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Abstract  

This document presents an algorithm for separation minima calculation for Unmanned Aerial System 
(UAS) which is risk based. The algorithm assumes the Specific Operations Risk Assessment (SORA) risk 
model, the airspaces and U-space services defined by CORUS and the UAS Concept of Operations 
(ConOps) proposed in this project. The SORA model is extended to consider UAS operations which take 
place in in Operation Volumes that overlap in space and time. It is also improved in the sense of 
proposing a quantitative risk analysis which enhances or replaces the qualitative model of SORA.  

The algorithm to calculate the separation minima proposes a method whose goal is to meet a given 
Target Level of Safety (TLS) through the use of Strategic Mitigations and Tactical Mitigations. Both 
mitigations depend on the separation minima. The foundation of the proposed model is that Strategic 
Mitigations are used to reduce the frequency of conflicts, while Tactical Mitigations are used to reduce 
the probability that a conflict degenerates into a collision. The collision probability is then calculated 
as the product of two factors: a) the conflict rate, and b) the probability that a conflict degenerates 
into a collision. The result must be checked against the selected TLS. If this TLS is not met with the 
selected separation, a new iteration with new Strategic Mitigations and/or a new separation minima 
must be performed. An algorithm summary and some example calculations are presented. 

Finally, the deliverable also introduces the basic ideas for separation models specific to UAS. 
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1. Introduction 

1.1. Objectives 

The goal of this deliverable is to develop an algorithm for separation minima calculation for Unmanned 
Aerial System (UAS) which is risk based and aimed to meet a Target Level of Safety (TLS). The algorithm 
assumes that the Operation Volumes of different UAS missions may overlap in space and time. The 
algorithm must be a quantitative method, improving formerly proposed qualitative methods. The 
algorithm must take into account and analyse the impact of Strategic and Tactical Mitigations on the 
TLS. 

1.2. Scope 

BUBBLES is an Exploratory Research (ER) project within the SESAR 2020 innovation pipeline [1]. In 
European Operational Concept Validation Methodology (EOCVM) [2] terms, the subject is at V0 and 
this project points towards V1. BUBBLES aims to complete a full V1 maturity assessment of a Concept 
of Operations to provide separation management in the U-space. 

This deliverable is focused on the developing a method for separation minima suitable to the BUBBLES 
UAS Concept of Operations (ConOps). The method uses the ConOps of WP3, so it assumes pairwise 
separation distances for the cases developed in this deliverable. It also sets the basis for later 
deliverables in WP4 where specific separation models for UAS will be developed and Artificial 
Intelligence (AI) methods will be used to propose a separation model and minima for a given scenario. 
Finally, the deliverable also sets the basis for the Operational Service and Environment Definition 
(OSED) safety assessment proposed inWP6, since OSEDs always assume a separation distance. 

1.3. Separation management in BUBBLES 

This section describes how the algorithm for separation minima calculation developed in this 
document fits into the BUBBLE’s approach. 

BUBBLES aims at providing a tactical separation service (U-space service). One of the key issues is 
defining the Safety Performance Requirements (SPR) and required performance for the 
Communications, Navigation and Surveillance (CNS) systems supporting the separation service. This 
process is summarised in Figure 1-1 and is consistent with the operation-centric, risk-based approach 
of BUBBLES. 
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Figure 1-1 Graphical summary of the process for deriving safety and performance requirements. 

The process to derive SPR and Required U-space Performance specifications starts by defining a 
catalogue of generic ConOps describing the possible operations from the UAS operator point of 
view. Once the Catalogue is defined, a TLS will be defined for each operation. 

Given a TLS and a selected ConOps a risk analysis will be performed to determine the separation 
minima and to check that the total risk is less than the TLS. This risk analysis is based in SORA, 
although the SORA methodology is enhanced to make it quantitative. The total risk of the operation 
is split between two types of mitigations: Strategic Mitigations and Tactical Mitigations. The risk 
involved in both of them depends on the separation minima. According to the SORA methodology, 
the goal of the algorithm for calculating the separation minima will be mitigating as much of the risk 
to the Strategic Mitigations while leaving the residual risk to the Tactical Mitigations. As a result of 
this trade-off a separation mode, a separation minima and a residual risk for Tactical Mitigations will 
be obtained. Then, these outputs will be used to select one of the OSEDs, as shown in Figure 1-1. 
This selection will be based on a safety assessment using Methodology for the U-space Safety 
Assessment (MEDUSA). 

1.4. Structure of this document 

This document is structured as follows: 

- Section 1 introduces the objectives and scope of the document. 

- Section 2 introduces the proposed risk model to evaluate the separation distance and the role of 
Strategic and Tactical mitigations in this model. 

- Section 3 proposes analytical and simulation methods for calculating the effect of Strategic 
Mitigation on the calculus of the conflict rate. It also defines a list of factors that should be taken 
into account to calculate the effect of Strategic Mitigations on conflict rate. 

- Section 4 proposes a method for calculating the separation minima and the effect of Tactical 
Mitigations on the calculus of the probability of collision in a conflict situation. 

- Section 5 summarises the method for calculating the separation minima and illustrates it with some 
examples. Some conclusions about the proposed method are pointed out. 
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- Section 6 introduces a sketch of separation methods which are UAS-specific and can be used by an 
automatic separation system in a pairwise separation fashion. 

- Section 7 compares preliminary results obtained in this deliverable with other significant projects 
and standardisation efforts aimed at determining the Remain Well Clear (RWC) separation. 



ALGORITHMS FOR ANALYSING THE COLLISION RISK  
ED. 01.01.00 
 
 

  11 

2. Air risk model 

The air risk model proposed by BUBBLES differs significantly from the one assumed in SORA [3] in which 
all operations are strictly enclosed into Operation Volumes which do not intersect. The Operation 
Volume of SORA comprises the Flight Geometry plus an additional Contingency Volume. In the SORA 
model, aircraft collisions are only possible if some UAS leaves the Operational Volume due to some 
unforeseen reason. SORA establishes the probability of leaving the operational volume to be less than 
1E-4/FH. This is known as the SORA Semantic Model shown in Figure 2-1. 

 
Figure 2-1 Graphical Representation of SORA Semantic Model (Source: [3]) 

The air risk model of BUBBLES is based on the classical deconfliction model structured into two phases: 
Strategic Deconfliction and Tactical Deconfliction. The primary objective of the Strategic Deconfliction 
is that the operation plans have a 4D null intersection: they do not overlap in space or time. This null 
intersection must be accomplished through a negotiation process of the operators with the Service 
Provider. Some kind of prioritisation scheme can be also established for safety critical operations in 
the negotiation process. But BUBBLES assumes that deconfliction cannot be completely achieved in 
the Strategic phase, so in some operations we need an allowance for operations whose operation 
volumes can overlap in space and time. Operators involved in such overlapping operations must have 
agreed and acknowledged the overlapping. In such overlapping operations, a separation mode, a 
separator and separation minima must be established. 

The determination of a separation minima will be risk based: separation will be chosen so as to 
accomplish a TLS in Mid Air collisions (MAC). The SORA methodology will be guideline but the goal is 
to improve the qualitative methodology of SORA with a quantitative methodology, since that will allow 
to estimate a value for the RWC separation. 

2.1. Estimating the TLS 

The risk-based methodology for determining the RWC separation starts by setting a TLS. This section 
introduces the concept of TLS and the recommended values for MAC probabilities. 

2.1.1. TLS concept 

The TLS is defined as a ratio of safety events per units of exposure: 
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                                          𝑇𝐿𝑆 =
𝑟𝑖𝑠𝑘_𝑒𝑣𝑒𝑛𝑡

𝑢𝑛𝑖𝑡_𝑜𝑓_𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
    Eq. 2.1  

There are several options for defining the risk events and the unit of exposure. This leads to different 
TLS concepts. This way, the considered risk events can be defined as the number of accidents, the 
number of fatal accidents, the number of collisions, etc. On the other hand, the unit of exposure can 
be per flight hour, per year, per mission, per departure, etc. The goal of the TLS is to set an upper 
bound on the aspired level of risk. This goal has been used in manned aviation for more than 40 years 
and several statistics have been performed by some organisations like International Civil Aviation 
Organization (ICAO), or companies like Boeing. 

For our purposes, the desired TLS for our analysis will be defined as the number of MACs per flight 
hour. However, the TLS requirements will not always be primarily defined in these terms, so the 
desired TLS will have to be deduced from other TLS definitions. 

The notional values for the TLS of different types of systems are usually based on statistics. Systems in 
general can be categorised into three different types according to their accident rates [4, 5]: 

• Dangerous systems – the risk of accident is greater than one accident per 1000 operations (i.e., 
1E−3). Examples of such activities are risky sports like mountain climbing. They lack a regulation. 

• Regulated systems – the risk of an accident is set between 1E−3 and 1E−5 per operation. 
Examples of such systems are automobile driving and the chemical industry. These systems have 
regulations, special design techniques, and safety management. 

• Ultra-safe systems – the risk of an accident is set between 1E−5 and 1E−7 per operation. Few 
ultra-safe systems have achieved a global safety performance smaller than 1E−7, i.e. beyond one 
accident per 10 million operations. Examples of these systems include regular scheduled civilian 
flights, the European railway system and the nuclear industry. These systems are characterised 
by being complex systems with complex failure models: accidents result from a combination of 
factors, no one of which alone can cause an accident or even a serious incident. They tend to be 
over-regulated with strict demanding policies, rules and procedures, although few causal 
relationships between regulations and the final achieved safety level can be formally proven. 

It is important to be aware of what an accident rate of 1E-7 per flight hour means: it is one accident in 
10 million hours, which is an exposure time of 1142 years. A failure rate of 1 in 1E-9 equates to more 
than 100,000 years of exposure. However, these calculations are on a basis of one operation. If we 
consider that, for example, we may have a total of 35 million flights per year with an average flight 
time of 1 hour, an accident rate of 1E-7 means 3.5 accidents per year. Recently Boeing [6] published 
the worldwide commercial jet traffic statistics for the past 47 years from 1959-2006. There were 835 
hull loss accidents but only 552 fatal accidents. That represents a TLS of 6.31E-7 accidents per flight 
hour or 11.3E-7 accidents per mission. The TLS reduces to 2.81E-7 accidents per flight hour and to 6.5E-
7 accidents per mission in the period 1997-2006. These values are a little worse than the ATM Safety 
Targets proposed by EU 1035/2011, SESAR and other legacy material published in GEN-SUR-SPR [7] 
which recommend a range of values between 1E-8 -and1E-9 for “severity 1” incidents, i.e. accidents. 

2.1.2. TLS proposal for UAS operations 

UAS air risks include MAC between two UAS, and between an UAS and a manned aircraft. The severity 
of harms between both types of collisions is quite important, so that could make a big difference in 
the aspired level of risk or TLS between both types of collisions. 
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UAS-UAS collisions do not intrinsically imply very high harms, because unmanned aviation does not 
jeopardise human lives (in principle). But the fall of the collided UAS could also cause ground harms, 
including fatal injuries and/or infrastructure damages. The potential harm estimations mainly depend 
on the drone kinetic energy (dimensions, weight, speed): bigger drones will produce higher ground 
harms. Quantifying harms could be done by typifying UAS with the European Union Aviation Safety 
Agency (EASA) categories of operations: open, specific, and certified. Additionally, the risk that a MAC 
between UAS produces fatal injuries also depends on the population density. Infrastructure harms 
should also consider their location and criticality. These harms are difficult to evaluate and equate to 
the cost of human lives. 

The proposal of TLS for UAS-UAS collisions for the open and specific category will be based on the 
SORA proposal for the number of fatal injuries to third parties on ground per flight hour [3], which is 
set to 1E-6. This TLS corresponds to an ultra-safe system, but it is less requiring than the standards for 
manned aviation. This TLS definition does not exactly match the proposed TLS definition of number of 
MACs per flight hour used for our risk analysis, so we will deduce it from the SORA definition using the 
following expression: 

        𝑃𝑐𝑜𝑙 =
𝑃𝑓𝑎𝑡𝑎𝑙_𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑁𝑝𝑒𝑟𝑠𝑜𝑛𝑠_𝑝𝑒𝑟_𝑠𝑡𝑟𝑢𝑐𝑘∗𝑃(𝑓𝑎𝑡𝑎𝑙_𝑖𝑛𝑗𝑢𝑟𝑦|𝑠𝑡𝑟𝑢𝑐𝑘)
                                      Eq. 2.2 

where 𝑁𝑝𝑒𝑟𝑠𝑜𝑛𝑠_𝑝𝑒𝑟_𝑠𝑡𝑟𝑢𝑐𝑘 is the average number of persons per struck, and 𝑃(𝑓𝑎𝑡𝑎𝑙_𝑖𝑛𝑗𝑢𝑟𝑦|𝑠𝑡𝑟𝑢𝑐𝑘) 

is the conditional probability that a person suffers a fatal injury, if struck. If we consider that 

𝑁𝑝𝑒𝑟𝑠𝑜𝑛𝑠_𝑝𝑒𝑟_𝑠𝑡𝑟𝑢𝑐𝑘 = 1 and 𝑃(𝑓𝑎𝑡𝑎𝑙_𝑖𝑛𝑗𝑢𝑟𝑦|𝑠𝑡𝑟𝑢𝑐𝑘) = 1, then the probability of collision would be 

1E-6. This TLS is less requiring than the statistics for manned aviation, but it could be considered 
acceptable for small drones flying in airspaces over sparsely or non-populated areas. It could be even 
reduced to the TLS of a “dangerous system” with values of 1E-3 or even less. Infrastructure harms have 
not been taken into account in this TLS. 

For infrastructure harms we could considered the TLS of regulated systems [1E-3 — 1E-5] or ultra-safe 
systems [1E-5 — 1E-7] depending on the type of infrastructure. Then, the overall TLS would be 
calculated as the minimum of this value and the value deduced for fatal injuries. 

UAS-MANNED collisions may involve human lives, so they should have the same TLS that manned 
aviation. Harms are potentially higher in the case of UAS collision with Instrument Flight Rules (IFR) 
flights (big aircrafts flying in controlled airspaces with a large number of passengers) flying in controlled 
areas, than with Visual Flight Rules (VFR) flights (typically small aircrafts and balloons, paraglider, etc. 
with a small number of passengers) flying in uncontrolled areas. VFR flights can be found in any 
airspace above 1000 ft over an open-air assembly of persons or above 500 ft. elsewhere. 

We also include in this group UAS in the certified category since certification requirements are similar 
to manned aviation and they usually fly in controlled areas. 

The proposal of TLS for controlled areas would be equivalent to the proposal of TLS for manned 
aviation. The proposal of TLS for uncontrolled areas populated by VFR flights should be the same if we 
do not differentiate between types of accidents (i.e., all accidents have the same cost). 

In summary, the proposal with the criteria used to deduce the TLS, defined as the number of conflicts 
per flight hours shown in the below table (Table 1): 
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 UAS-UAS UAS-MANNED 

Number of accidents (per flight hour) — 1.0E-07 — 1.0E-09 

Number of fatal injuries to third parties 
on ground (per flight hour) 

1.0E-06 — 

Number of impacts on ground  

Infrastructures (per flight hour) 
1.0E-03—1.0E-07 — 

Table 1 Criteria used to estimate the TLS. 

2.2. Collision risk model foundations 

The collision risk model used in this work decomposes the collision risk as the product of two 
probabilities: 

𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) = 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) × 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡)                 Eq 2.3 

• 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) - The frequency of conflicts. 

• 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) - Conditional probability that a conflict becomes a collision 

This model is based on the ideas of Reich-Marks [8] and the MIT models by Kochenderfer [9,10]. 

The frequency of conflicts is the frequency (number of occurrences per time unit) that two aircraft are 
exposed to risk by passing close together. In other words, it is frequency that two aircrafts infringe the 
standard separation. 

According to Kochenderfer [9], this frequency can be described and quantified using an uncorrelated 
model, i.e., a model where aircraft trajectories are not affected by Air Traffic Control (ATC) intervention 
to prevent the conflict. 

Conflict frequency strongly depends on the traffic density, the airspace structuring and, of course, 
separation minima: the higher the separation minima is, the higher the conflict frequency becomes. 
Reducing the separation minima would obviously lower this frequency, but it would increase 

dramatically the 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡). 

The conditional probability of collision between two conflicting aircrafts mainly depends on the 
probabilities to detect and to avoid the collision between two UAS that have previously violated the 
separation minima. This probability is also highly dependent on the time-to-collision: as the time-to -
collision decreases, the 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) highly increases. For this reason, it would be more 
appropriate to express the separation minima as a time-to-collision rather than a distance-to-collision, 
since a separation expressed as a distance would provide very different times-to-collision depending 
on the closure rate (relative speeds of aircraft in an encounter) of the aircrafts.  

According to Kochenderfer [10], 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) cannot be described by an uncorrelated 
model, since we assume that ATC intervention or some other collision mitigation action would affect 
the aircraft trajectories, so they propose a correlated model, i.e., a model where aircraft trajectories 
are correlated to ATC separation measures. 

It is important to note that while 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) highly depends on traffic density, 
𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) does no longer depend on it, because it deals with a pairwise conflict. In 
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other words, if the model for evaluating 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) is an all-versus-all model, the model for 

𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) should consider the different pairwise conflicts situations that may occur. 

2.3. Mitigations 

Mitigations for reducing the probability of MAC can be classified, according to SORA [3], into strategic 
and tactical. These mitigations are closely related to the two probabilities of the proposed air risk 
model, as below explained: 

Mitigations to reduce 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) aim at the structuring of the airspace in order to minimise 
conflicts, while optimising the capacity of the airspace. This type of mitigations closely matches what 
in SORA are termed strategic mitigations. 

Mitigations to reduce 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) aim at reducing the number of conflicts which end 
in a collision by providing means that enable conflict detection and conflict resolution. This type of 
mitigations include what SORA classifies as tactical mitigations. But they also include collision 
avoidance mitigations.  

Tactical separation reduces the number of conflicts which end in a collision by providing services that 
enable conflict detection and conflict resolution in the mid-term (1-10 min.). The services for UAS 
separation are included in the U-space services [11,12]. These services rely on a ground-based CNS 
infrastructure. 

Collision avoidance mechanisms, as ACAS sXu, are on-board devices to detect and prevent MACs in the 
very last moment (less than 1 min.) that provide an additional safety barrier when tactical separation 
fails, i.e. if its effectiveness is less than 100%. 

2.3.1.Strategic mitigations 

SORA encourages the use of Strategic Mitigations to mitigate the major component of the risk, known 
as the “Gross Risk”, while leaving a “Residual Risk” to be covered by Tactical Mitigations. Splitting the 
total risk mitigation to accomplish a given TLS between Strategic and Tactical mitigations becomes thus 
a key issue. In SORA the operator is responsible for collecting and analysing the data required to 
demonstrate the effectiveness of all the Strategic Mitigations. According to this, local competent 
authority and/or Air Navigation Service Provider (ANSP) has final determination on the airspace 
Residual Risk, called Air Risk Class (ARC) level. There can be overlap between both types of mitigations, 
but the operator and competent authority need to be aware and assure that mitigations are not double 
counted. 

The goal of the risk analysis of the Strategic phase is to evaluate the mitigated frequency of conflicts 

𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠): 

𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) = 𝐹𝑟𝑒𝑞0(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) ∗ (1 − 𝜖𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑖𝑐)                         Eq 2.4 

where 𝐹𝑟𝑒𝑞0(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) is the unmitigated frequency of conflicts, i.e., the rate at which some UAS 
gets closer to another aircraft than the minimum separation distance when no mitigations are 
adopted. On the other hand,  𝜖𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑖𝑐 stands for the effectiveness of Strategic Mitigations. The 

evaluation of 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) has to be performed for the different traffic classes: UAS and MANNED 
aircraft.  
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Strategic Mitigations consist of procedures and operational restrictions intended to reduce the UAS 
encounter rates or their time of exposure in the strategic phase: prior to take-off. They can be classified 
into: 

• Operational Restrictions - They imply a spatial or a temporal containment of the operations, so UAS 
operations do not overlap in space or time with other operations, or the exposure time is significantly 
reduced. Spatial containment can be enforced through the use of geofencing. 

• Airspace Structuring - It consists of structuring the airspace in volumes like corridors, flight layers, 
etc. with some physical characteristics and some associated procedures that reduce conflicts or 
make conflict resolution easier.  

The difference between Operational Restrictions and Airspace Structuring is that Operational 
Restrictions can be controlled by the UAS operator while Airspace Structuring is mainly controlled by 
the designated airspace authority. 

The use of U-space services, geofences, or other electronic devices and sensors to enforce 
containment improve the risk covered by Strategic Mitigations by increasing the effectiveness 𝜖𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑖𝑐 

of Strategic Mitigations. SORA sets the probability of leaving the operational volume with a geofencing 
device to be less than 1E-4 per flight hour.  

2.3.2.Tactical mitigations 

Tactical Mitigations are applied to mitigate the residual risk for a MAC and thus achieve the applicable 

TLS. They aim to reduce the 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡). 

According to SORA, Tactical Mitigations can be classified into two groups: 

• Visual Line of Sight (VLOS) - Based on human vision to detect aircraft and take action to remain well 
clear and avoid collisions with other aircraft.  

• Beyond Visual Line of Sight (BVLOS)- An alternate means of mitigation to human vision using machine 
assistance is applied to remain well-clear from other aircrafts and thus avoid collisions. Two types of 
functionalities can be included here with different time horizons: 

- Remain Well Clear (RWC) - Tactical manoeuvres performed within a timeframe nominally 
sufficient to coordinate with ground-based systems for separation assurance, like ATM or U-space 
separation services, or on-board facilities. 

- Collision Avoidance (CA) - Urgent manoeuvres performed as a last resort to prevent midair 
collisions when all other modes of separation fail. They are based on some kind of on-board 
sensor for detect-and-avoid (DAA). We could include here ACAS-sXu. 

Both RWC and DAA systems could be regarded as Detect and Avoid systems: RWC is a Ground Based 
Sense and Avoid (GBSAA) while DAA is an Airborne Detect and Avoid (ABDAA). 
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3. Evaluating the risk of strategic mitigations 

Evaluating the risk of strategic mitigations requires to build a model for the estimation of the conflict 

frequency 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠). Several types of models can be used to evaluate this frequency: 

• Analytical models. They are probabilistic models like the Gas Model or the Reich-Marks model [8, 
13]. These models have been used by ICAO in Doc. 9689 [14] for the determination of existing 
separation minima. 

• Simulation models. They are based on generating trajectories for the aircrafts and thus estimate 
conflict rates. The problem is how to generate the representative trajectories, i.e., trajectories which 
approximate the behaviour of the aircrafts in a given airspace. Several techniques have been 
proposed: 

- Bayesian models. They are models based on Bayesian Networks. These models use real radar 
tracks to calculate the weights of the network and to determine the optimal structure of the 
network [9,10]. They can also use Bayesian inference to update the probability for a hypothesis 
as more evidence or information becomes available. 

- Artificial Intelligence (AI) methods. AI models also need data for the learning process. These data 
can come from real radar tracks or from simulations. Although deep neural networks require 
large training sets, new algorithms allow to reduce these requirements [15]. 

In BUBBLES we will use simple analytical model during the first phase of the project to get approximate 
results of 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠). One of the important goals of WP4 is to develop a simulation model using 
AI (Artificial intelligence Techniques) to get more accurate results about this parameter and in order 
to obtain separation minima for a given ConOps. But from the point of view of developing a 
quantitative methodology for risk assessment and determination of separation minima, the important 

point is being able to evaluate 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) using some of he proposed techniques. Obviously, 
the accuracy of the model is an important aspect. 

One of the things that must be determined for any model that evaluates the 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) is the 
list of parameters that define the scenario. This is addressed as the first important topic in next section. 

3.1. Conflict frequency model parameters 

The analysis performed during the first phase of WP4 during the formulation of simple analytical 

models to evaluates 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) and the task for improving these results with simulations 
models has concluded that such model should take into account the characteristics of the airspace 
volume where the operations take place, the different aircraft characteristics that operate in that 
volume and their traffic densities, the strategic mitigations, and the separation minima used to 
characterise a conflict.  

The simulation parameters are summarised in a detailed way in the following list: 

A. Separation minima 

A1.- Separation mode: vertical, longitudinal, lateral, UAS specific 

A2.- Value of separation minima 
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B. Mission specific characteristics 

B1.- Geometry and dimension of the Operations Volume 

B2.- Airspace class 

B3.- Traffic density: number of UAS per time unit in Operation Volume. 

B4.- Trajectory patterns: flight plan, linear, scan patterns, random, … 

C. Characteristics of each traffic class 

C1.- Traffic class: open, specific, and certified UAS operations, VFR, IFR, … 

C2.- Dimensions / Collision cross-section 

C3.- Performance navigation specification: accuracy and integrity bounds for horizontal and 
vertical profiles 

C4.- Kinematic characteristics: mass, TAS, Rate of Climb (ROC), Rate of Descent (ROD), 
acceleration, turn rate. 

D. Strategic mitigations. 

D1.- Mitigations to provide spatial containment of the operations. 

D2.- Mitigations to provide temporal containment of the operations. 

D3.- Airspace structuring. 

D4.- U-space services and electronic devices used to enforce containment of operations. 

Although all these parameters must be taken into account when performing a simulation to determine 
the conflict rate, there are three parameters (influence factors) which strongly determine the results 
of the simulations. These parameters need too be properly set for a batch of simulations: a) the traffic 
density or number of UAS allocated to each mission, b) the trajectory patterns used in a particular type 
of mission and c) the kinematic characteristics of the UAS. Simulations yield strongly differing results 
if the proper trajectory pattern is not selected. Assuming completely random trajectories can make 
the results differ significantly. 

3.2. Analytical models for calculating conflict frequency 

This section introduces analytical models for calculating 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠). These models are usually 
simplistic models that do not define the trajectory patterns of the aircrafts in great detail, so they 
provide rough approximations to the conflict rate. 

The first step of an analytical model will be to define different types of Operation Volumes that fit the 
trajectory patterns. As in SORA, we will assume that flights are enclosed in their Operation Volumes 
and containment is enforced by some mean. Two generic Operation Volumes are defined: corridors 
and boxes, as shown in Figure 3-1. 
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Figure 3-1 Types of Operation Volumes. 

Corridors are containers for linear trajectories between two points. They can be flown at different 
altitudes separated by some vertical separation. They also have some specified width. Both the vertical 
separation and the corridor width will be set according to the navigation performance specification 
used but they also depend on other factors like meteorological conditions (specially wind). 

Boxes are containers for trajectories with trajectory patterns whose bounds can be set both in the 
horizontal and vertical profile. They roughly correspond to the concept of Operations Volume of SORA. 

In both cases we consider that these volumes include the Flight Geometry plus some Contingency 
Volume around them. 

Unlike SORA, the BUBBLES model assumes that Operation Volumes can overlap. The types of 
intersections/overlaps that we may have between Corridors and Boxes are summarised in Figure 3-2: 
Box-Box intersection, Box-Corridor intersection, and Corridor-Corridor intersection. A special case of 
Box-Box intersection is when all UAS share the same container Box. The goal of defining these 
intersections is to formulate a collision risk model of each type of intersection. 

 
Figure 3-2 Intersections between Operation Volumes. 
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3.3. Using the gas model to calculate the conflict rate 

One approximate way to calculate the conflict rate in Boxes and Corridors is using the Gas Model [8] 
as used by [9]. The reason for this name is that its basic concept is essentially the same as that of a gas 
molecular model.  

The collision frequency between an UAS and an intruder is a product of the transient aircraft density, 
the combined frontal areas and the velocity of both the UAS and the intruder.  

We define 𝜌0 to be the density of intruders per volume unit, 𝜎𝑢𝑎𝑠 and 𝜎𝑖 to be the frontal area of the 
UAS and the intruder, 𝑉𝑢𝑎𝑠 and 𝑉𝑖 as the velocities of the UAS and the intruder.  

Now we consider a single UAS. To average the risk of a MAC over all orientations, the frontal areas of 

the UA and the transient aircraft are recast as circles of radii 𝑅𝑢𝑎𝑠 = √𝜎𝑢𝑎𝑠/𝜋 and 𝑅𝑖 = √𝜎𝑖/𝜋. A 
collision will occur if the centres of the aircraft are within a distance 𝑅𝑢𝑎𝑠 + 𝑅𝑖. The instantaneous 
collision area is therefore: 

𝜎𝑐𝑜𝑙 = 𝜋(𝑅𝑢𝑎𝑠 + 𝑅𝑖)
2 = 𝜎𝑢𝑎𝑠 + 𝜎𝑖 + 2√𝜎𝑢𝑎𝑠𝜎𝑖                                        Eq. 3.1 

Assuming that the relative speed of the UAS respect the intruder (as if the intruder was stationary), 

the volume of collision airspace that the UAS sweeps out in a time 𝛥𝑇 is 𝑉𝑐𝑜𝑙 = 𝜙
𝑐𝑜𝑙
⋅ 𝑉𝑟𝑒𝑙 ⋅ 𝛥𝑇 (see 

Figure 3-3). The number of collisions is a product of the collision volume and the intruder traffic 

density. Dividing by the time 𝛥𝑇 gives the expected collision rate for a single UAS: 

𝐹𝑟𝑒𝑞𝑖 = 𝜌0 ⋅ 𝜎𝑐𝑜𝑙 ⋅ 𝑉𝑟𝑒𝑙                                                                 Eq 3.2 

 
Figure 3-3 The Gas Model. 

Assuming that UAS collisions are independent of each other, the total collision rate for a fleet of UAS 
is obtained by multiplying Eq 3.2 by the number of UAS in the fleet divided by 2. This is because a 
conflict between UAS-a and UAS-b is the same conflict that between UAS-b and UAS-a: 

𝐹𝑟𝑒𝑞 =
𝑁𝑢𝑎𝑠

2
⋅ 𝜌0 ⋅ 𝜎𝑐𝑜𝑙 ⋅ 𝑉𝑟𝑒𝑙                                                        Eq 3.3 

To get conflict frequencies instead of collision frequencies we just have to replace in this method the 
values of 𝑅𝑢𝑎𝑠 and 𝑅𝑖 in these formulas by the separation minima. 

The main problem of applying this formula is to devise a proper model for the relative speed. Three 
cases are usually considered: 
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1. Worst case assumption:  𝑉𝑟𝑒𝑙 = 𝑉𝑢𝑎𝑠 + 𝑉𝑖 

2. Best case assumption:  𝑉𝑟𝑒𝑙 = 𝑉𝑢𝑎𝑠 − 𝑉𝑖 

3. Average cases:  𝑉𝑟𝑒𝑙 = 𝑚𝑎𝑥(𝑉𝑢𝑎𝑠, 𝑉𝑖), 𝑉𝑟𝑒𝑙 = √𝑉𝑢𝑎𝑠
2 + 𝑉𝑖

2 

This method can be used to calculate conflict frequencies in Operational Volumes like Boxes and 
Corridors as explained in the following example. 

3.3.1.Conflict frequency calculation example 

Consider a situation in which we have a fleet of 5 UAS in a mission which consists in the surveillance 
of a part of the border between Spain and France. The Operations’ Volume, represented in Figure 3-4, 
has an area of 300 km x 20 km (6000 km2) and a height of 2000 m, yielding a total volume for the 
Operations’ Volume of 12000 km3. An access corridor from the airport of La Seu d’Urgell is established, 
so UAS can access the Operations’ Volume from this airport. Airway A29, navigated by IFR traffic, 
intersects the Operations’ Volume. 

UAS have a frontal collision area of 20 m2 and a nominal speed 80 knots. There are always 5 UAS flying 
and missions are 5 hours long. The UAS can move at will through all the Operations’ Volume with 
unpredictable trajectories. 

IFR flights flying the airway have a frontal collision area of 80 m2 and a nominal speed of 350 kts. IFR 
flights only fly through the airway A29. The traffic density is estimated as 0.1 aircrafts per hour flying 
in the operation’s volume. 

Assume that separation minima is estimated as 1 km. 

No strategic mitigation has been initially adopted for this scenario. 

With a separation of 1 km, the frontal section for conflict rate calculus is: 

𝜎𝑐𝑜𝑙 = 𝜋 ⋅ (𝑆𝐸𝑃/2 + 𝑆𝐸𝑃/2)2 = 𝜋 ⋅ 𝑆𝐸𝑃2 = 𝜋 ⋅ 12 = 3.14 km2                                                   Eq 3.4 

Applying the formula of Eq. 3.3 the conflict rate for UAS-UAS conflicts and UAS-IFR conflicts is 

estimated. An approximate model for relative speeds of 𝑉𝑟𝑒𝑙 = √𝑉𝑢𝑎𝑠
2 + 𝑉𝑖

2 has been used. 

𝐹𝑟𝑒𝑞
𝑈𝐴𝑆/𝑈𝐴𝑆 =

𝑁𝑢𝑎𝑠

2
⋅ 𝜌

0
𝑈𝐴𝑆 ⋅ 𝜎𝑐𝑜𝑙 ⋅ 𝑉𝑟𝑒𝑙

𝑈𝐴𝑆/𝑈𝐴𝑆
                                                                                              Eq 3.5 

𝐹𝑟𝑒𝑞
𝑈𝐴𝑆/𝑈𝐴𝑆 =

5

2
⋅

(5−1)

300⋅20⋅2
⋅ 3.14 ⋅ √(80 ⋅ 1.852)2 + (80 ⋅ 1.852)2 = 0.55 conflicts/hr        Eq 3.6 

Which is equivalent to 2.75 conflicts every UAS mission (5 hours). 

𝐹𝑟𝑒𝑞
𝑈𝐴𝑆/𝐴𝐶 =

𝑁𝑢𝑎𝑠

2
⋅ 𝜌

0
𝐴𝐶 ⋅ 𝜎𝑐𝑜𝑙 ⋅ 𝑉𝑟𝑒𝑙

𝑈𝐴𝑆/𝐴𝐶
                                                                                                    Eq 3.7 

𝐹𝑟𝑒𝑞
𝑈𝐴𝑆/𝑈𝐴𝑆 =

5

2
⋅

0.1

300⋅20⋅2
⋅ 3.14 ⋅ √(80 ⋅ 1.852)2 + (350 ⋅ 1.852)2 = 0.04 conflicts/hr.     Eq 3.8 

Which is equivalent to 1 conflict every 5.8 UAS missions (29 hours). 
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Figure 3-4 A sample mission. 

The conflict rates could be reduced by applying some strategic mitigation. For example, the 
Operations’ Volume could be divided into 5 sections S1-S5 with one UAS performing its mission in one 
of these sections, as shown in Figure 3-5. ATC from La Seu d’Urgell airport could take over the control 
of the access corridors to the Operations’ Volume. No tactical separation is assumed inside each 
section of the Operations’ Volume, but some residual collision risk would exist if two UAS approach 
the border of the sections of the Operations’ Volume. The conflict rate with manned aircraft remains 
the same since the Operations’s Volume has been divided by 5, but there is only one aircraft inside the 
Volume S2 crossed by the airway. 

 
Figure 3-5 Strategic mitigations. 

3.4. Using simulation models to calculate the conflict rate 

Alternative methods to estimate the conflict rate with respect to the analytical model presented in the 
previous section can be implemented by exploiting Monte Carlo simulations. In these approaches, the 
main idea is to simulate possible behaviours of the UAS in the operational scenario and estimate the 
conflict rate from an analysis of such simulations. An advantage with respect to analytical models is 
the flexibility of modelling particular scenarios dropping many assumptions made in the analytical 
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models. Possible disadvantages may be related to the scalability with respect to the number of UAVs 
and the size of the scenario, as well as the need of performing a high number of simulations. 

In this section, we will describe a scalable and efficient simulation-based approach to estimate the 
conflict rate from a set of trajectories that are representative of a given operational scenario. In 
particular, we will first introduce the concept of trajectory generation for Air Traffic Management and 
present some methods and tools to generate representative trajectories on an operational scenario. 
Then we will describe the proposed approach for Monte Carlo based estimation of conflict rate. Finally, 
we will present a numerical example and discuss its scalability with respect to the number of UAS and 
size of the environment. 

3.4.1.Trajectory generation for Air Traffic Management 

The Air Traffic Management must guarantee the following four key performance indicators: Safety, 
Capacity, Efficiency, and Environmental impact. Trajectory management, and traffic synchronisation, 
together with other ATM components, contribute to the efficient handling of traffic from gate to gate. 
The trajectory is the core information that is used by the system as the basis of distributing flight 
information. The performance of the ATM system is directly related to the accuracy with which the 
future evolution of the traffic can be predicted. In this sense, future Air Traffic Management will 
require a variety of support tools to provide suitable help to users and engineers involved in air space 
management. Most of these tools are based on an appropriate trajectory prediction component. For 
the next few years, aircrafts are expected to fly optimal trajectories that are defined in the form of 
several waypoints and some required overflight times. In order to maintain safe separation and to 
exploit the benefits of these new trajectories, aircraft must stay within very small volumes (bubbles) 
around the reference track. Uncertainties arise when it comes to unpredictable events like for example 
fast atmospheric changes that may affect the prediction phase of the trajectory. The simulation 
activities carried out around trajectory prediction is an essential activity on the study of aircraft 
performance. New software tools are being designed to know the behaviour not only of a single 
aircraft but also of the entire airspace. The trajectories can be expressed deterministically in terms of 
position, velocity, or acceleration components as functions of time with respect to a particular frame 
of reference. Various approaches exist for producing aircraft trajectories through simulation, 
considering either a kinematic or a kinetic model. Kinematic approaches model the trajectory of the 
aircraft without considering the underlying physics, while kinetic approaches also model forces acting 
on the aircraft. The BADA model [16] considers the aircraft model and the atmosphere model: the 
BADA Aircraft Performance Operation File (OPF) models the kinetic properties of the aircraft, while 
the flight procedures file (APF) models the kinematic aspects of flights. Both kinetic and kinematic 
models have their advantages and disadvantages. For example, the kinematic approach is simpler by 
removing the forces in the performance model. But it is not suitable for aircraft trajectory prediction 
studies or individual flight optimisation. A recent study by Hrastovec and Solina [17] proposes to obtain 
performance parameters and patterns using radar data and machine learning methods. Machine 
learning uses historical data about past flights collected in a multidimensional database. This method 
uses flight plan data to predict performance values. The values are provided via a web service and are 
predicted individually for every single flight. Another interesting work is described in [18] where the 
aircraft is considered as a point mass and includes the aircraft performance with the physical 
constraints and the atmospheric information. The movement of an aircraft could be expressed with 6 
or 3 Degrees of Freedom (DoF). The latter can accurately simulate the aircraft trajectory with 
computational advantages (less processing time).  
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Trajectory Generator models that are developed and used within the BUBBLES project leverage and 
take inspiration from these various existing approaches, but are specialised for UAS operations of 
interest for the operational scenarios under consideration. 

3.4.1.1.Trajectory generation models 

The following paragraphs present some trajectory generation models, including analytical models 
(e.g., interpolation) as well as AI oriented models, using different machine learning techniques. 

Lagrange interpolation 

The interpolation by an idea/method which consists of the representation of numerical data by a 
suitable polynomial and then to compute the value of the dependent variable from the polynomial 
corresponding to any given value of the independent variable leads to the necessity of a formula for 
representing a given set of numerical data on a pair of variables by a suitable polynomial [19]. 

Hermite interpolation 

The method based on algebraic trigonometric Hermite blended interpolation spline is applied to 
construct the trajectory. Moreover, the generated trajectories are continuous on the accelerations. In 
this method, the path curve is contracted by the algebraic-trigonometric Hermite polynomials, which 
has some significant advantages. It can be second order differentiable, and thus ensures the 
smoothness of the trajectory [19]. 

Piecewise Linear Interpolation  

Trajectory is characterized by way points (WP) and straight line segments between those points. The 
number of WP highly depends on trajectory curvature. If one wants to approximate a trajectory with 
many shape turns, the number of way points needs to be increased in order to reduce the error 
between the model and the real trajectory. To improve concept performance, Lagrange and Hermite 
interpolation might be used to adjust polynomial function to a given set of way points. However, due 
to Runge’s phenomenon these interpolations induce oscillations between interpolation points [19] 

Piecewise Quadratic and Cubic Interpolation 

Piecewise quadratic interpolation considers quadratic curves on the intervals: 

[𝑥𝑖, 𝑥𝑖+1], 𝑖 = 0, 𝑛 − 1. 

each connecting two points in space. On each point, the derivative of the previous curve has to be 
equal to the derivative of the next one, which causes the change of the interpolating curve whenever 
any point moves. The piecewise cubic interpolation avoids this drawback but does not ensure that 
trajectory curvature is continuous [19]. 

Spline interpolation  

Spline interpolation, also called natural spline, represents the curve of a metal spline constrained to 
interpolate some given points. Spline interpolation is preferred over polynomial interpolation because 
the interpolation error can be made small even using low degree polynomials for the spline. Cubic 
spline represents a good approximation for aircraft trajectories [19]. 
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Bezier Approximation Curve 

A Bezier curve is defined by a set of n control points, with n representing the curve order (n = 1 for 
linear, 2 for quadratic, etc.). The first and last control points are always the end points of the curve; 
however, the intermediate control points (if any) generally do not lie on the curve. When interpolation 
is not a hard constraint, one can use control points to change the shape of a given trajectory without 
forcing trajectory to go through every single control point. 

Genetic Algorithms (GA) 

Optimisation methods implemented through Genetic Algorithms are based on the evolution theory 
and uses basic operators: selection, mutation and crossover for generating a new population of aircraft 
trajectories. The state space is a set of finite manoeuvres in the horizontal plane (straight line, turning 
point and offset), as well as vertical manoeuvres, such as level-off. 

For example, [20] consider horizontal airspace where every aircraft enters and leaves the airspace at 
the same time. All aircrafts fly at the same speed and the only possible manoeuvres are heading change 
(left or right by 30 degrees) at discrete time steps. The objective was to minimise the distance of the 
last point of the computed trajectory to the theoretical exit point. 

Reinforcement Learning Algorithms 

Reinforcement Learning techniques can be used to learn a motion policy which allows to generate 
different trajectories depending on the desired scenario settings and missions. Such a feature certainly 
guarantees scalability and modularity in the selection of parameters characterising several types of 
trajectories. 

Generative Adversarial Networks 

Generative Adversarial Network (GAN) are very recent machine learning and deep learning techniques 
that allow generation of new samples similar to a set of given samples used for training. This method 
has been successfully used specially with images. By using GAN methods, it will be possible to generate 
new trajectories starting from a set of training trajectories, featuring similar characteristics of the given 
trajectories.  

3.4.1.2.UAS Simulation tools 

Integrating UAS in real air traffic requires the development of tools and simulators to enable 
researchers in designing and evaluating new solutions in this field. The interest in simulators was born 
from different factors, such as low-cost training and testing, easy and fast evaluating of new solutions, 
or other Research & Development (R&D) activities. 

Simulators are thus designed to be easy to use, to run on general-purpose hardware, and to be 
effective in the task they are used for. This section, briefly describes some features of a few simulator 
tools available for generation and analysis of UAS trajectories. The following list includes some open-
source/free-access simulators that can be freely used for research purposes. Many commercial 
platforms have also been developed with different features and characteristics and could be used as 
well. 

‣ Air Traffic Management (ATM) by NASA - allows to evaluate alternative large-scale emergency 
operations. 

‣ UTM Simulator by JAXA - manages the drone traffic and conflicts to avoid mid-air collisions. 

https://aviationsystems.arc.nasa.gov/research/testbed/index.shtml
https://global.jaxa.jp/activity/pr/jaxas/no079/08.html
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‣ U-traffic by Sim-Labs - training supervision - ability to record and replay the scenario, realistic and 
physical 3D visualisation of contact. 

‣ Prototype by Airbus - configuration for an almost infinite variety of operator and mission 
scenarios. 

‣ ATMOS by DLR  institute of Flight Guidance - can be connected to all other Institute of Flight 
Guidance simulators, such as the cockpit simulator and the tower simulator, allowing you to 
perform complex and distributed simulations in the air transport system. 

‣ AIRSim by MicroSoft - the APIs can also be used to send control commands to the vehicle in a 
platform independent way. 

The simulators listed above have different features and characteristics that are not relevant for the 
task considered in this section (that is the estimation of the frequency of conflicts). Therefore, we will 
only highlight in general terms some interesting aspects they provide, such as 

• Aircraft features (aircraft type including resistance to external perturbations) 

• Navigation Flight features: e.g., the wings pattern (fixed wing, rotary wing, flapping wing) 

• Automatic flight plan generation: the ability to produce a realistic scenario based on high-level 
parameters 

• Ability to manage critical situations 

Within the BUBBLES project, we will exploit the use of some of the above mentioned simulators to 
generate realistic trajectories that will be used to estimate the collision risk as explained in the present 
document. 

3.4.2.Conflict Rate Estimation from trajectories 

After a set of trajectories representative of a set of missions has been generated with any of the 
methods presented in the previous section, or a combination of them, we can estimate the conflict 
rate (i.e.,) with a Monte Carlo sampling approach as described in this section. 

Let us denote with 𝒯 = {𝜏1, … , 𝜏𝑛}the set of trajectories that have been generated with one of the 
methods described in the previous section and according to the considered operational scenario. 

Given any pair of trajectories 𝜏𝑖 and 𝜏𝑗, we can estimate the conflict rate for such trajectories by 

multiplying two terms: the frequency of execution of the trajectories and the probability of conflict 
within the two trajectories. 

Let us consider the period of execution of a trajectory 𝜏𝑖 as 𝑇𝑖. In other words, we assume a UAV 
continuously executing its mission and producing 𝜏𝑖 within a period of time 𝑇𝑖. Let us also denote the 

frequency of the trajectory as 𝑓𝑖 =
1

𝑇𝑖
. 

When considering any pairs of points in the two trajectories 𝑥𝑖 ∈ 𝜏𝑖 and 𝑥𝑗 ∈ 𝜏𝑗, the frequency of the 

event in which the two agents are in these positions 𝑥𝑖 and 𝑥𝑗 is determined by the minimum 

frequency, i.e. 𝑚𝑖𝑛(𝑓𝑖, 𝑓𝑗). 

https://sim-labs.com/industries/u-traffic
https://acubed.airbus.com/blog/airbus-utm/meet-airbus-ut-ms-prototype-the-simulation-tool-helping-shape-the-utm-systems-of-the-future
https://www.dlr.de/fl/en/desktopdefault.aspx/tabid-1964/1601_read-3103/
http://github.com/Microsoft/AirSim
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Given a conflict threshold 𝛿, denoting the distance within which we detect a conflict, the frequency of 
a conflict for two trajectories is obtained by multiplying the frequency of encounters in two points by 
the probability that such two points are within the conflict threshold. 

More formally: 

𝐹𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡(𝜏𝑖, 𝜏𝑗) = 𝑚𝑖𝑛(𝑓
𝑖
, 𝑓

𝑗
)𝑃𝑟(|𝑥𝑖 − 𝑥𝑗| < 𝛿)                                                                                    Eq 3.9 

Notice that 𝑓
𝑖
 and 𝑓

𝑗
 can be computed from the scenario execution parameters, in particular from the 

duration of the missions associated to the two agents involved. 

However, the probability of being within the conflict threshold is more complex to be computed in a 
closed form, given that in general we do not have analytical models of the trajectories. Therefore, we 
propose to compute such a term with a sampled based (or Monte Carlo) approach. 

In other words, we will sample: 

𝑃𝑟(|𝑥𝑖 − 𝑥𝑗| < 𝛿) ≈
1

𝐻
∑
ℎ=1

𝐻

ℐ(|𝑥𝑖
(ℎ)

− 𝑥𝑗
(ℎ)
| < 𝛿)                                                                  Eq. 3.10 

where  𝑥𝑖
(ℎ)
, 𝑥𝑗

(ℎ)
 are samples of the trajectories 𝜏𝑖, 𝜏𝑗 and  ℐ(𝑒) = 1 if e is true, 0 otherwise. 

 
Figure 3-6 Sampling points from two trajectories. 

Figure 3-6 shows a graphical representation of the sampling procedure for two trajectories and two 

sampled points 𝑥𝑖
(ℎ)
, 𝑥𝑗

(ℎ)on these trajectories. Notice that sampling two random points on two 

trajectories corresponds to consider a random starting time of the execution of each trajectory by the 
corresponding UAV. 

Finally, the overall frequency of conflicts can be computed as the sum of all the conflicts in any pair of 
trajectories, i.e. 

𝐹𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡 = ∑
𝑖=1

𝑛

∑
𝑗=𝑖+1

𝑛

𝐹𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡(𝜏𝑖, 𝜏𝑗)                                                                                                       Eq. 3.11 
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3.4.3.Conflict frequency calculation example with random trajectories 

Consider now a scenario similar to the one shown in Section 3.3.1. In particular, here we consider a 
2D setting with an operational area of 300 km x 20 km (6000 km2), in which all UAS fly at the same 
altitude. In this example, we consider only UAS-UAS conflicts, provided by 5 UAS flying in a free flight 
mode (i.e., producing random trajectories) at nominal speed of 80 knots. UAS missions last 5 hours. 

 
Figure 3-7 Example of generation of 5 2D trajectories in free flight mode. 

Figure 3-7 shows an example of trajectories generated by a controller providing piecewise linear 
movements; controller settings can be varied at will according to the desired mission goal. 

For estimation of frequency of conflicts in this scenario, we apply the method described in the 
previous subsection, with δ representing the conflict threshold. Since all the generated trajectories 
have a duration of 5 hours, that is the total time of operation, the frequency of each trajectory will 
be 1.  

In this method, the number of conflict events happening during the simulation is given by the sum 
of I(|xi(h) - xj(h)| < δ), while H is the total number of trials. In order to compute a significant 
probability estimation (which is the ratio between number of conflict events and number of trials), 
with reduced variance, we need to achieve a sufficient number of events. In the numerical examples 
reported below we set the target number of conflict events to 30 and determine H consequently. In 
other words, we keep the simulation running until 30 conflict events are generated, while counting 
the number of trials. Increasing such target value for the number of events will reduce the variance 
of estimation at the cost of a longer experimental time. 

Finally, the number of conflicts detected in the 5 hours trajectories is divided by 5, to compute a 
conflict rate in conflicts/hr. 

The experiments reported below have been conducted with the following procedure:  

1. set a conflict threshold δ 

2. set a target number of events TNE 

3. generate N trajectories for time T in the area with a free flight controller 

4. repeat many times (to reduce variance of estimation) 

a. set NE = 0 (number of detected events) 

b. set H = 0 (number of trials) 

c. repeat until NE < TNE (target number of events achieved) 

- sample the trajectories (extract one point for each trajectory) 
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- increment H (number of trials) 

- check for conflict events and increment NE if this is the case 

d. estimate conflict rate as (NE / H) / T   

5. return average and standard deviation of estimated conflict rates 

In the following, we will describe the results obtained with the following parameters: N = 5 (number 
of UAVs), T = 5 hours (total time of operation), TNE = 30 (target number of simulated events), and two 
different values of conflict threshold δ = 2 Km and δ = 1 Km. 

On a standard laptop, the computational time to generate 5 trajectories 5 hours long on a single thread 
is about 1 minute, while the time needed to estimate the conflict rate depends on the threshold and 
on the randomness of the process and it is reported for each experiment below. 

Since the generated trajectories are independent of each other, the proposed method can be executed 
on multiple threads, thus exploiting multi-core CPU architectures. For example, with 5 parallel threads 
on an Intel Core i7-8565U with 4 cores, we can generate 5 trajectories 5 hours long in about 11 
seconds. 

The results shown in the table below have been obtained from 10 different sets of trajectories and 
with each estimation repeated five times, so each value is computed as the average of 50 measures. 
Computation time is computed with 8 parallel threads. 

δ 

(Km) 

 

Conflict rate estimate (avg) 

(conflict/hr) 

Standard deviation 

conflict/hr) ( 

Computational time 8 
threads average 

(seconds) 

1 Km 1.12 E-3 5.12 E-4 50 

2 Km 4.37 E-3 1.92 E-3 13 

Table 2 Conflict rate using simulations of random trajectories. 

If we consider a 3D operational volume with 2 Km altitude and 20 m of vertical displacement (i.e., each 
UAV can choose an altitude level every 20 m), then the probability that two UAVs will be at the same 
altitude is 1E-2. By multiplying this value to the values in the above Table 2, we can obtain an 
estimation of conflict frequency in this 3D operational environment. For example, with 1 Km of conflict 
threshold, we get values around 1 E-5 conflict/hr. 

It is important to note that, in contrast with analytical models assuming specific operational modes, 
estimation of the frequency of conflicts based on generated trajectories allows for higher flexibility in 
the definition of specific features of the trajectories. For example, it is possible to estimate the conflict 
frequency when using specific flight modes, different from free flight, or when considering specific 
mission-oriented trajectories. 

3.4.3.1.Scalability with respect to the number of UAV and size of the environment. 

In order to measure the scalability of this approach with respect to the number of UAV and to the size 
of the environment, we perform additional experiments in a larger scenario with many UAS. In 
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particular, we consider an operational area of 300 Km x 200 Km (i.e. 10 times bigger with respect to 
the previous example) and 50 UAS (also 10 times bigger with respect to the previous example). 

Generation of 50 trajectories 5 hours long with 8 parallel threads took about 2.5 minutes. With 16 
threads, we can generate 100 trajectories 5 hours long in 5 minutes. 

The results for 50 UAS in free flight mode in an area 300 Km x 200 Km are reported in Table 3. 

δ 

aa (Km) 

Conflict rate estimate (avg) 

(conflict/hr) 

Standard deviation 

(conflict/hr) 

Computational time 8 
threads average 

(seconds) 

1 Km 1.43 E-2 4.06 E-3 192 

2 Km 5.74 E-2 1.06 E-2 48 

Table 3 Conflict rate using simulations of random trajectories for a large number of UAS. 

As shown in the results about the computational time, when considering a 10 times larger environment 
with 10 times higher number of UAS, the increase of computational time is only about 4 times, thus 
showing good scalability properties of the proposed approach. 

Summarizing, the method described in this section allows for estimating the frequency of conflicts 
from the analysis of a set of given trajectories with an efficient and scalable algorithm. The separation 
between trajectory generation and frequency of conflict estimation allows for generating 
representative trajectories from a given operational scenario under analysis independently from the 
estimation procedure described here, thus providing for high flexibility in estimating scenario 
depending conflict rates.  

3.4.4.Conflict frequency calculation example with trajectory patterns 

There is a big difference between the results of the analytical calculus and the simulation for the 
conflict rate. This is partly due to the facts that calculations were performed using very different 
assumptions for the trajectories: the gas model assumes that the trajectories are straight lines with 
constant speed while the simulation results were performed with random trajectories.  

For this reason, it was decided to perform a new simulation using more “representative” trajectories 
described by the UAS involved in the operation described in section 3.3.1. These trajectories assume 
a more specific pattern that consists of a scan circuit, down at varying speeds, and sporadic hoverings 
upon objects under inspection in that scan, as shown in Figure 3-8. 
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Figure 3-8 Example of trajectory pattern. 

The generation of this type of trajectory pattern makes the following assumptions:  

• UAS move at different and varying speeds (otherwise, they would move in a synchronised way, 
thus reducing conflict probability). The trajectory has been generated so that the speeds vary 
along the path between 4 and 40 m/s.  

• The trajectories start from different initial points randomly selected along the X axis. The start 
point is considered a collision between all the UAS at the very beginning. 

• Hovering manoeuvres are performed randomly across the path. They consist of circling 
manoeuvres which, in practice, are used to conduct a detailed watch of a location.  

• The angle of rotation of hovering manoeuvres is also random to avoid any similarity. This range 
varies between 2 and 6 degrees/s. 

• The separation between the parallel sections of the scan trajectory are not fixed. This value varies 
between 2 and 10 km.  

The process for the evaluation of this type of trajectory is the same as in section 3.4.3. All factors have 
been set to the same values.  

- TSE=30 

- Separation minima = 1 and 2 Km 

- Number of UAS = 5 

- Number of evaluations for Montecarlo analysis: 50 

The results shown in Table 4 with these specific trajectory patterns can be even higher than the 
predicted values of the analytical gas model. 
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δ 

(Km) 

Conflict rate estimate (avg) 

(conflict/hr) 

Standard deviation 

(conflict/hr) 

1 Km 7.26 6.85 

2 Km 8.68 7.98 

Table 4 Conflict rate using simulations of random trajectories for a large number of UAS. 
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4. Evaluating the RWC distance and the risk 
of tactical mitigations 

 In section 2 we fixed the criteria for setting a TLS for the MAC probability and we set the foundations 
for computing this probability as: 

𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) = 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) × 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡)                 Eq. 4.1 

Section 3 was devoted to methods for calculating 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠). This goal of this section is to 

calculate 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡), i.e., the conditional probability that a conflict that arises at a 
given separation minima ends in a collision. 

The other of this chapter is determining the separation minima as a risk-based process, so we will 
calculate the  𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) associated to each separation value. We will choose the 
separation so Eq 4.1 meets the corresponding TLS. 

We will use the terms “separation minima” and “RWC (Remain Well Clear)” status interchangeably, 
since the separation that we calculate at this level is a tactical separation (usually provided by ATC) 
and not a last resort separation for an on-board avoidance collision system.  

Once two aircrafts are involved in a conflict the 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) highly depends on the 
deadline for solving the conflict: the lesser is the deadline for solving a conflict, the higher is the 
probability that the conflict ends up in a collision. Providence also plays an important role in this 
probability. It includes the imponderables which are difficult to be guessed or calculated. 

Note that the terms 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) and 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) have opposite trends: The 

higher is the separation minima the higher is the 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡𝑠) and the lower is 

𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡). 

An important aspect is whether the separation minima should be specified as a distance 𝑑𝑅𝑊𝐶 or as a 
time 𝑡𝑅𝑊𝐶. Both concepts are related through the closure rate c, which is defined as the modulus of 
the relative speed between two conflicting aircrafts: 

𝑑𝑅𝑊𝐶 = 𝑐 ⋅ 𝑡𝑅𝑊𝐶                                                       Eq. 4.2 

The next section makes clear that the RWC status is primarily calculated as a time and then converted 
into a distance. However, the conversion is not as easy as Eq. 4.2 may suggest, since the closure rate 

𝑐 is not a constant; it is a pairwise value, i.e., a value set between every pair of aircraft which also may 
vary with time. The last subsection analyses the influence of the closure rate on the separation 
distance. 

Summarising, this section proposes a method to calculate the RWC distance/time in a pairwise fashion 
that could be used by an automatic separation system for UAS. The method is risk based, since the 
proposed RWC separation must meet Eq. 4.1 

4.1. Encounter timeline analysis 

The Remain Well Clear (RWC) capability is a capability that aims at allowing an UAS some manoeuvres 
for separation assurance with other traffics. It has to be performed within a timeframe nominally 
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sufficient to coordinate with ground-based systems, like ATM or some U-space separation service. The 
required timeframe for RWC can been analysed using the concept of Encounter Timeline [21-23]. This 
concept is based on making a plan consisting of a number of steps to calculate how much time will 
take a conflict to be detected and avoided (DAA). According to this, the DAA function can be broken 
down into the steps shown in Figure 4-1: (1) Detection, (2) Tracking, (3) U-space Separation Service, 
(4) Pilot Processing, and (5) Aircraft avoidance Manoeuvre.  

 

Figure 4-1 Encounter Timeline. 

The figure shows who are the agents involved in each step. Steps (1) and (2) are assumed to be a U-
space service. Steps (3) and (4) usually need human intervention in manned aviation. This way the 
process becomes a human-in-the-loop process. Step 3 consists of the track processing performed by a 
U-space separation service to detect conflicts and the later decision making process for choosing an 
action for separation provision. U-space separation service decisions and clearances are 
communicated to pilots who process and execute them. All communication delays between the 
separation service and pilots are included in pilots’ processing time for convenience. Human-in-the-
loop processes involve human reaction and execution times which are usually high and variable. They 
also conform to human factors, making them error prone, specially when humans are subject to high 
workloads. We can foresee that processing times (and maybe reliability) could significantly improve 
using a highly automatised computer-based systems. This is currently more feasible with pilots than 
with ATC. Automation could significantly reduce reaction and processing times and make them more 
predictable. Furthermore, automatic systems could enable the concept of a pairwise separation tuned 
to every pair of drones according to their characteristics. Finally, step (5) represents the execution by 
the aircraft of the manoeuvre commanded by the pilot (or autopilot) for RWC. The time needed by the 
aircraft to execute the separation service instructions highly depends on the manoeuvrability 
parameters (vertical speeds, turning rate, of the aircraft). The process finishes with the Just Noticeable 
Difference (JND) on the ATC display, i.e, the transmission of the clear of conflict signal by the aircrafts. 

The risk analysis of the Encounter Timeline should take into account the following factors: 

a) The timeliness in executing all the steps of the Encounter Timeline. This is the probability that the 
separation distance is big enough to complete the steps of the timeline. This is probably one of the 
most limiting factors and the one that directly depends on the separation minima. Evaluating this 
probability requires to analyse the times of every step in the encounter timeline of Figure 4-1. Due 
to the degree of complexity of some steps and uncertainty in some of the factors that they depend 
on (like position estimation) we can expect these times to be probabilistic. 
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b) The effectiveness of all the steps involved in the Encounter Timeline. All the steps involved in the 
encounter timeline have an effectiveness or success probability. For example, the U-space 
separation service conflict detection ability always has a probability of no-detection or false alarms. 
The decision making process has also some probability of choosing the wrong decision for 
separating the aircrafts. Similarly, the pilot has some probability of failing in some of its intended 
tasks.  The calculus of the effectiveness of steps involving human factors is a difficult task. 

In the next section we make a time analysis of each step of the Encounter Timeline. Since the goal is 
determining the RWC separation time/distance, a worst-case analysis of all the contributing factors 
will be performed in the following subsections. The worst-case approach adopted for this analysis is 
coherent with the “well clear” concept, that denotes to be out of range of contact with something with 
no kind of doubt, i.e. with extremely high probability. Nevertheless, worst-case response times will be 
assigned some probability.  We begin the Encounter Timeline analysis from back to front, starting with 
step (5). 

4.2. Avoidance manoeuvre distance analysis 

The final step in the timeline analysis of tactical mitigation is the execution of the aircraft manoeuvre. 
In this analysis we calculate how much separated should be two conflicting aircrafts at the beginning 
of the avoidance manoeuvre so they reach the Point of Closest Approach (PCA) with a minimum 
separation distance. This is shown in Figure 4-3, where the necessary separation to start the 
manoeuvre is denoted as 𝑑𝑎𝑣𝑜𝑖𝑑.  This figure also shows that the avoidance manoeuvre can be a 
horizontal manoeuvre or a vertical manoeuvre.  

 
Figure 4-2 Separation for avoidance manoeuvre. 

The horizontal avoidance manoeuvre consists of both aircraft turning to their right (or to their left, 
depending on the case) to get a minimum distance of 𝑑𝑚𝑖𝑛 in the CPA. The avoidance manoeuvre 
should be started when the aircrafts are separated by a distance which is at least 𝑑𝑎𝑣𝑜𝑖𝑑 to accomplish 
𝑑𝑚𝑖𝑛 in the CPA. This distance strongly depends on the turning rate of the aircrafts: the higher is the 
turning rate the lower is 𝑑𝑎𝑣𝑜𝑖𝑑. The distance also depends on the encounter angle where the range   

angle for the intruder velocity is 90∘ ≤ 𝛼 ≤ 270∘, as shown in fig 4.3. A head-on encounter with 𝛼 =
180∘ is usually the worst case situation that requires the highest 𝑑𝑎𝑣𝑜𝑖𝑑, but simulations have been 
performed for all cases. We do not take into account conflicts for angles out of the indicated rates 
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because they represent cases when one aircraft passes another aircraft and the relative speed I lower, 
yielding lower values for 𝑑𝑎𝑣𝑜𝑖𝑑 for these angles (see Figure 4-12). 

 
Figure 4-3 Different angles in an encounter manoeuvre. 

The vertical avoidance manoeuvre consists of one aircraft climbing and the other one descending to 
get a minimum distance of ℎ𝑚𝑖𝑛 in the CPA. As in the previous case, the avoidance manoeuvre should 
be started when the aircrafts are separated by a horizontal distance which is at least 𝑑𝑎𝑣𝑜𝑖𝑑 to 
accomplish ℎ𝑚𝑖𝑛 in the CPA. This distance strongly depends on the climb/descend rates of the aircrafts. 
It also depends on the vertical separation in the initial moment. An encounter at the same altitude is 
usually the worst case situation requiring the highest 𝑑𝑎𝑣𝑜𝑖𝑑. 

Some vertical avoidance manoeuvres can look somewhat different from the one of Figure 4-2. For 
example Figure 4-4 shows a manoeuvre where the intruder aircraft is initially climbing. A conflict is 
detected during the climb and the intruder is instructed by ATC to descend at some vertical speed to 
level off at a RWC distance. The host aircraft does not perform any avoidance manoeuvre in this case. 
Vertical manoeuvres and level offshore the most used manoeuvres for RWC. In this case, the avoidance 
manoeuvre of the intruder is a little longer, since the transition from climbing to descending takes 
some time. In the simulations we will assume that vertical accelerations are not higher than 1g in these 
type of manoeuvres. 
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Figure 4-4 Vertical avoidance manoeuvre with a change in the vertical direction to level off. 

There are a number of issues concerning the avoidance manoeuvre that this deliverable has to address: 

1. What are the minimum distances 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛that should be allowed in the PCA?. These distances 
should be big enough to account for the aircraft dimensions, the position accuracy, the wind shear 
effect, and the latency of the subsystems involved in the manoeuvre. 

2. What are the manoeuvrability parameters of the aircraft’s for the avoidance manoeuvre?. This 
mainly refer to turn rates for horizontal avoidance manoeuvres and ROCD (Rate Of Climb or 
Descent) for the vertical avoidance manoeuvres. Manoeuvres for RWC should use nominal values, 
not maximum values. 

3. What is the avoidance manoeuvre and which aircraft should perform it?. The avoidance manoeuvre 
can be horizontal or vertical. The preferred manoeuvre would be the one that provides a lower 
𝑑𝑎𝑣𝑜𝑖𝑑. The vertical manoeuvre is, in general, the most widely used by ATCOs. On the other hand, in 
the case of a conflict between a manned aircraft and a small UAS, it is desirable that the manned 
aircraft does not alter its trajectory because of the UAS. 

4.2.1.Minimum safety distance in the PCA 

The most important factor for determining the minimum safety distance 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛 in the PCA are 
errors in position determination. According to PBN (Performance Based Navigation) [24], the position 
error is defined by the Total System Error (TSE) which is a combination of the Navigation System Error 
(NSE) and the Flight Technical Error (FTE). Since these errors refer to the variance values of Gaussian 
error estimations (with zero mean values), it holds that: 

 𝑇𝑆𝐸 = √𝑁𝑆𝐸2 + 𝐹𝑇𝐸2                                                   Eq. 4.3 

The NSE (Navigation System Errors) is defined as the difference between the aircraft’s estimated 
position by the navigation system and actual position. In the case of UAS we will assume a GPS 
navigation system that can be basic or using augmentation. The NSE for GPS systems its is caused by 
GPS range errors and DOP (Dilution of Precision). An upper bound on the allowable NSE can be given 
by the Horizontal Alert Limit (HAL), the Vertical Alert Limit (VAL) and the Time To Alert (TTA) required 
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by PBN performance requirements. The following table gives a summary of the values specified by 
ICAO Annex 10 Vol. I [25] for different GNSS systems: basic GNSS (no augmentation), baro-aided GNSS, 
and SBAS augmented GNSS. 

 
LNAV 

Basic GNSS 
LNAV/VNAV 
GPS + Baro 

APV 
GPS + SBAS 

TTA 10 sec 10 sec 6-10 sec 

HAL 
0.3 NM 
556 m. 

0.3 NM 
556 m. 

40 m 

VAL — 50 m 20-50 m 

Table 5 Requirements of GNSS systems. 

The FTE (Flight Technical Error) depends on the capability of the pilot or the flight control system 
(autopilot) to follow the defined path or track. Piloting errors are mostly attributed to the type of 
instruments and displays used for piloting, so this error usually includes display errors (e.g. CDI centring 
error). FTE is typically larger than NSE. 

The required values of FTE for manned aircraft are defined by ICAO Doc. 9613 PBN manual [24]. The 
requirements for FTE range between 0.25 NM and 2.5 NM depending on the navigation specification 
and the phase of flight. The value 0.5 NM has been an industry standard for airplanes equipped with 
moving map displays for many years, but the FTE has decreased a lot with the introduction of GPS 
modern FMS and autopilots. For this reason, we can reasonably assume the lower limit of 0.25 NM for 
current GNSS technology.  Regarding vertical accuracy, PBN has not standardised any requirements 
yet. However, the current proposals set a value of 50 ft. (15.24 m) for GNSS+SBAS systems [26]. The 
estimation of FTE is difficult, because it is highly variable, so the characterisation of FTE with probability 
distributions has been also an interesting topic [27].  

There are no standard requirements of FTE for UAS but the German Aerospace Agency DLR has 
performed some recent studies [28] to assimilate drones performance to PBN specifications. They 
have reported a nominal RNP value of approx. 10 m. for 95% of the flight time. The integrity bound of 
2xRNP for 99.994% of the time would be 20 m. These values were obtained using different GPS 
receivers with SBAS augmentation. The conclusions of this study state that this value could be used for 
the construction of drone-RNP airspace, but they argue that a value of 20 m. could be even too high 
for urban applications if signal degradation is not taken into account. However, they warn that more 
wind conditions would have to be investigated to confirm the observed TSE value. So wind is an 
important factor that can contribute to increase these values significantly. 

With the above considerations for NSE and FTE, the proposal for the TSE for aircraft using GNSS 
navigation systems in the horizontal and vertical planes would be as follows: 

• For manned aircraft: 

 𝑇𝑆𝐸ℎ
𝑚𝑎𝑛𝑛𝑒𝑑 = √402 + 4632 = 465 m.                                                                                   Eq. 4.4 

 𝑇𝑆𝐸𝑣
𝑚𝑎𝑛𝑛𝑒𝑑 = √502 + 15.242 = 52.3 m.                                                                               Eq. 4.5 

• For UAS: 

 𝑇𝑆𝐸ℎ
𝑈𝐴𝑆 = √402 + 102 = 41.23 m.                                                                                       Eq. 4.6 
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 𝑇𝑆𝐸𝑣
𝑈𝐴𝑆 = √502 + 102 = 51.0 m.                                                                                          Eq. 4.7 

The above RNP values refer to navigation accuracy with a coverage of 2-sigma (95% of the flight time). 
We could also consider integrity bounds (containment limit) of 2xRNP with a coverage of 4-sigma 
(99.994% of the flight time). This concept is represented in Figure 4-5: 

 
Figure 4-5 Accuracy and containment limits. 

When we consider a conflict between two aircrafts, the total safety values 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛 will be 
obtained by adding the corresponding values for each aircraft. Furthermore, we would have to account 
also for the aircraft dimensions. A small UAS can have a diameter of about 2 m and a height less than 
1 m, but a big aircraft can have a diameter of about 40 m and a height of about 10 m. 

In summary, the 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛 values for 2-sigma safety values (95% of the flight time) are: 

• UAS/UAS 2-sigma limits: 

 𝑑𝑚𝑖𝑛
2𝜎 = 𝑇𝑆𝐸ℎ + 𝑑𝑖𝑚ℎ = (41.23 + 41.23) + (1 + 1) = 84.5 m.                                      Eq. 4.8 

 ℎ𝑚𝑖𝑛
2𝜎 = 𝑇𝑆𝐸𝑣 + 𝑑𝑖𝑚𝑣 = (51 + 51) + (1 + 1) = 104 m.                                                     Eq. 4.9 

• UAS/MANNED 2-sigma limits: 

 𝑑𝑚𝑖𝑛
2𝜎 = 𝑇𝑆𝐸ℎ + 𝑑𝑖𝑚ℎ = (465 + 41.23) + (20 + 1) = 527.2 m.                                  Eq. 4.10 

 ℎ𝑚𝑖𝑛
2𝜎 = 𝑇𝑆𝐸𝑣 + 𝑑𝑖𝑚𝑣 = (52.3 + 51) + (5 + 1) = 109.3 m.                                      Eq. 4.11 

We could also consider 4-sigma values for (99.994% of the flight time): 

• UAS/UAS 4-sigma limits: 

 𝑑𝑚𝑖𝑛
4𝜎 = 2 × 𝑇𝑆𝐸ℎ + 𝑑𝑖𝑚ℎ = 2 × (41.23 + 41.23) + (1 + 1) = 166.9 m.                    Eq. 4.12 

 ℎ𝑚𝑖𝑛
4𝜎 = 2 × 𝑇𝑆𝐸𝑣 + 𝑑𝑖𝑚𝑣 = 2 × (51 + 51) + (1 + 1) = 206 m.                                Eq. 4.13 
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• UAS/MANNED 4-sigma limits: 

 𝑑𝑚𝑖𝑛
4𝜎 = 2 × 𝑇𝑆𝐸ℎ + 𝑑𝑖𝑚ℎ = 2 × (465 + 41.23) + (20 + 1) = 1033.5 m.                Eq. 4.14 

 ℎ𝑚𝑖𝑛
4𝜎 = 2 × 𝑇𝑆𝐸𝑣 + 𝑑𝑖𝑚𝑣 = 2 × (52.3 + 51) + (5 + 1) = 212.6 m.                          Eq. 4.15 

4.2.2.Wind gradient effect 

The wind effect will be taken into account by its impact on the minimum safety values 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛. 
Constant winds are not an issue, because they affect both the host and intruder aircrafts in the same 
way so their relative speed is kept constant. The problem is wind shear, sometimes referred to as wind 
gradient. This occurs when there is a difference in wind speed and direction over a relatively short 
distance in the Earth's atmosphere. Wind shear can be broken down into vertical and horizontal 
components, with horizontal wind shear seen across weather fronts and near the coast, and vertical 
shear typically near the surface, though also at higher levels in the atmosphere.  

Airplane pilots generally regard significant wind shear to be a horizontal change in airspeed of 30 knots 
(15 m/s) for light aircraft, and near 45 knots (23 m/s) for airliners at flight altitude. Vertical speed 

changes greater than 4.9 knots (2.5 m/s) also qualify as significant wind shear for aircraft [29].  

The proposal to take wind gradients into account in the calculus of the RWC separation will be to add 
15 knots to the speed of the intruder aircraft in the horizontal plane and 2.5 m/s in the vertical plane. 

4.2.3.Manoeuvrability parameters for the avoidance manoeuvre 

The necessary distance 𝑑𝑎𝑣𝑜𝑖𝑑 for the avoidance manoeuvre also depends on the manoeuvrability 
parameters of the aircraft: turn rates for horizontal avoidance manoeuvres and ROC (Rate Of Climb) 
and ROD (Rate Of Descent) for the vertical avoidance manoeuvres. 

The ROC (Rate Of Climb) and ROD (Rate Of Descent) have been already specified in the BUBBLES 
ConOps. They are summarised in Table 6. 

The turn rate is not usually specified by the manufacturers, so we will make an estimation. The UAS 
speeds and dimension are usually specified by the ConOps or can be easily obtained from the 
manufacturer, but the maximum turning rate is not a usual data. We will deduce them from the 

nominal speed (TAS), assuming a maximum bank angle (𝜙) of 25º that provides a load factor (LF) of 
1.1g in a coordinated turn according to the following formulas: 

𝐿𝐹 =
1

𝑐𝑜𝑠(𝜙)
,       𝑅 =

𝑉2

𝑔∗√𝐿𝐹2−1
,    𝜙

·

=
𝑉

𝑅
                                         Eq. 4.16 

For manned aircraft the maximum roll angle is much lower, and usually no more than 15º as considered 
in the ICAO Doc. 8168 Vol. II [30]. However, we will assume that in a MANNED/UAS conflict the it is up 
to the UAS to avoid the conflict, so the manned aircraft will not perform any avoidance manoeuvre. 

Table 6 summarises the manoeuvrability parameters for different types of drones which are 
characterised by their speeds. 
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V 5 10 15 20 25 30 35 40 

Turn rate (𝜙
·

) 
deg/sec 

52.4 26.2 17.5 13.1 10.5 8.7 7.5 6.6 

ROC 
m/s 

6 5 4 4 3 3 3 2.5 

ROD 
m/s 

6-7 5 4 3 2 2 2 2 

Table 6 Manoeuvrability parameters. 

4.2.4.Simulations for estimating the necessary separation for the avoidance 
manoeuvre 

Once the values 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛 in the PCA and the manoeuvrability parameters have been set, a set of 
simulations have been performed to get some bounds on the necessary separation for the avoidance 
manoeuvre 𝑑𝑎𝑣𝑜𝑖𝑑. We have performed different simulations with different hypothesis for UAS/UAS 
conflicts and manned/UAS conflicts: 

1. UAS/UAS conflicts simulation hypothesis: 

i) LPV navigation: GPS + SBAS  

ii) Both UAS perform an avoidance manoeuvre. 

iii) The safety distances 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛 are given to the sum of these values for two UAS.  2-sigma 
and 4-sigma probabilities are considered. 

iv) The velocity range of the UAS is [5, 40] m/s 

v) The ROC range of the UAS according to the ConOps proposal is [2.5, 6] m/s 

vi) The ROD range of the UAS according to the ConOps proposal is [2, 7] m/s 

vii) The turn rate of an UAS will be such that the bank angle in a coordinated turn will be 25º. 

2. Manned/UAS conflicts simulation hypothesis: 

i) LPV navigation: GPS + SBAS  

ii) Only the UAS performs an avoidance manoeuvre. 

iii) The safety distances 𝑑𝑚𝑖𝑛 and ℎ𝑚𝑖𝑛 are given to the sum of these values for a manned aircraft 
and a UAS.  2-sigma and 4-sigma probabilities are considered. 

iv) The velocity range of the UAS according to the ConOps proposal is [5, 40] m/s 

v) The velocity range of the manned aircraft is [40, 130] m/s 

vi) The ROC range of the UAS according to the ConOps proposal is [3, 6] m/s 

vii) The ROD range of the UAS according to the ConOps proposal is [2, 7] m/s 
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viii) The turn rate of an UAS will be such that the bank angle in a coordinated turn will be 25º. 

ix) The ROC/ROD and the turn rate of the manned aircraft are not relevant because it does not 
perform any avoidance manoeuvre. 

On the other hand, we consider the distance required by the avoidance manoeuvre that provides a 
higher separation 𝑑𝑎𝑣𝑜𝑖𝑑. With the assumed hypothesis, simulations show that the worst case values 
correspond to the horizontal manoeuvre in all cases. 

The simulation calculates the collision probability for each proposed distance 𝑑𝑎𝑣𝑜𝑖𝑑. This probability 
is the percentage of cases which end in a collision with the proposed separation. Figure 4-6 show an 
example of how this probability varies with the value of 𝑑𝑎𝑣𝑜𝑖𝑑: a probability of 100% means that the 
collision avoidance manoeuvre is not able to provide the 𝑑𝑚𝑖𝑛 for any encounter angle (fig 4.3), while 
a probability of 0% means that the avoidance manoeuvre is effective for all encounter angles. 
Simulations have been performed assuming a uniform distribution for the encounter angles with range 
90∘ ≤ 𝛼 ≤ 270∘. The value that we record for 𝑑𝑎𝑣𝑜𝑖𝑑 is the minimum value that yields a 0% probability 
of collisions. 

 
Figure 4-6 Collision probability versus separation distance for Vhost=30 m/s and Vint=40 m/s. 

4.2.5.Avoidance distance for UAS/UAS conflicts 

The results of the simulations for the avoidance distance 𝑑𝑎𝑣𝑜𝑖𝑑 for the UAS/UAS conflict case are 
shown in Figure 4-7 and Figure 4-8 for 2-sigma and 4-sigma confidence intervals respectively. They 
provide distance 𝑑𝑎𝑣𝑜𝑖𝑑 for different speeds of the host (UAS) and the intruder (UAS varying in the 
limits established by the ConOps. The same results are shown in a table form in Table 7 and Table 8. 

Given the big difference of separation distances obtained for 𝑑𝑎𝑣𝑜𝑖𝑑, ranging from 200 m for a small 
UAS to 930 m for a big UAS (4-sigma values), a pairwise variable separation is recommended. In other 
words, trying to obtain a unique separation value for 𝑑𝑎𝑣𝑜𝑖𝑑 and thus for 𝑑𝑅𝑊𝐶 makes no much sense, 
since they vary a lot depending on the type of UAS. 
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If we express the RWC separation as a time, instead of a distance, we can check that the 200 m 
separation for two small UAS corresponds to 200/10=20 sec, where 10 is the closure rate between the 
UAS while the 930 m separation for two big UAS corresponds to 930/80=11.6 sec, where 80 is the 
closure rate between the UAS. That means that separation distances are also significant when using 
time values for the separation. 

4.2.6.Avoidance distance for MANNED/UAS conflicts 

The results of the simulations for the avoidance distance 𝑑𝑎𝑣𝑜𝑖𝑑 for the UAS/MANNED conflict case are 
shown in Figure 4-9 and Figure 4-10 for 2-sigma and 4-sigma confidence intervals respectively. They 
provide distance 𝑑𝑎𝑣𝑜𝑖𝑑 for different speeds of the host (MANNED) and the intruder (UAS). The same 
results are shown in a table form in Table 9 and Table 10, where we consider a small VFR flight (V=60 
m/s) and a big IFR flight (V=140 m/s). 

Recall that in these simulations, the MANNED aircraft perform no avoidance manoeuvre; only the UAS 
do it.  

Differences are much higher than in the UAS/UAS case, ranging from 595 m for an encounter between 
a small UAS (V=5 m/s) and an VFR (V= 60 m/s), and 7875 m for an encounter between a big UAS (V=40 
m/s) and an IFR (V= 140 m/s). Once again, from these results we propose a pairwise separation. Time 
differences for the above cases range now from 9.2 sec to 43.8 sec. 

 
Figure 4-7 Separation d_avoid for UAS/UAS case. 2-sigma values. 
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Figure 4-8 Separation d_avoid for UAS/UAS case. 4-sigma values. 

𝑑𝑎𝑣𝑜𝑖𝑑 
2-sigma 

(m) 
5 10 15 20 25 30 35 40 

5 120 135 155 175 200 225 260 290 

10 135 155 185 215 245 275 305 335 

15 155 185 215 255 290 330 365 405 

20 175 215 255 300 340 390 435 475 

25 200 245 290 340 400 450 505 555 

30 225 275 330 390 450 520 580 640 

35 260 305 365 435 505 580 665 730 

40 290 335 405 475 555 640 730 830 

Table 7 Separation d_avoid for UAS/UAS case. 2-sigma values. 
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𝑑𝑎𝑣𝑜𝑖𝑑 
4-sigma 

(m) 
5 10 15 20 25 30 35 40 

5 200 220 240 265 290 325 365 400 

10 220 240 270 300 335 370 405 440 

15 240 270 305 345 385 425 470 515 

20 265 300 345 385 435 485 535 585 

25 290 335 385 435 495 550 605 665 

30 325 370 425 485 550 620 680 750 

35 365 405 470 535 605 680 765 835 

40 400 440 515 585 665 750 835 930 

Table 8 Separation d_avoid for UAS/UAS case. 4-sigma values. 

 
Figure 4-9 Separation d_avoid for UAS/MANNED case. 2-sigma values. 
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Figure 4-10 Separation d_avoid for UAS/MANNED case. 4-sigma values. 

𝑑𝑎𝑣𝑜𝑖𝑑 
2-sigma 

(m) 
5 10 15 20 25 30 35 40 

60 515 920 1335 1750 2165 2570 2985 3400 

140 1060 2010 2975 3940 4910 5860 6825 7790 

Table 9 Separation d_avoid for UAS/MANNED case. 2-sigma values. 

𝑑𝑎𝑣𝑜𝑖𝑑 
4-sigma 

(m) 
5 10 15 20 25 30 35 40 

60 595 1005 1420 1830 2245 2655 3070 3480 

140 1140 2090 3060 4025 4990 5940 6910 7875 

Table 10 Separation d_avoid for UAS/MANNED case. 2-sigma values. 

4.3. Pilot response time analysis 

The pilot response time for executing the U-space separation service instructions are difficult to 
estimate and are very variable, as it happens with all processes with a human-in-the-loop. Reasons for 
that are closely related to human factors and psychology. Some few studies have been reported in the 
bibliography. Two experiments to estimate this time in UAS have been performed by the NASA [31]. 
They provide some rough expectations about the pilot response time. The reported times include pilot-
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ATC communications and latencies of the manoeuvre on the ATC display. More precisely they consider 
the following times: 

• RT1. Communication link latency - Time to transmit the clearance from ATC to the pilot. 

• RT2. Pilot Information Processing and Decision Making - Time for the pilot to cognitively process 
the clearance, make a decision, and formulate an action plan. 

• RT3. Pilot control input - Time for the pilot to interact with the human-machine interface and 
execute the input. 

• RT4. Control link latency - Time to transmit the pilot input to the aircraft (wired transmission with 
manned aircraft and wireless transmission with UAS). 

• RT5. Manoeuvre and display latency - Time from the beginning of the aircraft manoeuvre to begin 
of the aircraft manoeuvre on the ATC display. 

The experiments provide some indicative results for UAS for the metrics RT1+RT2, and RT5. No results 
are given for RT4, since the experiments were performed using a simulator. However, this time is 
considered to be negligible. On the other hand, RT5 overlaps with what we have identified as 𝑡𝑎𝑣𝑜𝑖𝑑The 
study takes into account different clearance types (crossing restrictions, direct to, route and altitude, 
route amend heading…). Table 11 summarises the values considering the worst-case manoeuvre 
considered in the analysis. Mean values and standard deviations are provided. 

Pilot response times 
(sec.) 

RT1+RT2 RT5 Total 

Mean Value 7.63 4.38 12.01 

Standard deviation 5.66 2.75 6.29 

Table 11 Response time of UAS pilots. 

Correlational analyses were performed to determine whether the RT components for each clearance 
were correlated with either pilot workload ratings or ATCo acceptability ratings. None of the RT 
components for any of the clearance type was significantly correlated with pilot workload. For ATC 
acceptability ratings, only a handful of RT components by clearance type were significantly correlated 
with ATC acceptability  

4.4. U-space separation service response time analysis 

As in the case of pilots, U-space separation service response times are difficult to estimate, but the 
situation here is far worst because no much U-space separation services are still available. So the 
estimations referred by this study correspond to the ATC separation process performed by ATC in 
manned aviation. 

ATC response time is the time that involves: 

a) Identification of a conflict: determining whether an identified intruder poses a collision threat and  
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b) Decision making: the determination of the appropriate separation manoeuvre. At the end of this 
step the Air Traffic Controller (ATCO) issues a clearance. Herein, “threat” is taken to mean that 
some action is required to avoid violating RWC. 

Some studies have been performed about the ATCOs reaction times and performance under several 

workloads. Experiments from the MITRE Corporation [32] evaluated the response time for ATC ground 
controllers, although lack from proper experiments for UAS will lead us to consider them as rough 
values for the calculation of the RWC distance. The MITRE experiments showed that the mean 
response time was 4.6 seconds with a maximum of 8.1 seconds. The mean response duration was 2.3 
seconds with a maximum of 5.3 seconds. By simply taking the averages together, an average time from 
the alert to instructing the pilots takes about 6.9 seconds with a maximum of 13.4 seconds. If we 
identify the maximum values with a 2-sigma interval confidence of a normal distribution (95.5% 
probability), we get the results of Table 12: 

ATCo response times 
(sec.) 

Alert 
reaction 

Response 
Duration 

Total 

Mean Value 4.6 2.3 6.9 

Standard deviation 4.1 2.7 4.9 

Table 12 - Response time of ATC. 

This time is highly variable and should be modelled with a probabilistic distribution like, for example, 
the proposed normal distribution.  

There are no data about times required by automated U-space separation systems based on AI, but 
Machine Learning techniques to automatically identify patterns and extract non-trivial knowledge 
from data are usually complex and computationally demanding. The execution times of some AI 
algorithms have been evaluated in [15] and results show the variability is huge: typical values are in 
the range of 2-3 sec. with peaks up to 10 sec. but they also present many outliers with much higher 
values. 

4.5. U-space tracking service time analysis 

As in the previous section no much empirical data for analysing response time U-space tracking service 
quality of service are available yet and they will depend to some extent on the used technology. The 
tracking service involves: 

• Sensing the aircrafts and providing the corresponding target reports. This can be can using sensing 
devices that can be collaborative, as ADS-B (or a UAS equivalent system), or non collaborative, like 
ground based radars. The delay associated to the sensing device is device specific. For example, the 
delay for ADS-B position is the rate at which it transmits position reports which is 1-2 seconds. 

• Processing the target reports to generate the corresponding tracks. This includes all the radar digital 
signal processing plus filtering and bias correction of tracks. This real time processing will be 
considered to be very fast and can be performed in a deadline which is lower than the update period 
of the sensing device. 

• Providing the U-space service through a digital network. The latency of this system will be considered 
also to be very low, so the latencies will be lower than the update period of the sensing device. 
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In summary, an update period of 2 sec can be considered a reasonable worst-case bound for the U-
space tracking service in order to determine the RWC limit. 

4.6. RWC separation calculation 

Once the time analysis of all the steps of the Encounter Timeline has been performed, we proceed to 
estimate the RWC distance as the sum of the distances associated to each step of the Encounter 
Timeline. We will estimate them primarily as a time (except 𝑑𝑎𝑣𝑜𝑖𝑑) and will convert it later to distances 
using the closure rate concept.  

The proposed methodology, as previously stated ate the beginning of this section, will be be a risk-
based methodology. 

Combining the different times of the Encounter Timeline needs to take into account that some of them 
have been estimated as deterministic times (update period for U-space tracking), while others which 
are more unpredictable (Pilot response time, ATC response time) and have been estimated as 
probabilistic distributions. We will assume for adding all these times that they are independent 
variables with normal distributions, so the Lyapunov theorem allow us to consider that the 
combination of all of them is also a normal distribution where the overall variance is the root squared 
sum of the variances of each distribution. 

Figure 4-11 shows the cumulative distribution function for 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) as a function 
of the separation distance. If the separation distance 𝑑𝑅𝑊𝐶 was a deterministic value, then the 
probability function would be, as shown in Figure 4-11 (a) a step function with a sharp step from 
probability 100% to 0% for value: 

𝑑𝑅𝑊𝐶 = 𝑑𝑎𝑣𝑜𝑖𝑑 + 𝑐 ⋅ (𝑡𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝑡𝑠𝑒𝑝 + 𝑡𝑝𝑖𝑙𝑜𝑡 + 𝑡𝑎𝑣𝑜𝑖𝑑)                                                                    Eq. 4.17 

where 𝑐 is the closure rate. 

(a)                                                                                              (b) 

Figure 4-11 Cumulative distribution function for Prob(collision|conflict) as a function of separation time. 

But if some of these times are probabilistic, then the cumulative distribution function will look like 
Figure 4-11 (b), where the sharpness of the transition depends on the variances of the distributions. If 
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we assume that they are independent variables with normL distributions, the total variance would be 
given by: 

𝜎𝑅𝑊𝐶 = √𝜎𝑎𝑣𝑜𝑖𝑑
2 + 𝜎𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔

2 + 𝜎𝑠𝑒𝑝2 + 𝜎𝑝𝑖𝑙𝑜𝑡
2                                                                                     Eq. 4.18 

In the case of a probabilistic distribution we will select the RWC separation distance 𝑑𝑅𝑊𝐶 as the 
distance that provides a target collision probability such that the proposed TLS is achieved. 

Distance 𝑑𝑅𝑊𝐶 will look like the area of Figure 4-12, with the maximum value corresponding for head-
on encounters and the minimum value corresponding to an aircraft passing another aircraft. This area 
is similar to manned aircraft and can be assumed during translational movement of an UAS, but not 
for hovering. Section 6 discusses different separation models for UAS. 

Distance 𝑑𝑅𝑊𝐶 will allow the U-space separation service to instruct the pilot either a horizontal 
separation manoeuvre or a vertical separation manoeuvre, since 𝑑𝑅𝑊𝐶 has been calculated for the 
worts-case separation manoeuvre. The worst-case manoeuvre (the one that requires a higher 
distance) is the horizontal manoeuvre in most of the cases, because speeds in the horizontal plane are 
much higher than in the vertical plane. According to this, the preferred manoeuvre for separation will 
be the vertical manoeuvre, since it provides an effective separation in less time and distance. This is a 
very well known fact that is confirmed by statistics which show that 68% of avoidance manoeuvres in 
ATC correspond to vertical trajectory changes (climbs, descents, level-offs) [33]. 

 

Figure 4-12 RWC area. 
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5. Algorithm summary and example 
calculations 

This section summarises the RWC distance calculation in an algorithm form and illustrates its use with 
some numeric examples. Two examples are considered: UAS/UAS and UAS/MANNED conflicts. 

5.1. Algorithm summary 

1. Select a TLS (Target Level Of Safety) according to the criticality of the UAS mission. The TLS will be 
expressed as number of collisions per flight hour. It mainly depends of the type of conflict: UAS/UAS 
or MANNED/UAS. Other metrics for the TLS, like number of fatalities, must be translated into 
collision per flight hour using Eq. 2.2 and some assumptions like the population density. 

2. Calculate 𝑑𝑅𝑊𝐶 for some given 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) compatible with existing Tactical 
mitigations. The calculus of 𝑑𝑅𝑊𝐶 is a probabilistic calculus based on the method derived from the 
Encounter Timeline: 

𝑑𝑅𝑊𝐶 = 𝑑𝑎𝑣𝑜𝑖𝑑 + 𝑐 ⋅ (𝑡𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝑡𝑠𝑒𝑝 + 𝑡𝑝𝑖𝑙𝑜𝑡)                                                                      

and consists of the following steps: 

2.1.- Calculate the necessary separation for an avoidance manoeuvre 𝑑𝑎𝑣𝑜𝑖𝑑 as a function of the 
confidence interval and: 

- Conflict case: UAS/UAS, MANNED/UAS 

- Speed and turning rate of UAS 

- Navigation performance (accuracy) 

- Wind gradient 

2.2.- Calculate the latency of the U-space tracking service 𝑑𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔. 

2.3.- Calculate the response time of the U-space separation service 𝑑𝑠𝑒𝑝 as a function of the 

confidence interval. 

2.4.- Calculate the response time of the pilot 𝑑𝑝𝑖𝑙𝑜𝑡 as a function of the confidence interval. 

2.5.- Calculate 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) taking into account the effectiveness of the U-space 
separation service 

𝑃(𝑐𝑜𝑙𝑙𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) = 𝑃(𝑑𝑅𝑊𝐶 = 𝑆𝐸𝑃) × (1 − 𝜖𝑠𝑒𝑝) × (1 − 𝜖𝑝𝑖𝑙𝑜𝑡) × 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑛𝑐𝑒            

where: 

• 𝜖𝑠𝑒𝑝  is the effectiveness of the U-space service 𝜖𝑠𝑒𝑝 ,  

• 𝜖𝑝𝑖𝑙𝑜𝑡 is the effectiveness of the pilot/autopilot operation, and 

• 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑛𝑐𝑒 represents risk factors which are difficult to identify and to asses.        
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3. Calculate 𝐹𝑟𝑒𝑞(𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) as a function of: 

- Separation minima 

- Airspace volume characteristics 

- Characteristics of each traffic class 

- Strategic mitigations 

Two main options are available: 

- Use an analytical collision model and take into account the effectiveness of Strategic Mitigations. 

- Use a simulation collision model that also simulates the Strategic Mitigations. 

4. Calculate 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) = 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) × 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) 

5. Repeat until 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) < 𝑇𝐿𝑆 

If 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) < 𝑇𝐿𝑆 then separation distance 𝑑𝑅𝑊𝐶 is adequate for the Strategic and 
Tactical Mitigations adopted. 

else 

if more effective Strategic Mitigations are possible 

Repeat calculations of 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) with new Strategic Mitigations 

else if more effective Tactical Mitigations are possible 

Reduce 𝑑𝑅𝑊𝐶 value 

Repeat calculations of 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) with new 𝑑𝑅𝑊𝐶 value and derive new 
requirements for Tactical mitigations. 

Repeat calculations of 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) with new 𝑑𝑅𝑊𝐶value 

end 

Calculate 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛) = 𝐹𝑟𝑒𝑞(𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) × 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) 

End 

5.2. Example calculation for a UAS/UAS conflict 

This section provides a numerical calculation of 𝑑𝑅𝑊𝐶 (step 2 of the algorithm of section 5.1) for the 
case of an UAS/UAS conflict. 

Consider two small/medium size UAS with nominal cruise speeds 𝑉1 = 15 m/s and 𝑉2 = 20 m/s. We 
want to determine the separation distance 𝑑𝑅𝑊𝐶 in risk based fashion, so we have to associate 

a𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) to each distance. 

The proposed process is based on analysing the time/distances of each step in the Encounter Timeline. 
The expression for the RWC separation value 𝑑𝑅𝑊𝐶 is given by: 
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𝑑𝑅𝑊𝐶 = 𝑑𝑎𝑣𝑜𝑖𝑑 + 𝑐 ⋅ (𝑡𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝑡𝑠𝑒𝑝 + 𝑡𝑝𝑖𝑙𝑜𝑡)                                                                                Eq. 5.1 

We now calculate each term of the above expression. 

1. The value of the collision avoidance distance  𝑑𝑎𝑣𝑜𝑖𝑑 is calculated as a function of the speeds of the 
host and the intruder. Table 7 provides values for a 2-sigma containment limit in position error and 
Table 8 for a 4-sigma limit. 

𝑑𝑎𝑣𝑜𝑖𝑑
2𝜎 = 255 m. 

𝑑𝑎𝑣𝑜𝑖𝑑
4𝜎 = 345 m. 

From these values, we can deduce the average and variance values assuming a normal distribution: 

𝜎𝑎𝑣𝑜𝑖𝑑 = (𝑑𝑎𝑣𝑜𝑖𝑑
4𝜎 − 𝑑𝑎𝑣𝑜𝑖𝑑

2𝜎 )/2 = (345 − 255)/2 = 45 m.                                                           Eq. 5.2 

𝑑𝑎𝑣𝑜𝑖𝑑 = 𝑑2𝜎 − 2 ⋅ 𝜎𝑎𝑣𝑜𝑖𝑑 = 255 − 2 ⋅ 45 = 165 m.                                                                  Eq. 5.3 

2. The value for the time delay of the tracking service 𝑡𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 is considered deterministic and equal 

to the update period of such service: 

𝑡𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 = 2 sec. 

3. The estimations for the response time of the U-space separation service 𝑡𝑠𝑒𝑝 is considered 

probabilistic, so we provide their average times and variances: 

𝑡𝑠𝑒𝑝 = 6.9 sec 

 𝜎𝑠𝑒𝑝 = 4.9 sec 

4. The estimations for the pilot response time 𝑡𝑝𝑖𝑙𝑜𝑡 is considered probabilistic, so we provide their 

average times and variances: 

𝑡𝑝𝑖𝑙𝑜𝑡 = 7.63 sec. 

𝜎𝑝𝑖𝑙𝑜𝑡 = 5.66 sec. 

Summarising, the value for the mean time of 𝑑𝑅𝑊𝐶 is:  

𝑑𝑅𝑊𝐶 = 𝑑𝑎𝑣𝑜𝑖𝑑 + 𝑐 ⋅ (𝑡𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 + 𝑡𝑠𝑒𝑝 + 𝑡𝑝𝑖𝑙𝑜𝑡)                                                                                  Eq. 5.4 

With 𝑐 being the closure rate: 

𝑐 ≤ 15 + 20 = 35 m/s                                                                                                                             Eq. 5.5 

So the mean value for 𝑑𝑅𝑊𝐶 is: 

𝑑𝑅𝑊𝐶 = 165 + 35 ⋅ (2 + 6.9 + 7.63) = 743.6 m                                                                              Eq. 5.6 

On the other hand, the variance of the Encounter Timeline can be calculated as the quadratic sum of 
each step if we assume that the probabilistic variables associated to these steps are normally 
distributed and independent: 
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𝜎𝑅𝑊𝐶 = √𝜎𝑎𝑣𝑜𝑖𝑑
2 + (𝑐 ⋅ 𝜎𝑠𝑒𝑝)

2 + (𝑐 ⋅ 𝜎𝑝𝑖𝑙𝑜𝑡)
2
                                                                                        Eq. 5.7 

𝜎𝑅𝑊𝐶 = √452 + (35 ⋅ 5.66)2 + (35 ⋅ 4.9)2 = 265.9 m                                                                    Eq. 5.8 

5.2.1. RWC separation calculation 

Assuming a normal distribution for 𝑑𝑅𝑊𝐶, the corresponding RWC distances in the horizontal plane for 
different interval confidences n-sigma and their corresponding probabilities of collision are given by 
the below equation, whose results for several values of n-sigma are summarised in Table 13. 

1 − 𝑝 ≈
𝑒𝑛

2 2⁄

𝑛√𝜋/2
                                                                     Eq. 5.9 

 2𝜎 3𝜎 4𝜎 5𝜎 6𝜎 

RWC distance 1275 1541 1807 2073 2339 

Collision 
probability 

4.6E-02 2.7E-03 6.3E-05 5.7E-07 2.0E-08 

Table 13 RWC distances and associated collision probabilities for different confidence intervals. 

We will consider that both UAS remain well clear if the horizontal separation is higher than 𝑑𝑅𝑊𝐶 and 
the vertical separation is higher than some given ℎ𝑅𝑊𝐶. The above calculus provides the horizontal 
separation for RWC with different confidence levels. 

Distance 𝑑𝑅𝑊𝐶 will allow the U-space separation service to instruct the pilot either a horizontal 
separation manoeuvre or a vertical separation manoeuvre, since 𝑑𝑅𝑊𝐶 has been calculated for the 
worts-case separation manoeuvre. 

The RWC value for the vertical separation ℎ𝑅𝑊𝐶 is set by the containment limits in the error for the 

aircraft altitude. This error is derived from the navigation specification and is given by 𝑇𝑆𝐸 =

√𝑁𝑆𝐸2 + 𝐹𝑇𝐸2. Assuming a GNSS+SBAS navigation system, the NSE is given by the vertical alarm 
limit VAL=50 m. and for UAS the FTE=10 m. If we consider the error position for tow UAS and a 
confidence level of 4-sigma: 

ℎ𝑅𝑊𝐶
4𝜎 = 𝑇𝑆𝐸𝑣

𝑈𝐴𝑆 = 2 × 2 ×√𝑁𝑆𝐸2 + 𝐹𝑇𝐸2 = 2 × 2 ×√502 + 102 = 204 m.                  Eq. 5.10 

5.2.2. Risk calculation 

The previous calculus provides 𝑑𝑅𝑊𝐶 and its associated 𝑃𝑟𝑜𝑏(𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡). A risk-based 
analysis would have to take into account the effectiveness of all the steps involved in the Encounter 
Timeline also.  This refers to the effectiveness of a U-space separation service and the pilot execution 
of the avoidance manoeuvre.  

If we calculate the probability of collision for some given separation 𝑃(𝑑𝑅𝑊𝐶 = 𝑆𝐸𝑃) as the collision 
probability provided by the separation calculated in the previous section, then the collision risk of two 
conflicting aircrafts could be calculated as: 
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𝑃(𝑐𝑜𝑙𝑙𝑠𝑖𝑜𝑛|𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡) = 𝑃(𝑑𝑅𝑊𝐶 = 𝑆𝐸𝑃) × (1 − 𝜖𝑠𝑒𝑝) × (1 − 𝜖𝑝𝑖𝑙𝑜𝑡) × 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑛𝑐𝑒   Eq. 5.11 

Where: 

• 𝜖𝑠𝑒𝑝  is the effectiveness of the U-space service 𝜖𝑠𝑒𝑝 ,  

• 𝜖𝑝𝑖𝑙𝑜𝑡 is the effectiveness of the pilot/autopilot operation, and 

• 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑛𝑐𝑒 represents risk factors which are difficult to identify and to asses.             

The effectiveness of the U-space separation service we would have to account for the following factors: 

• Probability for detecting a conflict. 

• Probability to select the right avoidance manoeuvre. 

The effectiveness of the U-space separation service would have to be specified by the service provider 
of the U-space service. Since we do not have still data about a U-space separation service, it is quite 
adventurous to suggest some figures about these probabilities. There exist statistics about the 
performance of ATC, but they are not applicable here. For example, a study from the Boeing Company 
[6] revealed that 5% of the commercial aircraft accidents for the past 10 years were due to “airport 
and ATC”. However, this errors only refer to accidents, not to normal operation. Moreover, ATC 
performance highly depends on the controllers’ workload, which in turn depends on traffic density. 

The effectiveness of the pilot/autopilot execution would have to account for the following factors, 
among others: 

• Performance of the UAS ground station. Several classes of ground stations would have to be 
considered. They would have to be classified according to the situation awareness that they provide 
to the pilot (type of displays for piloting, FPV, virtual reality environments) and their degree of 
automation. 

• Pilot training. Different type of licenses for UAS can ensure different pilot’s skills and performance. 

As in the previous case, the effectiveness or performance of the pilot/autopilot is quite difficult to 
evaluate. 

5.3. Example calculation for a UAS/UAS conflict with wind gradient 

This section provides a numerical calculation of 𝑑𝑅𝑊𝐶 (step 2 of the algorithm of section 5.1) for the 
case of an UAS/UAS conflict when we take into account the wind gradient. 

According to section 4.2.2, the effect of a wind gradient is calculated assuming an increase of 15 m/s 
in the speed of the intruder aircraft, so 𝑉1 = 15 m/s and 𝑉2 = 20 + 15 = 35 m/s. That leads to a 

closure rate 𝑐 = 15 + 35 = 50 m/s. 

The value of the collision avoidance distance  𝑑𝑎𝑣𝑜𝑖𝑑 is now: 

𝑑𝑎𝑣𝑜𝑖𝑑
2𝜎 = 365 m. 

𝑑𝑎𝑣𝑜𝑖𝑑
4𝜎 = 470 m. 

So: 
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𝜎𝑎𝑣𝑜𝑖𝑑 = (𝑑𝑎𝑣𝑜𝑖𝑑
4𝜎 − 𝑑𝑎𝑣𝑜𝑖𝑑

2𝜎 )/2 = (470 − 365)/2 = 52.5 m.                                                     Eq. 5.12 

𝑑𝑎𝑣𝑜𝑖𝑑 = 𝑑2𝜎 − 2 ⋅ 𝜎𝑎𝑣𝑜𝑖𝑑 = 365 − 2 ⋅ 52.5 = 260 m.                                                            Eq. 5.13 

The values for the time delays and variances of each step of the encounter timeline remain the same  
than in the previous example, so: 

𝑑𝑅𝑊𝐶 = 260 + 50 ⋅ (2 + 6.9 + 7.63) = 1087 m.                                                                         Eq. 5.14 

𝜎𝑅𝑊𝐶 = √52.52 + (35 ⋅ 5.66)2 + (50 ⋅ 4.9)2 = 378 m.                                                             Eq. 5.15 

5.3.1. RWC separation calculation 

Assuming a normal distribution for 𝑑𝑅𝑊𝐶, the corresponding RWC distances in the horizontal plane for 
different interval confidences n-sigma and their corresponding probabilities of collision are given in 
Table 14. 

 2𝜎 3𝜎 4𝜎 5𝜎 6𝜎 

RWC distance 1843 2221 2599 2977 3355 

Collsion probability 4.6E-02 2.7E-03 6.3E-05 5.7E-07 2.0E-08 

Table 14 RWC distances and associated collision probabilities with a wind gradient for different confidence 
intervals. 

For the vertical plane we will assume that there will be an extra drift given by the maximum wind 
gradient through all the time of the separation process. The maximum wind gradient in the vertical 
plane is considered to be 2.5 m/s. 

If we assume a 4-sigma value of 𝑑𝑅𝑊𝐶 =2599 m., then 𝑡𝑅𝑊𝐶 = 𝑑𝑅𝑊𝐶/𝑐 = 52 sec. So: 

ℎ𝑅𝑊𝐶
𝑤𝑖𝑛𝑑 = ℎ𝑅𝑊𝐶

𝑛𝑜𝑤𝑖𝑛𝑑 + 2.5 ⋅ 𝑡𝑅𝑊𝐶 = 204 + 2.5 ⋅ 52 = 334 m.                                                              Eq. 5.16 

5.4. Example calculation for a UAS/VFR conflict 

This section provides a numerical calculation of 𝑑𝑅𝑊𝐶 (step 2 of the algorithm of section 5.1) for the 
case of an UAS/UAS conflict. 

We will consider a medium size UAS with nominal cruise speed 𝑉1 = 20 m/s and a VFR typical aircraft 

with cruising speed of about 𝑉2 = 60 m/s. That makes 𝑐 = 20 + 60 = 80 m/s. 

The value of the collision avoidance distance  𝑑𝑎𝑣𝑜𝑖𝑑 is now: 

𝑑𝑎𝑣𝑜𝑖𝑑
2𝜎 = 1750 m. 

𝑑𝑎𝑣𝑜𝑖𝑑
4𝜎 = 1830 m. 

So: 
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𝜎𝑎𝑣𝑜𝑖𝑑 = (𝑑𝑎𝑣𝑜𝑖𝑑
4𝜎 − 𝑑𝑎𝑣𝑜𝑖𝑑

2𝜎 )/2 = (1830 − 1750)/2 = 40 m.                                                   Eq. 5.17 

𝑑𝑎𝑣𝑜𝑖𝑑 = 𝑑2𝜎 − 2 ⋅ 𝜎𝑎𝑣𝑜𝑖𝑑 = 1750 − 2 ⋅ 40 = 1670 m.                                                           Eq. 5.18 

The values for the time delays and variances of each step of the encounter timeline remain the same  
than in the previous examples, so: 

𝑑𝑅𝑊𝐶 = 1670 + 80 ⋅ (2 + 6.9 + 7.63) = 2992 m.                                                                            Eq. 5.19 

𝜎𝑅𝑊𝐶 = √402 + (80 ⋅ 5.66)2 + (80 ⋅ 4.9)2 = 600 m.                                                                     Eq. 5.20 

5.4.1. RWC separation calculation 

Assuming a Gaussian distribution for 𝑑𝑅𝑊𝐶, the corresponding RWC distances in the horizontal plane 
for different interval confidences n-sigma and their corresponding probabilities of collision are given 
by Table 15: 

 2𝜎 3𝜎 4𝜎 5𝜎 6𝜎 

RWC distance 4192 4792 5392 5992 6592 

Collsion probability 4.6E-02 2.7E-03 6.3E-05 5.7E-07 2.0E-08 

Table 15 RWC distances for UAS/VFR conflicts and associated collision probabilities for different confidence 
intervals. 

For the vertical plane, distances only depend on the vertical position error so: 

ℎ𝑅𝑊𝐶
4𝜎 = 𝑇𝑆𝐸𝑣

𝑀𝐴𝑁𝑁𝐸𝐷 = 2 × 2 ×√𝑁𝑆𝐸2 + 𝐹𝑇𝐸2 = 2 × 2 ×√502 + 15.242 = 209 m.    Eq. 5.21 

5.5. Conclusions 

We have introduced a clear method for separation minima calculation which is risk based and is based 
on quantitative methods. The method consists of a number of steps, with each step considering the 
risk factors (speeds, wind effect, navigation performance, UAS characteristics, Operation volume 
characteristics, ….) which specifically affect that step. The risk calculation strongly depends on the 
adopted Strategic and Tactical Mitigations. Some steps deserve further improvement for accurately 
determining their quantitative impact on the risk calculation. This is the case of the assessment of the 
conflict rate or the response times and effectiveness of U-space separation services, for example. 
These improvements will be tackled in further deliverables and work packages. But the inputs, outputs 
and role of this steps on the minima separation method have been clearly delineated.  
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6. Separation models for UAS 

The criteria for setting the separation minima is closely related to the closure rate as given by equation 
4.17. The higher is the closure rate, the higher is the required separation 𝑑𝑅𝑊𝐶. 

The closure rate between a host aircraft with speed 𝑉ℎ
⃗

and an intruder 𝑉𝑖
⃗

 is defined as the modulus of 
the relative speed of the intruder with respect the host aircraft:  

𝑐 = |𝑉𝑖
⃗

− 𝑉ℎ
⃗

|                                                                                                                                         Eq. 6.1  

The direction of the relative speed vector defines a line with the relative movement of the intruder 
(see Figure 6-1). The minimum distance between this line and the host aircraft is the Closest Point of 
Approach (CPA).  

An upper bound on the closure rate is 𝑐 ≤ |𝑉𝑖
⃗

| + |𝑉ℎ
⃗

| which is the case of a face-on encounter. 
However, the accuracy in the calculus of 𝑑𝑅𝑊𝐶 highly depends on the estimating an accurate average 

value for 𝑐 in a given encounter model. 

 
Figure 6-1 Closure rate concept an CPA calculation. 

The method of Figure 6-1 for calculating the CPA assumes a simplistic encounter model where aircrafts 
fly rectilinear trajectories at a constant speed in the short term. Airspace encounter models provide a 
representation of geometries and aircraft behaviour in a close encounter. The assumptions of the 
encounter model are key to estimate collision probabilities and thus delineating a model for separating 
aircrafts. Prior encounter models were mostly based on the behaviour of manned aircraft as revealed 
by recorded surveillance data. There are still no much available data about behaviour of drones in U-
space, so we do not still have a clear view the mix of aircraft types that we are going to have in U-space 
and the type of trajectories and procedures they use to fly. The goal of this section is to propose some 
basic model for UAS. 

6.1. UAS trajectory patterns 

The behaviour of aircrafts in the long term depends much on the type of aircraft. This way, IFR flights 
fly predictable routes which mostly comprise straight legs flown at constant speeds (although there 



ALGORITHMS FOR ANALYSING THE COLLISION RISK  
ED. 01.01.00 
 
 

  59 

are some acceleration or deceleration legs). VFR flights still fly routes consisting of straight legs, 
especially fixed wing aircrafts, although they are less predictable because most of them lack a flight 
plan. However small UAS usually fly quite random trajectories with long periods of hovering on some 
reduced areas. This is specially true for rotorcraft. 

In general, we will assume an encounter model where UAS trajectories alternate translational 
movements, which are straight or slightly curved legs, with hovering over some bounded area. The 
hovering may consist of random movements or well defined patterns as scan circuits. This is illustrated 
in Figure 6-2. 

 
Figure 6-2 UAS trajectory model. 

The basic difference between trajectories from the point of view of collisions is their average speed.  

We define the average speed of the UAS over an interval of duration 𝛥𝑡 as the modulus of the integral 
of the vectorial instantaneous speed over a period of time: 

𝑉 = |∫
𝑡

𝑡+𝛥𝑡
𝑉
⃗

(𝑡) ⋅ 𝑑𝑡|                                                                                                                           Eq. 6.2 

If we calculate 𝑉 for a random hovering trajectory over some point, then the average speed 𝑉 will be 
close to zero, as shown in Figure 6-3 (a) if we consider a relatively high interval of time. If we consider 

a scan circuit, like the one of Figure 6-3 (b), the average speed 𝑉 will have a modulus which is 
considerably lower than the instantaneous speed and a direction which is in the transversal direction 
of the scan circuit. The key point is that from the point of view of determining the RWC separation, the 

average speed 𝑉 is the speed that needs to be considered for calculating the closure rate in equation 
4.17. 



ALGORITHMS FOR ANALYSING THE COLLISION RISK  
ED. 01.01.00 
 
 

  60 

 
                (a) 𝑉 = 0                                                             (a) 𝑉 ≠ 0 

Figure 6-3 Average speed concept for hovering and scan circuits. 

We propose two different separation models for the considered UAS trajectory model: 

A. Separation model for translational trajectories: the classical separation model of section 4 is used. 
It is defined by a protection area which is a cylinder/ellipse where the cylinder radius depends to a 
great extent of the closure rate and the height of the cylinder depends on the vertical position 
error. 

B. Separation model for UAS trajectory patterns (hovering, loitering, scan circuits): a protection 
surface is also used, but the dimensions of that surface are given by the envelope of the positions 
of the aircraft during a period of time and not by the closure rate.  

6.2. Separation model for UAS trajectory patterns 

The separation mode for UAS trajectory pattern is based on the envelope concept. One way to define 
the envelope in the horizontal plane is as a circle with a radius which is proportional to the average 
speed or to the variance of the speed. Assuming a normal distribution for the UAS positions during 

hovering periods, an envelope of 2𝜎 value would include the possible positions of the UAS during the 
period of time with probability 95.45 %. We can rarely expect the set of positions to be a normal 
distribution, but their variance can be a good metric to detect when to increase or when to decrease 
the radius of the envelope. 

The speeds and positions of a UAS trajectory are a time series of data. The calculus of the mean values 
of speeds and the variances of the positions can be performed using a moving average filter. Such a 
filter is a calculation to analyse data points by creating a series of averages of different subsets, or time 
windows, of the full data set. Then the time window is modified by "shifting it forward” in time; that 
is, excluding the first number of the series and including the next value in the subset. Mathematically, 
a moving average is a type of convolution and so it can be viewed as an example of a low-pass filter 
used in signal processing. The values used to compute the average value in the time window can be 
weighted in different ways, yielding different types of filters depending on how weights are defined.  

The filter for calculating the UAS average speed that yields better results in the case of the above UAS 
trajectory pattern is the simple filter where all data in the time window are given the same weight. In 
the Exponential Weighted Moving Average (EWMA) filter values are exponentially weighted with older 
values have less impact on current position. This filter has in general a quick response to rapid changes, 
but it produces smaller radius for the envelopes of the aircraft positions. 
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Figure 6-4 shows a UAS trajectory example where translational movements and hovering movements 
alternate. The analysis of the trajectory using a moving average filter is shown in Figure 6-5. This figure 
shows the average speed over a window of 20 positions, the variance of the positions, the average 
course, and the course variance. It can be seen that translational movements can be easily identified 
as the periods of time where both the average speed and the position variance are constant values 
significantly higher than in hovering. The position variance remains more constant during hovering 
periods. 

The main conclusion we can extract Fromm this analysis is that the average speed and the position 
variance can be use as an indicator for establishing the separation mode and the separation distance. 
The calculus of the average speed as in Eq. 6.2 can be also used as a good estimate for the closure rate 
of translational trajectories. These metrics could be used for a real-time system using AI to determine 
in an automatic way the separation distance for drones in a pairwise fashion. 

               
Figure 6-4 UAS trajectory example. 
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Figure 6-5 UAS motion filtering analysis. 
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7. Comparison of results for RWC distances 

This deliverable has proposed a methodology to set the RWC distances a risk-based fashion. The 
methodology assume a pairwise separation where the UAS speeds, manoeuvrability parameters, and 
navigations errors are used to calculate the separation. It also  takes into account wind gradients and 
differentiates between UAS/UAS conflicts and UAS/MANNED aircraft conflicts. We now compare the 
values obtained with this methodology to some other works. 

7.1.1.Lincoln laboratories (MIT) 

The Lincoln laboratories have made a proposal of risk-based separation for UAS with aircrafts flying in 
the VFR space [34]. They use a simulation environment based on Bayesian networks and an encounter 
model based on existing surveillance data in the US airspace. Using this model they generate 
encounters with representative trajectories of two aircraft in close proximity. The model is an 
“uncorrelated” encounter model in the sense that it captures the behaviour of VFR traffic which is not 
affected by ATC separation instructions. As a result they provide contours of collision risks. Each 
contour indicates the conditional probability of NMAC given that an aircraft crosses the state contour. 
NMAC risk contours of 1, 0.5, 0.2, 0.1, and 0.05 are shown in Figure 7-1 for the horizontal and vertical 
plane. 

 

 

Figure 7-1 Collision contour concept (Source: paper by [34]). 

The horizontal contours of 5% collision risk suggest a well clear boundary based on this threshold that 
would extend approximately 8000 ft ahead of an aircraft, 3000 ft. laterally, and 3000 ft behind. A 
simplification of the complex shape would need to be derived that reflects the acorn-like shape ahead 
of the aircraft. In the vertical plane, altitude offsets of 300 ft, and equivalent limits ahead and behind 
the aircraft approximate the 5% risk contour, with some additional buffer. These boundaries would 
include some likelihood of issuing a TCAS RA. Assuring that no RA would be issued would require the 
boundary to be increased further.  

This study only considers UAS/VFR conflicts since no UAS tracks from the surveillance system are 
available for UAS. If we compare the 8000 ft (2438 m) value with the values proposed in this work for 
conflicts between UAS and small MANNED aircraft, results are lower than values proposed in this work 
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for UAS with a speed of 20 m/s, which are about 5000 m. This is because the hypothesis of both works 
are quite different. For example, the MIT model does not consider ATC intervention (“uncorrelated” 
model). If we discount the ATC intervention time from the proposed model, results are quite similar. 
The probability limits are also very different to the ones considered in this deliverable. 

7.1.2.SARP (Science And Research Panel)  

The SARP developed an initial recommendation for well clear for other-than-small UAS [35]. Later SARP 
developed a RWC definition for small UAS operating at low altitudes.  

As described by [36], the initial recommendation was a modified tau (𝜏𝑚𝑜𝑑) for horizontal well clear, 
with 35 seconds from collision or a minimum of 4000 ft separation, and a fixed vertical distance of 700 
ft.  

Efforts for small UAS operating at low altitudes were significantly limited by lack of data regarding how 
intruders commonly fly at low altitudes.  A combination of actual flight data and simulated flight 
profiles (e.g., for UAS flights at low altitudes) were utilised to help develop the needed RWC definition. 
The RWC definition was made taking into account two steps: the probability of NMAC given RWC and 
the probability of MAC given NMAC. No assumed manoeuvring was used to avoid either NMAC or MAC 
in the simulations. Based on this, a risk-based definition for RWC distance was produced. The use of 
distance-based criterions as opposed to time-based criterions used in the initial recommendation is 
justified by the low speeds of small UAS. The final recommendation is separations of 2000 ft 
horizontally and 250 ft vertically. 

The initial proposal of 4000 ft (1219 m) by SARP is similar to the values recommended in this work of 
1275 for a closure rate of 35 m/s and a confidence interval of 2-sigma for collision probability. Values 
proposed in this work for higher confidence intervals are a little bit more conservative than the value 
proposed by SARP.  The 700 ft (213 m) vertical separation proposed by SARP is almost identical to the 
204 m proposed in this work. 

No data about the collision probability used by SARP are known by the authors of this work. 

7.1.3.RTCA SC228 

RTCA SC228 [18] [36] accepted the initial recommendations of SARP for other-than-small UAS, and 
then it was modified with FAA concurrence. The vertical distance was reduced from 700 ft to 450 ft. 
The RTCA SC228 has used this well clear definition for other-than-small UAS to further develop 
concepts relative to well clear, including prediction of loss of well clear and TCAS interoperability [37]. 

The reduction in the vertical distance proposed by RTCA from 700 ft to 450 ft does not match the 
results of this deliverable and probably responds to a more demanding specification for GPS vertical 
accuracy in UAS. 

7.1.4.ASSURE 

ASSURE (Alliance for System Safety of UAS through Research Excellence) [21] is an alliance of research 
institutions and industries that collaborates with the FAA Center of Excellence for Unmanned Aircraft 
Systems. This alliance has published a works where they confirm through simulations that the optimal 
RWC distance for small UAS is probably close to the radius of 4000 ft. Initially recommended by the 
SARP. Some assumptions and recommendations made during the simulations are worth to be pointed 
out. First, the conditions of the tests were based on adverse conditions in a purely rural environment. 
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As the well clear observations showed, the ability for a pilot to remain well clear is hampered most 
when time available to avoid is limited, such as when encountering faster intruders in a head-on 
condition. Second, the research group used standard TCAS near midair collision definitions: 500 ft 
laterally and 100 ft vertically. Third, the group assumed a distance- based well clear threshold.  

ASSURE recommends the following for sensors: to avoid NMAC events, sensors will require at least the 
same detection distance as the well-clear radius discussed above. This requires that any sensor system 
be able to sense, resolve, and issue appropriate data or warnings to the pilot or algorithm, if used, by 
4000 ft. Using the 4000 ft threshold, the group found that to manoeuvre and remain well clear, sensor 
detection ranges greater than 2.6 NM are required.  
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8.2. List of acronyms 

Acronym Meaning 

ABDAA  Airborne Detect  

AI  Artificial Intelligence 

ANSP Air Navigation Service Provider 

ARC Air Risk Class 

ATC  Air Traffic Control 

ATCO  Air Traffic Controller 

ATM  Air Traffic Management 

BVLOS  Beyond Visual Line of Sight 

CA Collision Avoidance 

CDI Course Deviation Indicator 

CNS Communications, Navigation and Surveillance 

ConOps Concept of Operations  

DAA Detect-and-Avoid 

DoF Degrees of Freedom 

EASA European Union Aviation Safety Agency 

EOCVM European Operational Concept Validation Methodology 

ER Exploratory Research 

EWMA  Exponential Weighted Moving Average 

DAA Detect And Avoid 
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FTE Flight Technical Error 

GA  Genetic Algorithms 

GAN Generative Adversarial Network 

GBSAA Ground Based Sense and Avoid 

GNSS  Global Navigation Satellite System 

GPS  Global Positioning System 

ICAO International Civil Aviation Organization 

IFR Instrument Flight Rules 

MAC  Near Mid Air Collision 

MEDUSA Methodology for the U-space Safety Assessment 

NMAC  Mid Air Collision 

NSE  Navigation System Error 

OPF Performance Operation File 

OSED Operational Service and Environment Definition 

PBN  Performance Based Navigation 

PCA  Point of Closest Approach 

ROC  Rate of Climb 

ROD  Rate of Descent 

RNP  Required Navigation Performance 

RWC  Remain Well Clear 

R&D Research & Development 
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SARP Science And Research Panel 

SBAS Satellite Based Augmentation System 

SORA Specific Operations Risk Assessment 

SPR Safety Performance Requirements 

TAS  True Airspeed 

TLS  Target Level of Safety 

TSE  Total System Error 

UAS  Unmanned Aerial System 

UTM  U-space Traffic Management 

VFR  Visual Flight Rules 

VLOS Visual Line of Sight 
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