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Intersection crossing by an autonomous vehicle (AV) is a difficult task due to multiple situations that may occur in an area with convergence of multiple traffic entities. The vehicle needs to understand its situation with regards to its spatio-temporal relationship with respect to the perceived traffic agents, the context imposed by the intersection geometry, and traffic rules.

The testing and evaluation of this manoeuvre in real conditions is difficult even in proving grounds. For this purpose, simulation techniques are used. This paper presents the evaluation of this function using two open-source simulation-AV software stacks, namely Carla-AutoWare & SVL Apollo-Baidu. The purpose is to test their performance using different metrics and as a first step, in this paper the focus is in collision results.

Introduction

The metric performance evaluation of intelligent vehicles with high levels of autonomy, that implement the sense-act-act paradigm is considered as a strategic endeavour. This can be done at component level or at system level either on proving grounds or using simulation techniques. Testing in public roads is done only after a rigorous evaluation process and approval by various stakeholders.

The results presented in this paper are the product of a joint study between industry and academia that seeks to develop evaluation methods based on simulation technologies whilst leveraging in the strong field experience of the different partners.

The evaluation of an AV can be partitioned into two phases: components and systems. Whilst ideally most of the work can be done in a proving ground under controlled scenarios, these evaluations require much resources with hazardous situations being difficult to recreate or simply forbidden. Component level evaluations imply the formulation of different assumptions and constraints in the different tests.

For the purposes of this study the decision-making and planning function has been chosen, with the use case of crossing road intersections. Choosing the decision-making & planning function implies that several assumptions need to be made in particular with regards to the perception, localisation and map functions. These assumptions will be detailed along the paper.

Road intersections have been identified as one of the most challenging scenarios within the Operational Design Domain (ODD) for autonomous vehicles. It is a part of the road network entailing the co-existence of different traffic agents with different behaviours, and different types of traffic rules. It is thus a configuration where numerous accidents occur [START_REF] Li | Drivers' visual scanning behavior at signalized and unsignalized intersections: A naturalistic driving study in China[END_REF], [START_REF] Richard | A random parameters probit model of urban and rural intersection crashes[END_REF] and therefore these scenarios have been widely studied due to the complexity for AVs to maneuver safely and efficiently, see [START_REF] Astarit | Surrogate Safetu Measures from traffic Simulation Models a Comparison of different Models for Intersection Safety Evaluation[END_REF], [START_REF] Bonela | Review of traffic safety evaluation at T-intersections using surrogate safety measures in developing countries context[END_REF] [START_REF] Ali Pirdavani | Evaluation of Traffic Safety at un-signalized intersections using microsimulation[END_REF], [START_REF] Zaid Tahir | Intersection focussed situation Coverage-Based Verification and Validation Framework of Autonomous Vehicles Implemented in CARLA[END_REF].

In order to cross autonomously, the vehicle needs to make several decisions including adjusting its speed and direction accordingly with its situation. Simple questions such as Does it have sufficient time to cross the intersection in the presence of nearby vehicles? Does it need to stop due to the traffic signs? What will be the attitude of the upcoming vehicle who has no priority at the intersection? Or What would be the manoeuvre executed by the pedestrian close to the intersection? These questions are related to decisionmaking and path planning which are at the core of AV functions and control its's behaviour according to the mission to accomplish and its situation within its navigation environment. Figure 1 shows a typical functional diagram of an AV.

The approach taken for the evaluation of the decisionmaking and path planning function as applied to the crossing of intersections is based on two major considerations: the selection of the software stack and the selection of the simulators.

The software stack implements the functions of the architecture of an AV (shown in Figure 1) and the simulators shall enable the evaluation of the system under test. 

The Software Stack

Among the most known open-source software stacks Autoware and Apollo baidu have been used by large companies and governmental organizations (e.g., Lincoln, Volvo, Ford, Intel, Hitachi, LG, and the US Department of Transportation). These are the autonomous driving systems considered in this work; however, the methodology is in no way restrictive and can be deployed on other platforms.

Very few studies compare the performance of these AVs pipelines (i.e. Apollo Baidu and Autoware). Among the existing work, in [START_REF] Raju | Performance of open autonomous vehicle platforms: Autoware and Apollo[END_REF] the comparison has been made in terms of architecture and algorithms used. Another interesting work [START_REF] Garcia | A Comprehensive Study of Autonomous Vehicle Bugs[END_REF] has compared the two AVs in terms of the number of bugs in the software. In this study, the proposal is to compare the two AVs performance in terms of behaviour and decision making.

The latest version of Autoware can be found in [START_REF] Source | Github[END_REF] and for Apollo-Baidu in [START_REF] Source | Github[END_REF].

The Simulators

Virtual environments are often used for the development and testing of Autonomous vehicle systems (AVs) before exposing them to their actual physical deployment environments, especially when actual physical actuation is involved. Generic simulation environments are popular amongst researchers as it promotes and democratizes the development of AVs.

SVL Simulator (formerly known as LGSVL Simulator) [START_REF]LGSVL simulator: A high fidelity simulator for autonomous driving[END_REF] and CARLA [START_REF] Dosovitskiy | CARLA: An Open Urban Driving Simulator[END_REF] are two of the most well-known open-sourced simulation tools. These are notable in their use of well-known gaming engines such as the Unity Engine [START_REF]Unity Engine[END_REF] and the Unreal Engine [START_REF] Games | [END_REF] respectively. Furthermore, they provide bridges towards open-source Automated Driving System (ADS) such as AutoWare [START_REF] Kato | Autoware on Board: Enabling Autonomous Vehicles with Embedded Systems[END_REF] or Apollo [START_REF]Baidu apollo[END_REF]. In this study, both simulators would be adopted, where Apollo would be tested in SVL Simulator while AutoWare would be tested in CARLA. Both platforms enable the researchers to develop specific scenarios to be tested and generate synthetic data which would be used to analyze and compare the AVs behavior and decision making.

Paper Structure

The remainder of the paper is structured as follows:

Section 2 provides an overview on metrics for this problem type and in the larger scope of the project. Section 3 describes the approach applied to evaluate both platforms, from the experiment design to the analysis methodology and the metrics considered. Section 4 presents the results which are mainly focused on collisions, and Section 5 concludes the paper and outlines perspectives.

Overview on Metrics

This section aims at providing a state of the art on metrics related to the addressed problem in the larger scope of the project, however the results presented in this paper are collision-oriented. The safety validation of AD (Autonomous Driving) Systems is still an unsolved issue. Metrics play an essential role in the validation process and must be selected and/or adapted for different applications, some examples include [START_REF] Project Pegasus | Requirements and conditions-Critical scenarios for human driverscritically metric[END_REF] [18]: -Identification of safety critical test scenarios derived from recorded data, supporting the scenario-based testing approach in simulation or proving grounds. This application is interesting for both AV developers and certification bodies. -Estimation of the safety performance of a specific AD:

for AV developers to improve the decision making. Live monitoring of the AV state thought appropriate metrics will allow developers to identify a safe trajectory and to execute the appropriate reactions, and for certification bodies to evaluate and assess the AVs behaviour

In this research, we will focus on the last purpose using a scenario-based testing approach and a set of metrics to evaluate through simulation the driving performance of two ADS (Autonomous Driving Systems), Apollo and Autoware, on an intersection scenario.

AV stakeholders agree on the need of metrics to assess safety performance. Several ways and metrics have been put forward, but not widely adopted. It is assumed that a combination of metrics will be needed to support the evidence of safety performance.

In addition, there is a subjectivity to classify acceptable and non-acceptable situations produced by different metrics. Metrics and specific thresholds to distinguish dangerous interactions from safe interactions are strongly dependent on the scope of application and scenarios.

Driving safety metrics are classified according to distinct characteristics (e.g. data source, accessibility, applicability, among others).

-Lagging metrics based on the frequency of the event measured (e.g. collision frequency) versus Leading metrics involving assumptions and models being able to predict future outcomes (e.g. TTC and PET) -Black box metrics using data that can be obtained without any access to the ADS versus Grey and White box metrics needing access to the ADS information.

As an overview, in the larger scope of the ASV project, a set of Black-box-Leading metrics has been identified as essential and are described in the internal publications [START_REF] Guerra | ASV-D1.11 -Metrics for behavioural safety validation of Automated vehicles-A literature review[END_REF] "Metrics for behavioural safety validation of Automated vehicles-A literature review" and [START_REF] Zeenny | ASV-D2.8 -Definition of Metrics for Intersection Evaluation[END_REF] "Definition of Metrics for Intersection Evaluation". These metrics are based on the safety envelope and exhibit contextually safe vehicle motion concepts [START_REF]AVSC Best Practices for Metrics and Methods for Assessing Safety Performance of Automated Driving Systems (ADS)[END_REF]. Thresholds related to these metrics can and will be used namely deriving from naturalistic driving data widely used in the literature [START_REF]Basic theory of Driving[END_REF] [23] [START_REF] S_Como | _Russo, Driving Safety Performance Assessment Metrics for ADS-Equipped Vehicles[END_REF] [25] [START_REF] _Schindler | Validation: Metrics& KPIs for Autonomous vehicles[END_REF].

In the scope of this paper a subset of metrics is used since the purpose of the results is collision-oriented. The metrics used include classic dynamics such as speed, acceleration, relative distance and distance to the intersection for each actor. These are considered sufficient for the results presented herein and allow the early identification of interesting differences between the software stacks.

Evaluation Approach

The following subsections describe the process of generating the data necessary for the first building blocks of the evaluation task in the ASV project. Firstly, simulations were carried out on both frameworks: Autoware running on Carla simulator and Apollo running on SVL simulator (where the simulator offers the 3D environment and the planning module of the AD controls the ego vehicle), data quality was then assessed in order to ensure homogeneous implementations on both frameworks (i.e. metrics, vehicles' geometry, test plan parameters) and, once quality was satisfactory, then the evaluation phase took place.

In order to evaluate the planning module, the localization of the vehicle and the environment detection using sensors [START_REF] Kato | Autoware on Board: Enabling Autonomous Vehicles with Embedded Systems[END_REF] are necessary information. Vehicle dynamics characteristics could also influence the planning module evaluation.

To avoid any impact on evaluation in this work, we propose to limit the influence of other modules (see Figure 1) by exploiting the ground truth signals and implementing similar vehicles on both simulators.

In addition, to ensure the consistency of the scenarios in different simulation platforms such as the map and behavior of the actors, the same map is shared between simulators and the synchronization of the actor behaviors by a distance-time based trigger are done on the same way.

The following subsections describe the definition process of the test campaign (i.e. experiment design), and the analysis methodology based on the selected metrics.

Experiment design

The planning module remains among the most complex autonomous driving tasks to perform as it determines vehicle actions and therefore safety. The evaluation of this module is carried out in the functional scenario of a cross intersection in an urban area.

In the studied intersection configuration 2 actors interact. The first actor is considered as the ego vehicle controlled by the AD while the second one is considered as the intruder controlled by the simulator.

In order to evaluate the AD and how it reacts to the traffic sign and its behaviour in the presence of other vehicles, two scenarios are proposed, see Figure 2.

The first scenario, called SC_1.2, includes a stop traffic sign in the roadside of the ego vehicle. The objective of the ego vehicle is to respect the stop sign and to cross the intersection safely as shown in the figure bellow. The second scenario, called SC_1.1, includes a stop traffic sign in the roadside of the intruder vehicle but it is considered that the intruder commits a violation and ignores the stop sign to engage in the intersection. The purpose of the ego vehicle is to cross the intersection safely and to adapt its velocity given the trajectory and velocity of the intruder.

For the two proposed scenarios, several test cases are generated by varying: speed of the ego, speed of the intruder and the triggering event for the meeting between the ego and the intruder vehicle. The triggering events are controlled by the distance between the bumper of the intruder and the intersection.

SC_1.2 SC_1.1

Figure 2: Simulation Scenarios Three distances are chosen for the meeting between actors: the first one is computed between the bumper of the intruder and a point A located before the intersection, the second one is computed related to a point B in the middle of the intersection and the third one is related to a point C located after the intersection. Using these distances, the intruder vehicle should be at the selected point (A, B, or C) when the ego vehicle intends to cross the intersection, see Figure 3. This synchronization between the ego and the intruder vehicle is theoretically performed according to the time necessary by the intruder to reach the given point (A, B, or C) and the time necessary for ego to reach the intersection without considering the deceleration of the ego due to the presence of the intruder. The speed of the ego and that of the intruder vary, respectively, between 20 km/h and 30 km/h, and between 25 km/h and 40 km/h as summarized on Table 1. To reduce the impact of using two different simulators, we adopt similar configurations by using the same vehicle configuration and the same map to perform test cases. 

Simulation analysis methodology

The method is used to generate the simulation dataset, perform quality assessment on the data and focus on the results of the decision-making module of each AD stack. The global workflow is presented on Figure 4. As the analysis is done in black-box mode, the method focuses on defining the following steps of the analysis strategy.

1. Scenario validation criteria: Automatically validate the simulation results of both AD stacks for each specific scenario, i.e. ensuring that positions and dynamics are respected. Scenario specifications are verified for the simulation campaign by Pass/Fail criteria.

Separate analysis: Analyze the AD stacks results

separately in order to understand the behaviour of the AD system. At this stage, the focus is on the decision-making of each system in relation to the pre-defined scenario criteria. 3. Combined analysis: Compare the decision making of Autoware with the results of Apollo.

Once the separate analysis is done, results can be compared between both stacks allowing to identify key differences, and the risk levels on each AD stack by means of comparison.

The first results of the application of the method are focused on collision analysis. For this purpose (i.e. collision identification and characterization of global behaviour in both platforms) only basic metrics are used, namely: speed for both actors in both scenarios, relative distance and distance to the intersection for each actor.

However, in the broader scope of the project and out of the scope of this paper, some of the metrics identified as essential include: clearance, Post Encroachment Time (PET), Proportion of Stopping Distance (PSD), and Delta Time To Collision (DTTC).

Results

From a general point of view, results analysis on both platforms should be done for situations in nominal conditions (no risk associated), safety critical conditions 1 , and for collision situations. This work focusses specifically on the results for collision cases and lays the ground for further work aiming at the study of safety critical events and the comparison of nominal behaviour to identify prevention strategies and accepted risk levels on both AD stacks. However, even though the focus herein will be collision-oriented, for introductory purposes, the nominal behaviour will be firstly presented in both platforms. Subsequent subsections describe the collision profile for the dataset, and then a zoom on collision in both platforms and a zoom on collisions on one framework which does not occur on the other one.

In what follows we will refer to Autoware and Apollo when presenting results for simplicity; however, it is reiterated that the two frameworks studied in this work are Autoware running on Carla's simulator and Apollo running on SVL's simulator2 .

Nominal Behaviour

Figure 5 and Figure 6 show the behaviour for both platforms in the absence of risk, i.e. nominal behaviour, for test case 3B, B being the riskiest configuration where the ego vehicle should encounter the intruder the closest by definition right inside the intersection. This nominal behaviour exemplifies how the ego vehicle reacts to the intruder vehicle by braking and no collision occurs. In can be seen in Figure 6 that nominal behaviour in Apollo's case implies that the ego vehicle starts braking as soon as the intruder starts moving (in all test cases studied in this work). In Autoware's case, ego braking occurs in the intersection, see Figure 5. This particular behaviour in Apollo's nominal case is observed systematically in all test cases in the dataset.

1 Also referred to as near-misses which could result into collisions if parameters were slightly 

Collisions Profile in the Dataset

Collision situations are the main focus of the results presented herein and they lay the ground for the work currently addressed in the scope of the project and out of the scope of this paper. As a reminder, a total of 36 test cases were simulated in each platform for which 18 test cases corresponded to a scenario with no stop line and the other 18 corresponded to a scenario with a stop line. The global distribution for the detected collisions is displayed on Figure 7. Table 2 summarizes the collisions encountered in this first dataset. In general, the following points are identified:

-Collisions in the scenario with a stop line on ego's path do arise which could be unexpected since the intruder is not performing any unexpected manoeuvres and the stop line should in theory serve as a protection mechanism for ego, -More collisions are observed in Autoware in the scenario without the stop line which is intuitive since the stop line is expected to act as a prevention measure; however, the opposite behaviour is observed in Apollo, -Some collisions observed in Autoware correspond to the ego vehicle stopping in the middle of the intersection (i.e. speed at collision = 0 km/h in the table) as the intruder approaches. This behaviour is observed for both scenario types (i.e. with and without the stop line in ego's path). 

Collisions on Both Frameworks

For this first dataset, two test cases proved to result in a collision both in Autoware as well as in Apollo (test cases 2A and 6A). The overall behaviour for both of these cases is presented in the following figures for case 2A for illustration purposes.

In both platforms, the behaviour is such that: -Ego restarts after the stop line even though intruder is approaching at constant speed -Ego slows down in the middle of the intersection and then the collision occurs. In the case of Autoware the ego comes to a full stop. The hypotheses for these first preliminary results for the ADs are: -Apparent lack of consideration of the intruder's dynamics.

-Apparent lack of consideration of the intruder's geometry. Ego seems to either slow down or even stop in Autoware's case aiming to avoid the collision which would have potentially happened if it were not for the size of the intruder. This will be further analyzed with an extensive test campaign in which not only patterns could emerge but also a clearer view on the robustness of the simulations. It is however interesting that for this first exploratory phase collisions are found in both platforms specifically for the scenario providing theoretically a safer context given the stop line.

Collisions on Autoware vs No Collisions in Apollo

As described in Table 2 for Autoware, collisions arise, as expected, mostly in the scenario without a stop line and specifically for case B which is the case in which the ego vehicle encounters the intruder the nearest in the intersection. For all these cases of collision without a stop line for ego, the observed behaviour is as the one presented in Figure 10 for case 4B. This is, for all of these cases the ego vehicle slows down and stops in 2 out of the 3 cases and as a result it gets hit by the intruder. In all 3 cases the ego vehicle enters the intersection before the intruder as displayed in the figure .  Conversely, in Apollo, for these particular test cases the behaviour is as the one presented on Figure 11. Namely, since Apollo slows down a lot earlier, from the moment the intruder starts moving regardless of the distance, the ego vehicle then crosses the intersection systematically after the intruder and no collision can occur. At this stage, the absence of collision is then judged to be a consequence of the very much anticipated behaviour of the ego vehicle. 

Collisions on Apollo vs No Collisions in Autoware

In the cases where collisions occur in Apollo and do not arise in Autoware, the behaviour is summarized by the ego vehicle systematically crossing the intersection before the intruder vehicle and starting to slow down but failing to avoid the collision if indeed this was the intention. This behaviour is illustrated with one example for Apollo in Figure 12 for the scenario with a stop line. The ego vehicle stops at the stop line, restarts, then slows down as the intruder engages in the intersection and the collision occurs.

Conversely, for Autoware, the behavior is consistent with the example provided on Figure 13. This is, ego also reaches the intersection before the intruder, stops at the stop line, restarts and stops again as the intruder vehicle engages in the intersection successfully avoiding the collision. Ego then is able to restart again.

Figure 12: Apollo 3Ascenario with stop line Figure 13: Autoware 3Ascenario with stop line

Conclusion and Perspectives

For this first phase, analysis of collision situations was performed for a scenario of a cross intersection with and without a stop line on the ego vehicle's path. This first dataset, even though restrictive in size but rich in configuration and interaction possibilities, allowed acquiring preliminary comprehension of the behavior in both AD stacks in order to better guide the following test campaigns. The following general results emerge:

-Apollo seems to react to the intruder from the moment it starts moving. In further phases the pertinence of such behavior will be evaluated with larger datasets and statistical representation. -Autoware seems to react to the intruder as the interaction is likely to occur in the intersection as human driving would also suggest.

-

Collisions do occur in scenarios with a stop line with both stacks, contrary to what could be expected. Causes cannot be stated in this paper and a subsequent repeatability study should shed a light on this subject. More broadly it could be argued that the interactions between actors are coded differently in both ADs and that the behavior should be similar for most scenario types (other than intersections). This should be confirmed with proper testing. The theoretical ground has been laid for the next analysis phase regarding the fundamental set of metrics to be analyzed in order to state on the prevention strategies and risk levels accepted on each AD stack. The subject of new metrics more suitable to the new studied situations could arise when having to address nominal behavior and safety critical cases. At this point it is envisaged to study the PET in order to verify if evident differences can be found in terms of the risk taken when crossing the intruder in the intersection. It is foreseen to explore the subject of repeatability and verify how the responses of the systems may vary and induce different outcomes and in what proportion.

New scenarios are also envisaged, namely by considering the addition of Vulnerable Road Users (VRU) and subsequently situations where the ego's mission is inherently riskier such as left turns for example.

Finally, further studies envisage the use of the same simulator for both ADs in order to homogenize the testing environments.

Figure 1 :

 1 Figure 1: Functional architecture of an AV (courtesy of Renault S.A.)
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 1011 Figure 10: Test case 4B -Autoware

Table 1 : Test campaign Ego max speed (km/h)

 1 

	Intruder	30	20
	speed (Km/h)		
	40	Test 1A,1B,1C Test 4A,4B,4C
	25	Test 2A,2B,2C Test 5A,5B,5C
	35	Test 3A,3B,3C Test 6A,6B,6C

Table 2 :

 2 Collision Results

		EgoSpeed	IntruderSpeed
		AtCollision	AtCollision
		(Km/h)	(Km/h)
	No Stop Line		
	Apollo_Test3A	30.3	35
	Autoware_Test4B 0	40
	Autoware_Test5B 3.6	25
	Autoware_Test6B 0	35
	Stop Line		
	Apollo_Test4A	9.7	40
	Apollo_Test6A	9.7	35
	Apollo_Test3A	12.3	35
	Apollo_Test2A	8.7	25
	Autoware_Test2A 0	25
	Autoware_Test6A 0	35

These frameworks are in no way restrictive and can be adapted if judged useful.