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Abstract 

The fields of autonomous ground and aerial vehicles are a young, dynamically expanding field of industry. The 

current traffic management solutions are inadequate to support the predicted high volume of operations efficiently 

and safely. As such, novel, automated management solutions are required. This paper presents the research work 

performed on the automated conflict management prototype system, combining conflict management for 

autonomous ground and aerial vehicles. This paper briefly presents the background and architecture of the system 

prototype developed, then highlights the research directions related to the conflict management algorithm 

development. Algorithms need to provide the desired amount of safety, while at the same time ensuring acceptable 

levels of performance, cost, and efficiency. Potential conflict management algorithms are investigated, and a 

computational methodology developed for objective comparison, to enable the future, data-based development of 

the conflict management framework. 
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1 Introduction  

Autonomous vehicles are getting more and more attention these days. The field is a young dynamically 

expanding market, just the unmanned aerial vehicles market is estimated at USD 100 billion, with a predicted 

annual growth of 16-24% in the near future [1-3]. In terms of operations this can be translated to about 350 million 

flight hours by 2050, only in the lower altitudes, referred to as U-Space in the EU [4]. Likewise, it is predicted that 

by 2045 half of newly sold vehicles, and by 2060 half of all active vehicles will be autonomous [5]. Just at EU 

level (in 2018) 268 million road vehicles were registered, and there is an annual 2% growth trend [6].  

It can be seen that the magnitude of operations is significant. In the aerospace sector, conflicts are managed by 

the Air Traffic Control Officers (ATCO), which is a manual operation, that requires a highly qualified workforce, 

and consequently, it is a costly and resource-constrained service. Due to these characteristics, it is not feasible to 

directly apply the current procedures for the management of unmanned traffic. In the case of autonomous road 

vehicles, the current industry focus is on the various driving assistance systems of individual vehicles, such as 

collision warning, adaptive cruise control, lane assist or road sign detection. This is because apart from the highway 

codes, there is no regulatory oversight or intervention in how the individual drivers operate and manage conflicts, 

which would be impractical due to the huge volumes of traffic anyway. As such, the most appropriate solution is 

to assist drivers to help avoid conflicts. New concepts, such as smart cities or connected vehicles are aiming to 

provide safer, more efficient, and more sustainable mobility, however, they primarily aim to control traffic flow, 

not necessarily individual vehicles. The tools are for example variable speed limits, dynamic traffic signal timing, 

dynamic lanes and similar. 

As such, it can be concluded that current approaches, neither from the aerial nor the ground side, are adequate 

to safely and efficiently manage the conflicts between the predicted large volumes of autonomous vehicles. In an 

urban environment, it can be expected that unmanned aerial and ground vehicles interact with each other, and 

cause conflict situations. This does not necessarily mean head-on collisions between the two classes of vehicles, 

but situations such as low-level surveying missions, take-off or landing during delivery missions, emergency and 

crash landing or evading obstacles or other users. Also, UAVs can be affected by wind generated by traffic, 
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especially in closely confined urban environments, often referred to as urban canyons [7]. In addition to the 

interaction possibilities, developing a conflict management system that handles both classes of vehicles benefit 

from the similarities and synergies provided by these individual classes, as opposed to developing separate tools, 

and spending effort overcoming similar, or even the same challenges for either of them. 

In this paper, the development of a prototype system, capable of autonomously handling conflicts between 

unmanned aerial and ground vehicles is presented. The authors already published an article describing the theory 

and practical aspects of the early prototype level development [8]. As such this paper only briefly presents the 

architecture of the system and rather focuses on the follow-up research directions that are identified and are in 

development, based on the lessons learnt to test and us the prototype solution. 

2 Conflict management system overview 

The conflict management system prototype developed implements the short- to mid-term tactical conflict 

management methodology. Generally, conflict management methods can be divided into 2 categories: tactical and 

strategic management. Strategic management refers to tools that can be used before an actual operation is started. 

The aim of the methods is to develop systems and procedures where the potential effects of lack of information 

and faulty planning can be minimized. Typical example tools are rerouting, rescheduling, or cancelling specific 

operations. Also, infrastructure developments, policy making, market development or traffic research can be 

generalized as very long term (up to 10 years or even more) strategic management tools. The system presented 

does not implement strategic management, these approaches work separately and in addition to the one proposed. 

The second category is tactical conflict management, which spans a time horizon of approximately up to 10s 

(possibly more, for example in the case of TCAS system in aviation), up to about a second or less before impact. 

These solutions include active trajectory change, speed, or direction adjustment or as a last resort evasive 

maneuver. The proposed system implements short- to mid-term tactical management, which focuses on trajectory 

adjustments. All other additional safety systems, such as automatic brakes or last-minute swerve and avoid 

solutions act as additional safety nets operating independently from the system. 

To develop the system, the following high-level requirements were defined: 

• Detect and resolve conflicts in the 10s timeframe, 

• Fully autonomous operation, 

• Technology and solution independent, 

• Wide range of users served, 

• Plug and play integration, 

• Modular software solution, 

• XITL tools integration. 

 

Fig. 1 Architecture of the current implementation of the automated conflict management system 
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Fig. 1 shows the architecture of the implemented conflict management system. The core of the system is a web 

service that is used to register and track system users. The users are connected to the system via their own 

communication solutions and are controlled using their own onboard systems; the conflict management system 

does not require modifications in the flight/drive controllers of individual vehicles. The users’ telemetry data is 

passed to the system, and the conflicts are detected automatically and in real-time. Based on the type of users 

involved in the conflict, an appropriate resolution method is calculated, and the resolution commands are sent to 

the vehicles, using their own communications systems, and are executed by the onboard controller. There is a 

database supporting the webserver, enabling persistent data storage, and allowing robust operations, as in the case 

of system errors, the status of the system can be recovered quickly and efficiently, and conflict management can 

be continued. The system provides a web-browser based GUI, where the operation of the system can be tracked, 

administrative actions performed if/when required and if necessary, provides an opportunity for human 

intervention into the otherwise autonomous operation. Fig. 2 shows the GUI of the conflict management system 

running in a standard browser window, displaying 3 vehicles, their conflict detection zones and their trajectories. 

 

Fig. 2 Web-browser based GUI of the conflict management system depicting a 3 vehicles conflict situation at ZalaZONE 

3 Conflict management development directions 

3.1 Algorithm development 

The current version of the prototype system has demonstrated that the tool is capable of providing a reliable 

and safe conflict management solution to a mix of aerial and ground vehicles. However, the system has only been 

demonstrated for a small number of users, and safe operation was the only concern in these demonstrations. 

However, in the case of a complete system, 3 primary evaluation criteria can be defined: 

• Safety: The system needs to minimize the impacts and near impacts between users during operations 

• Performance: The system needs to handle a large number of users 

• Efficiency: The system needs to be the least intrusive; impose minimal additional time and detours 

In order to fulfil these 3 criteria, the best as possible, the system must have a set of appropriate algorithms, 

which are tuned and optimized to handle the appropriate conflict situations. These algorithms can be selected from 

those available in the literature, existing methods modified or combined, or even new ones developed. Conflict 

management algorithms can be separated into 2 categories: detection and resolution. Classically detection methods 

can be categorized as deterministic, worst-case, probabilistic or hybrid methods. These methodologies have 

widespread literature available, and new ones are being developed as an active research field. Effective detection 

of conflicts is essential, as the time available to resolve conflicts at the tactical level is by its nature very short. In 
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the initial implementation of the system, two detection methods were implemented. The first, Pairwise waypoint-

based static area detection relies on known paths that the users are following and predicts potential conflict areas 

in advance. It is a static solution, because as long as the trajectories stay fixed, there is no possibility to develop 

conflicts anywhere else and as such, it is sufficient to estimate conflict areas only once per pair of users. Due to 

this, the method is exceptionally efficient. However, the method does not provide the required level of safety, as 

in the case of unplanned actions, or path deviations due to wind, skidding, etc. the system can’t detect the new 

conflicts. The second method is the Pairwise dynamic projected area detection, in which case potential conflict 

areas are dynamically updated based on the trajectories of the individual users, as can be seen in Fig 2. 

Resolution methods are also well studied, generally the most common are: 

• Heading changes, 

• Heading and altitude changes, 

• Velocity adjustment, 

• State-based, 

• Intent-based. 

Obviously, ground vehicles are not capable of altitude changes, and any similar constraints (such as fixed-wing 

UAVs can’t stop in mid-air) must be taken into account when the system selects the appropriate methods to manage 

the conflict between vehicles. In the first prototype version, the stop-and-go resolution method was implemented. 

In this method, the vehicle to be stopped receives a stopping point considering the projected conflict locations and 

its dynamics characteristics, and will stay there stopped, until the conflict is resolved. While this method is simple, 

safe and effective in most cases it is incapable of handling situations, where 2 vehicles come into conflict with 

colinear trajectories or at very shallow angles. Also, when one vehicle terminates its path in a conflict, the situation 

can’t be reasonably resolved with this method. Evaluating the possibilities for implementing additional methods, 

the following solutions were chosen as the development options: 

• Altitude adjustment: this method implements vertical avoidance, and by its nature, it is only applicable 

to control UAVs. While the method is simple to implement theoretically, in practice vertical obstacle 

information is required to enable safe maneuvers. Furthermore, climbing is an energy-intensive action 

that is usually already constraining for UAVs, and the implementation of the algorithm needs to consider 

the flight mechanics of the vehicles to ensure sufficient power is available for the safe execution of the 

maneuver. 

• Horizontal detour: this method defines avoidance paths in the horizontal plane that the vehicle must 

follow in order to resolve the conflict. The algorithm is simple for one-to-one conflicts, however, in the 

case of multi-vehicle conflicts a robust planning methodology is required to ensure no additional conflicts 

arise from the planned detours. Also, especially in the case of multi-vehicle conflicts, the areas involved 

can be large, and obstacle information is desirable to ensure no obstacle-to-vehicle conflicts are generated 

by the resolution.  

3.2 Evaluation system 

In order to achieve the safety, performance and efficiency criteria, it is not only important to know if the conflicts 

are managed, but also how well they are managed. To answer this question, a system is required to evaluate the 

workings of the conflict management system. Using these evaluations, objective measurements can be made, and 

the system can be fine-tuned by adjusting the methods, relevant parameters, etc. The evaluation system examines 

the operation of the conflict management system and provides metrics in 2 categories: 

• Safety measures: This includes metrics related to the safety of the provided management solution. In this 

category, data like the number of system users, conflicts detected, impacts and near impacts are evaluated. 

• Performance measures: This category relates to the performance and efficiency of the system and contains 

metrics such as time and distance spent due to detours, additional energy consumed, time spent landed or 

parked, etc. 

An ideal system should operate with 0 safety incidents and close to 0 additional time, distance and energy spent 

due to conflict management. While this is likely impossible to achieve in practice, the aim is to get as close to this 

ideal solution as possible. The XITL tools integrated into the system enable the simulation of various management 

solutions, so the systems can be analyzed and tested rapidly and efficiently without causing real-world accidents 

or losses. Due to the persistent storage and logging of data, even if accidents do occur, the reasons behind the event 

can be investigated, and the tools further developed to avoid repeating the same event in the future. The numerical 
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metrics generated by the evaluation system can be used to drive an optimization process in order to algorithmically 

tune the parameters of the conflict management approach. Likewise, translating the behavior of the management 

system into well defined numerical data allows the potential application of AI solutions within the developed 

framework, as a long-term goal of the system development. 

4 Conclusion 

This paper presented the conflict management methods development for the autonomous conflict management 

framework. The paper briefly highlighted the need for an autonomous combined solution to manage the high 

volumes of both aerial and ground-based autonomous vehicles. The key requirements towards such an automated 

system are listed, and the current implemented webserver-based solution of the conflict management system 

prototype is presented, its key elements listed and briefly discussed. The methodologies for the detection and 

resolution of conflicts are presented, along with brief technical background and terminology. The currently 

implemented detection and resolution methods are described along with their benefits and drawbacks. The new 

resolution methods being currently developed are shown, and their key theoretical and practical specifics are 

presented. In order to objectively evaluate and compare the different conflict management approaches, an 

evaluation system development is in progress, its key points and applicability are discussed. Any developed 

conflict management solution must have an acceptably high level of safety, while at the same time enabling 

efficient operations for a large number of users predicted. 
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