each level of abstraction. Therefore, we bring an approach that identifies which elements to combine in order to specify each level. Moreover, the sensitivity analysis we introduce offers the possibility of putting forward the ranges of values that can have a high criticality impact on the behavior of the AV.



Practical application. With our approach, the characterization of the logical scenarios is done so as to identify potentially critical scenarios before their submission to the simulator. In contrast to the classical safety metrics, the sensitivity metric proposed here brings an additional tool to the scenario generation strategy. The application to the TJC case study shows that the proposed sensitivity metric is relevant. On the one hand, our metric offers a discriminant classification of logical situations according to the sensitivity of the AV and, on the other hand, the comparison with an expert’s classification presents similar results. When facing situations where the number of parameters increases, the expert is no longer able to compare situations 2 by 2 to rank the sensitivity of the logical situations and, consequently, a metric like the proposed sensitivity metric can be used.



Our focus in this paper is on validation and sensitivity analysis for each automation function, here the chosen example is the TJC. The features are the operational modes and maneuvers that define the functional situations (see Figure 1 and Table 2) and the limits of sensor technologies, actuators and decision modules. Our approach does not require a detailed description of the characteristics of the components, the operation and the limits of the AV.



We are aware that the proposed method has some limits that require further development. Each step of the proposed method is based on modelling assumptions and may introduce errors.



The first hypothesis is related to the decomposition of the VA operation by automation function (Section 4.1). This approach is relevant to automation level 3 but may require simulation tests with scenarios integrating all the automation functions to validate levels 4–5.



The second hypothesis is related to an epistemic uncertainty concerning the model of situations and events at the functional level (Section 4.2). The relevant entities and parameters are identified by means of expert knowledge, accident scenario databases, etc. However, relevant entities and parameters describing the environment may be forgotten.



The third hypothesis concerns the division of the value ranges for each parameter with expert knowledge (Section 4.3). These value ranges are influenced by the experts’ subjectivity and may vary according to the specific technology that equips the studied VA (e.g., the value range of a “low rain level” may vary depending on the vehicle manufacturer). The process of obtaining logical situations may be subject to the resolution of a combinatorial problem due to the combination among the value ranges of parameters. However, we have chosen to opt for a systematic combination of ranges. The motivation behind this choice is explained by the fact that splitting the ranges according to their sensitivity, carried out with the support of the AV designers and safety experts, limits the number of ranges to the those that are strictly necessary. In addition, although the splitting is done with the support of experts, the relevance of the division into ranges of values for each parameter must be verified, especially as it guides the whole strategy of sensitivity analysis and then the search for critical scenarios.



The fourth hypothesis is related to the choice of the scale to determine the level of sensitivity of each AV technology to logical situations and events (Section 5.1 and Section 5.2). When calculating the sensitivity gradient for an event impacting the functional level, we chose to add a value of 1 to consider the difficulty in decision that such an event induced (as it triggers a transition to another functional situation). The relevance of the value “1” may be subject to discussion and to a sensitivity analysis of the proposed metric.



The final limitation is that we only consider the neighborhood of level 1 during the identification of events. This choice is justified by the desire to limit the number of combinations by considering only the unitary events that lead from one logical situation to another.




8. Conclusions and Future Work


In this paper, we propose an approach for measuring the sensitivity of AV to logical situations and events it may face, as well as a characterization of functional and logical scenarios. The aim is to guide the generation of scenarios which are tested for the simulation-based validation of AV, by selecting those which are the most likely to induce a harmful event or accident. Thus, the sensitivity distribution functions make it possible to randomly select situations and events according to their importance in terms of sensitivity for the AV. Thus, during the sampling, the more sensitive logical situations and events will be, the more they will tend to be generated often and then simulated.



Our work contributes to the demonstration of AV safety through scenario generation and the use of simulation. This contribution is a first step to effectively support the deployment of a safe AV.



However, additional work needs to be carried out. First, a key perspective is to verify that highlighting the sensitivity of the scenarios reduces the number of scenarios to be tested while meeting the expected performance criteria. In addition, a heuristic for exploring and generating concrete scenarios should be set up and implemented in order to evaluate the use of the sensitivity analyses we have just proposed. Then, a sensitivity analysis of the proposed sensitivity metric should be carried out either by introducing biases on the sensitivity values estimated by the expert or by modifying the amplitude of the value ranges defined for the parameters. A fuzzy approach for these ranges could be considered and compared to the proposed method that is based on fixed ranges.



The notion of “neighborhood” introduced can be extended to different levels (neighborhood of level X, with X > 1). Furthermore, the coupling of the parameters (e.g., constraints between their ranges, types of infrastructure and presence of intersections) should be analyzed and considered in order to further reduce the combinatorial explosion of the generation.
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	ADAS
	Advanced Driver-Assistance System
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	Automated Driving System



	AHP
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	AV
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	CS
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	FS
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	LS
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	SOTIF
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	TJC
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	Ax_y
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	Yj
	specific logical situation j



	    E j    
	list of events in logical situation j



	    e  j i     
	event N° i in logical situation j



	Sj
	sensitivity value of the AV to the logical situation    Y j   



	   q    Y j      
	sensitivity distribution function on logical situation    Y j   



	   S    e  j i       
	sensitivity value of an event    e  j i    



	   q    e  j i       
	sensitivity distribution function on event    e  j i    



	    W   E j      
	normalization factor for the list    E j   



	Δ(Ax_y)
	modification of the value of parameter x in the same range y of values



	Δ(Ax_y, Ax_z)
	modification of the value of parameter x with a change of the value range
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Table A1. Sensitivity of the logical situation Y1.






Table A1. Sensitivity of the logical situation Y1.





	

	
Techno 1 (Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y1

	

	

	

	

	

	

	






	
A1_1

	

	

	

	

	

	

	




	
A2_1

	

	

	

	

	

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_1

	

	

	

	

	

	

	




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y1/component

	

	

	

	

	

	

	




	
Sensitivity of Y1

	
0
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Table A2. Sensitivity of the logical situation Y2.






Table A2. Sensitivity of the logical situation Y2.





	

	
Techno 1

(Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y2

	

	

	

	

	

	

	






	
A1_1

	

	

	

	

	

	

	




	
A2_2

	

	

	

	
0.2

	
0.2

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_1

	

	

	

	

	

	

	




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y2/component

	

	

	

	
0.2

	
0.2

	

	




	
Sensitivity of Y2

	
0.4
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Table A3. Sensitivity of the logical situation Y3.
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Techno 1

(Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y3

	

	

	

	

	

	

	






	
A1_1

	

	

	

	

	

	

	




	
A2_1

	

	

	

	

	

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_2

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y3/component

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
Sensitivity of Y3

	
1.6
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Table A4. Sensitivity of the logical situation Y4.
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Techno 1

(Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y4

	

	

	

	

	

	

	






	
A1_1

	

	

	

	

	

	

	




	
A2_2

	

	

	

	
0.2

	
0.2

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_2

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y4/component

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
Sensitivity of Y4

	
1.6
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Table A5. Sensitivity of the logical situation Y5.
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Techno 1

(Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y5

	

	

	

	

	

	

	






	
A1_2

	

	

	

	
0.2

	
0.2

	
1

	




	
A2_1

	

	

	

	

	

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_1

	

	

	

	

	

	

	




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y5/component

	

	

	

	
0.2

	
0.2

	
1

	




	
Sensitivity of Y5

	
1.4
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Table A6. Sensitivity of the logical situation Y6.
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Techno 1

(Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y6

	

	

	

	

	

	

	






	
A1_2

	

	

	

	
0.2

	
0.2

	
1

	




	
A2_2

	

	

	

	
0.2

	
0.2

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_1

	

	

	

	

	

	

	




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y6/component

	

	

	

	
0.2

	
0.2

	
1

	




	
Sensitivity of Y6

	
1.4
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Table A7. Sensitivity of the logical situation Y7.
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Techno 1 (Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y7

	

	

	

	

	

	

	






	
A1_2

	

	

	

	
0.2

	
0.2

	
1

	




	
A2_1

	

	

	

	

	

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_2

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y7/component

	

	
0.2

	

	
0.2

	
0.2

	
1

	
1




	
Sensitivity of Y7

	
2.6
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Table A8. Sensitivity of the logical situation Y8.






Table A8. Sensitivity of the logical situation Y8.





	

	
Techno 1 (Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation




	
Y8

	

	

	

	

	

	

	






	
A1_2

	

	

	

	
0.2

	
0.2

	
1

	




	
A2_2

	

	

	

	
0.2

	
0.2

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_2

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y8/component

	

	
0.2

	

	
0.2

	
0.2

	
1

	
1




	
Sensitivity of Y8

	
2.6
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Figure 1. The process used to obtain the functional situations. 
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Figure 2. The three impact levels of an event. 
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Figure 3. The expert’s classification of the logical situations using the first principle. 
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Figure 4. The expert’s classification of the logical situations using the second principle. 






Figure 4. The expert’s classification of the logical situations using the second principle.



[image: Applsci 13 06717 g004]







[image: Table] 





Table 1. TJC’s ODD description.






Table 1. TJC’s ODD description.





	
Physical Infrastructure

	
Other Road Users

	
Weather Conditions

	
Ego Vehicle






	

	
Type of infrastructure: divided lanes (highway, expressway)



	
Roadway type:



	
separate carriageway



	
No intersection, no roundabout, no pedestrian crossing, no stop lights, no giving way, no priority entry, no U-turn, no working zone, no tunnel






	

	
No pedestrian, no obstacle, no wrong way driver






	

	
Type of precipitation: not specified



	
Type of brightness: not specified



	
Temperature: not specified






	

	
Equipped with TJC



	
Speed range: ≤60 km/h



	
Presence of Driver = Yes



	
No lane changing



	
Vehicle dynamic: no strong deceleration, no strong acceleration, no strong action on the steering wheel



	
No trailer and no towing vehicle are attached









	
                             Other domain constraints

	
On type of lane: Ego must not be on shoulder lane or merging lane or ending lane



	
No obstacle



	
Traffic Jam condition: 1 vehicle in front of Ego, speed range ≤ 60 km/h, speed difference (between road users) ≤ 10 km/h (meaning that traffic density = congested)
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Table 2. Example of the obtained functional situations in TJC case.






Table 2. Example of the obtained functional situations in TJC case.





	
Type of Traffic Density Associated with the Use of the Function: Congested

	
List of Functional Situations






	
The types of infrastructure associated with the function: Motorway, Expressway

	
The operational modes in the “Motorway” infrastructure: Activation, GiveBack, MRM

	
The operational maneuver associated with the “Activation” mode for the Motorway infrastructure: Car following

	

	
Ego in “Car following” situation in the “Activation” mode on a Motorway and in congested traffic.









	
The operational maneuver associated with the “GiveBack” mode for the Motorway infrastructure: Car following

	

	
Ego in “Car following” situation in “GiveBack” mode on a Motorway and in congested traffic









	
The operational maneuver associated with the “MRM” mode for the Motorway infrastructure: Car following

	

	
Ego in a “Car following” situation in the “MRM” mode on a Motorway and in congested traffic.









	
The operational modes in the Expressway infrastructure: Activation, GiveBack, MRM

	
The operational maneuver associated with the “Activation” mode for the Expressway infrastructure: Car following

	

	
Ego in “Car following” situation in “Activation” mode on an Expressway and in congested traffic.









	
The operational maneuver associated with the “GiveBack” mode for the Expressway infrastructure: Car following

	

	
Ego in the “Car following” situation in “GiveBack” mode on an Expressway and in congested traffic.









	
The operational maneuver associated with the “MRM” mode for the Expressway infrastructure: Car following

	

	
Ego in the “Car following” situation in the “MRM” mode on an Expressway and in congested traffic.
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Table 3. Example of parameters and value ranges for obtaining logical situations.
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Parameters

	
Value Ranges

	
Identification






	
Number_lanes

	
2

	
A1_1




	
3 or more

	
A1_2




	
Curvature

	
Low

	
A2_1




	
High

	
A2_2




	
Speed_Ego

	
Low (0, 60 km/h)

	
A3_1




	
Rainfall level

	
Light

	
A4_1




	
Heavy

	
A4_2




	
Speed_OtherVehicle.1 (km/h)

	
Low (0, 60 km/h)

	
A5_1
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Table 4. Examples of logical situations obtained by combining the variation ranges.
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	Logical situation 1 (Y1): A1_1, A2_1, A3_1, A4_1, A5_1 = 2 lanes * Curvature.Low * Speed_Ego.Low * Rain.Light * Speed_OtherVehicle.1.Low



	Logical situation 2 (Y2): A1_1, A2_2, A3_1, A4_1, A5_1 = 2 lanes * Curvature.High * Speed_Ego.Low * Rain.Light * Speed_OtherVehicle.1.Low



	Logical situation 3 (Y3): A1_1, A2_1, A3_1, A4_2, A5_1 = 2 lanes * Curvature.Low * Speed_Ego.Low * Rain.Heavy * Speed_OtherVehicle.1.Low



	Logical situation 4 (Y4): A1_1, A2_2, A3_1, A4_2, A5_1 = 2 lanes * Curvature.High * Speed_Ego.Low * Rain.Heavy * Speed_OtherVehicle.1.Low



	Logical situation 5 (Y5): A1_2, A2_1, A3_1, A4_1, A5_1 = (3 and more) lanes * Curvature.Low * Speed_Ego.Low * Rain.Light * Speed_OtherVehicle.1.Low



	Logical situation 6 (Y6): A1_2, A2_2, A3_1, A4_1, A5_1 = (3 or more) lanes * Curvature.High * Speed_Ego.Low * Rain.Light * Speed_OtherVehicle.1.Low



	Logical situation 7 (Y7): A1_2, A2_1, A3_1, A4_2, A5_1 = (3 and more) lanes * Curvature.Low * Speed_Ego.Low * Rain.Heavy * Speed_OtherVehicle.1.Low



	Logical situation 8 (Y8): A1_2, A2_2, A3_1, A4_2, A5_1 = (3 or more) lanes * Curvature.High * Speed_Ego.Low * Rain.Heavy * Speed_OtherVehicle.1.Low
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Table 5. Proposal for a scale to measure a priori sensitivity of AV to a range of values.






Table 5. Proposal for a scale to measure a priori sensitivity of AV to a range of values.





	
Description

	
Corresponding Sensitivity Value






	
The range of values misleads the considered sensor technology

	
0.2




	
The range of values misleads the five sensor technologies

	
1




	
The range of values misleads the decision made by the AV (in the absence of any lure to the sensors)




	
The range of values misleads the actuation
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Table 6. Contribution of the sensitivity of an AV component in obtaining the sensitivity to a logical situation.
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Description

	
Corresponding Sensitivity Value






	
The sensor technology under consideration is sensitive to at least one of the value ranges making up the logical situation

	
0.2




	
The decision made by the AV (in the absence of any lure to the sensors) is sensitive to at least one of the value ranges making up the logical situation

	
1




	
The actuation is sensitive to at least one of the value ranges making up the logical situation
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Table 7. Sensitivity of the logical situation Y8.
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Techno 1

(Radar)

	
Techno 2

(Lidar)

	
Techno 3

(Ultrasonic)

	
Techno 4

(Stereo Camera)

	
Techno 5

(Mono Camera)

	
Decision

	
Actuation






	
Y8

	

	

	

	

	

	

	




	
A1_2

	

	

	

	
0.2

	
0.2

	
1

	




	
A2_2

	

	

	

	
0.2

	
0.2

	

	




	
A3_1

	

	

	

	

	

	

	




	
A4_2

	

	
0.2

	

	
0.2

	
0.2

	

	
1




	
A5_1

	

	

	

	

	

	

	




	
Sensitivity of Y8/component

	

	
0.2

	

	
0.2

	
0.2

	
1

	
1




	
Sensitivity of Y8

	
2.6
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Table 8. Sensitivity of events impacting the concrete level for Y8.
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	e8.1 = Δ(A1_2)
	e8.2 = Δ(A2_2)
	e8.3 = Δ(A4_2)



	S(e8.1) = 1.4
	S(e8.2) = 0.4
	S(e8.3) = 1.6
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Table 9. Sensitivities of events impacting the logical level for Y8.
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Y8

	

	
Y4

	
Y6

	
Y7




	
Event impacting the logical level

	
e8.4 = Δ(A1_2, A1_1)

	
e8.5 = Δ(A4_2, A4_1)

	
e8.6 = Δ(A2_2, A2_1)




	
Sensitivity of the event

	
S(e8.4) = |2.6 − 1.6|

= 1

	
S(e8.5) = |2.6 − 1.4|

= 1.2

	
S(e8.6) = |2.6 − 2.6|

= 0
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Table 10. Sensitivities of events impacting the functional level for Y8.






Table 10. Sensitivities of events impacting the functional level for Y8.





	
Functional Situation of “Car Following”

	

	
Lane Changing Left

	
GiveBack




	
Event impacting functional situation

	
e8.7 = Δ(A1_1, A1_0)

e8.8 = Δ(A1_2, A1_0)

	
e8.9 = Δ(A5_1, A5_2)




	
Sensitivity of the event

	
S(e8.7) = 1

S(e8.8) = 1

	
S(e8.9) = 1
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Table 11. Distribution of sensitivities of the events in the E8 list.
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	Events
	e8.1 = Δ(A1_2)
	e8.2 = Δ(A2_2)
	e8.3 = Δ(A4_2)
	e8.4 = Δ(A1_2, A1_1)
	e8.5 = Δ(A4_2, A4_1)
	e8.6 = Δ(A2_2, A2_1)
	e8.7 = Δ(A1_1, A1_0)
	e8.8 = Δ(A1_2, A1_0)
	e8.9 = Δ(A5_1, A5_2)



	Sensitivity values
	S(e8.1)

= 1.4
	S(e8.2)

= 0.4
	S(e8.3)

= 1.6
	S(e8.4)

= 1
	S(e8.5)

= 1.2
	S(e8.6)

= 0.1
	S(e8.7)

= 1
	S(e8.8)

= 1
	E(e8.9)

= 1



	Associated probabilities
	q(e8.1) = 0.161
	q(e8.2) = 0.046
	q(e8.3) = 0.184
	q(e8.3) = 0.115
	q(e8.4) = 0.138
	q(e8.5) = 0.011
	q(e8.6) = 0.115
	q(e8.7) = 0.115
	q(e8.9) = 0.115
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Table 12. Summary of the sensitivity results obtained with the eight logical situations described in Section 6.1.






Table 12. Summary of the sensitivity results obtained with the eight logical situations described in Section 6.1.





	Sensitivity Distribution
	Priority/Rank
	Logical Situations





	  0  
	5
	Y1



	   3.45 ×   10   − 2     
	4
	Y2



	   12.07 ×   10   − 2     
	3
	Y6, Y5



	   13.79 ×   10   − 2     
	2
	Y4, Y3



	   22.41 ×   10   − 2     
	1
	Y8, Y7
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