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Automated vehicles are designed to maintain both longitudinal and transverse control along a road section under certain favorable conditions. The conditions that ensure a safe operation of an automated vehicle are referred to as Operational Design Domain (ODD). So far, the concept of ODD has focused on the automated vehicle and how it is designed to operate autonomously and safely under certain conditions. However, Road Administrations and Operators would be probably more interested in formulating the concept of ODD from the road standpoint, identifying the sections that really allow an optimal and safe operation for all automated vehicles. Hence, this study introduces the concept of Operational Road Section (ORS), that is, defined as a road section, that is, compatible with all automated vehicles’ ODDs. This would result in very low disengagements of SAE Level 2 and 3 vehicles, and no disengagements at all of any SAE Level 4 vehicle, as long as their conditions do not vary. These road sections are determined as the overlapping of all the ODDs corresponding to all the automated vehicles traveling through a road segment. The concept of ORS will play a key role in the identification of the road features that promote a safe automated driving. With this information, Road Administrations and Operators could 1) establish improvement actions for extended automated operation and thus longer ORSs; and 2) manage driving restrictions to certain driving automation systems. Finally, a case study is presented showing the applicability of the ORS concept on a two-lane rural road segment.
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INTRODUCTION
By 2022, 638,000 automated vehicles are expected to be on the road worldwide, while by 2030, sales of this type of vehicle are estimated to account for 12% of the entire automotive sector (ERF, 2020). In this context, it is expected that by 2035, 20%, 24%, and 29% of the global fleet of these vehicles will be in Europe, China, and the United States, respectively (Wagner, 2020). Furthermore, the level of maturity in the market for this type of vehicle varies greatly within the same region (ERF, 2020). In the specific case of Europe, countries such as Sweden, the Netherlands, and the United Kingdom are in the lead in terms of autonomous and connected mobility. On the opposite side are Portugal, Spain, and Belgium, with a maturity level of one on a scale from 0 to 4 (ERF, 2020).
Sales of SAE Level 2 vehicles are on the increase. These vehicles are capable of simultaneously control longitudinal and lateral movements within the lane (SAE, 2021). However, these vehicles are sometimes unable to perform this task and must release the control to the human driver. This is why these vehicles require the presence and continuous supervision of the human driver. These events are commonly referred to as disengagements and constitute one of the main safety issues of the automated driving system, especially if the human driver is distracted. SAE Level 3 vehicles go one step further, asking the human driver to retake control instead of directly disengage (SAE, 2021).
These disengagements or Take Over Requests (TOR) may be triggered by different factors. However, road infrastructure has been found to be behind many of them (García et al., 2019; García et al. 2020a; García et al. 2020b). In order to foster the fast deployment of CAVs, it is recommended to analyze which characteristics of the road infrastructure trigger these events. Some of these factors are: 1) type of road; 2) traffic and environmental characteristics; 3) speed range; 4) incidents and crashes; 5) road works and maintenance activities.
Here is where the concept of Operational Design Domain (ODD) comes in. An ODD can be defined as “the operating conditions under which a given driving automation system or feature thereof is specifically designed to function” (BSI, 2020). Therefore, ODD is a concept based on the capabilities of every single automated vehicle. ODDs are especially important for SAE Level 4 vehicles, given that these vehicles can always perform the Driving Dynamic Task within their ODD. While lower SAE Levels cannot ensure this performance, they would perform quite better when conditions match their ODDs.
Despite some initiatives (Automated Vehicle Safety Consortium 2020; BSI 2020; European ITS Platform 2020), to date, there are serious limitations in the application of this concept, especially due to a lack of standardization. This would require specifying all possible factors, attributes, and thresholds for which an automated vehicle should be able to operate autonomously. It is important to highlight that ODD is a vehicle-based concept, i.e., every single vehicle would present different ODDs, regardless how well these can be defined. This is an important limitation from the road infrastructure perspective.
In conclusion, the ODD concept is not suitable from the point of view of the road and its environment, which is what Road Administrations—as those responsible for the planning and management of roads—are most interested in. Therefore, the ODD concept should be adapted to reflect which road sections present the appropriate characteristics that enable the operation of a certain driving automation system. As indicated above, the interaction between an automated vehicle and the road infrastructure plays a major role, in addition to other environmental factors.
Another remarkable limitation is that along a corridor, every vehicle performs through a variety of sections, some of them matching their ODD and some not. Moreover, these sections vary across automated vehicles, hindering the application of an ODD-like concept from the road infrastructure side.
Therefore, it is necessary to formulate a more different concept that can cope with these particularities and allows Road Administrations and Operators to establish improvement actions to extend automated operation and manage driving restrictions to certain driving automation systems. This concept must be operational for the design, maintenance, and management of existing and future roads.
This study aims at exploring this new concept. Section 2 analyzes the limitations of the use of ODDs. Afterwards, Section 3 presents the evolution of the ODD concept and Section 4 describes the adaptation of the ODDs to the road. Then, Section 5 introduces the concept of Operational Road Section, discussing it in Section 6. Section 7 shows a Case Study of the application of this concept. Finally, Section 8 summarizes the main conclusions of the study.
OPERATIONAL DESIGN DOMAIN LIMITATIONS
Existing definitions of ODD focus on the automated vehicle and how it is designed to operate autonomous and safely under certain environments and conditions. As indicated above, from the side of Road Administrations and Operators, a definition of ODD formulated from the road and its environment perspective would be of higher interest.
So far, there is no full consensus on the definition of an ODD, but the differences are even more evident in the factors and conditions that must support it. Another important issue related to the specification of an ODD is the probability of occurrence of certain conflicting events versus the accuracy of the detection system as a reliability rate. These are concepts that are not directly comparable but are associated with and fully affect the ODD. An ODD must guarantee the autonomous operation of the system to which it refers (as long as it is working properly). Therefore, it cannot be defined with factors, attributes, and conditions that establish probabilistic limitations, but the thresholds must have enough margin so that the operating conditions are totally safe. Outside the range of the ODD, the automated vehicle could still operate, but it is no longer guaranteed.
An example might be a pedestrian crossing a road. This is a conflicting event with a low probability of occurrence (e.g., 10%). If the automated system for which the ODD is defined covered that road section, with pedestrian presence, it would not be permissible for the automated detection of pedestrians on the roadway to have an accurate detection of 70%. For this vehicle, that road section should not meet the ODD. If this event occurs for many vehicles, the authorities could consider prohibiting the presence of pedestrians on the roadway or physically avoiding them from crossing the roadway, thus extending the compatibility of the road for most vehicles (note that this decision is based not only on the performance of a single vehicle).
Another issue that remains unclear is how the ODD varies with the performance of the automated vehicle (e.g., with speed). In fact, for each ODD, the automated speed, defined by García et al. (2020a) as the maximum driving speed at which the vehicle can operate autonomously, should be considered as a parameter. What if the vehicle and/or its driver experience higher speeds, either voluntarily or as a necessity of an evasive maneuver? Even meeting the automated speed, slippage could occur due to poor tire condition which would be a limitation of the vehicle itself, not of the ODD.
Speed is therefore a very sensitive factor to be considered in the ODD and in the design and operation of a road section. Whether the automated speed has to be related to the design speed and the generic speed limit of each road segment has not yet been finalized. In order to ensure a safe mobility for mixed traffic -conventional vehicles and automated vehicles-in the coming years, the maximum speeds of the ODDs of automated vehicles that are compatible with a certain road section should be, at least, those corresponding to the design speed and the generic speed limit.
EVOLUTION OF THE OPERATIONAL DESIGN DOMAIN
The ASAM OpenODD Project (ASAM, 2021) is working to integrate the concept of conditional or reduced ODD. This contribution is going to be very necessary as an ODD, with its attributes, specifies a complete operational range for an automated system. However, there may be a certain attribute of the ODD that presents a limitation in a certain period of time and spatial scope, which means that the range of the ODD must be restricted, without having to completely abandon the ODD.
A clear example is the attribute of the range of speeds at which an automated system can operate (e.g., between 0 and 80 km/h). However, in the case of dense fog (assuming that the concept of “dense fog” is well defined), the automated system could be kept within its ODD, conditioned or reduced, if the speed range is changed to 0–40 km/h.
Another issue to take into account is related to the fact that the ODD of an automated vehicle must be valid throughout its lifespan, since it will be a fundamental part of its safety and that of other vehicles and users. Thus, automakers should be able to update on-board automation technologies, at least on the computing side, and thus enable a dynamic or improved ODD. Every improvement introduced in the vehicle’s automation system will lead to greater robustness and expansion of its ODDs. In this way, there will be versions of the ODD for the same automated vehicle throughout its lifespan.
This expansion of ODDs requires new thresholds and even the elimination of some of the factors or attributes as constraints. All these dynamics mean that the safety attributed to an ODD through its factors and thresholds is not easy to manage and ensure. The automated vehicle operates in the real world, moving within all possible dimensions of the declared ODD, and surprises or conflicts may arise with some frequency. There are so many extreme events and situations that even experts cannot anticipate real tests or in simulation environments to deal with all the variety of surprises (Fraade-Blanar et al., 2018).
Therefore, the current approach to the ODD concept leads to the fact that the focus of automated driving safety is being oriented towards nominal safety, i.e., based on meeting a set of limits, neglecting that actual safety is a continuum (Blumenthal et al., 2020).
According to what this, an automated vehicle may be traveling within its ODD but, at one point, an event or conflict may trigger its exit from the operational domain. The level of safety then comes to be in the management of minimum risk maneuvers that may lead the vehicle to transfer control to the driver or to look for a minimum risk condition or location. However, it may also be possible to develop preventive actions, such as slowing down, to stay within a conditioned or reduced ODD.
Thus, the benefits of automated driving on road safety should be thoroughly studied to define the factors and limits that really contribute to maximize the safety of the resulting system. Moreover, safety must not fall only on the automation systems, through the ODDs, but physical infrastructure, digital infrastructure, and connectivity must play an important role. Last but not least, drivers will continue to play a crucial role in safety as they will have to intervene when necessary.
To this regard, a new concept -Operational Design Condition (ODC) has recently been proposed that encompasses the ODD and aims to clarify the confusion surrounding it (Khastgir, 2020). ODC includes the capabilities of the target vehicle at any given time and those of the driver. This more integrated approach can lead to a safer system by dynamically contemplating the ODD depending on the vehicle operation and the driver’s situation with respect to regaining manual control.
ADAPTATION OF THE ODD TO THE ROAD INFRASTRUCTURE
So far, the approach and development of the ODD focuses on the design of the automated vehicle so that it can travel autonomously and safely along certain road sections or areas if the factors and conditions included in its definition are met. In this way, the ODD is not defined from the side of the road and its environment, which is what Road Administrations may be most interested in.
From the road perspective, an ODD could be defined as a section of road that has a series of characteristics that allow, for a certain period of time, the operation of a specific automated driving system. The key, therefore, lies in the limitations that may exist in the interaction between an automated vehicle and the road infrastructure, in addition to various environmental factors or variables. The concept can probably be made clearer by not only saying what it includes but also what it excludes, i.e., the factors and thresholds that cause disengagements.
For a Road Administration or Operator, a whole range of needs should be able to be addressed (ASAM, 2021):
• To have easy access to the ODD specifications of all vehicles traveling on its roads so as to have a clear view of current demands and to be able to estimate future demands on its road network.
• To have the ability to warn vehicles in advance if they are about to choose a route through its road network, that is, likely to exceed or be outside of the ODD.
• To provide recommendations to automated vehicles on which routes, roads, and lanes to use depending on the ODD capabilities.
• To have the ability to easily communicate current ODD constraints on certain sections or segments of its network.
• To have control over the version of each ODD format, as it can change over time.
TomTom (2022) company is addressing some of these requirements through its new tool RoadCheck, within its HD map package for in-vehicle navigation (TomTom, 2022). If all ODDs are georeferenced on a single HD map, Road Administrations will be able to know which sections allow automated traffic for any vehicle and also which sections have limitations and, therefore, do not allow automated traffic for all automated vehicles.
Road Administrations cannot be oblivious and subservient to automakers who unilaterally decide on the design of their automated systems without really knowing what is happening with the physical infrastructure and how the physical infrastructure could be improved and adapted to make ODDs longer and more robust.
To achieve a truly safe system, Road Administrations and Operators need to know what the existing multiple ODDs are like and how they adapt to the conditions of each road in order to manage them efficiently.
OPERATIONAL ROAD SECTION
Given the limitations of the ODDs when applied to roads, it is necessary to adapt or interpret the ODDs from the point of view of road infrastructure to know which road sections can really allow the optimal and safe operation of all automated vehicles.
These road sections are obtained by overlapping the ODD conditions of all automated vehicles traveling along a road segment. A section that matches with all of them would ensure automation for any automated vehicle. This is a new concept that makes or allows an adaptation of the ODDs to the reality of the road infrastructure.
This new concept is proposed to be called Operational Road Section (ORS) and is defined as a road section where all automated systems can operate safely, taking into account the features of the physical and digital infrastructure. Some environmental factors may temporarily limit automation of some vehicles, anyway.
Figure 1 depicts the ORS concept along a road segment. The horizontal lines correspond to the ODD compatibility zones of various automated vehicles—green: matches ODD, red: does not match ODD. The sections that allow the operation of all automated systems are those which are compatible with the ODD of all vehicles. Several Operational Road Sections (ORSs) are therefore obtained, shown in green at the bottom. Similarly, red sections mean that, at least, one automated vehicle is unable to operate autonomously.
[image: Figure 1]FIGURE 1 | Operational Road Sections along a road segment.
DISCUSSION
The Operational Road Section concept presents many advantages for Road Administrations, Operators, and users.
By mapping ORS across their road networks, Road Administrations (RAs) and Operators (ROs) could know where automated vehicles can perform without major issues. Operational Road Sections are expected to perform better in terms of safety and operation, so RAs and ROs should invest on improving and adapting other road sections to foster automation. This may be done by changing some of the parameters that affect vehicles’ ODDs. Some of them may be very cost-effective (i.e., road markings), some others may be otherwise (e.g., changing the geometry of the road alignment).
RAs and ROs could also establish restrictions to driving automation systems that do not comply with certain specifications, thus encouraging manufacturers to develop the automation technology of new vehicles and to upgrade existing automated vehicles. It is worth to mention that if automakers made ODDs explicit, ORSs would be easier to identify, and Original Equipment Manufacturers (OEMs) could receive feedback from Road Administrations to improve their systems.
Operational Road Sections will vary in time as new, more advanced automated vehicles with more robust ODDs are introduced into the market. At an early stage, most driving automation systems are expected to only support sections of freeways and expressways with smooth horizontal and vertical alignments. As technology evolves, other sections will be supported by all systems, lengthening and merging Operational Road Sections. Ultimately, entire corridors could even match with a single ORS.
Road Administrations and Operators could place vertical signs before entering and exiting Operational Road Sections, encouraging drivers to activate their systems or to disable/supervise them with higher attention, respectively. It would be better if these indications are shown in Dynamic Message Signs, given the evolution of ORSs in time.
CASE STUDY
In order to better understand how to georeference the Operational Design Domains of various automated vehicles, as well as the determination of the Operational Road Sections, a case study has been carried out on a 5.25 km long road segment of a two-lane rural road (Figure 2). This road segment belongs to the CV-50 road, located between Cheste and Villamarchante (Spain).
[image: Figure 2]FIGURE 2 | Aerial view of the road segment. Map data: Google, Imagery ©2022 CNES/Airbus, European Space Imaging, Maxar Technologies. Map data ©2022 Inst. Geogr. Nacional.
The road segment traverses rolling terrain with a minimum horizontal radius of 254 m and a smooth vertical alignment. Lane and shoulder widths are 3.5 and 1.5 m, respectively. The design speed of the road segment is 80 km/h whereas the speed is limited to 90 km/h. Road markings show good conditions for lane detection.
The behavior of three SAE Level 2 vehicles along this road was tested, determining where disengagements took place. This allows an indirect approximation to how the ODDs of these vehicles apply to this road. These three vehicles were: 1) BMW 5-series equipped with the Driving Assistant Plus package, of 2017; 2) Volkswagen Tiguan with the Driving Assistance package, of 2020; and 3) Audi Q2 with the Driving Assistance Pack, of 2019. All of them presented longitudinal control by adaptive cruise control (ACC) and lateral control by lane keeping assist (LKA).
Since explicit ODDs of these vehicles remain unknown to us, these had to be obtained empirically. This was done by performing diverse runs along the road at different steady speeds (70, 80, and 90 km/h), always below the speed limit, according to the procedure described in García et al. (2020a): the vehicle performs driving at the speed using the automated mode. If it disengages, a new, lower speed is tried repeatedly until a speed that does not trigger disengagement is attained. This is called the automated speed.
In order to better locate disengagements, a GPS video camera was used (Garmin Virb Elite) in every run. This camera records in High Definition and includes GPS geolocation. It was placed beside the driver’s head to simultaneously record the road, the vehicle position, the dashboard, the position of the hands on the steering wheel, and the driver’s voice (Figure 3). The video recordings were used to identify the disengagements (road station and time) triggered by every automated system. After each disengagement, the automated system required some time to regain control, being this location also registered (road station and time). This part of the road cannot be considered within the ODD of the vehicle.
[image: Figure 3]FIGURE 3 | Field of view of the video camera during data collection.
For each automated vehicle there were several sections compatible with its ODD, identified from the station where the automated system regains control to the next station that produces the following disengagement. Between successive compatible sections there are sections of no automation or manual control by the driver. As an example, Figure 4 shows the ODD-compatible sections, in green, of the BMW vehicle traveling at a speed of 80 km/h. The red sections show where the vehicle was unable to operate in an automated way. Additionally, black horizontal lines represent the automated speed for each horizontal curve. In this case, system disengagements coincide exactly with horizontal curves with an automated speed lower than the traveling speed (80 km/h). Nevertheless, system disengagements are not always caused by factors related to road alignment.
[image: Figure 4]FIGURE 4 | ODD-compatible sections (in green) for the BMW vehicle traveling at 80 km/h.
Figure 5 shows, for each traveling speed, the sections compatible with the ODDs of the three vehicles in green. By intersecting all the ODDs, the Operational Road Sections (ORSs) can be identified (Figure 5). It is important to know that vehicles need some time to retake autonomous driving mode after abandoning the zone that triggered the disengagement. This means that the ORSs identified using this methodology are larger than the actual ORSs that could be obtained by simply comparing the critical road features causing disengagements. Therefore, it seems necessary to define two ORS types: 1) Effective ORS, obtained following this methodology; and 2) strict ORS, obtained by comparing the ODD-related features that can be measured. The strict ORS will always be shorter than the effective ORS.
[image: Figure 5]FIGURE 5 | Determination of Operational Road Sections (in green) for different steady speeds: (A) 70 km/h; (B) 80 km/h; (C) 90 km/h.
Effective ORSs are especially important from the point of view of drivers, since this is what vehicles will actually experience. On the other hand, strict ORSs are important for Road Administrations and Operators, as well as for vehicle manufacturers. By identifying the critical road features, the former ones could focus on changing the infrastructure and allow more varied CAVs on the road. The latter would have a more specific goal to develop their automation technology.
If the obtained ORSs partially contain a road geometric feature—horizontal or vertical curve—at their beginning or end, it should be narrowed by deleting the portion of this feature, if causing disengagements.
Given that the speed limit of the road segment is 90 km/h, the Operational Road Sections (ORS) corresponding to that speed should be adopted, resulting in the road sections shown in Table 1.
TABLE 1 | Operational Road Sections traveling at speed limit (90 km/h).
[image: Table 1]CONCLUSION
Operational Design Domains (ODDs) are critical to ensure the best automation experience. However, the application of this concept presents several limitations as of today, highlighting the lack of clear and standard taxonomy, the lack of clear information from manufacturers, and the unavailability of SAE level 4 vehicles.
With the ODD information, Road Administrations and Operators could foresee which vehicles are able to perform along a certain road facility. However, ODDs are specific for each automated vehicle, so their use cannot be directly applied by these stakeholders.
A new concept that overcomes this limitation has been presented: Operational Road Sections (ORSs). These sections are obtained by overlapping the road sections that are compatible with the ODDs of all vehicles, so an ORS will be compatible with the ODD of all automated vehicles. The advantage of its use for Road Administrations, Operators, manufacturers, and drivers have been presented. Limitations about this application—especially nowadays—have also been outlined. Finally, a case study has been incorporated to explain how ORSs could be obtained.
The interaction between Road Administrations and Operators with vehicle manufacturers would also change with this concept. The concept of ORS will allow Road Administrations and Operators to infer the characteristics of the road and their thresholds which fully facilitate the operation of the automated systems. In this way, Road Administrations and Operators will be able to establish actions for improvement and adaptation of other road sections to expand the Operational Road Sections. Additionally, this concept will help Road Administrations and Operators to define traffic restrictions on some automated systems and thus encourage vehicle and automated system manufacturers to advance in their developments, not only for new vehicles but also for upgrading automated vehicles already in the market.
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