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A simulation framework for U-space tactical conflict detection and resolution services

U-space, the drone traffic management framework in Europe, requires the development of conflict detection and resolution services. If the conflict management process should be largely performed during the strategic phase, through a coordinated process based on 4D flight demands, tactical conflict management services are required to operate at a tactical time scale. Indeed, they should deal with unplanned events, such as a dynamic airspace reconfiguration linked to manned operations, or unexpected events, such as weather phenomena leading to deviation from strategic flight intentions.

We present a simulation framework enabling to assess the relevance of any tactical traffic management strategies, with regard to the safe operation of a traffic of small drones in an urban area. This framework is based on performance and weather models as well as tactical monitoring tools. It has been used to assess the traffic management concept based on 4D protection bubbles. This paper presents the results of this assessment, as well as the relative perspectives with regard to U-space.

I. Introduction

T he need to safely operate Unmanned Aircraft Systems (UAS, also known as drones) at Very Low Level (VLL) has led to many technical, operational and regulatory developments in the past decade. Following NASA's initiative on UAS Traffic Management (UTM) [START_REF] Kopardekar | Unmanned aircraft system traffic management (UTM) concept of operations[END_REF] [START_REF] Prevot | UAS traffic management (UTM) concept of operations to safely enable low altitude flight operations[END_REF], several concepts of operations (CONOPS) have been produced to develop a drone traffic management framework, in the same way as Air Traffic Management (ATM) for classic aviation. In the US, for example, the Federal Aviation Administration (FAA) has released in 2020 its second version of UTM concept of operations [START_REF]Unmanned Aircraft System (UAS) Traffic Management(UTM) Concept of Operations v2.0[END_REF]. In Europe, the European Commission launched in 2016 the U-space initiative to address this topic and financed many research and demonstration projects, including the CORUS project (Concept of Operations for EuRopean UTM Systems), which delivered in 2019 the first U-space concept of operations [START_REF] Barrado | U-space concept of operations: A key enabler for opening airspace to emerging low-altitude operations[END_REF]; its next update is currently under a release process. In 2021, the European Commission released the U-space regulation [5].

In both CONOPS and regulatory documents, several services have been identified as enablers to safe, efficient and interoperable operations. As the drone traffic is expected to grow, the implementation of conflict management services seems mandatory to address operations in dense and complex airspace environment. Conflict management refers to the process of preventing aircraft to operate too close to each other, i.e. with a separation distance below an agreed separation standard. The process of managing conflicts can be divided into two tasks:

• detection: the identification of two or more aircraft operating (or about to operate) too closely;

• resolution: actions leading to go back to an adequate separation.

Conflict management should be addressed as a continuous process from strategic to tactical phase. It is commonly agreed that conflict management should be largely realized during the strategic phase, through a coordinated process based on 4D flight demands. Some operations will be hence enabled through the sole deployment of strategic conflict management services. Nevertheless more complex operations in dense areas with unexpected events, such as strong winds, will require a complementary tactical conflict management service. From a risk analysis viewpoint, strategic mitigation is used to reduce the frequency of conflicts, while tactical mitigation is used to reduce the probability that a conflict degenerates into a collision [START_REF]Algorithm for analysing the collision risk[END_REF].

We analyzed in [START_REF] Dubot | Towards U-space conflict management services based on 4D protection bubbles[END_REF] the use of 4D protection bubbles to facilitate conflict management services, both in strategic and tactical phases. We focus in this paper on the tactical phase.

In Section II, we provide a brief recap of the current status of the U-space services. In Section III, we discuss the concept of conflict management for a traffic of drones. In Section IV, we describe the methodology and simulation 1 framework used to assess the concept. Finally Section V summarizes the conclusions, the limits and the perspectives of this study.

II. U-space services

As it can be seen on the SESAR U-space web page * : "U-space is a set of new services relying on a high level of digitalisation and automation of functions and specific procedures designed to support safe, efficient and secure access to airspace for large numbers of drones." At the time of writing this paper, the deployment of the U-space is planned according to four phases:

• Phase U1: Initial and basic services of the U-space, to highlight both the registration and the electronic identification as well as the geofencing system. • Phase U2: Initial U-space services for flight management. This includes the creation of a system for flight planning, permit approval, monitoring and conventional interaction with Air Traffic Control (ATC). • Phase U3: Support services for more complex situations within the U-space system, such as automation for the resolution of conflicts between aircraft that interfere with each other, as well as obstacle detection and avoidance functionalities. • Phase U4: Implementation of all U-space services, including high levels of process automation and interconnection between aircraft, pilots, authorities and other responsible and interested parties.

We are currently in Phase U1 deployment, and the following services have been should be provided in every U-space airspace:

1) Mandatory services • Network Identification Service: provides the identity of UAS operators and the location and trajectory of drones during operations. • Geo-Awareness Service: provides information on operational conditions, airspace limitations or existing time restrictions • Flight Clearance Service: ensures free-of-conflict operations with other UAS operating in the same volume of airspace. • Traffic Information Service: alerts operators of air traffic that may be found near the aircraft.

2) Optional services

• Weather Information Service: supports the flight planning and execution phases and enhances the performance of other U-space services. • Compliance Monitoring Service: warns of non-compliance with the granted flight clearance and informs operators of any deviation from it.

Our previous paper focused on initial conflict management function in phase U2, whereas this paper also tackles tactical conflict detection and resolution as requested in phase U3.

III. Conflict management layers

As mentioned in the introduction, the management of conflicts is a complex process that should be continuously addressed throughout the life cycle of the traffic. This process involves two main methodologies: the first one is "offline", before the flights operation, and the second one takes place when the aircraft are actually flying and requires a quick response time. Those can be described as two conflict management layers:

• the strategic layer;

• the tactical layer.

A. Strategic layer

In the strategic phase, UAS operators share their flight intentions to USSPs (U-Space Service Providers). For any anticipated flight, the UAS operator sends a flight authorization request to the USSP in charge of the U-space airspace, including the 4D trajectory (i.e. the planned 3D trajectory with estimated target times). The USSP can gather data from the UAS operators and various other U-space services and external sources:

• drone characteristics (for example: mass, speed range, etc.);

• weather prediction;

• airspace constraints;

• ... They can then determine a 4D protection bubble for each drone in the same way as 4D contracts [8][9]. A 4D protection bubble is a dynamic set of protection bubbles centered on each successive timed position along the 4D trajectory.

This 4D protection bubble allocation process is used to create a conflict-free traffic, thanks to the following steps: 1) along the trajectory, the protection bubble is checked for overlap with any airspace or traffic constraints provided by Air Navigation Service Providers (ANSPs) or other UAS protection bubbles previously granted by one USSP of the U-space airspace. The priority policy is based on a first-come, first-served principle, even if some exceptions remain possible (for state or emergency drones for instance); 2) in case of conflict, a new 4D trajectory is calculated with optimization algorithms and sent to the UAS operator as a counter-proposal; 3) once a conflict-free 4D protection bubble has been agreed upon, the USSP delivers a flight authorization to the UAS operator; 4) the UAS operator commits to operate the drone within its protection bubble.

At the end of the optimization process, all 4D trajectories are deconflicted.

Fig. 1 Conflict-free trajectories (bottom) generated to minimize bubbles' intersections (top)

Fig. 1 illustrates the result of this optimization phase with a zoom on a district of the city. The top image shows the situation before the optimization: given their initial flight demand, two couples of bubbles were supposed to intersect. The bottom image shows the result of an optimisation process based on take-off time-shift. The optimization enabled to remove the previously identified bubbles overlaps, in order to provide a conflict-free traffic.

In the pre-tactical phase, just before the UAS take-off, the USSP can simulate the traffic (with most up-to-date weather data for instance) and check if some drones are likely to operate out of their bubble, and if some crossings should be monitored carefully.

B. Tactical layer

As previously stated, the tactical phase of the flight is critical from a conflict management perspective: many kinds of uncertainties (mission updates, weather variations, airspace access restrictions, etc.) may appear. These uncertainties are likely to cause divergence between the planned (conflict-free) trajectories and the ones that are actually flown by the drones. Consequently, the conflict-free situation built during the strategic phase may be broken, and conflicts may occur. Therefore, it is of primary importance to be able to manage this air risk by detecting and solving the potential conflicts. In order to ensure the highest level of safety, the responsibility to manage the air risk is shared between all the actors involved in the drone flight. 4D protection bubbles, combined with other U-space services, are a key enabler for the conflict detection aspect, both at vehicle and supervision levels.

Conflict detection

The first step of air risk management is the detection of potential conflicting situations. In the considered concept, it is based on the 4D protection bubbles:

• at the vehicle level, the drone has the responsibility to remain within the boundaries of its assigned 4D protection bubble along the flight. To this end, various techniques can be implemented, such geocaging strategies [START_REF] Hoekstra | Geovectoring: reducing traffic complexity to increase the capacity of uav airspace[END_REF]. It is the responsibility of the UAS operator to check that the drone effectively remains inside its bubble. This task can take benefit from U-space services, such as conformance monitoring. However, as previously mentioned, uncertainties may lead to a risk of bubble excursion. This is particularly likely to happen to small drones, with limited performance, in case of unpredicted strong wind. In this case, the UAS operator has the responsibility to immediately inform the USSP of this bubble excursion risk; • At the supervision level, the USSP monitors the traffic under its responsibility to detect trajectories deviating from the planned ones. This task is supported by: -U-space services; information directly provided by UAS operators.

Fig. 2 Intersection of bubbles leading to limited action

When a deviation between the planned and actual trajectories is detected, the USSP is in charge of evaluating if there is a risk of potential conflict. If the risk is limited, as illustrated in Fig. 2, the USSP can decide deploy a slight trajectory update for the deviating aircraft, to ensure it will remain conflict-free for the rest of the flight. Depending on the situation, he may do nothing In case of a risk of conflict, the USSP switches to conflict resolution mode.

Conflict resolution

This phase starts when a risk of conflict occurs. In this case, new trajectories (and associated 4D protection bubbles) must be provided to all the drones that are involved (directly or indirectly) in this conflict. To this end, a local computation of conflict-free trajectories must be performed, as proposed in [START_REF] Joulia | Towards a 4D traffic management of small UAS operating at very low level[END_REF]. A conflict solving U-space service is likely to be used to support the USSP in this task. Such service does not exist yet, but we will see later that its development should be a priority. The computation of updated conflict-free trajectories takes into account the current local overall situation: drones positions, 4D trajectories and performance limitations, weather, airspace restrictions, and any useful information. Once this computation is performed, the updated 4D contracts are provided to the drones. A check that this update has correctly been implemented is ultimately performed. Then, the supervision goes back to its initial monitoring task. 

IV. Concept assessment

The strategic aspect of the proposed concept has been extensively defined and described in [START_REF] Dubot | Towards U-space conflict management services based on 4D protection bubbles[END_REF]. It was demonstrated that the initial phase of strategic traffic deconfliction intrinsically limits the risk of conflict during the operational tactical phase, even without any specific intervention of the UAS operator nor the USSP. However, this analysis was only based on unmodified trajectories, even in case of detected conflict. In order to complete the evaluation of this concept, this section will focus on conflict management aspect during the tactical phase, especially, the assessment of conflict resolution. This assessment is performed using fast-time HITL simulations. These simulations aim at identifying the strength and weaknesses of the concept, as well as providing hints on its potential to be implemented in an operational U-space.

A. Simulations setup

In order to perform the simulations aiming at assessing the feasibility and performance of the concept, a simulation framework has been set up.

Simulation framework

The simulation framework is part of the Onera so-called ATM Lab. This is an in-house set of hardware and software aiming at supporting all ATM-related activities. Especially, it includes a number of models and tools, which are presented in Table 1. They are linked together through a web services architecture.

Simulation UI

In addition to this simulation architecture, a dedicated User Interface (UI) has been developed and set up. The purpose of this UI is to enable Man-In-The-Loop (MITL) simulations. During the simulations, the user plays the role of USSP flight supervisor, who is in charge of the management of the U-space traffic over a given area. He has the responsibility of maintaining a conflict-free traffic, while enabling the drones to achieve their missions as effectively as possible.

As illustrated by Fig. 3, the UI is basically three-fold: 1) on the top-left lies the simulation control panel, enabling to run / pause / resume the simulation; 2) on the bottom-left lies the information and action panel; • enabling the user to send control orders to the drones in conflict, in order to solve it (Fig. 4 center);

• providing information on the status of all the conflicts (current and past ones -Fig. 4 

bottom).

Once the scenario is selected and the simulation launched, the positions and the speed vectors of the drones are displayed on the map. The supervision module is running in the background, constantly monitoring the relative distance between the drones. If a separation loss is detected, the involved drones are highlighted on the map, so the user can easily and immediately spot the conflict (5). Simultaneously, a warning message is displayed on the information and action panel. As we are still in an early phase of the concept development, and as the users are not experienced U-space traffic supervisors, the simulation automatically stops so it is easier for them to analyse the situation.

The information and action panel indicates the drones involved in the conflict and enables the user to send avoidance manoeuvres to each of them [START_REF] Barrado | U-space concept of operations: A key enabler for opening airspace to emerging low-altitude operations[END_REF]. The available manoeuvres are: heading change, hovering and altitude change (which was not used in the simulations presented hereafter, as only 2D scenarios were considered).

Once the avoidance manoeuvres are selected, the user can send them to the traffic simulator, which modifies the trajectories of the drones accordingly. In the information and action panel, the status of the conflict changes from "NEW" to "TREATED", indicating the user that his action was correctly taken into account. The simulation resumes and the supervision model monitors the separation distance between the drones currently maneuvering to solve the conflict. When it goes beyond the separation threshold, the conflict status moves to "SOLVED" and the traffic simulator modifies the trajectories of the drones, so they fly back to their original flight plans.

B. Simulation runs

This section describes the flight scenarios that were simulated, and provides information on the people that played the role of the USSP supervisors. 

Scenarios

The traffic used for the simulation runs is based on the scenario defined in [START_REF] Dubot | Towards U-space conflict management services based on 4D protection bubbles[END_REF]: delivery drones fly from one warehouse to another for logistics purpose, according to the graph presented in 6.

This leads to a high number of potential conflicts as crossings are likely to happen. This is done on purpose to create a complex scenario despite a limited number of flights.

Two types of runs have been performed:

• some based on the traffic only composed of initial flight intentions, i.e. without the strategic deconfliction phaseso-called conflicted scenario in the following; • some based on the same initial traffic, but gone through the deconfliction phase -so-called deconflicted scenario in the following. As a reminder, the deconfliction is performed by time-shifting the original departure date of the drones.

The parameters of both conflicted and deconflicted scenarios are provided, respectively by Tables 2 and3.

Simulation users

The test simulations have been performed by ATM specialists. However they were not professional Air Traffic Controllers, nor U-space supervisors. The results presented hereafter should be considered with this information in mind. 3 Deconflicted scenario parameters Note: As the number of users was not sufficiently high to provide statistically relevant data, we will present qualitative results. These results are based on the user feedback as well as observations gathered during the simulation sessions.

C. Simulation results -conflicted scenario

The first set of runs was performed based on the conflicted scenario.

For this scenario, the number of conflicts detected by the supervision model was quite high: around 60 per simulation. As previously stated, a high number of conflict was expected, due to the scenario structure itself: 50 drones are flying back and forth from only 10 different locations on a single flight level, so crossing probability is very high. In addition, the mean flight time between 2 warehouses was higher than the time gap between 2 departure waves. This resulted in a peak of 22 drones flying simultaneously, within a rather small area.

Another reason for this fairly high number of conflict was the fact that, at the time of a departure wave, departing drones were "popping" in the simulation. If a drone was just about to arrive at the same place (and hence finishing its operation), an unavoidable and unpredictable conflict was occurring, for only a few instants.

The comments from the users on this scenario were globally that conflicts quickly became more difficult to manage as the drone density increased. This seems pretty obvious and was quite expected. However, a high density leads to quite tricky situation to manage. For example, situations happened where neither heading modification nor hovering would save the local traffic from an additional conflict due to too many converging trajectories.

To summarize, the conflicted scenario led to a fairly high number of conflicts, which, in addition, were pretty difficult (and in some cases even impossible) to safely manage.

D. Simulation results -deconflicted scenario

The second set of runs was performed based on the deconflicted scenario.

With this scenario as input, the number of detected conflicts dropped significantly, from 60 for the conflicted scenario to around 20. This is much better, but still pretty high for a traffic that was previously deconflicted. The main reason lies in the fact that the deconfliction phase was perform without wind. As the operational phase was simulated with a standard wind scenario, divergence from the deconflicted situation occurred. In addition, the problem of "departure conflict", occurring right at departure time because another drone is just arriving at the same warehouse was observed. The optimisation performed to deconflict the traffic only provided minimal margins above the separation thresholds; a slight modification of the trajectory can then overshoot this margin and trigger a conflict detection.

The comments from the users on this scenario were that the occurring conflicts were much more simple to manage as the overall traffic density was significantly lower. When a conflict was to be handled, there was generally a lot of free space in the vicinity, so the conflict resolution was simple, without any risk of "snowball effect" (i.e. solving a conflict is creating a new one).

V. Conclusions, limits and perspectives

A. Conclusion

This paper elaborates on the concept of operations defined in [START_REF] Dubot | Towards U-space conflict management services based on 4D protection bubbles[END_REF]. This concept uses 4D protection bubbles as an enabler to safely manage a complex traffic of small drones in an urban environment. This 4D deconfliction phase at strategic level was identified as a key strategic mitigation enabler toward a simpler traffic to manage, thus increasing the overall safety of the entire system.

The purpose of this paper was to perform simulations of the tactical phase in order to confirm (or contradict) these expectations. A set of Human-In-The-Loop simulations were performed for both conflicted and deconflicted traffic scenarios. The results of this simulations confirm the fact that a strategic deconfliction phase is heavily reducing the number of potential conflicts, as well as the traffic complexity. This thus enables a much easier management of the traffic with adequate tactical mitigation on residual risks, which can obviously convert into a safer system.

B. Limits

However, this enhancement of the safety and complexity of the traffic comes at a cost: efficiency. Indeed, to be able to strategically solve all the conflicts, most of the flights initial intentions have been modified -in our case the departure (and consequently the arrival) time, resulting in a non-negligible amount of delay has been added to the operations. Many other optimisation strategies can be used instead, with various impact on the overall traffic delay/efficiency.

In addition, it was observed that the resilience of the traffic organization against uncertainties also plays an important role in the way the conflicts can be managed. Indeed, uncertainties are unavoidable; over-optimizing the traffic may lead to a situation where the most minor deviation has a direct strong impact on the traffic organization. This was one of the causes of the fairly high number of conflicts observed when operating the deconflicted scenario. Resilience against small variations has shown to be of primary importance.

Anyway, safety has always been -and will always remain -the major driver of aviation, in the broad sense of the word. So safety will always have priority over efficiency. Nevertheless, a strategic deconfliction seems to be a prerequisite to ensure that a complex, large scale, drone traffic can be safely handled.

C. Perspectives

A strong focus should be put on U-space services aiming at organizing the traffic at a strategic level. This optimization phase should aim at finding the best trade-off between safety, efficiency and resilience. One of our line of research will be to assess the Target Level of Safety (TLS) reached through the use of these 4D strategic and tactical mitigation and use it to define adequate separation minima, i.e. Remain Well Clear (RWC) distances between drones [START_REF]JARUS guidelines on Specific Operations Risk Assessment (SORA)[END_REF]. One of the main issues will be that the size of the protection bubbles will have an impact on both the conflict frequency reached by strategical mitigation, and the conditional probability of collision of the tactical mitigation [START_REF]Algorithm for analysing the collision risk[END_REF].

Another key aspect of safe operation is of course the way conflicts (which will occur, regardless the quality of the traffic deconfliction) can be solved. The conflict resolution, in the frame of a dense drone traffic, with little time to react, is a very complex topic that must be overcome, as a conflict snowball effect (the resolution of a conflict creating another one) may be difficult to avoid. Many research are currently ongoing on this topic [START_REF] Acevedo | A Geometrical Approach based on 4D Grids for Conflict Management of Multiple UAVs operating in U-space[END_REF][14] [START_REF] Jover | A Tactical Conflict Resolution Proposal for U-Space Zu Airspace Volumes[END_REF], and their conversion to a published U-space service will be a challenge.

The simulations presented in this paper highlighted the difficulty for a human operator to handle complex situations. This is why U-space services providing strong support to conflict resolution with a higher level of automation are highly desirable.

U-space services are central enablers to the safe operation of complex drone traffic. The number and application range of such services must grow to give the drone traffic management the support it needs.
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Table 1 ATM Lab services used for the simulations

 1 

	Aircraft performance model	here, we used a simplified drone
		performance model (incl. speed range,
		acceleration range, rate of climb and descent
		ranges, maximum altitude, weight, battery
		time)
	Aircraft behaviour model	here, we used a simplified flight
		management model which accounts for 4D
		protection bubbles, with a basic geocaging
		function (that can be disabled on demand)
	Traffic simulator	here, we adapted an in-house traffic
		simulator for conventional commercial
		aviation so it can handle 4D contracts and
		protection bubbles
	Supervision model	it constantly monitors the separation
		distance between the drones in order to
		detect separation losses. This represents the
		U-Space service supporting the USSP
		monitoring task
	Wind model	it provides local wind information, based on
		real Meteo France weather data †

Table 2 Conflicted scenario parameters

 2 

	number of drones	50
	number of warehouses	10
	departure warehouse allocation	random
	arrival warehouse allocation	random
	take off times	optimized time shift
	number of flight levels	1 (2D scenario)
	drone speed	constant
	wind scenario	standard
	Table