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BUBBLES
DEFINING THE BUILDING BASIC BLOCKS FOR A U-SPACE SEPARATION
MANAGEMENT SERVICE

This Concept of Operations is part of a project that has received funding from the SESAR Joint
Undertaking under grant agreement No 893206 under European Union’s Horizon 2020 research and
innovation programme.

Abstract
This document describes the Concept of Operations (ConOps) of a separation management service in
the U-space. The document contains the final version of the ConOps developed to capture the
conclusions drawn from the BUBBLES workshops, as well as from the validation exercises and to define
BUBBLES as a SESAR solution, following the indications provided by SJU. In addition to that, this
document covers the review of the BUBBLES SESAR solution for separation management that the
research team conducted to align it with the guidelines from the SESAR ConOps Coordination Cell.
Lastly, this document also updates the regulatory context described in previous editions by addressing
the impact of the Implementing Regulation (IR) published by the European Commission in April 2021
(CIR 2021/664, CIR 2021/665 and CIR 2021/666).
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1 Introduction
1.1 Scope and purpose of the document
According to [1], conflict management is distributed in three layers: strategic conflict management,
separation provision, and collision avoidance. Conflict management in manned aviation, which is
thoroughly described in Appendix A, is characterized by the participation of humans, the relatively low
density of operations, and the centralized distribution of separation provision by ATC. However, the
U-space presents a much different scenario, characterized by high levels of automation, larger density
of operations, and the distribution of service provision among USSPs. The direct application of
traditional conflict management processes to U-space airspaces1 is not appropriate due to the series
of gaps related to the differences of both scenarios.
This document proposes a Concept of Operations (ConOps) for a separation management service
provided by the U-space, whose objective is to fill these gaps by providing airspace users (i.e.:
operators and USSPs) with the information required to guarantee that the separation provision layer
of the conflict management process is performed homogeneously and according to specified criteria,
within U-space airspaces in which separation management service is provided. Hence, the ConOps for
the separation management service is focused on the separation provision phase, while strategic
conflict management and collision avoidance are addressed to a minor extent.
This ConOps is aligned with the tactical conflict management described in [1] for manned aviation,
which aims at limiting the risk of a collision between aircraft and hazards to an agreed level deemed
as acceptable by keeping aircraft away from hazards by at least the appropriate separation minima.
The hazards considered in this version of the BUBBLES ConOps are collisions between airborne
unmanned aircraft being provided with U-space services or between them and airborne manned
aircraft conspicuous to the U-space. Collisions with fixed obstacles and UAS crashes due to
mechanical, electrical, or electronic failures are out of the scope of this document.
To ensure the harmonization of the conflict management process among all involved users, the
separation management service is required to be centrally provided, acting as the single point of
truth from which all airspace users will collect the data required to execute the separation provision
phase. Since the European ATM architecture (EATMA) model does not currently include such a
separation management service, this document describes a proposal to include it as a new U3 SESAR
solution.
The separation provision phase consists of four steps: conflict detection, solution formulation, solution
implementation, and monitoring of the solution. The separation management service provides the
information required to univocally define the separation mode applied to solve each tactical conflict.
The separation mode, in turn, is defined as an approved set of rules, procedures and conditions of
application associated with separation minima [1], and shall consider the safety level required, the

1

BUBBLES applies the definition of U-space airspaces as per Commission Implementing Regulation 2021/664 as
‘a UAS geographical zone designated by Member States, where UAS operations are only allowed to take place
with the support of U-space services’.
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nature of the activity and hazard, the qualifications and roles of the actors, and other conditions of
application, if applicable such as weather conditions and traffic density. Hence, the separation
management service is designed to provide such information, divided in five blocks: automation level,
separation methods, conflict horizon, separation minima, and safety, performance, and
interoperability requirements (SPR/INTEROP).
The information to be distributed by the separation management service corresponds to the definition
of UAS capabilities and performance requirements, U-space services performance requirements, and
operational conditions and airspace constraints, which are outcomes of a U-space airspace risk
assessment, as indicated by CIR 2021/664 Art. 3.4. For this purpose, BUBBLES applies the MEDUSA
methodology developed by the CORUS project [2]. Hence, in addition to the description of the building
blocks that comprise the separation management service, the present ConOps defines a series of
supplementary tools, described as annexes in the present ConOps, to be used during the safety
assessment performed prior to the designation of the U-space airspace in which the separation
management service will be provided, or in re-assessments of already existing U-space airspaces.

1.2 Intended readership
The target audience of this document comprises:
•
•
•
•
•
•
•

Competent authorities of Member States in charge of setting out operational requirements
for U-space services supporting UAS operations in their national airspaces.
Manufacturers of systems used to provide U-space services.
U-space service providers in charge of providing U-space services to UAS.
UAS operators responsible for planning and conducting UAS operations.
Air traffic service providers supporting manned aircraft operations in airspace volumes where
UAS can also operate.
Manned aircraft operators responsible for planning and conducting manned aircraft flights in
airspace volumes where UAS can also operate.
Other research projects developing and validating services, procedures and technologies
related to separation management.

1.3 Structure of the document
This document describes an operation-centric, risk-based Concept of Operations (ConOps) for
separation management in the U-space. To that purpose, this document is arranged in the following
manner:
•
•
•
•
•
•

Section 1 acts as an overall introduction to the matter.
Section 2 describes the relevant context (regulatory and technical frameworks related to UAS
and the U-space), as well as the set of assumptions upon which the ConOps is based.
Section 3 contains the definition of the ConOps for the separation management service.
Section 4 describes the ConOps as a SESAR solution, including its definition in EATMA.
Section 5 lists the references used by the ConOps.
Then, a series of annexes with varied information closes this document:
o
o
o

Page I 11
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o
o
o
o
o

Appendix D describes the identification and allocation of a TLS in U-space airspaces.
Appendix E describes the methodology to estimating risk of mid-air collision in U-space
airspaces
Appendix F outlines the procedure to compute the U-space airspace capacity limit due
to mitigated mid-air collision risk
Appendix G provides an example of the separation management process described
by the ConOps at strategic level.
Appendix H contains an update of the Artificial Intelligence algorithms used in the
ConOps to adapt the separation minima to the actual CNS performance.

1.4 List of Acronyms
Acronym

Definition

ACAS

Airborne Collision Avoidance System

AMC

Acceptable Means of Compliance

AMC & GM

Acceptable Means of Compliance and Guidance Material

ANSP

Air Navigation Service Provider

APIC

Autonomous Pilot in Command.

ASTM

American Society for Testing and Materials

ATC

Air Traffic Control

ATCO

Air Traffic Controller

ATM

Air Traffic Management

ATS

Air Traffic Services

BVLOS

Beyond Visual Line of Sight

CA

Collision Avoidance

CAA

Civil Aviation Authority

CAR

Common Altitude Reference

CCC

ConOps Coordination Cell

CIS

Common Information Services

CNS

Communication, Navigation and Surveillance

CONOPS

Concept of Operations

CORUS

Concept of Operation for European UTM Systems

C2

Command and Control

DAA

Detect and Avoid

DDS

Data Distribution Service protocol

DEP

MEDUSA Definition Phase
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EASA

European Union Aviation Safety Agency

EATMA

European ATM Architecture

ER

Exploratory Research

EU

European Union

EUROCAE

European Organisation of Civil Aviation Equipment

EUROCONTROL

European Organisation for the Safety of Air Navigation

EVLOS

Extended Visual Line of Sight

GNSS

Global Navigation Satellite System

HMI

Human Machine Interface

INTEROP

Interoperability Requirements

IR

Implementing Rules

M2M

Machine-to-machine service class

MQTT

Message Queuing Telemetry Transport protocol-

MS

Member State

MTOM

Maximum Take-Off Mass

OA

Operational Authorisation

OI

Operational Improvement

OSED

Operational Service and Environment Definition

OSP

MEDUSA Operational Specification Phase

PDRA

Predefined Risk Assessment

QoS

Quality of Service

RPIC

Remote Pilot in Command

RTCA

Radio Technical Commission for Aeronautics

RWC

Remain Well Clear

R&D

Research and Development

SAC

Safety Criteria

SDSP

Supplementary Data Service Provider

SDPDS

Surveillance Data Processing and Distribution System

SERA

Single European Sky Rules of the Air

SES

Single European Sky

SESAR

Single European Sky ATM Research Programme

SJU

SESAR Joint Undertaking (Agency of the European Commission)

SO

Safety Objective
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SORA

Specific Operation Risk Assessment

SR

Safety Requirement

SPR

Safety and Performance Requirements

STS

Standard Scenarios

SWIM

System Wide Information Model

TCAS

Traffic Collision Avoidance System.

TLS

Target Level of Safety

TS

Traffic Synchronisation/Technical Specification

UA

Unmanned Aircraft

UAM

Urban Air Mobility

UAS

Unmanned Air Systems

UDP

User Datagram Protocol

URLL

Ultra-Reliable, Low-Latency service class

USSP

U-space Service Providers

UTM

Unmanned Traffic Management

VLD

Very Large-Scale Demonstration

VLL

Very Low Level

VLOS

Visual Line of Sight

V2I

Vehicle to Infrastructure

V2V

Vehicle to Vehicle
Table 1-1. List of acronyms
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2 Context and Assumptions
Although UAS were significantly used in some military operations in the 1990s (Gulf War I [3]) or even
before (Vietnam War, [4]), it was not until the beginning of the 21st century when the interest in this
technology shot up in the civil world. Nowadays, there is a huge expectation on a crowd of potential
professional uses in many fields (urban mobility, delivery, public safety and security, entertainment,
agriculture, infrastructure survey, etc.), as well as leisure. Only at the European Union (EU) level, SESAR
foresees a demand valuated of several billion EURO annually in the next decades, leading to the
creation of more than 400.000 highly skilled jobs by 2050 [5]. Much of that market corresponds to
activities (mobility, public security, delivery, etc.) that will take place within the VLL airspace over
densely populated urban areas, as well as over industrial ones.

Figure 1. General vision of the BUBBLES concept.

The envisaged civil UAS fleet size for commercial and government use is larger than 400.000 aircraft,
along with more than 7 millions of leisure users [5]. As a result, it is expected that by 2035 the total
flight hours of UAS flying in the uncontrolled VLL over densely populated areas will exceed 75% of the
flight hours of the rest of the fleet, including manned and unmanned aircraft operating in controlled
and uncontrolled Single European Sky (SES) [5].
The use of UAS, as it happens with almost any human activity, entails some risks. The classification of
these risks according to their nature goes as follows [6], [7]:
•
•
•
•
•

ground risk: accidents/incidents involving UAS, people, surface vehicles, buildings or
infrastructures;
air risk: accidents/incidents involving manned aircraft and collisions between UAS;
privacy: improper use of the data collected by the UAS;
security: cyberattacks, jamming, spoofing, terrorist attacks with explosive-carrying UAS, etc.
environmental: pollution (e.g., noise emission), affection to the fauna (mainly birds) and flora
(causing fires), etc.

Although the expected benefits of using UAS are, by far, bigger than the risks, it is necessary to cope
with the latter so that the benefits can be fully attained.
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The present ConOps is focused on the mitigation of air risk, specifically by the application of the
mitigation barrier known as separation provision, which focuses on the processes set up to prevent
collisions by keeping away UAS from the aforementioned hazards by at least a minimum distance so
that a given Target Level of Safety (TLS) is achieved.
The EU authorities have addressed the UAS-related risks from two converging perspectives: (1)
regulatory and (2) technical. Section §2.1 describes the regulatory framework set up by the EASA for
UAS operations and the basic regulation for the U-space, whereas the technical framework is described
in section §2.2. The Concept of Operation for separation management described in this document is
aligned with both approaches, which lead to the assumptions detailed in section §2.3.

2.1 Regulatory framework
2.1.1 EASA regulation on UAS operations
Regarding the regulatory issues, the European Union Aviation Safety Agency (EASA) is the driver to lay
down a common regulation on UAS operations in the EU. The work of the EASA led to the approval by
the EU Commission of a common regulation on UAS operations2:
•
•

COMMISSION DELEGATED REGULATION (EU) 2019/945 of 12 March 2019 on unmanned
aircraft systems and on third-country operators of unmanned aircraft systems [8].
COMMISSION IMPLEMENTING REGULATION (EU) 2019/947 of 24 May 2019 on the rules and
procedures for the operation of unmanned aircraft [9].

These regulations define the following modes for UAS operation:
•

•

Visual Line of Sight (VLOS): operation mode in which the remote pilot is able to maintain
continuous unaided visual contact with the unmanned aircraft, allowing the remote pilot to
control the flight path of the unmanned aircraft in relation to other aircraft, people, and
obstacles for the purpose of avoiding collisions.
Beyond Visual Line of Sight (BVLOS): any type of UAS operation which is not conducted in
VLOS. One way to mitigate the risk of BVLOS operations is by using remote observers who
assist the remote pilot in safely conducting the flight (clear and effective communication is
required for this kind of operation), what is also known as Extended Visual Line of Sight (EVLOS)
[9]. Another option is the ‘follow me’ mode, in which the unmanned aircraft constantly follows
the remote pilot within a predetermined radius (e.g., an UAS accompanying an emergency
service mobile unit, or an UAS following a skier through a course).

Moreover, the UAS can operate in an autonomous mode in which the remote pilot is not able to
intervene.

2

For the sake of simplicity, these regulatory documents will be referred to as DR 945 and IR 947 throughout this
document.
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The regulations also consider the definition of UAS geographical zones due to safety, security, privacy,
or environmental reasons. UAS geographical zones can be used to facilitate, restrict, or forbid UAS
operations.
The regulations define several capabilities that can be required to allow some kind of operations:
•
•

Geo-awareness: function that detects a potential breach of airspace limitations and alerts
remote pilots so that they can take immediate and effective action to prevent it.
Direct remote identification: system which locally broadcasts information about an
Unmanned Aircraft (UA) so that this information can be obtained without physical access to
the unmanned aircraft.

These regulations are operation centric and classify the UAS operations based on a risk assessment
leading to classify them into three categories, ranging from lower to higher risk: open, specific, and
certified.
Open category
Operations in the ‘open’ category, which covers operations that present the lowest risks, do not
require UAS that are subject to standard aeronautical compliance procedures, but in general need to
be conducted using the UAS classes which are defined in [8], ranging from C0 to C4, unless specific
exemptions can be applied.
The EASA regulation [8] and [9], which also sets requirements to these classes related to:
•
•
•
•

•

labelling, documentation, CE marking;
physical requirements like Maximum Take-Off Mass (MTOM), maximum speed and height,
airframe construction or noise levels;
operation mode (VLOS), pilots’ age and training requirements;
power and control systems, including procedures to react against a loss of the Command and
Control (C2) link, remote identification, geo-awareness, and position reporting capabilities;
and
Acceptable Means of Compliance (AMC).

Based on the aforementioned classes, the following three sub-categories are defined in [9], which
mainly differ in regard to the allowed proximity of uninvolved people to the UA.
•

•

•

Subcategory A1: the unmanned aircraft shall not overfly assemblies of people and it is
reasonably expected that no uninvolved person will be overflown. This subcategory applies to
class C0 and C1 UAS.
Subcategory A2: unmanned aircraft does not overfly uninvolved persons and the UAS
operations take place at a safe horizontal distance of at least 30 metres from them (5 m in lowspeed mode). This subcategory applies to class C2 UAS.
Subcategory A3: no uninvolved person shall be endangered within the range where the
unmanned aircraft is flown during the entire time of the UAS operation and a safe horizontal
distance of at least 150 metres must be kept from residential, commercial, industrial, or
recreational areas. This subcategory applies to class C2, C3 and C4 UAS.

UAS flying in the open category do not need neither previous operational declarations nor operational
authorizations.
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Certified category
Operations in the ‘certified’ category should, as a principle, be subject to rules on certification of the
operator, and the licensing of remote pilots, in addition to the certification of the aircraft according to
[8].
The design, production, and maintenance of UAS shall be certified if the UAS meets any of the following
conditions:
1. It has a characteristic dimension of 3 m or more and is designed to be operated over assemblies
of people.
2. It is designed for transporting people.
3. It is designed for the purpose of transporting dangerous goods and requiring a high level of
robustness to mitigate the risks for third parties in case of accident.
UAS operating in the certified category shall comply with the applicable requirements set out in
Commission Regulations (EU) No 748/2012 [10], (EU) 2015/640 [11] and (EU) No 1321/2014 [12].
Specific category
Operations in the ‘specific’ category should cover other types of operations presenting a ‘medium’
level of risk and for which a thorough risk assessment should be conducted to indicate which
requirements are necessary to keep the operation safe.
This category covers UAS operations not lying neither within open nor certified ones. UAS intending to
operate in the specific category shall apply for an Operational Authorisation (OA) issued by the
competent authority unless the operation is performed within the scope of a Standard Scenario. To
grant the OA, the UAS operator has to conduct a risk assessment following a standard procedure and
propose mitigation measures to reduce the risk to acceptable values. Although [9] does not refer to
any standard procedure, the risk assessment rules detailed in the Article 11 clearly points to the
Specific Operation Risk Assessment (SORA) methodology. EASA has clarified this issue in the later
published AMC and GM [13]. In the event that the competent authority concludes that the risk of the
operation cannot be adequately mitigated, the operation will be classified as ‘certified’.
An alternative way to obtain the OA for lower risk operations is to declare compliance with a Standard
Scenarios (STS), which is a generic type of UAS operation in the ‘specific’ category for which a precise
list of mitigating measures has been identified. The two first STSs have been published as an Appendix
to [9] by [14]. To operate in STS-01 or STS-02, the UAS is required to have class C5 or C6 mark,
respectively.
For operators which cannot adopt the limitations of an STS and do not wish to perform a new safety
assessment, the request for authorisation may be based on a Predefined Risk Assessment (PDRA)
published by the EASA. There are four PDRAs already published at the moment of developing the
present ConOps [15]. These cover two ‘standard’ PDRA, which are similar to the STS but without class
requirements, and ‘generic’ PDRA, each of them targeting a specific ConOps. Both the STSs and the
PDRAs definitions are also based on the SORA methodology.
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2.1.2 EASA regulation on the U-space
Following up with the regulatory work set out in 2019 with the DR 945 and IR 947, the EASA published
in 2021 a regulatory framework for the U-space, encompassing3:
•

CIR 2021/664 of 22 April 2021 [7], defining the U-space airspace as ‘UAS geographical zone
designated by Member States, where UAS operations are only allowed to take place with the
support of U-space services’ and setting forth:
o
o
o

•

•

requirements for manned and unmanned aircraft operating therein,
the minimum set of mandated U-space services that has to be offered to UAS
operating in such kind of airspace, and
requirements for the U-space Service Providers (USSP) providing them.

CIR 2021/665 of 22 April 2021 [16], amending the CIR 2017/373 to set forth additional
requirements for the Air Navigation Service Providers (ANSP) providing Air Traffic Services
(ATS) to manned aircraft in a U-space airspace.
CIR 2021/666 of 22 April 2021 [17], amending the Single European Sky Rules of the Air (SERA)
defined in the CIR 923/2012 to set forth additional requirements for manned aircraft flying
within a U-space airspace and not receiving Air Traffic Control (ATC) service from an ANSP.

At the moment of the writing of the present ConOps, the work related to the development of
Acceptable Means of Compliance and Guidance Material (AMC & GM) for these Implementing Rules
(IR) has led to the publication of the NPA 2021-14 by the EASA [18].
The main topics affecting separation management introduced by these regulations and
complementary AMC & GM documents (which will be jointly referred to as “the U-space regulatory
package” throughout this document) are the following:
1. Introduction of the concept of “U-space airspace”, defined as a “UAS geographical zone” (as
per regulation IR 947) where UAS operations cannot take place unless they are supported by
U-space services.
2. Requirement for the Competent Authority to conduct a risk assessment supporting the
designation of a U-space airspace, which shall cover safety, security, environmental and
privacy aspects. This risk assessment will also support the definition of required UAS
capabilities and performance as well as the definition of the required U-space services and
their performance, as well as the applicable operational conditions and airspace constraints.
The NPA 2021-14 [18] states that the provisions related to the TLS remain at high level and
further research is required.
3. Defines the kind of operations which can take place within a U-space airspace.
4. Defines the minimum set of mandatory U-space services which must be available in any Uspace airspace and some optional services that can be required by the Competent Authority
based on the result of the risk assessment.

3

For the sake of simplicity, these IR will be referred to as IR 664, IR 665 and IR 666 throughout this document.
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Section §2.2.3 provides detail on these U-space services.

2.2 Technical framework
This section presents a summary of recent technical work produced by relevant organisations in the
field of Unmanned Traffic Management (UTM), with emphasis on conflict management.

2.2.1 Conflict management in the ATM.
Separation management makes part of the ATM conflict management component, which aims at
limiting the risk of collision between aircraft and hazards to an agreed level deemed as acceptable [1].
The ATM Conflict management comprises three layers, as shown in Figure 41:
1. Strategic conflict management.
2. Separation provision.
3. Collision avoidance.

ICAO D oc.
98 54

CA

Sep arat ion
p rovision
St rat eg ic con flict
m an ag em en t
Figure 2. The three layers of conflict management according the ICAO Doc. 9854.

Strategic conflict management is the first layer of conflict management and is achieved through the
AOM, DCB and TS. The term strategic is used in the sense of before tactical. However, strategic conflict
management is not limited to the pre-flight stage, since changes to the trajectory can be applied during
the flight, requiring strategic conflict management.
The separation provision is the second layer of conflict management, and it is applied when the
residual collision risk remaining after applying strategic is above a predetermined threshold4.
Separation provision is hence the tactical process of keeping aircraft away from hazards by at least the
appropriate separation minima5. Separation is provided within a conflict horizon6 previously defined
for each hazard.

4

Separation provisions by ATC and/or “remain-well-clear” by pilots/remote pilots are used in this phase.
Separation minima are the minimum distances between an aircraft and a hazard that maintain the risk of
collision at an acceptable level of safety.
6
Conflict horizon is the extent to which hazards along the future trajectory of an aircraft are considered for
separation provision.
5
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The collision avoidance is the third level of conflict management. Collision avoidance consists in
reactive measures automatically launched when the on-board anti-collision system detects that a
collision is imminent and issues resolution advisories to the crew to prevent the accident. Collision
avoidance is not considered part of the separation provision, although it must be consistent with the
separation modes applied to the aircraft.
Interested readers can refer to Appendix A for a detailed description of conflict management in ATM.

2.2.2 ICAO reference UTM framework
The ICAO defines Unmanned Traffic Management as ‘a specific aspect of air traffic management which
manages UAS operations safely, economically, and efficiently through the provision of facilities and a
seamless set of services in collaboration with all parties and involving airborne and ground-based
functions’ [19].
The ICAO has developed a common reference framework pursuing a harmonized implementation of
UTM across the world [19]. This common framework defines a set of UTM services comprising:
•
•
•
•
•
•
•

•

Activity reporting service.
Aeronautical Information Service (AIS).
Airspace authorization service.
Mapping service.
Registration service.
Restriction management service.
Conflict management and separation service, encompassing:
o The Strategic deconfliction service
o The Conformance monitoring service.
o The Dynamic reroute service.
o The Tactical separation service.
o The Conflict advisory and alert service.
Flight planning service.

Although the framework is system and technology agnostic, it includes examples of a centralized
architecture (where a governmental agency is in charge of the provision of UTM services) and a
federated architecture (based on a Discovery service which provides UAS operators information on
UTM service providers available in the operation area). Even in this federated architecture, there is a
central point of truth providing common information about the operation in the area (e.g., operational
constraints).
Conflict management in the ICAO UTM framework
The ICAO framework refers to the Global ATM Operational Concept [1] for conflict management and
proposes the following approach:
1. The Strategic deconfliction service checks whether the intended flight plan interferes
previously approved flight plans and proposes alternatives based on prioritisation and
negotiation rules in the pre-flight phase and providing alternatives.
2. The Conformance monitoring service issues alerts when one UAS deviates from the intended
operational volume or trajectory.
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3. The Dynamic reroute service provides modifications to approved flight plans so that the
likelihood of a tactical conflict is minimized while enabling the completion of the mission.
4. The tactical separation service provides UAS pilots with real-time information on manned
aircraft so that they can remain clear from them.
5. The Conflict advisory and alert service provides pilots with real-time alerts including suggestive
or directive information when aircraft (manned or unmanned) are closer than a minimum
safety distance.

2.2.3 U-space reference model
The technical activities set up to safely integrate the UAS in the Single European Sky (SES) are part of
Single European Sky ATM Research Programme (SESAR), the technological pillar of the SES initiative.
SESAR aims to modernise and harmonise Air Traffic Management (ATM) in Europe. The SESAR Joint
Undertaking (SJU) was established in 2007 as a public-private partnership to support this endeavour.
It does so by pooling the knowledge and resources of the entire ATM community in order to define,
research, develop and validate innovative technological and operational solutions. The SJU is also
responsible for the execution of the European ATM Master Plan, which defines the European Union
(EU) priorities for Research and Development (R&D) and implementation.
In 2015, the EU Commission appointed SJU “to produce a blueprint on how to make the use of UAS in
low-level airspace safe, secure and environmentally friendly” [20]. The SJU’s work led to the concept
of U-space, the European implementation of the UTM consisting of a set of services relying “on a high
level of digitalisation and automation of functions, whether they are on board the UAS itself, or are
part of the ground-based environment”, allowing a large number of UAS to operate in the Very Low
Level (VLL) in a safe and efficient manner. These services are grouped in four categories with increased
levels of complexity, as shown in Figure 3 and Figure 4.
The SJU launched SESAR 2020 (phase two of the SJU partnership) in 2015, which aims to generate an
innovation pipeline towards deployment by demonstrating the viability of the technological and
operational solutions (SESAR Solutions) already developed within the SESAR Programme (2008-2016)
in larger and more operationally integrated environments. At the same time, SESAR 2020 prioritises
research and innovation in a number of key areas, namely: high performing airport operations,
optimised ATM network services, advanced air traffic services and enabling aviation infrastructure in
order to ensure a high performing ATM system in Europe. The U-space-related R&D activities have
been included within the “enabling aviation infrastructure” key area.
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Figure 3. U-space service levels

Figure 4. Initial U-space catalogue as described in the blueprint [20].

In 2018, SJU took a significant step towards the deployment of the U-space by setting up the roadmap
for developing the U-space services [6]. The roadmap includes the service catalogue and the
implementation timeline. It is expected that the first U1 services should have been available by the
end of 2019 and the deployment of U2 services should start by 2022. In November 2020, SESAR
published a consolidated report on the results of recent U-space research and innovation [21],
highlighting that U1 services were assumed to be ready and available, and U2 services were technically
possible and realizable. U3 and U4 services are currently in the Exploratory and Industrial Research
phases, the Tactical Deconfliction Service only having been 3% covered according to [21].
Conflict management in the U-space
In 2016, SJU launched the 2016 SESAR 2020 RPAS Exploratory Research Call (H2020 – SESAR -2016-1).
Among the projects funded within this call, the project Concept of Operation for European UTM
Systems (CORUS) conducted a thorough discussion on the UAS concepts of operation. The work carried
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out by the CORUS project led to an evolved U-space catalogue from that of the roadmap (see Figure
5) and issued ConOps for the U-space [22].

Figure 5. CORUS U-space services catalogue

The following items are covered by CORUS ConOps [22]:
•
•
•
•
•
•
•

•
•

UAS from all sizes, including those carrying passengers.
VLL Operations in vicinity of airports.
UAS with different kind of automation (including fully autonomous systems).
UAS with different level of supervision (multiple UA supervision by a pool of Remote Pilots RPs).
Obstacles such as infrastructure, either permanent (e.g., buildings, wind turbines) or
temporary (e.g., cranes).
Mobile obstructions (vehicles, trains, and vessels).
Significant turbulence, very low visibility conditions or other weather phenomena impeding
safe drone operation as well as other environmental hazards to drone operation such as
electromagnetic interference.
Day and night operations.
Flocks of birds, both airborne and on ground (assuming such flocks are detectable and can be
made known to U-space).

The CORUS ConOps are based on the division of the VLL into three types of volumes X, Y and Z,
although the latter is further sub-divided into Za and Zu types. The criteria to assign a type to a
particular VLL volume are based on the services being offered and hence the types of operation which
are possible therein, as well as their access and entry requirements. In addition, the air and ground
risks and the traffic density are considered. Table 2-1 summarises the U-space services available at
each type of volume, where strategic and tactical deconfliction services have been highlighted.
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Service

X

Y

Z

Registration

Mandated

Mandated

Mandated

e-identification

Mandated

Mandated

Mandated

Geo-awareness

Mandated

Mandated

Mandated

Drone Aeronautical
Information Publication

Mandated

Mandated

Mandated

Geo-fencing provision

Mandated

Mandated (where available)

Mandated

Incident/accident reporting

Mandated

Mandated

Mandated

Weather Information

Mandated

Mandated

Mandated

Position report submission
sub-service

Recommended

Mandated (where available)

Mandated

Tracking

Optional

Mandated (where available)

Mandated

Drone operation plan
processing

Optional

Mandated

Mandated

Emergency management

Optional (where
available)

Mandated (where available)

Mandated

Monitoring

Optional

Mandated (where available)

Mandated

Procedural interface with
ATC

Optional (when needed)

Mandated (when needed)

Mandated

Strategic conflict resolution

No

Mandated

Mandated

Legal recording

Optional (when needed)

Mandated (where available)

Mandated

Digital logbook

Optional (when needed)

Mandated (where available)

Mandated

Traffic information

Optional

Mandated

Offered

Geospatial Information
Service

Optional

Optional

Mandated (where
available)

Population density map

Optional

Optional

Mandated (where
available)

Electromagnetic
Interference Information

Optional

Optional

Mandated (where
available)

Navigation coverage
information

Optional

Optional

Mandated (where
available)

Communication coverage
information

Optional

Optional

Mandated (where
available)

Collaborative Interface with
ATC

Optional (when needed)

Mandated (when needed)

Mandated

Dynamic Capacity
management

No

Mandated (where available)

Mandated

Tactical conflict resolution

No

No

Mandated

Table 2-1 U-space services per VLL volume type
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Hence, a differentiation between X, Y and Z volumes can be drawn, according to the availability of
conflict resolution services:
•
•
•

Type X, low risk volumes, where no conflict resolution is provided, nor an approved flight plan
is required (i.e., no strategical nor tactical deconfliction).
Y, mid risk and density volumes, where only strategic conflict resolution is provided via flight
plan approval.
Z, highest risk and density volumes, where both strategic and tactical conflict resolution are
provided. This category is further expanded into:
o
o

Zu volumes, where U-space provides tactical conflict resolution,
Za volumes, where the separation is provided by the ATC, with the support of the Uspace.

Figure 6. CORUS VLL volumes classification

Within this framework, although no separation management service was added to the catalogue of
U-space services, the provision of separation minima was identified as crucial to the UAS operational
safety [22], especially in Z volumes.
In X volumes the pilot remains responsible for maintaining the separation in VLOS operations. This
volume is mainly oriented to operations in open category, with low traffic density and risk.
Nonetheless, other kind of operations (i.e., specific and certified categories, as well as manned aviation
operations) can take place therein, but in this case, special attention must be paid to mitigate the
entailed risks.
Y volumes are defined to allocate higher traffic with medium risk levels (e.g., BVLOS specific operations
over populated areas). In addition to the requirement of an approved flight plan, additional technical
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entry requirements can be set up for UAS operating in Y volume (e.g., connection to the U-space and
position reporting capability).
Z volumes are defined where the traffic exceeds the levels than can be safely supported by Y volumes
or where there are particular risks.
Za volumes are controlled airspace, where ATC provides separation to manned aircraft from UAS
whereas the U-space provides situational awareness to ATC, communications tools and collaborative
interfaces supporting standard ways of working (the UAS flight plans will remain under the U-space
control).
In Zu volumes there is no ATC service available and manned flights are not expected on a regular,
planned basis. In Zu volumes the U-space will offer ground-based tactical conflict resolution. This can
be done in two ways (which CORUS leaves to the discretion of the regulator):
•
•

Zu can be defined as a controlled airspace where the U-space provides ATC-like separation
provision services issuing mandatory instructions.
Zu can be defined as an uncontrolled airspace where the U-space provides advisories.

Since they were published in October 2019, different SESAR projects have used the CORUS baseline
and updated them. The CORUS ConOps [22] represents the Ed. 3 of the SESAR U-space ConOps. The
updates developed by different projects since the end of CORUS have been compiled by the SJU in the
U-space foundation package [23]. The SJU launched a coordination action involving all the ongoing
SESAR U-space projects aimed at developing a comprehensive set of ConOps (Ed. 5) by the end of 2022.
To this purpose, the ConOps Coordination Cell (CCC) was set up from representatives of all the involved
projects. According to the 2nd stakeholder workshop organized by the extension of CORUS, CORUSXUAM, a previous fourth edition of the ConOps, which aligns with the U-space regulatory package and
incorporates some research results from the latest projects, is expected to be available mid-2022.
BUBBLES is actively participating in the CCC in order to align the ConOps for separation management
with the SESAR ConOps Ed. 4 & 5.

2.2.4 ConOps driven by the EASA regulation on the U-space
EASA has developed a regulatory framework for the U-space, as described in section §2.1.2 above. The
U-space regulation introduces the concept of “U-space airspace” as a “geographical zone” (as per IR
947) where UAS operations are not allowed unless they are supported by several U-space services.
The cornerstone of the U-space regulation is the risk assessment that the Competent Authority of the
corresponding Member State (MS) has to conduct to demonstrate that the designation of a U-space
airspace is necessary in order to ‘address risks pertaining to safety, privacy, protection of personal data,
security or the environment, arising from UAS operations’ as required by regulation IR 947. The risk
assessment has to:
1. Identify the safety, security and/or environmental reasons which might justify the designation
of a U-space airspace.
2. Identify hazards and mitigation measures to maintain the risk due to them below a threshold
deemed safe, namely, a TLS. The U-space services and the UAS capabilities required in a
particular U-space airspace, as well as their performance requirements, will depend on the
result of this risk assessment.
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Regulation IR 664 defines a catalogue of U-space services based on those proposed by CORUS (see
Figure 7) and sets up a certification scheme for them.
The U-space regulation applies to all UAS operating in the open, specific, and certified categories, with
the only exception of subcategory A1 when operating privately built UAS with less than 250 g MTOM
and C0 UAS, toys, and the operations of aircraft model clubs. Moreover, when the U-space airspace is
designated in controlled airspace, the regulation sets out the requirement to maintain UAS and
manned aviation receiving ATC service segregated by means of dynamic airspace reconfiguration. No
matter whether the U-space is designated in controlled or uncontrolled airspace, manned aircraft not
receiving ATC services must be electronically conspicuous to UAS operating therein.
Common
Information
Service
Network
Identificación
Service

Geoawareness
Service

Designated service

Flight
Authorisation
Service

Traffic
Information
Service

Weather
Information
Service

Mandated service

Conformance
Monitoring
service

Optional service

Figure 7. EASA U-space catalogue of services (as per [7])

IR 664 [7] defines a ‘U-space airspace’ as a designated airspace volume where U-space services are
provided. U-space airspaces can be designated both in controlled and in uncontrolled airspace. ANSPs
will provide services to manned aviation and USSPs will provide services to unmanned aviation.
Each U-space airspace will have Common Information Services (CIS) guaranteeing that all the UAS
operators and USSPs operating therein can access timely and quality-assured information needed to
provide U-space services (national authorities may designate a single CIS in a given U-space airspace).
The USSP, as well as the CIS providers, will have to be certified by the competent authority, but they
will not be designated (i.e., a certified USSP is allowed to provide U-space services at any U-space
airspace designated in the corresponding state or in the whole EU territory if the certificate is issued
by the EASA).
To be certified, a USSP has to be able to provide, at least, a bundle of mandated U-space services, as
shown in Figure 7. Other services (also shown in Figure 7) can be provided to achieve higher levels of
safety and efficiency. These services can be declared necessary in some volumes due to their particular
characteristics.
Conflict management in the EASA framework
The EASA U-space regulation relies on the pre-flight strategic conflict resolution by the Flight
authorisation service in the pre-flight phase. In order to get a flight authorisation, a flight plan must be
strategically deconflicted from any other conflicting flight plan. During the flight phase, in uncontrolled
U-space airspaces UAS operators have to use U-space services to fly therein, and manned aircraft have
to make available their positions to USSPs at regular intervals so that unmanned aircraft can receive
traffic information to prevent collisions. UAS operators are entrusted with the responsibility of
preventing collisions based on the traffic information provided by the U-space. Tactical conflicts
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between UAS and manned aircraft receiving ATC services within controlled airspaces will be tackled by
segregating them by means of a dynamic airspace reconfiguration.
During the flight phase, the optional Conformance monitoring service can also detect deviations from
the approved flight plan beyond the acceptable thresholds and issue alerts to the affected UAS
operators, USSPs and air traffic service units. The regulation also obliges USSPs to set up systems to
report incidents and accidents according to the European legislation.

2.2.5 FAA UTM ConOps
In the United States, the development of the UTM has been assumed by the Federal Aviation
Administration (FAA) under the NextGen program. Hence, the FAA has developed a UTM ConOps in
collaboration with the National Aeronautics and Space Administration (NASA) [24]. The FAA ConOps is
based on the federated architecture proposed by the ICAO, as shown in Figure 8.

Figure 8. Notional UTM architecture, from [24].

Conflict management in the FAA ConOps
In order to implement conflict management and mitigation, the UTM has developed a model inspired
by the conflict mitigation approach by ICAO Doc 9854 “Global Air Traffic Management Operational
Concept” in line with the ICAO UTM framework [25]. The model classifies separation mitigations into
strategic and tactical separation. The Strategic Separation refers to Strategic Conflict Management,
and the Tactical Separation is split into Separation Provision and Collision Avoidance (the latter out of
the scope of the BUBBLES ConOps). Furthermore, each category involves different services offered and
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exploited by three entity categories: UAS Service Supplier (USS), Supplemental Data Service Providers
(SDSP) and the UAS operator itself. Figure 9 summarizes the UTM services provided/used by each
stakeholder involved in conflict management processes.

Figure 9. UTM Conflict Management Model, from [25].

Before a flight starts, the UAS operators provide their intended operation volumes allowing this way
for the Strategic deconfliction device to compare all proposed intended operation volumes to identify
conflicts in both the spatial and temporal dimensions. The impacted UAS operator will be notified if a
conflict is identified and will also receive support in attempting to resolve the situation. The UAS
operator can revise the situation by itself and re-submit a conflict free operation, automatically
negotiate with the operator(s) in conflict or proceed with its intended operation relying on other
tactical separation mitigations.
When the UAS in the air, the Conformance monitoring service keeps track of the state of an UAS
operation to ensure that the responsible operator is aware of the potential deviations from the initial
operation intent, issuing alerts when there is a loss of conformance. If the Conformance monitoring
service detects a loss of conformance, the Dynamic rerouting service helps UAS operators to modify
the intended operation volumes and flight paths, when necessary to minimize the probability of
airborne conflicts and maximize the likelihood of meeting the airspace restrictions while maintaining
the objectives of the mission.
The Conflict advisory and alerting service is responsible for providing real-time data regarding the
proximity of potential conflicting manned or unmanned aircraft. This service aims to support the
resolution of air-to-air conflicts by using surveillance information sources (both on the ground and
airborne) to provide proper awareness of hazards in the airspace of an operation. The service actions
can be decomposed in four elements: conflict detection, conflict tracking, threat declaration and
conflict guidance. The provided guidance can take three different forms depending on the automation
of the system: informative guidance, where the pilot receives the information; suggestive guidance,
where the pilot receives the information together with a set of possible maneuvers to avoid the
conflict; or directive guidance, where the pilot receives a specific maneuver to resolve the conflict.
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2.2.6 Detect and Avoid
The concept of detect and avoid (DAA) arose when the FAA started the development of the airborne
collision avoidance system (ACAS X) approach, aimed at improving the collision avoidance capabilities
of the currently used traffic collision avoidance systems (TCAS II). For manned aircraft, the ACAS X just
provides an improved CA capability. However, for unmanned aircraft, the ACAS Xu [26], which was
initially planned as a standard for systems only performing the Collision Avoidance (CA) function in
UAS, evolved into a full DAA system integrating both remain well clear (RWC) and collision avoidance
(CA) functions.
The RWC function refers to tactical maneuvers performed within a timeframe nominally sufficient to
coordinate with ATC and it is intended to support “out-the-window-like” actions of remote pilots of
remotely piloted aircraft systems (RPAS) to mitigate collision risk when operating along with manned
aircraft (both VFR and IFR) in non-segregated airspaces [26]. According to the ICAO RPAS manual, the
RWC function refers to the provision of separation by the airspace user supported by onboard systems
[27].
In [26], the CA function in DAA sticks to the original definition in [1]: urgent maneuvers performed as
a last resort to prevent mid-air collision when all other modes of separation fail.
To develop the concept of DAA, the work of RTCA SC-147, focused on ACAS, was extended to RWC,
which was the focus of RTCA SC-228, working in the development of the minimum operational
performance standards (MOPSs) for RPAS. The work from SC-147 was quite different from the one
developed in SC-228: one of the hypotheses of the SC-228 work was that an RPA might fly without a
CA function and rely solely on a RWC function. The definition and harmonisation of the limits between
RWC and CA became an important issue when both committees started to work jointly. Additionally,
the RWC distance, mainly coined for self-separation, requires some additional considerations to
extend it to UAS controlled airspaces. ACAS sXu is the extension of ACAS Xu to small UAS (wingspan ≤
25 ft or weight ≤ 55 lbs).
In the UTM ConOps, DAA is envisaged as part of the UTM Conflict advisory and alerting service. In this
context, DAA is assumed to provide warnings and directive guidance (without precluding the
participation of a pilot-in-the-loop) without applying any kind of right-of-way rule. RWC and CA can be
provided as separated, federated functions or as a continuous protection level applied with different
protection volumes.
In Europe, the CORUS ConOps consider the DAA as a backup in case the Tactical conflict resolution
service fails. Also in EUROPE, EUROCAE WG 105 SG 1 developed an operational services and
environment description (OSED) for DAA in the very low level airspace (VLL) [28]. The high-level
operational description of DAA systems in this document considers RWC and CA to be separated
functions provided according to some kind of right-of-way rules. RWC provides warnings and
suggestive guidance whereas CA provides warnings and directive guidance.
The ED 267 OSED also considers that any conflict must be solved by a single separator agent. Therefore,
when acting in airspace volumes where a U-space Tactical conflict resolution service is provided, DAA
must be interoperable with it, but the service is charge with the responsibility of solving the tactical
conflicts. EUROCAE WG 105 SG 1 is currently developing a MOPS for DAA in the VLL and is evaluating
the applicability of the RTCA ACAS sXu standard in Europe.
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2.3 Assumptions
BUBBLES is a project aiming at developing the ConOps of the separation management service, which
is focused on the separation provision phase of conflict management, and whose target is to reduce
collision risk to an acceptable level. As collision risk is proportional to the density of aircraft operating
in the area, the aim of the separation management service is aligned with the aims of the U3 level of
U-space towards facilitating higher density of operations. The separation management service also
acts as an enabler of the tactical conflict resolution service, a U3 U-space service. Hence, the reference
scenario in which the separation management service is a U3 U-space airspace. The present section
describes the assumptions upon which the development of the ConOps of the separation management
service is based. Overall, the purpose of these assumptions is to create an elaborate reference
regarding a representative U3 scenario. To ensure the representativity of these assumptions, a
dedicated assessment follows their description.
Hence, the assumptions will be divided between assumptions related to the specifications of the Uspace airspace and the services provided therein, and assumptions related to the technical capabilities
of aircraft operating therein.

2.3.1 General assumptions
•

•

•

7

Assumption #1: reference scenario is U3 scenario. U3 services aim towards supporting safe
flight with a higher density of operations. The reference scenarios for the BUBBLES ConOps
corresponds to a U3 level of development, where a relatively high density of unmanned
operations takes place and mid-air collision risk needs to be mitigated through a series of
mitigation barriers, namely: Strategic Conflict Management, Separation Provision, and
Collision Avoidance.
Assumption #2: see and avoid (SAA7) is not sufficient in U3 scenarios. According to SORA [29],
there are two classifications of tactical mitigations, respectively applied to VLOS and BVLOS
operations. SORA considers that “see and avoid” tactical mitigations, applied in VLOS
operations, are generally sufficient for the low, medium, and high-density airspaces envisaged
in the methodology. It also acknowledges that, in some situations, compliance with additional
rules and requirements may be deemed necessary. BUBBLES assumes that SAA mitigations are
not sufficient in U3 U-space airspaces because: a) the expected traffic density will be much
higher than in traditional airspaces, and b) most traffic will be unmanned, hence smaller and
much harder to detect than traditional manned aircraft without additional means to aid the
pilot. As a consequence, predictability and safety in tactical conflicts is expected to be impaired
if VLOS pilots rely uniquely on SAA. To guarantee safety and predictability, BUBBLES assumes
that all aircraft operating in U3 U-space airspaces shall rely on mitigations based on DAA rather
than SAA, and no differentiation between VLOS and BVLOS traffic shall apply when performing
tactical deconfliction processes.
Assumption #3: DAA covers Separation Provision and Collision Avoidance. Regarding DAA,
SORA [29], also specifies that it can be achieved in several ways, through ground-based

SAA is a term used in some cases to refer to DAA systems which exclusively use onboard sensors (cooperative
and/or non-cooperative) to detect nearby traffic.
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•

•

•

•

•

•

systems, air-based systems, or combinations of the two. BUBBLES assumes that the tactical
deconfliction process covered by DAA corresponds to the barriers of Separation Provision and
Collision Avoidance, which shall be independent between themselves.
Assumption #4: Separation provision by the U-space is based on cooperative surveillance
systems. BUBBLES considers that in U-space airspaces there is not non-cooperative systems
providing surveillance data to the tactical conflict resolution service nor to the traffic
information service.
Assumption #5: Separation can be provided by USSPs or is responsibility of operators.
BUBBLES considers that, in a given U-space airspace, Separation Provision can be either
responsibility of the U-space (i.e.: by means of the provision of the tactical deconfliction
service; a ground-based system) or responsibility of airspace users (i.e.: operators will try to
remain well-clear (RWC), a process also known as self-separation, by means of the own pilots’
capabilities or assisted by DAA). This shall be applied to all tactical conflicts occurring within a
single U-space airspace instance. The previous assumption highlighted that the pilots’ own
capabilities are not considered sufficient mitigation for U3 U-space airspaces, leaving DAA
assistance as the only appropriate choice. The aircraft capabilities used to assist the pilot
during the separation provision phase will be referred to as DAA-RWC capabilities, which are
considered as an air-based system.
Assumption #6: Collision Avoidance is independent of the U-space. In the case of Collision
Avoidance, BUBBLES considers the applicable barrier shall be entirely independent from the
U-space services, and thus based on air-based DAA-CA capabilities. DAA-CA might rely on
Direct Remote Identification capabilities for detection purposes. In order to consider an
aircraft to have both DAA-RWC and DAA-CA capabilities, the systems providing such
capabilities shall be independent between them [28].
Assumption #7: separation modes are defined univocally. To guarantee predictability during
tactical conflicts, the applicable rules and procedures (i.e.: the separation mode) shall be
clearly defined, so that all tactical conflicts are solved in a harmonised manner. Given the
distributed nature of tactical deconfliction in the U-space, a source acting as a single point of
truth is needed, which shall provide USSPs and UAS operators with the required guidance to
guarantee harmonization.
Assumption #8: separator agents are defined univocally. According to [1], each conflict arising
in a U-space airspace shall be solved by a single separator to prevent accidents caused by lack
of coordination. The separator shall be univocally identified in the U-space airspace.
Assumption #9: the BUBBLES Separation management service does not cover mid-air
collisions between UAS and manned aircraft receiving ATC instructions. Manned aircraft
flying in U-space airspaces receiving ATC instructions are segregated from UAS by means of a
dynamic airspace reconfiguration. Therefore, the primary precursor of a mid-air collision
between them would be an airspace infringement, which is out of the scope of BUBBLES.

2.3.2 Services provided by the U-space
Given the incremental development of the U-space from U1 to U4 services envisaged in [6], the
reference scenarios for the BUBBLES ConOps considers most U1 and U2 services to be provided, and
the optional provision of U3 services.
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The U-space services catalogue considered by BUBBLES to define the project baseline is the one
published by the SJU in [23]. Therefore, the separation management service developed by BUBBLES
with the scope described in section §1.1 (mid-air collisions involving UAS and manned aircraft flying in
U-space airspaces) will rely on the provision of the following U1 and U2 U-space services:
U1 services.
•
•

Registration.
e-Identification

U2 services.
•
•
•
•
•
•

Operation plan processing.
Strategic conflict resolution.
Tracking.
Monitoring.
Traffic information.
Communication, Navigation and Surveillance (CNS) infrastructure monitoring/CNS coverage
information.

The U3 service Tactical conflict resolution will be also part of the BUBBLES baseline and is also assumed
to be available.
•

•

Assumption #10: the required U-space services required by the BUBBLES are available in U3 scenarios. EUROCONTROL published an updated report on the implementation of the Uspace in September 2020, based on data collected between December 2019 and April 2020
[30].This report is based on a survey on almost 150 entities from EU SES stakeholders. This
effort is supported by the U-space projects funded by the SJU since 2015 according to the
report published in August 2020 [31]. According to this report, all U1 and most of the U2
services required by BUBBLES are covered by executed or ongoing projects. Moreover, most
of them are required by the EU regulation as of January 2023 [7], [8], [9] ,[16] ,[17]. The main
exception is the Communication, Navigation and Surveillance (CNS) infrastructure
monitoring/CNS coverage information, which is covered by BUBBLES.
Assumption #11: the U-space provides a Common Altitude Reference. Since manned aircraft
use barometric altimeters whereas UAS use GNSS-based altitude, the CAR is necessary if
separation methods include vertical manoeuvres, as BUBBLES Separation management service
does. CAR is also necessary to detect conflicts properly, even for UAS-UAS conflicts, as GNSS
may be based on a different geodetic reference datum.

2.3.3 Assumptions on aircraft features and performance.
The UAS technical capabilities required by BUBBLES can be summarized as:
•

•
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Assumption #12: all UAS have a Pilot in Command (PIC) responsible for the safe conduct of
the flight. Depending on the automation level, the PIC can be either a human being (the
remote pilot) or a digital electronic system running advanced control algorithms.
Assumption #13: UAS flying in a U-space airspace have position reporting capability. UAS
obtain their position data using on onboard Global Navigation Satellite System (GNSS)
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•

•

•

•

•
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receivers and send them to the U-space tracking service by means of a network-based vehicleto-infrastructure (V2I) link.
Assumption #14: Manned aircraft flying in a U-space airspace without receiving ATC
instructions are conspicuous to the U-space. These aircraft obtain their position data using on
onboard Global Navigation Satellite System (GNSS) receivers and send them to the U-space
tracking service by means of a V2I link.
Assumption #15: UAS receiving the BUBBLES separation management service have an
approved operation plan. This operation plan will include the provision of a flight plan where
all possible conflicts have been strategically resolved.
Assumption #16: all UAS flying in a U-space airspace where the BUBBLES separation
management service is provided make use of the available U-space services listed in section
§2.3.2.
Assumption #17: UAS receiving the BUBBLES separation management service may have
DAA-RWC capabilities. The DAA-RWC function is assumed to meet the high-level operational
requirements set up by the EUROCAE ED 267 standard.
Assumption #18: UAS receiving the BUBBLES separation management service may have
DAA-CA capabilities. The DAA-CA function is assumed to meet the high-level operational
requirements set up by the EUROCAE ED 267 standard.
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3 ConOps for separation management
service
3.1 Overall Approach
As described in section §2.2.1, conflict management is distributed in three layers: strategic conflict
management, separation provision, and collision avoidance. The separation management service is
focused on the separation provision phase which, in turn, consists in four steps: conflict detection,
solution formulation, solution implementation, and solution monitoring.
To properly conduct the separation provision process, the definition of what a tactical conflict is, as
well as the applicable separation minima, are required. In addition, the applicable rules for solution
formulation and implementation shall be clearly defined and published, so that all involved agents are
able to follow the same set of rules. Finally, the responsibilities of the involved agents shall also be
clearly defined.
The objective of the separation management service is to make available all the information required
for U-space airspace users to univocally define the separation mode, so that all tactical conflicts
occurring within the U-space airspace in which separation management service is provided are
resolved according to a pre-established set of rules and procedures, and a target effectiveness of the
separation provision barrier (i.e.: risk ratio) is achieved so that a particular TLS can be attained.
Due to its nature, the Separation management service should be provided by a single service provider.
This approach fits the definition of common information services given by CIR 2021/664: “a service
consisting in the dissemination of static and dynamic data to enable the provision of U-space services
for the management of traffic of unmanned aircraft.” Hence, the separation management service
might be provided as a subset of CIS, and the information to be provided would be defined according
to the risk assessment performed by the Competent Authorities.
BUBBLES proposes the separation management service to be either:
▪

▪

Optional in U-space airspaces where tactical conflict resolution is not provided by U-space services
(i.e.: CORUS Y volumes). In these airspaces, the separation management service might enable a
ground-based safety net (similar to the Short-Term Conflict Alerting system used in manned
aviation) supporting RPICs to perform tactical deconfliction processes (i.e.: remain clear from
hazards) in a harmonized fashion. The interaction between such a ground-based safety net and
any onboard tactical separation equipment (DAA-RWC system) or safety net (DAA-CA system)
should be clearly defined. However, this matter lies outside the scope of separation modes
addressed by BUBBLES.
Mandatory in U-space airspaces where tactical conflict resolution is provided by U-space services
(i.e.: CORUS Z volumes). In these airspaces, the separation management service shall act as a single
point of truth to be used as reference for the different USSPs operating in the airspace, to
guarantee all tactical deconfliction processes are executed in a harmonised, fair, and efficient
manner.
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The definition of the separation mode requires the establishment of a series of rules and procedures
to be followed, as well as the computation of the applicable separation minima. The present ConOps
for separation management in the U-space is based on the following set of principles:
Separation management in the U-space is operation-centric
The proposed ConOps leverages the operation-centric, risk-based approach followed by EASA for the
development of UAS regulation in Europe. The implication of an operation-centric approach for
separation management means that separation is not defined as a general value for a given U-space
airspace, but rather that the applicable separation minima between each aircraft pair depends on the
particular characteristics and performances of both of them.
Hence, basing separation management in an operation-centric approach implies a shift of paradigm
respect to traditional methods. Traditionally, separation minimum is considered breached if the
distance between two aircraft is below a pre-established threshold (see Figure 10).

Figure 10. Conflict according to the ‘traditional’ definition.

The solution adopted by BUBBLES to provide pair-wise separation while avoiding overwhelming
calculations or complex interfaces is the definition of ‘protection volumes’ (a.k.a. ‘bubbles’) around
each aircraft, so that a breach of separation minima is triggered by the overlap of these volumes (see
Figure 11). The volumes must overlap both in the horizontal and vertical dimensions to declare a
separation loss.
When the protection volumes defined around the two aircraft involved in a tactical conflict have the
same size and circular horizontal projection, the result is equivalent to the traditional approach if the
radius of the protection volume is half of the traditional separation minima.
In any other case, the distances considered as ‘separation minima’ between each aircraft pair will vary
according to the performances of those aircraft. To simplify the process of assigning separation minima
to aircraft with varying performance parameters, BUBBLES proposes a traffic classification scheme,
which is based on the outcomes from BUBBLES WP3 [32], and leverages the already existing
classification adopted by EASA (Open, Specific, Certified). The BUBBLES OSED [33] details how this
classification has been derived. For the sake of completeness, a summary of this classification has been
included in ¡Error! No se encuentra el origen de la referencia..
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(a)

(b)

Figure 11. Conflict in the horizontal (a) and vertical (b) dimensions according to the BUBBLES’s definition.

Separation management in the U-space is time-based
Considering the definition of conflict given by [34], a tactical conflict in U-space airspaces can be
qualitative defined as the ‘predicted converging of aircraft in space and time which constitutes a
violation of a given set of separation minima during the tactical phase”.
According to the definition of tactical conflicts as predictions, the process followed to detect conflicts,
which is a conflict search, is based on the computation and comparison of the predicted flight paths of
two or more aircraft for the purpose of determining conflicts. In this process, the expected miss
distance at the closest point of approach (CPA) and the remaining time to the CPA are the key reference
criteria.
In order for a tactical conflict to be triggered, based on the given definition, the distance at the CPA
needs to be less than the corresponding separation minima, while the time to the CPA shall be lower
than a given threshold. Such threshold shall be defined considering a reasonable time to act: if this
threshold is too low, there will be a risk that the time to act is not enough to prevent a loss of
separation; on the other hand, if the threshold is too high, an unnecessary number of tactical alerts
will be issued, disturbing RPICs and USSPs. In addition, the accuracy of predictions diminishes as the
time to the CPA increases, due to inherent uncertainties (i.e.: any change of speed and/or heading
would yield a different prediction), which limits the maximum reasonable threshold.
Hence, the conclusion is that separation shall grant enough time for the mitigation barriers to act to
prevent collisions, without this time being excessive, which leads to the following principle.
Separation management in the U-space is risk-based
As is the case of conflict management in manned aviation, the target of the separation management
service is to limit, to an acceptable level, the risk of collision between aircraft and hazards. The hazard
considered by BUBBLES is a mid-air collision between one unmanned aircraft and either one unmanned
or one manned aircraft.
To that purpose, the first step that needs to be performed is to define what is deemed as ‘an acceptable
level of risk of collision’ and express it in terms of a quantitative TLS for the U-space. Appendix C
describes the process followed by BUBBLES for the definition of a TLS for the U-space, in terms of
fatalities per flight hours, which can be translated to a maximum acceptable frequency of mid-air
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collisions, according to the specific characteristics of the U-space airspace in which this frequency is to
be estimated.
Once the acceptable level of risk is defined, the next step is to identify the applicable Accident-Incident
Model (AIM), for mid-air collisions in the U-space. The AIM is used to identify the process leading from
the hazard of interest (i.e.: conflicting trajectories of two aircraft) to the ultimate consequence (i.e.:
mid-air collision). In this process, the precursor conditions and mitigation barriers that take part are
identified and described. Separation thresholds are defined, and the application of the different
mitigation barriers is assigned to the breach of specific thresholds. Appendix D describes the AIM for
mid-air collisions in the U-space developed by BUBBLES.
The resulting risk-based criterium that drives the definition of a certain set of separation minima is that
the time window granted by the different separation thresholds shall be enough for the corresponding
mitigation barrier to act with a certain level of confidence (i.e.: risk ratio), so that the overall risk is
mitigated up to an acceptable threshold, which is given by the TLS. The level of confidence that a
mitigation barrier will be effective, without considering failure conditions, depends on the statistical
distribution of the time that will be required to apply the barrier, and the time granted by the chosen
separation minima and tactical conflict threshold.
Separation management in the U-space is performance-based
This principle is directly derived from the previous. In order for the mitigation barrier to act with a
certain level of confidence in a given time window, the different components of the barrier shall
comply with corresponding performance levels. The use of better-performing equipment and systems
(e.g.: reduced update time and/or latency, higher reliability, better navigation accuracy, etc.) shall
allow a reduction in separation without impairing safety. Hence, SPR/INTEROP are directly derived
from the target risk ratio for the separation provision barrier.
In addition, the time required for a mitigation barrier to be effective is heavily dependent on the
applied level of automation. The participation of humans in the process is related to variances in
performance and response times. Hence, as a general rule of thumb, the higher the automation, the
smaller the amount of time that is required to execute a tactical deconfliction process. The definition
of separation minima shall then consider the level of automation used during the tactical deconfliction
process, as well as the performance requirements established for the involved systems.
Separation management in the U-space is scenario-dependent
The definition of the TLS for the U-space in terms of fatalities per flight hour can be misleading if it is
not properly addressed. In manned aviation, the result of a mid-air collision is relatively homogenous
and involves the loss of hundreds of human lives. In unmanned aviation the consequence of a mid-air
collision strongly depends on the involved aircraft, which in most cases will not carry people on board
and have a range of physical characteristics leading to a variety of effects on the ground. A TLS suitable
for the U-space should consider all these possible harms. Some proposals in this line have been
recently published. However, this is not an easy task due to the lack of data and to the need of
achieving an a priori agreement among diverse stakeholders.
However, there is a need of a TLS (even a simplistic one) that can be used in the short term to support
the initial deployment of the U-space. Considering the take-aways from the EASA survey on Urban Air
Mobility (UAM) [35] (‘citizens seem to trust the current aviation safety levels and would be reassured
if these levels were applied for UAM’), BUBBLES used historic figures of accidents in manned aviation
as the baseline to define a TLS for mid-air collisions in U-space airspaces. To this purpose, the research
Page I 39

CONCEPT FORMULATION

team conducted a thorough review of mid-air collisions’ statistics in manned aviation in the last 70
years and proposed a TLS for mid-air collisions due to human and operational issues (those which can
be mitigated by means of the U-space) of 2.5e-7 fatalities per flight hour (2.5 fatalities per ten million
flight hours), in a similar way as it is defined for ATM. This approach has the advantage of emphasising
the similarity with manned aviation, which is the safety paradigm for the general public. Nonetheless,
considering that the expected number of UAS flight hours is much higher than that of the manned fleet
and they will be allowed to fly regularly over densely populated areas, this TLS could lead to an
unacceptable number of fatalities.
Therefore, when computing the applicable separation minima, the process developed by BUBBLES
considers the particularities of the scenario in terms of (1) mix of traffic, according to the classification
carried out by BUBBLES (see Appendix B for details), which takes into account the actual ground and
air risk of UAS operations therein; and (2) effect of each possible collision between two aircraft. This
effect can be measured in many ways. As an initial proposal, BUBBLES considers just fatalities (both in
the air and on the ground). Fatalities in the air depend on the characteristics of the involved aircraft
and are affected by the mix of traffic in the particular environment. Fatalities on the ground depend
on the impact density (which mainly depends on the population density) and on the impact lethality
(which also depends on the characteristics of the involved aircraft and therefore on the traffic mix).
Other effects (e.g., damages to properties on the ground) could also be considered, but the BUBBLES
team considers that the loss of human lives will be the driver of public acceptance of UAS operations
from a safety point of view, at least for the initial deployment of UAS operations. This statement should
be reviewed in light of the data gathered when UAS operations become regular.
To assess whether the TLS is actually acceptable in a given scenario, the BUBBLES approach computes
the number of expected fatalities therein in a given period of time or the time between fatalities (e.g.,
one fatality each 5 years), which depends on the average number of operations (bounded by the
airspace capacity), the effectiveness of the mitigation barriers and by the initial TLS expressed in
fatalities per flight hour. If the resulting figure is unacceptably high, the overall process must be
reviewed, and higher barriers’ effectiveness (and thus more demanding SPR) will be needed. If the
state-of-the-art technology cannot meet the new requirements, the airspace capacity should be
reduced or the initial TLS in terms of fatalities per flight hour should be redefined.
BUBBLES has defined nine different scenarios representative of any possible U-space local scenario
and has conducted the proposed risk assessment to the three most relevant ones. The result of these
assessments led to an acceptable number of fatalities compared to other transport systems of similar
characteristics.

3.2 The separation management process
The separation management service is focused on the defining how the separation provision at tactical
level must be implemented in a given U-space airspace so that all the conflicts arising therein are solved
applying the same rules and a particular TLS can be achieved. Section §3.2.1 outlines how tactical
conflict are solved by the U-space and how the BUBBLES separation management service is used during
this process. Section §3.2.2 describes how the BUBBLES separation management service is
implemented both at strategic and at tactical level, i.e., the ConOps for the provision of separation
management by the U-space.
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3.2.1 The separation provision process
The separation provision process consists in four steps [1]: (1) conflict detection, (2) solution
formulation, (3) solution implementation, and (4) solution monitoring, as summarised in Figure 12. To
understand the gaps that need to be covered by the separation management service, a description of
the separation provision process is explained below.

Figure 12. Separation management process flowchart.

0. Surveillance. Although surveillance is not part of the conflict management service, it is a crucial
element of it. In the U-space, the surveillance function is not as well defined as in manned
aviation. Figure 13 presents the breakdown of the U-space SUR function components
considered by BUBBLES, inspired by the EUROCAE GEN SUR [36]. The main difference lies on
the ground ATC SUR display sub-function, which has been replaced by a SUR distribute-out
sub-function. This change is due the fact that in the U-space the consumers of processed
surveillance data will be a number of U-space services (namely, Traffic information,
Monitoring, and Tactical conflict resolution) or external systems (such as Counter UAS
systems), instead of Air Traffic Controllers. A ground SUR performance monitoring subfunction has been inserted between the ground SUR processing and distribute-out subfunctions, emphasising the BUBBLES performance-based approach.
Figure 13

Figure 13. U-space SUR function breakdown.

The Aircraft U-space SUR function and the Ground U-space SUR sensor and SUR distribute-in
functions support the provision of the U-space Position report submission sub-service. All
these functions are implemented by means of Network ID systems (e.g., those compliant with
ASTM F3411-19 [37] or with EUROCAE ED-282 [37] standards) and e-conspicuity systems
compliant with IR 666 (still to be defined) [17], [18].
SUR processing and SUR distribute-out sub-functions are the pillars of the Tracking service.
These functions should be implemented by means of a Surveillance Data Processing and
Distribution System (SDPDS). The SDPDS should provide surveillance data at regular intervals
to support the definition of update performance metrics, smooth input data to meet accuracy
performance metrics in harsh environments, interpolate missed data and extrapolate future
state vectors supporting the detection of tactical conflicts. In addition, appropriate interfaces
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should be built in the SDPDS in order to provide processed surveillance data to the intended
users.
Performance monitoring should be conducted at the interface between the ground SUR
processing and the SUR distribute-out sub-functions to measure the quality of the processed
surveillance data.
In case the separation is provided by a DAA-RWC system, all or part of the U-space ground SUR
sub-functions could be implemented on board.
1. The detection of a conflict, based on the latest known position of the involved aircraft and its
predicted trajectory in relation to other aircraft. A conflict is defined as a predicted converging
of aircraft in space and time which constitutes a violation of a given set of separation
minima[34]. The conflict detection process consists of predicting the expected distance at the
closest point of approach (CPA) and the remaining time to the CPA within a given conflict
horizon using the state vectors extrapolated by the SDPDS. The different conflict horizons
considered by the BUBBLES separation management service and the criteria to select them are
detailed in Section §0. In order for a tactical conflict to be triggered, the distance at the CPA
needs to be less than the corresponding separation minima, while the time to the CPA shall be
lower than a pre-established threshold.
2. Solution formulation consists of univocally defining one separator and separator mode to
solve the conflict. The solution formulation strongly depends on the intervention capability,
which is the capability of humans and/or systems to detect and solve a conflict and to
implement and monitor the solution.
•

•
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The designation of a separator. The separator is the agent (a human being or an electronic
system) responsible for separation management when a conflict is detected. It can be
either the airspace users involved in the conflict or a U-space service provider. The
different separators considered by the BUBBLES separation management service are
detailed in Section §3.3.1.
The selection of a separation mode. The separation mode consists of an approved set of
rules, procedures and conditions of application associated with separation minima and
methods. Considering the large variety of UAS performance and trajectories, they must be
defined for any local (i.e., particular) scenario.
o Separation minima are the distances aircraft must be kept away from the considered
hazards so that an agreed TLS can be achieved. The procedure used by the BUBBLES
separation management service to compute the separation minima is detailed in
Section §3.3.4.
o Separation methods are specific manoeuvres that need to be executed to keep the
separation minima. The separation methods considered by the BUBBLES separation
management service to keep the separation minima are detailed in Section §3.3.2.
o Separation rules and conditions specify how the separator agent must apply the
separation minima and methods. The rules and conditions considered by the BUBBLES
separation management service to apply separation minima and methods strongly
depend on the automation level and are detailed in Section §3.3.1.
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3. The solution implementation is a three-fold process:
•
•
•

The solution defined in step 2 is notified to the agent which serves the function of
controlling the UA (either the RPIC or any on-board electronic flight control systems).
The agent in control of the UA executes the manoeuvres needed to avoid the hazard.
The UA performs the manoeuvres executed by the agent in control.

The way how the solution is implemented strongly depends on the automation level. The ways
considered by the BUBBLES separation management service to implement the solution are
detailed in section §3.3.1.
4. The monitoring of the execution of the solution. The separation management is an iterative
process. The BUBBLES separation management service considers different agents in charge of
monitoring the solution implementation of the solution and warning the separator agent in
case it is ineffective. This process also depends on the automation level and is described in
section §3.3.1.

3.2.2 BUBBLES ConOps for the provision of separation management by the
U-space.
3.2.2.1 Separation management at pre-operational level

1. Characterise the
scenario

2. Establish
separation modes,
methods…

3. Propose targets
for SPR/INTEROP

6. Check if TLS is
achieved

4. Compute
separation minima

5. Compute
mitigated F(MAC)

Figure 14. Separation management service at pre-operational level.

In the pre-operational phase, the actions executed by the separation management process aims
towards the goals stated in the previous section: to make available all the information required for Uspace airspace users to univocally define the separation mode, so that all tactical conflicts occurring
within the U-space airspace in which separation management service is provided are resolved
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according to a pre-established set of rules and procedures, and a target effectiveness of the separation
provision barrier (i.e.: risk ratio) is achieved.
Hence, in the pre-operational level, the separation management service is in charge of defining which
information will be provided to U-space users during the tactical phase. To this purpose, the separation
management service executes the process graphically outlined in Figure 14 and explained in the
paragraphs.
1. Characterize the reference scenario that defines the assessed U-space airspace in the most
possible representative way. This includes the definition of the traffic mix and the main
features of the traffic classes that compound the mix, such as the expected traffic speeds
(cruise and manoeuvrability), the size of aircraft, and the severity of harms caused by U-space
accidents. It also includes the identification of the U-space volume size and its structure. The
BUBBLES OSED in [33] provides details on the different reference scenarios considered by
BUBBLES. A summary has been included in ¡Error! No se encuentra el origen de la referencia.
for completeness.
2. Propose initial targets for SPR/INTEROP that allow an initial approximation of the
performances that will be required for aircraft and USSPs and CNS systems that operate within
the assessed U-space airspace. For example, this phase requires the identification of the
robustness, bandwidth and speed of communication systems, the accuracy of navigation
systems, etc. The initial SPR/INTEROP are part of block 5 of the separation management
service, which is described in the following section.
3. Establish the applicable separation modes by defining appropriate automation modes,
separation methods and conflict horizon. This information corresponds respectively with the
blocks 1, 2 and 3 of the separation management service, which are described in the following
section.
4. Compute separation minima, according to target levels of confidence for the risk ratios and
the established separation mode. The target levels of confidence for the risk ratios are given
by the statistical assessment of the delays involved in the separation provision and collision
avoidance barriers, as well as the intrinsic failure modes of the three barriers (strategic conflict
management, separation provision, and collision avoidance). This process is explained in the
block 4 of the separation management service, which is described in the following section.
5. Compute the relative mitigated frequencies of mid-air collisions and separation events, as
well as the risk ratios of the mitigation barriers, via simulations (Detailed in Appendix E).
6. Check if the TLS is achieved, considering the expected demand and the reference capacity
derived from the mitigated frequency of mid-air collisions (see Appendix D for the TLS
verification process and Appendix F for the demand evaluation).
7. Update targets for SPR/INTEROP and/or separation minima and repeat iterative process until
a reasonable result in terms of capacity, safety and SPR/INTEROP, is achieved.
In order to provide insight about the process, Appendix G contains an example of how separation
minima, SPR/INTEROP and reference capacity are computed in one of the reference scenarios
considered by BUBBLES.

3.2.2.2 Separation management at operational level
During the tactical phase, the separation management service is in charge of estimating real-time
variations in collision risk, by means of the monitoginr of key performance metrics. When performance
drops below a pre-established threshold, the separation minima shall be updated so that the increase
in risk is compensated and compliance with the TLS is guaranteed. The separation management service
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provides U-space users with dynamic information consisting of real-time modifications to the
separation minima to compensate the increased mid-air collision risk, as summarised in Figure 15 and
detailed in paragraphs below.
1. Monitor
performance
requirements

2. Compute
F(MAC)

4. Compute
separation minima

3. Check if TLS is
achieved

Figure 15. Separation management service at operational level.

1. Performance monitoring. Temporary performance degradations may affect an operating
aircraft, or even all aircraft operating within a U-space airspace. Some examples of this are
unexpected increases in wind gust strength, solar storms, or degradation in CNS systems (e.g.:
loss of GNSS performance). To detect these degradations, BUBBLES has developed
performance metrics affecting the collision risk, as well as performance assessment methods
to estimate them [33], in line with those described in the EUROCAE GEN SUR [36] and TS for
an ADS-B ground station [39]The research team has also developed and validated a
performance monitoring tool to be used by the separation management service [40].
2. Compute the relative mitigated frequencies of mid-air collisions and separation events, as
well as the risk ratios of the mitigation barriers, via simulations and considering the measured
values of performance metrics (detailed in Appendix E).
3. Check if the TLS is achieved, considering the expected demand and the reference capacity
derived from the mitigated frequency of mid-air collisions (Appendix D for the TLS verification
process and Appendix F for the demand evaluation).
4. Update of separation minima and repeat iterative process until a reasonable result in terms
of capacity, safety and SPR/INTEROP, is achieved.

3.3 Building blocks of the separation management service
The BUBBLES separation management service is in charge of providing all the U-space users involved
in the management of tactical conflicts with all the information that is needed so that conflicts are
solved applying the same set of rules and the same separation minima in order to achieve a predefined
TLS. To this purpose, the separation management service is structured in 5 blocks, each of them
charged with the responsibility of providing one particular piece of information so that the service can
be provided by assembling them. Figure 16 shows the conceptual architecture of the BUBBLES
separation management service, where the blue boxes correspond to static information defined at
strategic level and the green one stands for information which is dynamically updated at tactical level.
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Figure 16. Conceptual architecture of the BUBBLES separation management service.

The rest of this section provides details on each building block. To produce the information needed to
support the support the solution of tactical conflicts, BUBBLES separation management service uses a
set of supplementary tools, namely: (1) BUBBLES reference scenarios; (2) the Accident Incident Model
(AMI); (3) the Target Level of Safety (TLS) that must be attained; (4) Tools to estimate the risk of midair collision in U-space airspaces; and (5) tools to compute the U-space airspace capacity limit due to
mitigated mid-air collision risk. For the sake of readability of the document, the supplementary tool
are described in Appendices instead of in the document body.

3.3.1 Block 1: Automation modes
The first block of the separation management service is in charge of the definition of the available
options regarding the level of automation to be used for tactical deconfliction processes. In addition,
this block also defines the agents responsible to execute any of the four components of tactical
deconfliction (conflict detection, solution formulation, solution implementation, and monitorization of
the solution), according to the used level of automation.
The European ATM Master plan Edition 2020 [41] uses an automation scale which comprises six levels,
ranging from 0 (no automation) to 5 (full automation).
•
•

•

•

•

•
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Level 0 (Low automation). Automation supports the human operator in information
acquisition and exchange and information analysis.
Level 1 (Decision support). Automation supports the human operator in information
acquisition and exchange and information analysis and action selection for some
tasks/functions.
Level 2 (Task execution support). Automation supports the human operator in information
acquisition and exchange, information analysis, action selection and action implementation
for some tasks/functions. Actions are always initiated by Human Operator.
Level 3 (Conditional automation). Automation supports the human operator in information
acquisition and exchange, information analysis, action selection and action implementation
for most tasks/functions. Automation can initiate actions for some tasks. Adaptable/adaptive
automation concepts support optimal socio-technical system performance.
Level 4 (High automation). Automation supports the human operator in information
acquisition and exchange, information analysis, action selection and action implementation
for all tasks/functions. Automation can initiate actions for most tasks/functions.
Level 5 (Full automation). Automation performs all tasks/functions in all conditions. There is
no human operator.
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For the purpose of conflict management in UTM, the following scale is proposed in [25], which is quite
simpler than the previous one, although similar (the equivalence is included in the list below):
•

•

•

•

Pilot-in-the-loop. Pilot views situation awareness display and is provided with informative or
suggestive guidance to solve the conflict and is in charge of determining and implementing the
conflict resolution manoeuvre, as well as monitoring the effectiveness of the solution
implemented. This corresponds to automation levels 0/1 in the ATM Masterplan scale.
Pilot-on-the-loop (manage by consent). Pilot views situation awareness display and is
provided with directive guidance regarding manoeuvring against threat aircraft and may serve
the function to command the resolution manoeuvre. This corresponds to automation levels
2/3 in the ATM Masterplan scale.
Pilot-on-the-loop (manage by exception). Pilot views situation awareness display and is
provided with directive guidance regarding a planned automated manoeuvre command to
solve a conflict and serves the function to negate the execution of the resolution manoeuvre,
if deemed inappropriate. This corresponds to automation level 4 in the ATM Masterplan scale.
Pilot-off-the-loop (autonomous operation): There is no human being involved in the conflict
management process. This corresponds to automation level 5 in the ATM Masterplan scale.

Regarding the definition of the guidance types, it is also provided by [25] as:
•

•

•

Informative guidance: will typically provide the necessary information to produce air traffic
on a map and basic information regarding the state of an aircraft (airspeed, vertical rate, call
sign, etc.). It provides no explicit manoeuvre guidance to a UAS operator.
Suggestive guidance: will typically provide additional information to informative guidance by
indicating a range of possible manoeuvres to avoid a conflict. The UAS operator makes the
determination of what action to take based on the options presented and their judgement of
the nature of the conflict.
Directive guidance: will provide a pilot a specific manoeuvre to resolver a conflict. The UAS
operator makes the determination of what action to take based on the manoeuvre presented
and their judgement of the conflict.

In addition, the present document will use the term ‘direct’ to refer to a solution that is directly
implemented without being actually proposed to a human pilot, and thus without any kind of
‘guidance’. As the level of automation increases, the time required by the tactical deconfliction process
to be effective is reduced, leading to reduced separation minima and a more efficient exploitation of
the airspace. However, the more automated are the systems supporting separation management, the
more demanding the requirements they have to comply with, including hardware and software
certification. Liability concerns when high levels of automations are used must also be properly
addressed.
According to the ICAO definition [1], the separator is the agent (a human being or an electronic system)
responsible for separation provision for a conflict and can be either the airspace user or a separation
service provider. For operations performed within U-space airspaces, the two agents are involved in
this process are UAS operators and USSPs providing a tactical deconfliction service. Regarding UAS
operators, three additional terms need to be considered:
•
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Remote-pilot-in-command (RPIC). Either the remote pilot designated by the operator, or the
owner of the unmanned aircraft, being in command and charged with the safe conduct of the
flight.
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•

•

Autonomous-pilot-in-command (APIC), a term proposed by BUBBLES as ‘a combination of
electronic systems charged with the safe conduct of autonomous flights with no human
intervention’.
Detect and Avoid Remain Well Clear (DAA-RWC) function, as described in Chapter 2.

The automation mode is a concept proposed by BUBBLES which indicates:
•
•
•

Whether tactical conflict resolution services are provided by USSPs or not available.
The level of automation used during tactical deconfliction.
The responsible of performing each of the 4 processes of tactical deconfliction.

The separation management service shall publish all the automation modes which can be used during
tactical deconfliction within the U-space airspace in which the separation management service is
provided, making this information available to UAS operators and USSPs. Prior to any operation, the
UAS operator and, when applicable, the corresponding USSP, shall define which of the available
automation modes will be used for the operation, according to the capabilities of the UAS operator,
the USSP (when applicable), and the UAS itself. The applicable SPR/INTEROP that need to be met in
order to use any of the separation modes are described in Block 5.
In the two following subsections, all of the possible automation modes are described, divided
according to whether tactical conflict resolution services are provided by USSPs or not available.

3.3.1.1 Automation mode without tactical conflict resolution service provision
U-space airspaces where tactical conflict resolution is not provided are defined as Y U-space volumes,
according to the classification provided by CORUS. In these airspaces, the provision of the separation
management service is not mandatory. If provided, the service shall act as a reinforcement of the
capacity of operators to perform the tactical deconfliction process, with the assistance of the UAS DAARWC capabilities or by their own.
In Y U-space airspaces, the following separation modes are defined, ordered in increasing automation
levels:
•

•

•
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Automation mode 1-O. The RPIC uses the informative guidance provided by the traffic
information service and ground-based surveillance systems (if available), and the separation
minima provided by the separation management service (as described in Block 4) to detect
conflicts. After the conflict detection, the RPIC is in charge of proposing the solution, according
to the available methods (as described in Block 2) and the applicable conflict horizon (as
described in Block 3). The RPIC is also in charge of the implementation of the solution and its
monitorization. This automation mode makes no use of DAA-RWC capabilities.
Automation mode 2-O. The DAA-RWC capabilities of the UAS are in charge of detecting tactical
conflicts, according to the information provided by the traffic information service, groundbased surveillance systems (if available), and the separation minima provided by the
separation management service. Then, a suggestive solution, generated by DAA-RWC
capabilities according to the available methods and the applicable conflict horizon, is
presented to the RPIC, who is in charge of implementing the solution and its monitorization.
The RPIC might propose an alternative solution, always according to the limitations required
by the separation mode.
Automation mode 3-O. The DAA-RWC capabilities of the UAS are in charge of detecting tactical
conflicts, according to the information provided by the traffic information service, ground-
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•

•

based surveillance systems (if available), and the separation minima provided by the
separation management service. Then, a directive solution, generated by DAA-RWC
capabilities, is presented to the RPIC, who is in charge of implementing the solution via
consent, and its monitorization.
Automation mode 4-O. The DAA-RWC capabilities of the UAS are in charge of detecting tactical
conflicts, according to the information provided by the traffic information service, groundbased surveillance systems (if available), and the separation minima provided by the
separation management service. Then, a directive solution, generated by DAA-RWC
capabilities according to the available methods and the applicable conflict horizon, is
presented to the RPIC, who is in charge of implementing the solution via exception, and its
monitorization.
Automation mode 5-O. The DAA-RWC capabilities of the UAS are in charge of detecting tactical
conflicts, according to the information provided by the traffic information service, groundbased surveillance systems (if available), and the separation minima provided by the
separation management service. Then, a direct solution, generated by DAA-RWC capabilities
according to the available methods and the applicable conflict horizon, is automatically
communicated to the APIC, which is in charge of the implementation and monitorization of
the solution.

Automation mode 1-O is the reference scenario according to the requirements set by CIR 2021/664: a
traffic information service provides informative guidance regarding aircraft in the vicinity. Neither a Uspace service dealing with tactical deconfliction nor UAS DAA-RWC capabilities assisting the RPIC are
explicitly mentioned in this regulation.
In automation modes 2-O, 3-O, and 4-O, the RPIC is in charge of executing a solution proposed by the
DAA-RWC capabilities. This needs to be understood as ‘the RPIC is the one responsible to ensure the
solution is executed’, but also noting that the RPIC may be assisted by varying levels of automation in
this process. An example of the above is that the solution proposed by DAA-RWC can be automatically
loaded in the UAS flight control systems so that the RPIC only needs to start the solution, which will be
then accordingly executed by the UAS flight control systems.

3.3.1.2 Automation levels with tactical conflict resolution service provision
U-space airspaces where tactical conflict resolution is provided as a service are defined as Z U-space
volumes, according to the classification provided by CORUS. The description of the tactical conflict
resolution service given by CORUS is: ‘checks for possible conflicts in real time and issues instructions
to aircraft to change their speed, level or heading as needed’. In these airspaces, the provision of the
separation management service is mandatory since it is considered as a necessary enabler for the
tactical conflict resolution service to work properly.
In Z U-space airspaces, the following separation modes are defined, ordered in increasing automation
levels:
•
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Automation mode 1-U. The USSP, via tactical conflict resolution service, is in charge of conflict
detection, for which process it shall use the information provided by the traffic information
service and ground-based surveillance systems (if available), and the separation minima
provided by the separation management service. The USSP communicates the tactical conflict
situation to the RPIC, who is in charge of proposing the solution, according to the available
methods, and the applicable conflict horizon. The RPIC is also in charge of the implementation
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•

•

•

•

of the solution, while its monitorization shall be performed by the USSP providing the tactical
conflict resolution service.
Automation mode 2-U. The USSP, via tactical conflict resolution service, is in charge of conflict
detection, for which process it shall use the information provided by the traffic information
service and ground-based surveillance systems (if available), and the separation minima
provided by the separation management service. Then, the USSP formulates a suggestive
solution according to the available methods and the applicable conflict horizon, and
communicates it to the RPIC, who is in charge of the implementation of the solution. The RPIC
might ask the USSP for a different solution or might propose an alternative solution, always
according to the limitations required by the separation mode. The monitorization of the
solution shall be performed by the USSP providing the tactical conflict resolution service.
Automation mode 3-U. The USSP, via tactical conflict resolution service, is in charge of conflict
detection, for which process it shall use the information provided by the traffic information
service and ground-based surveillance systems (if available), and the separation minima
provided by the separation management service. Then, the USSP formulates a directive
solution according to the available methods and the applicable conflict horizon, and
communicates it to the RPIC, who is in charge of the implementation of the solution via
consent. The monitorization of the solution shall be performed by the USSP providing the
tactical conflict resolution service.
Automation mode 4-U. The USSP, via tactical conflict resolution service, is in charge of conflict
detection, for which process it shall use the information provided by the traffic information
service and ground-based surveillance systems (if available), and the separation minima
provided by the separation management service. Then, the USSP formulates a directive
solution according to the available methods and the applicable conflict horizon, and
communicates it to the RPIC, who is in charge of the implementation of the solution via
exception. The monitorization of the solution shall be performed by the USSP providing the
tactical conflict resolution service.
Automation mode 5-U. The USSP, via tactical conflict resolution service, is in charge of conflict
detection, for which process it shall use the information provided by the traffic information
service and ground-based surveillance systems (if available), and the separation minima
provided by the separation management service. Then, the USSP formulates a direct solution
according to the available methods and the applicable conflict horizon, and communicates it
to the APIC, which is in charge of the automatic implementation of the solution. The
monitorization of the solution shall be performed by the USSP providing the tactical conflict
resolution service.

Automation mode 1-U covers a niche scenario in which conflict detection and monitoring is
responsibility of the U-space, while the UAS operators are not given any suggestive nor directive
guidance by USSPs. Hence, the applicability of this mode is based on the assumption that a limited
tactical deconfliction service which does not provide guidance might exist. Nonetheless, this
automation mode has been used in the validation exercises performed in BUBBLES project which are
based on live flights.
Similar to the previous case, in automation modes 2-U, 3-U, and 4-U, the RPIC is in charge of executing
a solution proposed by the USSP. This needs to be understood as ‘the RPIC is the one responsible to
ensure the solution is executed’, but also noting that the RPIC may be assisted by varying levels of
automation in this process. An example of the above is that the solution proposed by USSP can be
automatically loaded in the UAS flight control systems so that the RPIC only needs to start the solution,
which will be then accordingly executed by the UAS flight control systems.
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In addition, the apportionment of responsibility between UAS operator and USSP, which shall be
described in the corresponding contractual agreement signed between them, shall be compatible with
the used automation modes.

3.3.1.3 Summary of automation modes
The following table contains a summary of the applicable automation modes, describing the
corresponding automation level, type of guidance, and the responsible agents for executing the four
steps of the tactical deconfliction process:
Automation
mode

Airspace
volume

1-O

Y

2-O

Y

3-O

Y

4-O

Y

5-O

Y

1-U

Z

2-U

Z

3-U

Z

4-U

Z

5-U

Z

Automation
level

Guidance

Conflict
detection

Solution
formulation

Pilot-in-theInformative
RPIC
RPIC
loop
Pilot-in-theDAA-RWC
Suggestive DAA-RWC
loop
RPIC
Pilot-on-theDirective
DAA-RWC
DAA-RWC
loop
Pilot-on-theDirective
DAA-RWC
DAA-RWC
loop
Pilot-offDirect
DAA-RWC
DAA-RWC
the-loop
Pilot-in-theInformative
USSP
RPIC
loop
Pilot-in-theUSSP
Suggestive
USSP
loop
RPIC
Pilot-on-theDirective
USSP
USSP
loop
Pilot-on-theDirective
USSP
USSP
loop
Pilot-offDirect
USSP
USSP
the-loop
Table 3-1. Automation modes summary

Solution
implement.

Solution
monitoring

RPIC

RPIC

RPIC

RPIC

RPIC
(consent)
RPIC
(exception)

RPIC
RPIC

APIC

APIC

RPIC

USSP

RPIC

USSP

RPIC
(consent)
RPIC
(exception)
APIC

USSP
USSP
USSP

Note that, in addition to the automation modes proposed in the present ConOps, additional modes
with different parameters can be defined in case it is necessary.
The functionality of Block 1 of separation management service can be summarized as:
•
•

The separation management service makes available the different automation modes which
can be used in a given U-space airspace.
Prior to any operation, the UAS operator (in agreement with the USSP providing tactical
deconfliction service to the UAS operator) shall choose the automation mode to be used
during that operation and make it available for all the relevant users.

The designation of a particular separator agent relies on the capability of meeting the safety and
performance requirements established for the particular local scenario, as discussed in [33].
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3.3.2 Block 2: Separation methods
The second block of the U-space separation management service is focused on the description of the
possible manoeuvres and/or actions that UAS operators and USSPs can be used during the solution
formulation step of the tactical deconfliction process. For this purpose, BUBBLES proposes the
definition of term separation method, as ‘the description of the separation actions used to solve a
tactical conflict’.
Separation methods must be congruent with the applicable Rules of the Air. At the moment of
developing the present ConOps, it is discussed that UAS do not operate according to VFR nor IFR and
a new set of flight rules, designed for UAS and accounting for the specifics of the U-space environment,
is expected to be developed soon after the publication of the present ConOps.
Hence, as no applicable flight rules have been defined prior to this ConOps, the present subsection will
describe a series of example separation methods that could be applicable to the U-space. The objective
of these methods is to modify the future position of the aircraft, which can be done by acting over the
vertical axis (i.e.: ascent/descent), the transversal axis (i.e.: perform a horizontal turn/translation), and
the longitudinal axis (i.e.: horizontal speed management). Any combination of the previous is also
possible.
•
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Vertical manoeuvre. In order to avoid a breach of separation minima, the aircraft involved in
a tactical conflict modify their flight height, without significant changes to airspeed nor
heading, as summarised in Figure 17. Vertical manoeuvres are rather simple and are mainly
influenced by the aircraft’s climb and descent maximum ratios, as well as the achievable
vertical acceleration. The main advantage of vertical manoeuvres is that the planned
horizontal projection of the trajectory is not modified, which is useful for several types of
operations, such as the inspection of a lineal infrastructure or an operation with a limited
authorized flight path (e.g.: overflight of a river, where population density is lower). In
addition, vertical separation has a reduced dimension compared to horizontal separation,
hence requiring less total displacement for aircraft involved in the tactical conflict. Vertical
manoeuvres can be performed either simultaneously by both aircraft involved in a tactical
conflict (one ascends, the other descends) or solely by one of the involved aircraft. In the
former case, less time will be required to attain a target separation value, as both aircraft are
actively contributing to this purpose. The worst case for vertical separation is a head-on
encounter in which both aircraft fly at the same height and only one of them performs the
separation manoeuvre. Finally, the structure of the U-space airspace needs to be carefully
considered if vertical separation manoeuvres are allowed. The BUBBLES OSED proposes an
airspace structure arranged in horizontal layers designed to favour vertical separation
manoeuvres [33].
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Figure 17. Tactical conflict resolution by means of vertical manoeuvres.

•

Horizontal manoeuvre (turn). This manoeuvre consists of a turn performed within the
horizontal plane. A classic example of this separation method is the head-on encounter shown
in Figure 18, in which both aircraft perform a horizontal turn to their right. Horizontal turns
modify the heading and course of the aircraft, having minimal impact on cruise speed and flight
height. In contrast to vertical manoeuvres, horizontal manoeuvres require more displacement
of the involved aircraft. When evaluating the time required to attain the desired separation,
the previous statement is partially offset by the fact that, in most cases, horizontal speeds are
greater than attainable climb/descent ratios. When a horizontal turn is performed, the relative
transversal speed is low at the beginning but increases as the aircraft keeps turning, until a
maximum deviation from the original heading is reached. Horizontal manoeuvres are
appropriate for areas where the risk is uniformly distributed and, hence, there is a low risk of
aircraft overflying areas with higher risk than they are authorised to (e.g.: schools). As for
vertical manoeuvres, less time will be required to attain the desired separation minima if both
involved aircraft participate in a manoeuvre.

Figure 18. Tactical conflict resolution by means of turns in the horizontal plane.

•
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Horizontal manoeuvre (translation). This manoeuvre is quite similar to the previous but with
a critical difference: the heading of the aircraft is barely modified during a horizontal
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translation, as depicted in Figure 19. This separation method requires the capability of
generating forces in the transversal axis and thus is not usable by most fixed-wing aircraft.
Most rotorcraft, however, have the ability to execute this kind of manoeuvre. The advantages
and disadvantages of translations are the same as turns, with only a minor difference regarding
the evolution over time of the relative transversal speed. During a horizontal translation, the
aircraft reaches the desired relative transversal speed after a short timeframe, and then
maintains it during the manoeuvre.

Figure 19. Tactical conflict resolution by means of lateral displacements in the horizontal plane.

•
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Ground speed management. This separation method is not based on specific manoeuvres but
rather on the modification of the speed of the aircraft involved in the tactical conflict (see
Figure 20), so that the distance at the closest point of approach between them does not
infringe the established separation minima. Ground speed management is not applicable for
head-on encounters, but it is an interesting solution for several other conflict geometries. As
an example, it can be successfully applied in corridors where two contiguous aircraft have a
similar heading, by matching the ground speed of both aircraft. The available margin for speed
management is given by the aircraft maximum and minimum speeds. In the case of fixed-wing
aircraft, minimum speed is given by the stall speed, while rotorcraft have additional margin, in
most cases being able to hover in place (i.e.: minimum horizontal speed is zero). Similar to
vertical manoeuvres, horizontal speed management does not modify the horizontal projection
of the trajectory and can be useful in cases where there are related limitations. This separation
mode is especially interesting for photogrammetric operations, which may have limitations
regarding the vertical separation between the aircraft and the photographed infrastructure or
terrain, and thus not being suited to perform vertical manoeuvres.

CONCEPT FORMULATION

Figure 20. Tactical conflict resolution by means of ground speed management.

•

Mixed separation method. Mixed methods comprise any possible combination of the four
methods previously defined. Some examples follow:
o

o

A multirotor and a fixed-wing aircraft face a head-on encounter. The fixed-wing
aircraft performs a horizontal turn to the right, while the multirotor performs a
horizontal translation to the right.
A fixed-wing delivery aircraft and a multirotor performing a photogrammetric
operation, both operating at the same height have conflicting perpendicular
horizontal trajectories. The fixed-wing aircraft performs a climb manoeuvre.
Meanwhile, the multirotor reduces its cruise speed, so that the fixed-wing aircraft has
more time to reach the desired vertical separation before the two aircraft meet.

It is important to note that, in the absence of a set of flight rules that dictate which of the involved
aircraft (if not both) is responsible for performing a separation manoeuvre, a communication link
between both involved aircraft is required (either direct or through USSPs), to ensure the separation
method utilised by both aircraft is properly coordinated (e.g.: to avoid both aircraft performing a
vertical descent).
The functionality of Block 2 of separation management service can be summarized as:
•
•

The separation management service makes available the different separation methods which
can be used in a given U-space airspace.
During the solution formulation step of a tactical deconfliction process, the responsible of
formulating the solution shall use one of the available separation methods, for each of the
aircraft involved in the conflict, whose requisites must be complied with such aircraft. The
applicable separation method that best resolves the tactical conflict shall be chosen, if
possible.

The usability of a particular separation mode depends on the capability of meeting the safety and
performance requirements established for the particular local scenario, as discussed in [33].
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3.3.3 Block 3: Conflict horizon
The conflict horizon is defined as ‘the extent to which hazards along the future trajectory of an aircraft
are considered for separation provision’. According to [1], it shall be as broad as information (i.e.,
technology) and procedures allow, but it can be reduced to address short-term conflicts. The conflict
horizon needs to be considered during the solution formulation step of the tactical deconfliction
process. BUBBLES assumes that any solution formulation will only consider manoeuvres that do not
intersect with terrain nor ground-based obstacles, no matter whether they are static (e.g.: building) or
dynamic (e.g.: cranes). The conflict horizon addressed by the separation management service is related
to the probability of the proposed separation manoeuvres generating additional conflicts with nearby
aircraft. BUBBLES proposes the extent of the conflict horizon not to be considered in term of raw
distances nor time, but in terms of cascading order of affected aircraft. Hence, three kinds of conflict
horizons can be defined:
•

•

•

Narrow conflict horizon: no checks regarding proposed separation manoeuvres and the
probability of generation of new tactical conflicts are performed. Thus, the conflict is solved in
a pair-wise approach, without considering the surrounding traffic. For the sake of
simplification, a narrow conflict horizon can be defined as a zeroth order conflict horizon.
Medium conflict horizon: the surrounding traffic is considered when performing the solution
formulation step. This means, a medium conflict horizon checks if the proposed solution (i.e.:
a manoeuvre that modifies the aircraft’s trajectory) causes a tactical conflict with any other
nearby aircraft. In the event of additional conflicts, the solution is discarded, but if no other
conflicts are generated, the solution is accepted. For the sake of simplification, a medium
conflict horizon can be defined as a 1st-order conflict horizon.
Broad conflict horizon: in these cases, the solution formulation is not only applied to the
aircraft participating in the original conflict, but solutions are also formulated for tactical
conflicts produced as consequence of the original solution. In the case of a 2nd-order conflict
horizon, the computation is not stopped if the solution triggers additional conflicts, which are
defined as 2nd order conflicts, but also proposes solutions for such conflicts, which need not
trigger any additional one. A 3rd-order conflict horizon means the solutions proposed for the
2nd-order conflicts are also allowed to cause additional conflicts, and so on. Increasing the
order exponentially raises the computational cost of the process and the number of involved
aircraft, and thus is only a viable strategy when high levels of automation and efficient
communication channels are used. A theoretical infinite-order conflict horizon implies that the
propagation of performed computations continues until all additional conflicts are solved in a
coordinated fashion.

Table 3-2collects the main parameters of each type of conflict horizon.
Conflict
horizon
Narrow

Traffic considered for solution
formulation
Only those involved in the original
conflict

Medium

Nearby traffic

Broad

According to grade, from nearby traffic
up to all traffic operating in the U-space
airspace

Actively involved traffic
Only those involved in the original
conflict
Only those involved in the original
conflict
Requires other affected aircraft to
perform separation manoeuvres as well

Table 3-2. Main parameters of each type of conflict horizon.
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While narrow conflict horizons are less demanding in terms of computation costs, the use of a narrow
conflict horizon in a high-density airspace can cause a domino effect, triggering a cascade of conflicts
that could lead to an inefficient exploitation of the airspace. Hence, the depth (i.e.: order) of the
conflict horizon used in a given U-space airspace needs to be defined according to the expected density
of operations. Increasing the depth of the conflict horizon leads to more demanding requirements for
the designated separator, no matter the level of automation (training and working conditions for
human separators, real time computing capabilities for non-human separators). The extension of the
conflict horizon shall also be commensurate with communication and surveillance capabilities and
services available in the particular U-space airspace, as well as with the performance of the designated
separators. Hence, a series of requirements is derived according to the type of conflict horizon.
Broad conflict horizons require coordination between different agents, in addition to the ones already
involved in the original conflict, (e.g.: USSPs) and the negotiation of separation manoeuvres among
them. For these reasons, broad conflict horizons are not recommended in Y airspaces, where tactical
deconfliction services are not provided and the operators need to perform all the required
communication and negotiation processes without external assistance.
In addition, it needs to be noted that the conflict horizon is not restricted to being uniquely defined to
the whole U-space airspace nor all tactical deconfliction processes occurring therein. As an example,
during the initial instants of a tactical conflict, the applicable conflict horizon might be medium horizon,
and, in case no acceptable solution is found within a certain time window, the applicable conflict
horizon can switch to a narrow horizon, ensuring that at least the tactical conflict is dealt with, even at
the cost of causing new conflicts to arise, which will be separately solved.
Figure 21 graphically shows a narrow conflict horizon. The red line indicates the situation of tactical
conflict between both aircraft A and B. The dotted line surrounds the aircraft involved in the original
conflict. In this case, only the two aircraft involved in the conflict are considered for the solution
formulation. Any potential tactical conflict derived by the application of the solution which involves
aircraft C or D shall be separately addressed.

Figure 21. Narrow (zeroth order) conflict horizon (UAs in grey are not considered for conflict resolution).
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On the other hand, Figure 22 shows a medium conflict horizon. Figure 22.a (left) exemplifies the
proposal of a solution which would cause aircraft A to be in conflict with aircraft C, which is not one of
the aircraft involved in the original conflict. The green lines are used to represent a predicted free-ofconflict situation between aircraft pairs. In addition, for the cases in which a line between an aircraft
pair is not drawn (e.g.: between C and D), it is assumed that the aircraft pair is free-of-conflict. The
solution proposed in Figure 22.a is rejected, since it causes a conflict with another aircraft. Figure 22.b
(right) represents an acceptable solution, which generates no further conflicts among nearby aircraft.
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Figure 22. Medium (fist order) conflict horizon. (a) Solution rejected, (b) solution approved.
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Figure 23. Second order broad conflict horizon. (a) Solution rejected, (b) solution approved.

Finally, Figure 23 shows a 2nd-order broad conflict horizon. In Figure 23.a (left), the original solution to
the conflict between A and B causes B to have a tactical conflict with C (2nd order). In turn, the solution
proposed for the conflict between B and C causes an additional conflict between aircraft C and F (3 rd
order). This solution is rejected since the conflict horizon extends until the second order and a 3rd order
conflict has been generated. Figure 23.b (right) showcases an acceptable solution for a 2nd-order
conflict horizon, in which the solution proposed for the 2nd order conflict does not generate a 3rd order
conflict.
The function of the separation management service identified as Block 3 is summarized as follows:
•

The separation management service makes available the different conflict horizons which can
be used in a given U-space (i.e.: the order of the possible conflict horizons). In case multiple
options are possible, the conditions under which each option is to be used shall be clearly
defined along them.
• During the solution formulation step of a tactical deconfliction process, the responsible of
formulating the solution shall take into account the applicable conflict horizon.
As a general rule, the broader the conflict horizon the more effective the separation provision.
However, extending the conflict horizon may increase communication latency and processing times.
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Therefore, the use of a broad conflict horizon must be carefully assessed in light of the safety and
performance requirements derived by BUBBLES in [33].

3.3.4 Block 4: Separation minima
Block no. 4 consists of the publication of the applicable separation minima.
Next, the equations that describe how separation minima is computed for aircraft that are in cruise
phase (this means, trajectory is mostly horizontal), and vertical avoidance manoeuvres, are described.
•

NMAC distance:

NMAC distance is based on [42]. In particular, the following distances are the half than the ones used
in the mentioned article because BUBBLES concept considers the Separation Minima distance as the
sum of protection volumes, so that for each aircraft the radius of the protection volume is taken into
account.
𝑑𝑁𝑀𝐴𝐶 = 25 𝑓𝑡
ℎ𝑁𝑀𝐴𝐶 = 7.5 𝑓𝑡
It should be noted that these distances are only applicable to aircraft with an effective width (e.g.:
wingspan) of ≤ 25 ft and height of <12 ft. Bigger aircraft (manned and maybe certified with passenger)
shall use standard NMAC distances (250 ft horizontal and 50 ft vertical, considering half of the
traditional distance).
•

Imminent Collision (IC) distance:

The distance for an imminent collision (i.e.: activation of DAA) is computed as:
𝑑𝐼𝐶 = 𝑑𝑁𝑀𝐴𝐶 + 𝑇𝑆𝐸ℎ (95%) + 𝑉𝑐 · (𝑇1 + 𝑇2 )
Where 𝑉𝑐 is Cruise Speed, 𝑇𝑆𝐸ℎ is the Total System Error (Navigation + Flight Technical Errors) in the
horizontal plane.
𝑇1 is the amount of time the aircraft needs to attain the minimum safe distance in the worst-case
scenario, which depends on the separation method applied. Considering vertical separation and
ascending manoeuvre, and assuming a continuous horizontal speed and instant acceleration to
simplify, in an IC between two aircraft at the same height the 𝑇1 will be:
ℎ𝑎𝑣𝑜𝑖𝑑 = ℎ𝑁𝑀𝐴𝐶 + 𝑇𝑆𝐸ℎ (95%)
𝑇1 =

ℎ𝑎𝑣𝑜𝑖𝑑
𝑅𝑂𝐶

Where 𝑅𝑂𝐶 is the rate of climb, and ℎ𝑎𝑣𝑜𝑖𝑑 represents the minimum safe distance so that a NMAC is
not triggered.
𝑇2 is defined as the time allocated for the DAA-CA system to detect the imminent collision,
communicate with the DAA-CA system, if available, on the other aircraft, issue an avoidance
manoeuvre and start its execution, whether automatic or with the involvement of a pilot. Due to the
variable nature of the time windows required to perform such actions, 𝑇2 shall be defined as the time
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window that grants a certain level of confidence, according to a statistical distribution. The level of
confidence shall be congruent with the desired risk ratio.
Regarding the vertical dimension:
ℎ𝐼𝐶 = ℎ𝑁𝑀𝐴𝐶 + 𝑇𝑆𝐸𝑣 (95%) + 𝑉𝑉 · 𝑇2
Where 𝑉𝑉 is the vertical reference speed for aircraft in leveled cruise flight, which is expected to have
a relatively low value (e.g.: ≤ 1 m/s).
•

Separation Loss (SL) distance:

The distance for a separation loss is defined as:
𝑑𝑆𝐿 = 𝑑𝐼𝐶 + 𝑆𝑆𝐸ℎ + 𝑉𝑐 · 𝑇𝑟𝑒𝑠
ℎ𝑆𝐿 = ℎ𝐼𝐶 + 𝑆𝑆𝐸𝑣 + 𝑉𝑣 · 𝑇𝑟𝑒𝑠
Where 𝑇𝑟𝑒𝑠 is a time window to cover the residual risk so that the risk ratio of an imminent collision
when tactical deconfliction is applied is kept below the desired threshold.
•

Tactical Conflict (TC) distance:

The reference distance for a tactical conflict is defined as:
𝑑 𝑇𝐶 = 𝑑𝑆𝐿 + 𝑉𝑐 · (𝑇3 + 𝑇4 )
ℎ 𝑇𝐶 = ℎ𝑆𝐿 + 𝑉𝑣 · 𝑇4
Where 𝑇3 is the amount of time the aircraft needs to ensure the separation minima is not breached,
which depends on the separation method applied and the aircraft manoeuvrability. Considering
vertical separation and ascending maneuver, and assuming a continuous horizontal speed and instant
acceleration to simplify, in a tactical conflict between two aircraft at the same height the 𝑇3 will be:
𝑇3 =

ℎ𝑆𝐿
𝑅𝑂𝐶

𝑇4 is defined as the time allocated for the separation provision barrier to detect the imminent collision,
communicate with the involved agents (pilot/USSPs), issue a separation maneuver, and start its
execution, whether automatic or with the involvement of a pilot. Due to the variable nature of the
time windows required to perform such actions, 𝑇4 shall be defined as the time window that grants a
certain level of confidence, according to a statistical distribution. The level of confidence shall be
congruent with the desired risk ratio.
About the statistical distribution of 𝑇4 : the last version used in simulations in WP5 (Validation Exercise
#04 [73]) considers 3 agents/processes that introduce delays in the process: the delay of the tracking
process (the sum of the information being sent from the aircraft and being processed by the SDPS),
the detection of the conflict), the delay added by the separation (communication from the tracker if
needed, time to formulate solution, communication to the (auto) pilot if needed), and the delay added
by the (auto)pilot (the time required to process the instruction and start to execute it). For each of
these 3 delays, a normal distribution with different mean and standard deviation parameters was
considered. The result of the addition is 𝑇4 , a normal distribution with mean and standard deviation
derived from the contribution of the three components. Hence, it is easy to compute the confidence
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that, given a certain time frame, there will be enough time to solve a conflict (this is, that a sample of
the normal distribution is inferior to T4). For example, in the exercises in WP5, simulations were
conducted with 𝑇4 considering 2 sigma (0.977 confidence), 1 sigma (0.841 confidence) and 0 sigma (0.5
confidence). It is important to note that this is the confidence for the worst-case scenario (both aircraft
at the same height), and that the resulting Risk Ratio WILL NOT be the equal to the confidence.
Nonetheless, the higher the confidence, the lower the risk ratio (tested via simulations in WP5 [73]).
For a tactical conflict to be declared, the following two conditions must apply:
1. The horizontal distance between both aircraft predicted at the CPA is lower than the sum of
the 𝑑𝑆𝐿 of each aircraft, and the vertical distance between them in the CPA is below the sum
of the ℎ𝑆𝐿 of each aircraft.
2. The time remaining to the CPA is below a pre-established threshold 𝑇𝐶𝑡ℎ . This threshold
prevents tactical conflicts from being triggered when the time remaining to the CPA is too high
due to both involved aircraft flying at a very similar speed.

3.3.5 Block 5: SPR/INTEROP
The unmitigated frequency of MAC 𝐹0 (𝑀𝐴𝐶) rarely meet the limit derived from the TLS (𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 ),
as discussed in Appendix D. Therefore, mitigation barriers must be used to prevent a hazard from
ending up in a collision. The effectiveness of the mitigation barriers is expressed in terms of risk ratios
(𝑅𝑅), defined as ‘the probability of an outcome with a mitigation system, divided by the probability of
an outcome without a mitigation system’ [29].
In order to guarantee that the required risk ratios are met, the safety, performance and
interoperability requirements (SPR/INTEROP) for the barrier’s components must be defined. In the
context of BUBBLES and in line with the MEDUSA approach [2], performance requirements are
established to guarantee that mitigation barriers effectively mitigate the identified hazards both in
normal (those in which aviation operation usually take place) and in abnormal conditions (those caused
by rare although possible events that can affect the performance of the mitigation barriers). Safety
requirements are set to guarantee that failures in the barrier components do no degrade safety under
acceptable levels). Interoperability requirements are defined to guarantee that the different barrier’s
components properly interact to achieve the established goal).
According to the procedure described in Appendix D, 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 depends on the traffic mix in a given
U-space airspace. Therefore, the applicable risk-ratio will also be scenario-dependent, and the
mitigation provided by the U-space will depend on the available U-space services. Hence, the
SPR/INTEROP will depend on the particular conditions of the local scenario.
Considering the huge variety of possible local scenarios, BUBBLES does not intend to define a set of
‘one-size-fits-all’ requirements that can be applied everywhere in a more or less straightforward way.
This approach usually leads to more demanding requirements than necessary, hence putting a
disproportionate burden on the implementation of the ground surveillance system with respect to
performance, maintenance, and cost [36]. This excerpt from the EUROCAE ED-261 is even truer in the
case of UAS, due to the huge variety of aircraft and missions. Therefore, BUBBLES’ SPR/INTEROP aim
at providing operationally ‘fit-for-purpose’ requirements to allow for the tailoring of U-space
requirements for conflict management to actual operational needs across a specific U-space, in line
with the GEN approach [36].
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The MEDUSA definition phase (DEP) has been used to define the OSED and lay the foundation to
develop the SPR. Due to the BUBBLES’ generic approach, no particular scenario (including aircraft and
missions) has been considered, but a set of nine ‘typical scenarios’ have been defined instead. These
typical scenarios are defined with the purpose of being detailed enough in order to be representative
of most actual local scenarios where U-space will be deployed, but generic enough to not being tied to
a particular one. Therefore, the typical scenarios are classified attending to the density of manned and
unmanned aircraft, although typical missions are identified for each of them considering the results of
project deliverable D3.1 [32]. A typical traffic mix, based on the traffic classes defined by BUBBLES (see
¡Error! No se encuentra el origen de la referencia. for details) is also associated to each typical
scenario. Considering these operational environments and UAS operations, BUBBLES identified the
risks inherent to UAS operations and the U-space services that could be used to mitigate them. Using
an integrated risk model adapted from the one developed by CORUS [2], the project conducted an
initial assessment of how these U-space services contribute to each mitigation barrier and identify any
gap (e.g., a missing U-space service to mitigate a specific risk). Lastly, considering the characteristics of
each typical scenario and using the TLS proposed by BUBBLES (2.5e-7 FAT/FH), quantitative safety
criteria (SC) in terms of frequencies of tactical conflicts, separation loss and NMAC were identified (see
Appendix D for details). This process led to the computation of the risk ratios for the mitigation barriers
considered in the integrated risk model.
The MEDUSA operational specification phase (OSP) has been applied to identify safety objectives (SO)
in normal, abnormal, and faulty conditions to the U-space services and supporting CNS systems
involved in the mitigation barriers, as defined during the DEP. To this purpose, the initial assessment
in normal conditions conducted in the DEP is refined and the SOs in normal conditions (those
encountered in a day-to-day basis) are identified, and safety requirements (SR) in normal conditions
are allocated to them in order to guarantee that the SO. Next, abnormal conditions were identified
and SOs and SRs were defined so that the SAC are attained in these conditions. Lastly, U-space failure
conditions were identified and SOs and SRs were defined so that the SAC are met in these conditions.
Whenever possible, SOs and SRs have been validated by means of real time simulations or by using
test flights.
A thorough description of the process applied by BUBBELS to identify SOs and to derive SRs is
presented in deliverable D6.5 [33], along with a comprehensive list of the SOs and SRs.
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4 ConOps for Separation Management as a
SESAR Solution
4.1 Overview
The CORUS catalogue of U-space services does not include the separation management service.
Therefore, it has to be defined, whether as a new service or by allocating its components to already
defined U-Space services defined in [23], just updating their specifications and interfaces. In any case,
the ultimate responsibility of the separation provision should be assigned to a single U-space service,
whether a new or a pre-existing one, due to legal liability reasons, at least in Zu volumes defined as
controlled airspace.
The European ATM Master Plan 2020 [41] includes an Essential Operational Change (EOC) named “Uspace services” whose description covers the Deployment Scenario “U-space U3 – Advanced services”.
Although this deployment scenario is still at R&D stage, the Master Plan identifies the minimum set of
services the U-space advanced services shall encompass, which are defined as SESAR Solutions in the
EATMA version currently available in the eATM Portal and listed in Table 4-1.
SOLUTION ID

SOLUTION TITLE

U3S-01

Dynamic geo-fencing service.

U3S-02

Tactical de-confliction service.

U3S-03

Collaborative interface with ATC service.

U3S-04

Dynamic capacity management service.

Table 4-1. SESAR Solutions for U3 U-space services defined in the eATM Portal.

Since there is no SESAR solution targeting the separation management and taking into account the
Research and Innovation (R&D) needs described next , BUBBLES proposes the Separation Management
to be a U3 service and defines the concept architecture following the European ATM Architecture
(EATMA)
model,
which
can
be
found
at
the
following
link:
https://www.eatmportal.eu/working/data/architectural_products/66757516.

4.2 Operational improvements
SESAR Solutions are Outputs from the SESAR Programme R&I activities which relate to an Operational
Improvement (OI) step or a small group of OI steps and its/their associated enablers, which have been
designed, developed, and validated in response to validation targets that, when implemented, will
deliver business benefits to the European ATM.
Operational improvement steps are the elementary level of an operational improvement. Operational
Improvement Steps are the means to describe changes in the ATM Operational Environment.
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Although the updated definition of IO/EN is ongoing in coordination with PJ19 and CORUS-XUAM, since
there is no SESAR solution targeting the separation management and taking into account the Research
and Innovation (R&D) needs described in section §4.4.1 of this document, BUBBLES has defined the
following Operational Improvement Step (OI) related to separation management in the Very Low-Level
airspace with the assistance of EUROCONTROL experts:
•

Separation management for U-space airspaces.
OPERATIONAL IMPROVEMENT #1

ID

OI-U3-01

Title

Separation management for U-space airspaces.

Description

The U-space benefits from the assignment of pairwise
separation minima and methods to all UAS flying in a given
airspace volume according to the nominal CNS performance
therein.

Rationale

Pairwise separation minima for both strategic and tactical
conflict management levels are needed to achieve a specific
Target Level of Safety commensurate with the risk posed by
the UAS operation in a specific volume of airspace. For tactical
conflict management, separation methods are also needed.
Separation minima and methods relies on specific CNS
performance requirements, which have to be specified.

Operating Environment
Impacted

VLL
Table 4-2 BUBBLES Operational Improvement.

4.3 Definition of the BUBBLES solution
To achieve these OI steps, the BUBBLES project proposes a new SESAR solution, which is identified as
U3S-05 and is defined in Table 4-3.
SESAR SOLUTION
ID

U3S-xx

Title

U-space separation management

Description

Establishes under what circumstances separation provision is
necessary and how it shall be provided in a specific airspace
volume, i.e.:
• Select the appropriate conflict management layer (no
separation, strategic/procedural separation, or
tactical separation) according to operational and riskbased criteria.
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•
•
•

Designates the separator role (the UAS itself or the Uspace service).
Defines the separation minima and methods (when
needed) that have to be applied.
Sets up Communication, Navigation and Surveillance
performance requirements.

This solution brings benefits to U-space in terms of improving
airspace safety and efficiency. Moreover, warning the pilot of
a loss of separation event will help to improve his situational
awareness and resolve the conflict earlier.
V1_TRL2_Release

31-10-2022

V2_TRL4_Release

TBD

V3_TRL6_Release

TBD

Current level

V1

Status

ER Ongoing – SESAR Solution validated

Topic ID

SESAR-ER4-31-2019:
service

U-space

separation

management

Essential Operational Change
U-space services (as defined in the EATM portal)
ID
Table 4-3. Definition of the BUBBLES Solution (I).

4.4 Enablers
The achievement of the Operational Improvement described in Table 4-2 requires the following
enablers:
• Separation Management Service (system enabler).
• SeparationManagement functionalities for the USSP system (U-space).
Table 4-4 and Table 4-5 provide details on these enablers.
ENABLER
ID

EN-U3-01

Title

Separation Management Service (system enabler)

Description

The Separation Management Service makes available all the
information required for U-space airspace users to guarantee
that the separation provision is performed homogeneously
and according to specified criteria.
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The Separation Management Service is required to be
centrally provided, acting as the single point of truth from
which all airspace users will collect the data required to
execute the separation provision phase.
Stakeholder

USSP

Operational Improvement

OI-U3 -01

Deployment Scenario

U3

SOLUTION ID

U3S-XX
Table 4-4. Enabler EN-U3-01 for the BUBBLES Solution.

ENABLER
ID

EN-U3-02

Title

SeparationManagement functionalities for the USSP system
(U-space)

Description

In order to be able to provide the SeparationManagement
service, the USSP need to add 3 new functionalities to its
system: the Dynamic Separation Adjustment, the Risk
Analysis Support and the Communications and Surveillance
Performance Monitoring.

Stakeholder

USSP

Operational Improvement

OI-U3-01

Deployment Scenario

U3

SOLUTION ID

U3S-XX
Table 4-5. Enabler EN-U3-02 for the BUBBLES Solution.

The deployment scenario for U3 U-space services is defined in the Master Plan [6] as:
This deployment scenario will build on the experience gained in U2 and will unlock new and
enhanced applications and mission types in high-density and high complexity areas. New
technologies, automated detect and avoid (DAA) functionalities and more reliable means of
communication, including V2X, will enable a significant increase in operations in all
environments and will reinforce interfaces with ATM/ATC and manned aviation. This is where
the most significant growth in drone operations is expected to occur, especially in urban areas,
with the initiation of new types of operations, such as air urban mobility.
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According to this definition, a new operational environment should be defined to those already
considered by the Master Plan [41] (airport, Terminal Manoeuvring Area, En-Route and Network),
since most of drone operations using U-space services will take place in the VLL airspace. According to
the definition in CORUS based on the SERA [43] and in the Annex 2 to the Chicago Convention on
International Civil Aviation [44], BUBBLES considers VLL as the airspace below the limit where manned
Visual Flight Rules (VFR) operations take place, namely:
1. Below 300 m (1 000 ft.) above the highest obstacle within a radius of 600 m from the aircraft
over the congested areas of cities, towns, or settlements or over an open-air assembly of
persons.
2. Below 150 m (500 ft.) above the ground or water, or 150 m (500 ft.) above the highest obstacle
within a radius of 150 m (500 ft.) from the aircraft elsewhere than as specified in (1).
VLL is considered to extend laterally into airports.

4.4.1 Key R&D Needs
BUBBLES addresses the full scope of Application area 5 (U-space separation management service)
within the SESAR 2020 Exploratory Research Call H2020-SESAR-2019-2 (ER4) [45] topic SESAR-ER4-312019: U-space. The Technical Specifications (TS) of the call identifies the following R&D needs:
•

•

•
•

To define when separation shall be procedural8 and when tactical9 separation shall be applied,
taking into account how such separation services should behave when airspace is shared with
manned aviation, with and without ATC.
For tactical separation:
o To establish who will take the role of the separator (the U-space service or the drone),
what the separation minima will be, and what the separation management processes, and
separation methods will be.
o To establish which is the required communications, navigation, and surveillance systems
performance to support the provision of tactical separation.
For procedural separation:
o To develop navigation performance requirements.
To establish how separation services10 relate to complementary collision-avoidance
technologies and procedures.

8

Procedural separation means that two drones on different routes can be deemed separated without needing
to check their positions in real time.
9
When tactical separation is applied, the surveillance tracks must be separated beyond defined separation
minima.
10

The TS [49] remarks the difference between separation provision and collision avoidance and clearly establish
that the scope of the topic considers “the formal process whereby drones are separated from other drones and
manned aviation according to agreed concepts and minima, equating to the ICAO second layer of conflict
management for manned aviation: separation provision”.
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In addition, the Strategic Research an Innovation Agenda (SRIA) for the Digital European Sky [46]
includes “Advanced separation management (U-space integration and new separation modes)” among
the identified high-level R&I needs/challenges. Namely:
•

•

•

Connected and automated ATM requires advanced separation management (U-space
integration and new separation modes) including … predictive modelling and machine learning
will contribute to develop advanced modes of separation (e.g., dynamic separation) benefiting
from automation and improved connectivity. Formation flying, self-separation between drones
themselves or with manned aviation (stay well clear) and pair-wise separation…
Air-ground integration and autonomy requires ATM/U-space convergence: the goal here is to
define the Trajectory Based Operation (TBO) concept and requirements for drones to operate
in U-space, interoperable with TBO in ATM. This concept is necessary to facilitate their access
and operations in controlled airspace, and requires the development of separation standards
for drones/drones and drones/manned aircraft, supported by procedures and performancebased requirements.
U-space and Urban Air Mobility requires different solutions for separation management for
all types of vehicles in all types of airspace (including airborne detect and avoid (DAA) as well
as ground-based and hybrid solutions).

4.5 Separation Management Service description
Before starting to define the solution following the EATMA architecture, it is necessary to explain in
more detail the separation management service, its composition and functioning, as well as the
relationship with other U-space services.
Separation Management Service would be a meta-service consisting of 3 distinct components or subservices (see Figure 24):
1. Airspace Risk Assessment (ARA): in charge of compute the reference separation minima given
the SPR/INTEROP targets and choose the conflict horizon, separation methods and automation
modes in the pre-operational phase. To this, the scenario characteristics, traffic density, traffic
mix and U-space volume type information is needed.
2. Dynamic Separation Adjustment (DSA): in charge of recompute separation minima in
operational phase.
3. Communications and Surveillance Performance Monitoring (CSPM): in charge of monitoring
in real time the communication and surveillance performance analysing the surveillance data
and the position report submission. If the performance is degraded, the component alerts the
Dynamic Separation Adjustment (DSA) in order to recompute separation minima according to
the new CNS performance situation.
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Figure 24. Separation Management Service architecture

The Separation Management service in pre-operational phase needs some information (scenario
characteristics, traffic density and U-space volume type) provided by the Common Information Service
(or the service in charge of distributing that general information) and information included in the flight
plan (the class of traffic) to compute the reference separation minima in the given scenario. In the preoperational phase, the SMS also selects the best automation mode and separation method,
information that the Drone Operation Plan Processing should include in the Flight Plan (or U-Plan) in
order to inform the pilots how they have to operate. The reference separation minima will be used for
the Tactical Conflict Detection Service in the operational phase.
In the operational phase, the SMS computes the separation minima in real time when a CNS services
degradation is detected by the CSPM. The SMS sends the new separation minima to the Tactical
Conflict Detection Service (TCDS). When the TCDS detects a conflict, sends an alert to pilots through
the Traffic Information Service (TIS).

Figure 25. Integration of Separation Management Service with other U-space services

Separation Management Service could be considered as a U-space Supporting Service. It provides data
to be used by other services as Tactical Conflict Detection Service (conflict horizon and separation
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minima), Tactical Conflict Resolution service (separation methods), Flight Authorisation Service
(separation modes).
During U-space airspace designation the SMS acts as follows:
1. The Competent Authority will perform a risk assessment using the BUBBLES Risk Analysis
Support for a given airspace taking into account the type and density of traffic, location,
altitudes or heights and airspace classification to obtain an initial generic ConOps catalogue to
be used as a basis to identify the traffic classes and traffic mix.
2. The Competent Authority will perform a safety assessment using also the BUBBLES Risk
Analysis Support to establish the minimum list of U-space services and the applicable safety
requirements, as well as the performance requirements for the CNS systems and, if necessary,
the required UAS capabilities. This information will lead to define the applicable OSED that will
have to be used by the UAS operators and the USSP to tailor their aircrafts capabilities and Uspace services performance to the particular U-space airspace.
In the pre-operational phase, the SMS acts in the following way:
1. The Operation Plan Processing service will pass to the Risk Analysis Support the Operation Plan
description previously introduced by the UAS operator, including the operation area.
2. The Drone Aeronautical Information or the Common Information services will pass to the Risk
Analysis Support information about traffic density and the operational volume characteristics.
3. The Risk Analysis Support will correlate the Operation Plan description and other scenario
characteristics information received with the reference data stored in the generic ConOps and
OSED catalogues.
4. The Risk Analysis Support will assign the automation mode to each Operation plan, the
separation methods, the conflict horizon, the SPR/INTEROP targets (or CNS performance
metrics) and the reference separation minima for the given scenario, taking into account the
available CNS systems in the operation area and their performance. This information will be
sent to the Common Information Service.
5. The Common Information service, will send:
a. The automation mode assigned to each Operation Plan to the Operation Plan Processing
service.
b. The reference separation minima, separation methods, and conflict horizon to the
Strategic Conflict Resolution service and to the Tactical Conflict Detection/Resolution
service (in case of ‘tactical ground-based’ separation).
c. The reference separation minima to the UAS Detect and Avoid (DAA) system (in case of
‘tactical self-separated’ separation).
d. The reference separation minima to the ATM systems through the Procedural Interface to
ATM, for UAS flying in Za volumes.
In the operational phase the SMS works as follows:
1. In case of ‘tactical ground-based’ separation, the Tactical Conflict Detection service will receive
the tracks obtained by the Tracking (including the UAS/manned aircrafts eID) and the
Surveillance Data services and will check that all the U-space users maintain the assigned
separation minima. If it detects a potential infringement of the separation minima, it will issue
an alarm to the Tactical Conflict Resolution service and will monitor whether the conflict is
solved.
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2. The Tactical Conflict Resolution service will issue separation instructions to solve any potential
conflict detected, while preserving the overall safety level. The separation instructions will be
timestamped and sent to the Legal Recording service, as well as the eID of the involved
UAS/manned aircraft.
3. In case of ‘tactical self-separation’, the UAS DAA system will check that the UAS maintains the
assigned separation minima based on the situational awareness obtained from internal or
external sources. If it detects a potential infringement of the separation minima, it will issue
separation instructions to the UAS Control system.
4. In both cases (ground-based and self-separated), the CNS Performance Monitoring tools
(named CSPM) will monitor the CNS systems performance and will issue warnings to the
Dynamic Separation Adjustment when the values of the performance metrics change.
5. Upon the received CNS performance information, the Dynamic Separation Adjustment will
assess whether the separation minima and/or methods need to be updated in order to
preserve the overall safety level. If so, the updated values will be sent to the Tactical Conflict
Detection service or to the UAS DAA system service if needed.
6. In case that a performance degradation is detected in the surveillance systems, the values of
the performance metrics will be fed into the Tracking service so that the tracking algorithms
can be adapted to them.
7. Optionally, the separation minima assigned by BUBBLES may be used by the Dynamic Capacity
Management service to dynamically optimise the use of the VLL.

4.6 BUBBLES Solution in EATMA
To extend this, BUBBLES develops the architecture description using EATMA framework, methodology
[47] and technologies, in coordination with SJU and EATMA team. The structure of the EATMA model
is based on a standardised description framework for architectures. The EATMA framework organises
elements and views into six different layers as it can be seen in Figure 26.

Figure 26. EATMA Layered Structure.

The purpose of layers is to provide a natural division of the architecture in different views that together
provide a complete view of the European ATM enterprise. Each layer contains a different set of
elements that can be used to describe the view of the enterprise. The following table provides a
summary of what the layers contain and what they are used for.
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Layer

Programme Layer

Capability Layer

Operational Layer

Service Layer

System Layer
Standards Layer

Description
The programme layer contains the Operational Improvement Steps and
Enablers as elements used to describe the European ATM implementation
schedule (ATM Master Plan). SESAR Projects are also captured in this layer.
This layer provides a project management point of view.
The capability layer describes the European ATM’s abilities and performance
measures such as validation targets and validation results. It can be
understood as the strategic layer.
The operational layer contains the elements needed to describe the
operational concepts. This includes process models and descriptions of how
ATM actors collaborate.
The service layer provides a link between the operational need and technical
solution by describing services. This also includes the linkage to data
elements.
The system layer describes all human and technical resources of a SESAR
system including its internal functional breakdown and its interactions with
the surrounding system.
This layer is used to describe standards and regulations needs within the
European ATM.
Table 4-6. Overview of EATMA layers.

To design a high-level architecture of the concept, BUBBLES architecture mainly focuses on 4 layers of
the EATMA framework with the intention of providing elements to build the Separation Management
Service: Capability, Operational, Service and System.

4.6.1 Capability Layer
The capability layer describes the U-space’s abilities and performance measures such as validation
targets and validation results. It can be understood as the strategic layer describing the business
services/capabilities.
The capability is the ability of one or more of the enterprise’s resources to deliver a specified type of
effect or a specified course of action to the enterprise stakeholders.
A Capability represents a high-level specification of the enterprise’s ability. As such, the whole
enterprise can be described via the set of Capabilities that it has.
A Capability is a statement of "what" is to be carried out and does not refer to "how" or "by whom"
they are carried out. Consequently, capabilities are free from considerations of physical organisation
or specific choices of technology.
'Capabilities' is an important business concept that describes the abilities or competencies of an
organization. They are typically quite stable, and while business processes, functions and roles change
quite frequently, capabilities change less frequently. When they do change, it is typically in response
to a strategic driver or change. Capabilities can be mapped back to strategic goals and objectives.
They provide a useful starting point to derive lower-level elements such as process and functions,
applications, and technology assets.
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The Capability Model then describes the entire U-space enterprise in the form of a set of decomposed
capabilities. A capability is the perceived outcome realised by the undertaking of activities by
stakeholders.
Main inputs for the development of the Latest version of U-space Capability model have been [47] and
[48]. Starting from the description of the “U-space Services” and the “on-drone capabilities” available
in the U-space roadmap document, the WP5 team generalised the capabilities and mapped them on
the EATMA capability model, including the capabilities in the ICAO structure.
Figure 27 shows the U-space Capability Model highlighting the capabilities addressed by BUBBLES and
the one proposed to be added.

Figure 27. U-space Capability Model adapted to BUBBLES.

Following, the name of the capabilities level 3 related to BUBBLES will be described.
•
•
•

•

•
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Conflict Detection and Resolution (tactical): The ability to detect and resolve conflicts during
the tactical phase to ensure safe separation when flying.
Communication Services Provision: The ability to facilitate (providing the link, coverage
provided and monitoring) the air-air, air-ground and ground-ground communication.
Navigation Services Provision: The ability to facilitate (providing the link, coverage and
monitoring) the planning, recording and controlling the movement of an aircraft from one
place to another.
Surveillance Services Provision: The ability to facilitate the provision of ground and air
surveillance data from different sources to track and fuse for determining the position of the
aircraft.
Drone Operational Planning Management (strategical conflict resolution): The ability to
manage the planning of drone missions taking into account all relevant information such as
meteorological information, aeronautical information, applicable rules and traffic information.

CONCEPT FORMULATION

•

The ability to detect and resolve conflicts during the strategical phase to ensure safe separation
before flying.
Drone Aeronautical Information Provision: The ability to provide aeronautical and coherent
information for manned and unmanned operators relevant to U-space. This includes
predefined restricted areas or available aeronautical information.

And the new capability (
•

) proposed to be added in the model is:

Airspace Separation Minima Management: The ability to define and manage the separation
minima and separation methods for a specific airspace (U-space).

4.6.2 Operational Layer
The Operational layer contains the elements needed to describe the operational concepts and is
independent from any physical implementation. It includes descriptions of how actors collaborate.
Even if six different architectural elements compose this layer in the EATMA framework, five are used
for the BUBBLES architecture so far. BUBBLES architecture will be a modification and extension of the
CORUS architecture [48].
• Node:
A logical entity that performs Activities. Note: nodes are specified independently of any physical
realisation. They represent the actors in the operational layer. Nodes interact through Information
Exchanges in which they exchange Information Elements.
• Information Exchange:
The collection of information elements that are exchanged between two nodes. An Information
Exchange defines the types of Information Elements exchanged and which Nodes are involved in the
Information Exchanges.
It is important to note that Information Exchanges are realised by Services. This means that the
Services are identified from the Information Exchanges, which also represent the operational need for
exchanging information.
• Activity:
A logical process specified independently of how the process is carried out. Activities represent WHAT
must be done to complete a Capability.
Activities are logically grouped within Nodes (and hence, associated to the Stakeholder that
implements that node) Activities may be realized by people, or aspects may be automated and
performed by functionality (Functions and Services) provided by Technical Systems.
• Information Flow:
A flow of information from one Activity to another. An Information Flow defines the types of
Information Elements sent from one Activity to another. It is always modelled as a one-way flow.
Information Flows may be aggregated into one or more Information Exchanges between Nodes, thus
enabling the description of more complex two-way interactions.
• Information Element:
A formalised representation of information. An Information Element is carried by one or more
Information Exchanges (between Nodes).
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Nodes
Node

Drone/UAS Operation

USSP Operations

CNS Operations
Common Information
Service Provider

Description
Represents all the activities undertaken by those organisations and
individuals who have access to and operate in the airspace which is
available for drone operations in accordance with international and
national procedures. For the purpose of this document only those actors
directly involved in Drone operations are described.
The main types of Drone Operations are:
• Civil Drone Operations /Organisation. The most extensive
organization for Drone Operations is run by Legal Entities which uses
drones for their business activities. The daily operations of these
companies require a lot of flexibility.
• Recreational Drone Operations. Another important segment of
Drone Operations which are constituted by single individuals which
are aimed to use drones for recreational purposes.
• Special Drone Operations /Organisation. Organizations for Drone
Operations which require special conditions to operate, such as
military/law enforcement. The daily operations of these companies
require special condition of privacy in respect to the other
organisations.
Performs all the operational activities related to management of drone
traffic.
This includes the activities required at strategic level, in execution and
post flight to ensure a safe execution of drone flights.
It is as well encompassing activities to maintain/monitor physical
condition of the supporting infrastructures, creating and maintaining a
good relationship with local/national authorities, ATM and communities.
It also includes assurance that the scale of equipment and facilities
provided are adequate for the activities which are expected to take place,
as well as provision of staff, where necessary, that are competent and,
suitably qualified.
Performs all the operational activities related to the provision of
Communication, Navigation and Surveillance information.
The CIS provider is in charge of the dissemination of static and dynamic
data to enable the provision of U-space services for the management of
traffic of unmanned aircraft.
Table 4-7. EATMA Nodes

Information exchanges and Information elements
The following diagram shows the information exchanges between nodes and the information elements
for the Separation Management in pre-operational and operational phases.
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Figure 28. BUBBLES Information Exchange diagram

It should be noted that in order to distribute the information provided by the Separation Management
Service in a centralised way, the Common Information Service (CIS) has been included in the diagram,
although the CIS could be exchange by another U-space service in charge of distributing this general
information to other U-space services and UAS operators.
Next table contains a description of the different Information Exchanges and Information Elements
that appear in the previous diagram.
Information
Exchange

Source
Node

Target
Node

Separation
minima
provision

USSP
operations

CISP

Separation
Modes and
Methods
provision

USSP
operations

CISP

SPR
information

USSP
operations

CISP
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Information
Element

Description

Separation minima in the pre-operational
phase (i.e., the reference separation
Separation
minima for the given scenario) and in the
minima
operational phase (dynamic separation
minima updated according to CNS
performance).
Information regarding conflict horizon in
Conflict
the given scenario (at pre-operational
horizon
phase).
Information
regarding
separation
Separation
methods to be applied in the given
method
scenario (at pre-operational phase).
Information
regarding
automation
Separation
modes available in the given scenario (at
mode
pre-operational phase).
SPR/INTEROP Information regarding the Safety and
targets
Performance requirements to all U-space
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Surveillance
information
provision

Surveillance USSP
Surveillance
operations
operations information

Drone
identification
provision

UAS
operation

UAS
identification
USSP
operations
UAS position

services involved in U-space separation
management.
Information on the position of drones
obtained from surveillance systems.
Identification information for each drone
Position of each drone obtained through
its on-board GPS and sent via 4G.

Table 4-8. Information elements description

Use cases - Activities
In EATMA, the Use Cases are represented in the Operational Layer as NAF Operational Views – 5 [NOV5]. They represent the dynamic behaviour of the Nodes (swim lines) showing in a sequenced way what
Activities (yellow boxes) they perform and so when the Information Elements are sent between them.
BUBBLES has defined 2 use cases for the Separation Management process for the pre-operational and
operational phases.

Figure 29. BUBBLES use case for separation management in the pre-operational phase.
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Figure 30. BUBBLES use case for separation management in the operational phase.

From needs to services
As stated previously, the operational layer describes at a conceptual level how the Nodes interact
between them. These interactions are the information Exchanges and describe then the operational
needs that have to be covered at the System layer (implementation) with the technical systems. The
service layer provides this link between the operational and technical layer.
Once the Operational/Logical needs are described, the services shall be identified. Consequently, there
is a direct relationship between the Information Exchanges and the Services. The identified links are
shown in Table 4-9.
Information Exchange

Service

Separation Minima Provision
Separation Modes and Methods
Provision

Separation Management Service

SPR Information
Surveillance Info Provision
Drone Identification Provision

Separation Management Service/Common
Information Service
Surveillance Data
e-Identification/Network Remote ID

Table 4-9. Mapping of Information needs to the Services
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4.6.3 Service Layer
The service layer provides a link between the operational need and technical solution by describing
services. In this case, BUBBLES has identified a new service to comply with the operational needs, the
Separation Management Service (SMS).
In MEGA tool, the SMS has been defined as:
‘The Separation Management Service makes available all the information required for U-space
airspace users to guarantee that the separation provision is performed homogeneously and according
to specified criteria. The Separation Management Service is required to be centrally provided, acting
as the single point of truth from which all airspace users will collect the data required to execute the
separation provision phase.’
Within the EATMA, Services have one or more Service Interfaces (
) that realises the interaction
between services. In this case, two service interfaces have been identified, as shown in the next figure:

Figure 31. Separation Management Service Operation view

A Service Operation is a function or procedure which enables programmatic communication with a
Service via a Service Interface, which is the mechanism by which a service communicates. For BUBBLES,
the Service Operation is the SeparationManagement, and the Service Interfaces are
SeparationManagement for Pre-Operational phase and SeparationManagement for Tactical (or
Operational) phase.
The Service interfaces includes the Data Elements used in the service interaction. In this case, the data
elements are:
• Conflict horizon
• Separation Method
• Separation Mode
• SPR/INTEROP Targets
• Separation Minima (in both pre-operational and operational phases).
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Figure 32. SeparationManagement Interface in Pre-operational phase

Figure 33. SeparationManagement Interface in Operational phase

4.6.4 System Layer
The system layer describes all human and technical resources of a SESAR system including its internal
functional breakdown and its interactions with the surrounding systems. Once the operational layer
and the functioning of the service are defined in the previous sections, the Resource connectivity view,
called NSV-1, of the SMS is developed in MEGA tool.
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The [NSV-1], System Interface Description view, links together the Operational view and the System
view by depicting which systems and system connections realise which information exchanges. The
diagram is based on the definition of Capability Configurations and includes:
• Capability Configuration (
): the human and technical resources involved. Represented in
‘red boxes’ in the diagram. The capability configurations considered in Separation
Management are:
o Drone: The drone capability configuration encompasses the drone system and the
drone pilot and drone crew. Reused from CORUS library.
o Surveillance U-space: Represents the Surveillance infrastructure of the U-space.
Reused from CORUS library.
o CISP: Represents the Common Information Service Provider of the U-space. New
Capability Configuration created by BUBBLES.
o U-space Service Provider Centre (BUBBLES): Represents the supplier of the U-space
services provided to U-space users, including the Separation Management service.
CORUS Capability Configuration modified by BUBBLES to include the SMS.
•

Services (
): the service used for new interactions. Represented in ‘blue lines’ in the
diagram. The rounded part of the interaction represents the provision of the service, and the
semi-circular part represents the consumption of the service. The services involved in
Separation Management are:
o Separation Management: as described above.
o Surveillance Data: The service to detect traffic and to provide relevant tracks. (e.g.
anti-drone or telecom service provider by triangulation). Reused from CORUS library.
o Network Identification: The identification provides access to the information, where
necessary complemented by the one stored in the registry, based on an identifier
emitted electronically by the drone. The identification service includes the localisation
of the drones (position and time stamp). Reused from CORUS-XUAM library.

•

Data Element ( ): describes the data that is exchanged between the resources. In the
diagram, is represented by the Data Element icon just below the Service line. The Data
Elements are the same as described in the previous section.

Next the [NSV-1] diagram is shown:

Page I 82

CONCEPT FORMULATION

Figure 34. Services provision between Capability Configurations for Separation Management

The new Capability Configurations proposed/modified by BUBBLES are composed of one Technical
System each. The CISP is composed of the Centralised Information Service Provider (or Common
Information Service Provider) and the U-space Service Provider Centre is composed of the USSP
system. The following figures represent the structure of these Capability Configurations with the
Technical system (
), the human roles (
) and the Resource Interactions (
).

Figure 35. Structure of CISP Capability Configuration

Page I 83

CONCEPT FORMULATION

Figure 36. Structure of USSP-BUBBLES Capability Configuration

After the description of the SMS in section §4.5, the new Functional blocks proposed by BUBBLES, that
are part of the USSP Technical System, are:
•

Risk Analysis Support: The Risk Analysis Support computes and provides information about
the separation modes and methods, the conflict horizon, the SPR/INTEROP and the reference
separation minima to other USSP in the pre-operational phase.

•

CSPM: The Communications and Surveillance Performance Monitoring block monitors the
conformity of Communication and Surveillance systems with the SPR established in the
SPR\INTEROP targets and provides reports to Dynamic Separation Adjustment.

•

Dynamic Separation Adjustment: The Dynamic Separation Adjustment updates the
separation minima when necessary, taking into account the performance of the CNS systems.

Next figure represents the functional blocks of the USSP System, with the three new blocks added by
BUBBLES:
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Figure 37. Functional Blocks for USSP system with the BUBBLES proposal.

Then, the [NSV-4] System Functionality Description diagrams are developed, for both pre-operational
and operational phases as in the Operational Views. These diagrams support the development of
system functional hierarchies and system functions and are used to describe the Resource
Orchestration (how resources collaborate to achieve a common functionality or capability). The [NSV4] view allows to describe the interaction of Functions with the boundaries of a Capability
Configuration, Technical System and Functional Blocks.

Figure 38. Function view of Separation Management in Pre-operational phase.
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Figure 39. Function view of Separation Management in Operational phase
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Appendix A

Conflict management in ATM

UAS are users of the airspace and, as such, lie within the worldwide-agreed ICAO framework and their
operation has to be aligned with the ICAO principles [49]. Therefore, the UAS separation management
service developed by BUBBLES will be consistent with the conflict management framework set up by
the ICAO for manned aircraft, although commensurate with the risks entailed by their operations.
The separation provision makes part of the conflict management function performed within the Air
Traffic Management (ATM) to reduce the probability of collision to acceptably low levels. This function
is executed by Air Navigation Service Providers (ANSP), designated by the states, by means of the
provision of different services. Hence, to contextualise the ConOps for UAS separation management
within the U-space framework, section A.1 describes what the ATM is, which are its logical
components, and which are the services provided by it, whereas section A.2 addresses how the ATM
tackles the separation management.

A.1 An overview of the ATM
The ICAO has set up a common reference framework for the Unmanned Aircraft Systems Traffic
Management (UTM) [19]. For the UTM conflict management and separation service, [19] refers to the
ICAO Global ATM Operational Concept [1], where ATM is defined as:
Air traffic management is the dynamic, integrated management of air traffic and airspace —
in a safe, economical, and efficient way — through the provision of facilities and seamless
services in collaboration with all parties.
Also in [1], the ICAO defined the system providing the ATM (namely, the ATM system), which involves
the collaborative integration of humans, information, technology, facilities and services, supported by
air, ground and/or space-based communications, navigation and surveillance.
The ATM system is based on the provision of services and has the following guiding principles:
•
•
•
•
•

System safety.
Involvement of humans in the system management, performance monitoring and intervention
(when necessary).
Technology agnostic (performance oriented).
Access to a timely, relevant, accurate, accredited and quality-assured information.
Collaboration (at the strategic and tactical levels).

The services provided by the ATM rely on the following seven concept components:
•

•
•

•
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Airspace Organization and Management (AOM) is in charge of defining and applying airspace
structures to accommodate the different types of air activity, volume of traffic and levels of
service and rules of conduct.
Aerodrome Operations (AO) is the component responsible for providing the ground
infrastructure to improve safety and maximize aerodrome capacity in all weather conditions.
Demand and Capacity Balancing (DCB) will strategically evaluate system-wide traffic flows and
aerodrome capacities to determine when, where and how airspace users can operate, while
tactically mitigating conflicting needs for airspace and aerodrome capacity.
Traffic Synchronization (TS) stands for the tactical establishment and maintenance of a safe,
orderly and efficient flow of air traffic. Traffic synchronization is closely related to conflict
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•

•
•

management and demand and capacity balancing and all together will lead to a continuous
and organized flow of traffic.
Airspace User Operations (AUO) refer to the ATM-related aspect of flight operations, taking
into account the many different airspace user missions and vehicle characteristics and
capabilities.
Conflict Management (CM) limits, to an acceptable level, the risk of collision between aircraft
and hazards.
The ATM Service Delivery Management (SDM) function manages how the ATM services are
delivered to the users on an on-request basis.

In addition to the ATM components aforementioned, the ATM also includes Information Services
dealing with the exchange and management of information used by the different services delivered to
the airspace users and the processes implementing them.
The ATM services and the procedures set up by the ICAO to provide them are described in depth in
[50] and are summarised in Figure 40.

Air Traffic
Management
(ATM)
ICAO DOC 4444

Airspace Management (ASM).

Air Traffic Flow Management (ATFM).
Air Traffic Services (ATS).

Air Traffic Control Service (ATC)
Flight Information Service (FIS)
Air Traffic Advisory Service (ATAS)
Alert Service (AS)

Figure 40. Air Traffic Management Services.

Air Space Management (ASM) and Air Traffic Flow Management (ATFM) are services provided during
the pre-flight phase, whereas Air Traffic Services (ATS) are services provided immediately before the
flight and during its execution [51] and [52]:
•

•

•
•
•
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ASM aims at maximising the utilisation of available airspace by dynamic time-sharing and, at
times, the segregation of airspace among various categories of users based on short-term
needs.
ATFM has the objective of contributing to a safe, orderly, and expeditious flow of air traffic by
ensuring that Air Traffic Control (ATC) capacity is utilised to the maximum extent possible, and
that the traffic volume is compatible with the capacities declared by the appropriate authority.
Air Traffic Control (ATC) is stablished to prevent collisions and to expedite and maintain an
orderly flow of air traffic.
Flight Information Service (FIS) gives advice and information useful for the safe and efficient
conduct of flights
Air Traffic Advisory Service (ATAS) is provided in order to make information on collision
hazards more effective than it would be in the mere provision of FIS. ATAS has been available
wherever ATC cannot be provided and the information provided by the FIS does not meet the
requirements.
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•

Alerting Service (AS) notifies and assists appropriate organizations when there is an aircraft
which needs search and rescue aid.

A.2 Objectives and structure of conflict management in ATM
Separation management makes part of the ATM conflict management component, which aims at
limiting the risk of collision between aircraft and hazards to an agreed level deemed as acceptable.
The possible hazards encompass:
•
•
•
•
•

other aircraft,
terrain,
weather,
wake turbulence, and
incompatible airspace activity.

The ATM Conflict management comprises three layers, as shown in Figure 41:
1. Strategic conflict management.
2. Separation provision.
3. Collision avoidance.

ICAO D oc.
98 54

CA

Sep arat ion
p rovision
St rat eg ic con flict
m an ag em en t
Figure 41. The three layers of conflict management according to the ICAO Doc. 9854.

Strategic conflict management is the first layer of conflict management and is achieved through the
AOM, DCB and TS. The term strategic is used in the sense of before tactical. However, strategic conflict
management is not limited to the pre-flight stage, since changes to the trajectory can be applied during
the flight, requiring strategic conflict management.
The separation provision is the second layer of conflict management, and it is applied when the
residual collision risk remaining after applying strategic is above a predetermined threshold11.
Separation provision is hence the tactical process of keeping aircraft away from hazards by at least the

11

Separation provisions by ATC and/or “remain-well-clear” by pilots/remote pilots are used in this phase.
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appropriate separation minima12. Separation is provided within a conflict horizon13 previously defined
for each hazard. Separation provision is an iterative process, consisting of:
1. The detection of conflict, based on the current position of the involved aircraft and their
predicted trajectories in relation to known hazards.
2. The formulation of a solution, including selection of the separation modes to maintain
separation of aircraft from all known hazards within the appropriate conflict horizon. This
implies:
i.
The designation of a separator (agent responsible for separation provision for a conflict
and can be either the airspace user or a separation provision service provider).
ii.
The selection of a separation mode (an approved set of rules, procedures and conditions
of application associated with separation minima), according to the procedures set out
in [6].
iii.
The application of separation minima selected among those defined according to
standard procedures like those described in [53].
3. The implementation of the solution by communicating the solution and initiating any required
trajectory modification according to the procedures set out in [50].
4. The monitoring of the execution of the solution to ensure that the hazards are avoided by the
appropriate separation minima, as described in [50].
The selection of a separation mode has to take into account, among other factors, the safety level
required, the nature of the activity and hazard, the qualifications and roles of the actors, the
performance of the Communication, Navigation and Surveillance (CNS) systems, weather conditions
and traffic density.
The separation minima and the separators are defined per each relevant hazard and the role of
separator can be delegated (e.g., from the airspace user to a service provider) under certain conditions
(predetermined vs delegated separator). The delegation has to be accepted by the delegated user and
is always temporary (i.e., the responsibility for separation is transferred back to the predetermined
separator when the condition that caused the delegation ceases) 14. Whenever the safety level is not
compromised, the predetermined separator should be the airspace user.
The separation provision intervention capability is crucial when defining separation modes (including
determination of separators and minima). This capability refers to the quality of humans and/or
systems to detect and solve a conflict and to implement and monitor the solution. This capability can
be allocated to a separation provision service, a user or an automated system and will take into
consideration human factors principles.

12

Separation minima are the minimum distances between an aircraft and a hazard that maintain the risk of
collision at an acceptable level of safety.
13
Conflict horizon is the extent to which hazards along the future trajectory of an aircraft are considered for
separation provision.
14
In practice, the delegation always takes place from the service provider to the airspace user.
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Kind

CLASS

TRAFFIC

Separation

A

IFR

ALL

ATC

IFR

ALL

ATC

VFR

ALL

ATC

IFR

IFR /IFR
IFR /VFR

ATC

B

Controlled

C
VFR

VFR/IFR

IFR

IFR/IFR

VFR

None

IFR

IFR/IFR

VFR

None

IFR

IFR/IFR
(whenever
possible)

VFR

None

IFR

None

VFR

None

D

Uncontrolled

E

F

G

ATS Services

1. VFR/IFR: ATC.
2. VFR/VFR: ATAS will provide:
a. Traffic information.
b. Traffic avoidance advice (on demand).
1. IFR/IFR: ATC.
2. IFR/VFR: ATAS will provide:
a. Traffic information.
b. Traffic avoidance advice (on demand).
1. VFR/IFR:
a. Traffic information.
b. Traffic avoidance advice (on demand).
2. VFR/VFR: ATAS will provide:
a. Traffic information.
b. Traffic avoidance advice (on demand).
1. IFR/IFR: ATC.
2. IFR/VFR: ATAS will provide traffic information
(whenever possible).
1. VFR/IFR: ATAS will provide traffic information
(whenever possible).
2. VFR/VFR: ATAS will provide traffic information
(whenever possible).
1. IFR/IFR: ATAS, FIS.
2. IFR/VFR: ATAS,FIS.
1.
2.
1.
2.
1.
2.

VFR/IFR: FIS.
VFR/VFR: FIS.
IFR/IFR: FIS.
IFR/VFR: FIS.
VFR/IFR: FIS.
VFR/VFR: FIS.

Table A-1. ATS per airspace class according to [8].

The collision avoidance is the third level of conflict management. Collision avoidance consists in
reactive measures automatically launched when the on-board anti-collision system detects that a
collision is imminent and issues resolution advisories to the crew to prevent the accident. Collision
avoidance is not considered part of the separation provision but must be consistent with the
separation modes applied to the aircraft.
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The conflict management is implemented by the ATM through the provision of different services:
•

•

The strategic conflict management is provided by the ATFM and the ATC in the pre-flight phase
and updated in the pre-tactical phase (just before the take-off). The ATFM monitors the
effectiveness of the strategic planning and introduces the necessary changes, which can be
applied even during the flight execution.
Tactical conflict management (or separation provision) is carried out during the flight. The
separation mode and the responsibility of maintaining the separation depends on how the
flight is being conducted. The rules of the air set up in [44] includes two alternatives:

Instrumental
Flight Rules (IFR)

Aircraft shall be equipped with suitable instruments and with navigation
equipment appropriate to the route to be flown. Specific requirements for
the navigation equipment apply depending on the applicable separation.

Visual Flight Rules
(VFR)

The aircraft shall fly in conditions of visibility and distance from clouds equal
to or greater than those specified in [ICAO Annex II]. The crew is the only
responsible agent for maintaining the separation from hazards.
Figure 42. IFR and VFR definition according to [44].

When flying under VFR, the pilot is the sole responsible for maintaining the separation, with the
support of the ATAS and the FIS. In flights conducted under IFR, the responsibility is shared between
the pilot and the ATC (the latter issues mandatory clearances and instructions and the former has to
apply them).
The ATS provided to a flight depends on:
a) Whether the aircraft flies under VFR or IFR.
b) The airspace class where the flight takes place.
The airspace classes and the ATS services provided therein are defined in [52] and are summarised in
Table A-1.

A.2.1 Separation minima and conflict detection & solving in manned
aviation
According to [34], a conflict is a predicted converging of aircraft in space and time which constitutes a
violation of a given set of separation minima. The same source defines conflict detection as the
discovery of a conflict as a result of a conflict search which, in turn, consists in computation and
comparison of the predicted flight paths of two or more aircraft for the purpose of determining
conflicts. Conflict detection is one of the main functions of Air Traffic Controllers (ATCOs).
Conflicts are directly related to separation minima, which are the minimum distance between aircraft
and a given hazard that maintain the risk of collision at an acceptable level of safety.
For in-flight aircraft, vertical and horizontal separation minima defined by the ICAO in [50] are applied
when the hazard is another in-flight aircraft.
Vertical separation is attained by requiring aircraft to fly at specific flight levels defined by a particular
pressure value defined with respect to a worldwide standard reference of 1,013.25 hPa or with respect
to an aerodrome-specific pressure reference (QNH) when flying below an aerodrome-specific
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transition level. Vertical separation for IFR flight is 1000 ft (300 m) below FL290 and 2000 ft (600 m)
above FL290, except where Reduced Vertical Separation Minima (RVSM) apply. In this case, the 1,000
ft separation is extended up to FL410.
Horizontal separation is classified into procedural separation and separation based on ATS surveillance
services (radar separation).
• Procedural separation consists of lateral and longitudinal separations. Lateral separation can
be applied by means of:
o Reference to the same or different geographic locations (by position reports which
positively indicate the aircraft are over different geographic locations as determined
visually or by reference to a navigation aid).
o The use of NDB, VOR or GNSS on intersecting tracks or ATS routes (by requiring aircraft
to fly on specified tracks which are separated by a minimum amount appropriate to
the navigation aid employed).
o The use of different navigation aids or methods (RNAV or RNP). The difference between
RNAV and RNP specifications is that the latter require on-board performance
monitoring and alerting whereas the former do not. RNAV and RNP are the state-ofthe-art navigation techniques and support different lateral separation minima ranging
from 1 to 5 NM.
o Longitudinal separation is defined in terms of time differences based on position
reports from the aircraft or in terms of distance based on the use of DME (Distance
Measurement Equipment) or using RNAV where RNP is specified.

Figure 43. Navigation specification designations, from [54]

•

Separation minima based on ATS surveillance systems. When supported by surveillance
systems such as radar, ADS-B or MLAT, the standard separation minimum is 5 NM, unless the
local surveillance capabilities allow to apply 3 NM separation. 2.5 NM separation can be
applied between succeeding aircraft which are established on the same final approach track
within 10 NM of the runway threshold provided the conditions specified in [50] are met.

In-flight aircraft are considered separated when either the horizontal or the vertical separation minima
are met. Therefore, a loss of separation is declared when both vertical and horizontal minima are
breached.
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Detecting situations where a loss of separation can occur is a staged process which starts by classifying
aircraft according to the assigned flight level. Then, the pairs that are utterly unlike to lose separation
(e.g., those whose paths do not cross) are filtered out. Lastly, the distance in the Closest Point of
Approach (CPA) between the remaining pairs is predicted and compared to the applicable minima.
Climbing and descending flights pose a special challenge and additional checks must be done at the
final and intermediate flight levels to discard that any conflict can arise. Obviously, the higher the
number of flight levels crossed by the aircraft, the more complex the checks to be done.
When a conflict is detected, ATCO have to plan and execute a solution to avoid the conflict ending up
in a loss of separation or, even worse, in a mid-air-collision. The most used methods to solve conflicts
are:
•
•
•
•

Change of level.
Speed control.
Vectoring (change of heading).
Vertical speed adjustment.

Once the ATCO has issued the instructions to the crews to implement the chosen solution, they
monitor the development of the situation until the conflict is definitely solved.

A.2.2 Systems supporting the separation provision in manned
aviation
Conflict detection and solution is the mission of air traffic controllers (ATCO), and their effectiveness
ultimately depends on their training, experience, and judgment. However, different supporting
systems have been developed along time and are available at most of the ATC (Air Traffic Control) units
worldwide. These systems rely on surveillance data produced and processed by surveillance systems.
A thorough description of these systems can be found in [55]. Surveillance sensors are usually
integrated in an air-ground surveillance system, as shown in Figure 44, which provides information to
the ATCO on a HMI (Human Machine Interface) display, as well to different tools that support the ATCO
in detecting and solving conflicts, such as:
•
•
•
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MTCD (Medium Term Conflict Detection).
Probe (What-if) Controller Tool.
TCT (Tactical Controller Tool).
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Figure 44. Multi-sensor air-ground surveillance system, extracted from [55].
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BUBBLES Traffic classes

Appendix B

Separation management strongly depends on the characteristics of any local scenario, the
performance of the UAS operated therein and the operations conducted by them. Due to the large
variety of UAS in terms or aircraft performance and possible operations, the number of pairwise
encounter types is huge.
To cope with this complex picture, BUBBLES proposes the classification of the traffic in terms of
operation risk listed in Table B-1. This classification leverages the risk-based, operation-centred
approach adopted by EASA, to simplify the risk identification process. Unmanned traffic is classified
according to the risk-based categories specified by the European regulation [9]: Open, Specific, and
Certified. Then, a further classification step is performed for each of the categories. For operations in
the Open category, the regulation defines three subcategories: A1, A2, and A3. These impose specific
limitations to proximity to people, affecting Impact Density (ID), and UAS weight, affecting Impact
Lethality (IL) (See Appendix D.4 for ID and IL definitions). In the specific category, the classification
criteria are based on the SORA operation’s SAIL value [56], which in turn depends on ground (GRC) and
air (ARC) risk levels. Using this criterion, three classes can be defined: lower risk (SAIL I or II), medium
risk (SAIL III or IV), and higher risk (SAIL V or VI). In the Certified category, UAS can be classified
depending on whether they carry occupants or not. Finally, manned aircraft can fly under either VFR
or IFR.
Traffic characteristics

Traffic class
A1

Unmanned Open

Unmanned Specific
Unmanned Certified
Manned Certified

I
II
III
IV
V
VI
VII
VIII
IX
X

A2
A3
Non-carrying people SAIL I-II
SAIL III-IV
SAIL V-VI
No passenger
Passenger
Carrying people
VFR
IFR

Table B-1. Risk-based classification of traffic within the U-space.

Table B-2 shows the different typical performance parameters assigned by BUBBLES to each traffic
class and Table B-3 shows the impact harm associated with each traffic calss.
Traffic
Performance
A1
A2
A3
SAIL I-II
SAIL III-IV
SAIL V-VI
No pass.
Pass.

Cruise
Sp.(m/s)
5.00
5.00
10.00
12.00
14.00
15.00
25.00
25.00

RoC (m/s)

RoD (m/s)

4.00
4.00
4.00
4.00
5.00
5.00
5.00
3.00

3.00
3.00
3.00
3.00
4.00
4.00
4.00
2.00

Size _h (m) Size _v (m)
0.50
1.00
2.00
1.00
2.00
2.00
4.00
5.00

Table B-2. Physical characteristics and performance of each class of traffic.
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Traffic class

Impact
Density (ID)

Impact
Lethality (IL)

FAT
ground

Num of occupants
(Npass)

A1
A2
A3
SAIL I-II
SAIL III-IV
SAIL V-VI
No pass.
Pass.

0.0100
0.0010
0.0001
0.0100
0.1000
0.1000
1.0000
3.0000

1%
10%
100%
10%
10%
100%
100%
100%

1.00E-04
1.00E-04
1.00E-04
1.00E-03
1.00E-02
1.00E-01
1.00E+00
3.00E+00

0
0
0
0
0
0
0
2

Table B-3. Impact density, impact lethality and expected fatalities in case of mid-air collision per class of
traffic.
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Appendix C

AIM for MAC in the U-space

This appendix describes the Accident-Incident Model (AIM) for mid-air collisions within U-space
airspaces used in the BUBBLES ConOps, which is needed to translate the unmitigated collision
frequencies to mitigated ones after the application of the required mitigation measures. As expressed
in [57], ‘AIM includes a set of incidents of different severities, which are precursors of each accident
category’. These precursor events will be defined and classified related to their severity, and the
different mitigation barriers acting to prevent the occurrence and escalation of such events will be
identified.
AIMs regarding manned aviation have been previously defined for different scopes, such as MAC, enroute, terminal manoeuvring area (TMA), oceanic, and controlled flight into terrain (CFIT), among
others [57]. While ATM and UTM domains have similarities, the specificities of the latter require a new
approach for U-space airspaces. An AIM specially adapted to the European U-space has already been
proposed by CORUS [2]. The AIM presented in this ConOps is built upon these models, with the added
consideration of the U-space separation management service.

C.1 Identification of barriers within the AIM
According to[1], conflict management in manned aviation is distributed in three layers: strategic
conflict management, separation provision, and collision avoidance. The same structure can be applied
to the U-space to identify the corresponding mitigation barriers:
•

•

•

Strategic conflict management (SCM): as the first layer of conflict management, is achieved
through AOM (Airspace Organization and Management), DCB (Demand and Capacity Balance), and
TS (Traffic Synchronization) components, which are interrelated. The aim of these mitigations is to
reduce the need to apply the second layer, by minimizing the frequency of conflicts, defined as
‘predicted converging of aircraft in space and time which constitutes a violation of a given set of
separation minima’ [34]. A similar but more general definition of conflict is provided by [1], as ‘any
situation involving an aircraft and a hazard in which the applicable separation minima may be
compromised’. To this purpose, the SCM barrier imposes conditions to operations during the
strategic phase, either by means of the definition of common structures and rules or by
strategically deconflicting planned operations. As an example, for the European U-space, according
to [7], the U-space flight authorization service is part of strategic conflict management, as it must
execute a strategic deconfliction process before issuing flight authorizations.
Separation provision (SP): the second layer is defined as the tactical process of keeping aircraft
away from hazards by at least the appropriate separation minima, which in turn is defined as the
minimum displacements between an aircraft and a hazard which maintain the risk of collision at
an acceptable level of safety [1]. According to ICAO RPAS manual [27], two approaches exist for
the separation provision phase: separation provision by ATC and remain-well-clear (RWC) by pilots.
Based on this, tactical separation in U-space airspaces shall either be provided directly by the Uspace services or be the responsibility of airspace users, who act based on data they receive from
the U-space services or from aircraft airborne capabilities. These two cases correspond to Zu and
Y airspaces respectively, according to the definition proposed by CORUS [22]. For the sake of
simplification, the present ConOps will indistinctly refer to this phase as separation provision, no
matter whether separation is provided by U-space services or is responsibility of airspace users.
Collision Avoidance (CA): is the third and final layer, activated when the separation mode has been
compromised. The separation mode is defined as an approved set of rules, procedures and
conditions of application associated with separation minima [1]. The time horizon of the CA
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window is smaller than those used during tactical separation, acting as an airborne safety net in
case tactical separation fails. CA capability is expected to rely on onboard equipment, not on Uspace services, so it shall always be the operator’s responsibility.
In addition to the three layers of conflict management, a fourth barrier, Providence, can also be
considered. Providence is defined by the conditional probability of a mid-air collision given that a near
mid-air collision (NMAC) has occurred. It cannot be controlled by pilots, airborne systems, or external
agents (ATM/U-space) since upon reaching the NMAC point, it is assumed neither of them can
influence the probability of collision between involved aircraft.
Due to the rarity of mid-air collisions, Providence (𝑃𝑟𝑜𝑣) is sometimes used in simulation and
modelling to indirectly compute the expected mid-air collision frequency via near mid-air collision
(NMAC) counts, which yields more statistically relevant results, and an estimation of a Providence
value [42]. Providence has previously been estimated between 0.1 for large UAS [58][59], and 0.01 for
small UAS [60], [61], its variations mainly depending on the size of the involved aircraft and the collision
volume (the spatial threshold to consider an NMAC has occurred). Since in UTM airspaces Providence
has not yet been accurately modelled and there is no established NMAC criteria, BUBBLES applies two
mathematically equivalent approaches: one which separately considers Providence, and other which
does not. In the developed simulation model, Providence is defined as the frequency of mid-air
collisions, 𝐹(𝑀𝐴𝐶), divided by the frequency of near mid-air collisions, 𝐹(𝑁𝑀𝐴𝐶):
𝑃𝑟𝑜𝑣 =

𝐹(𝑀𝐴𝐶)
𝐹(𝑁𝑀𝐴𝐶)

C.2 Severity status related to the barriers: separation events
The application of the aforementioned mitigation barriers is driven by a heterogeneous set of concepts
(e.g.: tactical conflict, separation minima, near mid-air collision) that require further analysis and
treatment. For the sake of simplification, the present appendix defines the term ‘separation event’, as
a condition triggered upon the occurrence of given criteria, that is related to the application of a midair collision mitigation barrier. Such criteria are not homogeneous and respond to both qualitative
and/or quantitative conventions.
The qualitative expression of a separation event (e.g.: breach of a separation minima defined as ‘the
minimum displacements between an aircraft and a hazard which maintain the risk of collision at an
acceptable level of safety’), can be applied indistinctly to both ATM and U-space airspaces. However,
trying to directly apply the ATM quantitative implications of separation events to the U-space yields
unsatisfactory results, because of the large differences in dynamics between both environments (e.g.,
speed, size, manoeuvrability). A horizontal separation minimum of 5 NM, or a threshold for NMAC of
500 ft horizontally and 100 ft vertically, represent valid orders of magnitude that are applicable to the
ATM. Yet, if these criteria are directly applied to U-space airspaces, the sheer magnitude of resulting
distances make the ‘high-density’ U-space airspace U3 concept unfeasible. In addition, this would also
not be congruent with the specific risks and mitigations of U-space airspaces, which are not present in
traditional airspace.
Next, a review of the different separation events considered in the present ConOps follows, ordering
separation events in a decreasing scale of severity. For each separation event, traditional ATM
definitions will be described, along with the BUBBLES proposal for the definition of the separation
events in U-space airspaces. The process to identify separation events, the applicable mitigation
barriers according to them and the related triggers is based on the figures 10-2 and 10-3 of [27],
although conveniently modified to adapt them to the proposed concepts to U-space airspaces
introduced by BUBBLES in this ConOps, as shown in Figure 46.
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Figure 45. Volumes used in the BUBBLES collision model

Figure 46. Separation events and mitigation barriers

•

•

Mid-air collision (MAC): defined as an accident where two aircraft come into contact with each
other while in flight. As per the relationship between a MAC and the mitigation barriers, the
occurrence of a MAC means all mitigation barriers have failed to prevent the worst possible
outcome. A MAC is triggered when the physical volumes of two aircraft intersect. These volumes
are, in essence, the actual shape and size of the aircraft, although simplifications can be assumed
when performing simulations (e.g.: a cylinder centred on the aircraft with diameter equal to the
highest horizontal dimension of the aircraft, and height equal to the highest vertical dimension of
the aircraft).
Near mid-air collision (NMAC): according to [42], there have been several historical candidates
both for the qualitative and quantitative definition of a NMAC. Regarding manned aircraft, during
the last decade, there has been a widespread adoption of a quantitative definition of a NMAC as
‘an incident associated with the operation of an aircraft in which a possibility of collision occurs as
a result of proximity of less than 500 feet to another aircraft’. In addition, [42] identifies that, for
the previous definition, ‘the critical severity is implied and not explicitly stated’. Critical severity
refers to a previous qualitative definition stated as ‘a situation where collision avoidance was due
to chance rather than the act on the part of the pilot’. The present ConOps adopts this critical
definition as the qualitative expression of a NMAC within U-space airspaces, since it is perfectly
aligned with the Providence definition exposed above in the previous section. The occurrence of a
NMAC is then triggered by the breach of the NMAC reference volume threshold, named as
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•

•

•

‘collision volume’ [27], which marks the failure of the CA barrier, meaning that the operation’s fate
is then purely depending on Providence. In [42], the authors propose an alternative quantitative
expression for the NMAC volume, applicable to close encounters between ‘smaller UAS’ (i.e.:
measuring less than 12 feet of effective height and 25 feet of effective width), which was named
as sNMAC (where s stands for smaller) and defined by a horizontal threshold of 50 feet and a
vertical threshold of 15 feet. Note that this volume corresponds to a cylinder centred on the
aircraft. Related to this NMAC definition, the authors of [42] identified that a Providence value of
0.1 was a reasonable assumption, given expected UAS sizes and the proposed threshold.
Considering that most of the traffic within U-space airspaces is expected to be formed by ‘smaller
UAS’, and thus most close encounters will only involve ‘smaller UAS’, the quantitative definition of
sNMAC proposed by [42] is considered reasonable for U-space airspaces and will be adopted in
the present ConOps. However, it is important to note that, since manned aircraft will indeed
operate in U-space airspaces, there is a need to define additional NMAC criteria that is suitable for
manned-manned encounters (e.g.: the traditional quantitative definition of 500 ft horizontally and
100 ft vertically).
Imminent Collision (IC): the imminent collision is triggered when the collision avoidance threshold
is breached. The occurrence of this separation event means the separation provision barrier has
completely failed, and the collision avoidance barrier shall then act to prevent aircraft from
entering the collision volume (i.e.: triggering a NMAC). When translating this qualitative definition
to an actual quantitative threshold, the collision volume needs to be considered, along with the
likely speed and manoeuvrability of involved aircraft, as well as the effectiveness of embedded
DAA-CA equipment. Currently, both RTCA SCs 147 and 228 and EUROCAE WG 105 SG 1 are working
separately on the development of a MOPS for DAA covering the CA function. In addition, the later
recently launched an internal activity to assess the applicability of the sXu concept developed by
the RTCA in the European airspace. Considering that CA is a safety net, and it does not affect to
the estimation of airspace capacity, BUBBLES will not address the definition of a CA threshold but
just assesses whether a CA barrier could be required to achieve a given TLS and which the required
effectiveness should be.
Separation Loss (SL): a loss of separation occurs whenever an aircraft is closer to a hazard than the
applicable separation minima [1]. Several loss-of-separation events can be defined, depending on
the specific hazard. BUBBLES focuses on the hazard posed by a mid-air-collision between an UAS
and either other UAS or a manned aircraft. This event may also be named as ‘loss of well-clear’ in
situations in which separation is responsibility of the operators [27]. Nonetheless, the term
‘Separation Loss’ will be used in the present ConOps to describe the event of breach of separation
minima, no matter whether separation is provided via USSPs or responsibility of operators. A loss
of separation means that the separation provision barrier has failed to prevent the separation
minima from being breached, but it does not necessarily imply its total failure. In this status, there
is a margin for the separation provision barrier to act and regain separation minima.
Tactical conflict (TC): considering the definition of conflict given by [34], a tactical conflict in Uspace airspaces can be qualitatively defined as the ‘predicted converging of aircraft in space and
time which constitutes a violation of a given set of separation minima while both aircraft are in
flight”. According to the definition of tactical conflicts as predictions, the process followed to
detect conflicts, which is a conflict search, is based on the computation and comparison of the
predicted flight paths of two or more aircraft for the purpose of determining conflicts. The
detection of a tactical conflict marks the start of the application of the separation provision barrier,
which shall act to avoid a loss of separation. In the conflict detection process, the expected miss
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•

distance at the closest point of approach (CPA) and the remaining time to the CPA are the key
reference criteria. In order for a tactical conflict to be triggered, the distance at the CPA needs to
be less than the corresponding separation minima, while the time to the CPA shall be lower than
a pre-established threshold.
Strategic conflict (SC): considering the definition of conflict given by [1], a strategic conflict in the
U-space can be qualitatively defined as a situation where there is a competing demand for the
airspace resource. The detection and resolution of strategic conflicts is conducted in the pre-flight
phase by the Strategic conflict resolution service [22] or Flight Authorisation service [7], comparing
the flight plans submitted by UAS operators to USSPs by means of the Operational plan processing
service in order to detect any overlap in space and time. Strategic conflict resolution can be also
undertaken during the flight in case a situation requiring any change to the approved operation
plan arises (e.g., new airspace constraints due to dynamic geofencing). The detection of a strategic
conflict, thus, triggers the application of the strategic deconfliction process, as part of the SCM
mitigation barrier. An accepted methodology to strategically deconflict operations is volumebased strategic deconfliction [18],[62]. According to this methodology, 4D volumes are defined by
applying a series of buffers, which may be spatial and/or temporal, to the intended trajectory of a
planned flight. The size of these buffers considers the uncertainty of operations and thus the 4D
volumes are linked to a conformance ratio, which expresses the level of confidence that the aircraft
will remain within the given volume. Hence, strategic conflicts in volume-based strategic
deconfliction can be defined as the overlap of the 4D volumes linked to different flights, where at
least one of them is in the planning phase. The size of the 4D volumes shall be specific to each
operation, considering its particular expected deviation thresholds. In [62] the relationship
between heading and speed errors and the associated time and horizontal buffers to achieve a
given conformance ratio is thoroughly discussed.

Each of the barriers acts during a given time window, to ensure the situation does not escalate to the
following level of severity. The only exception is separation provision: even if its goal is to prevent
tactical conflicts to escalate into separation losses, it still acts after separation is lost with the objective
of regaining it, preventing a further escalation into an imminent collision, as shown in Figure 47. This
figure shows the different separation events and the barriers preventing escalation between them in
a collision timeline adapted from the one presented in [63]. Note that in this model, the CA barrier
consists of a first layer of warning and a second layer of automatic manoeuvring. This model is merely
indicative, since defining how CA works is out of the scope of BUBBLES.
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Tactical conflict volume

Tactical conflict detected

Separation minima

Collision avoidance Collision
volume
volume

CA
CA
warning automatic

Collision Avoidance threshold

Figure 47. Collision timeline (adapted from [63]).

It should be noted that the term ‘collision volume’ in the text above is used to describe the volume for
CA to act in (according to [27]), which is the ‘CA volume’ in this figure.
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Appendix D

Target level of Safety for the U-space

This appendix focuses on the definition of what acceptable level of safety actually means, by assessing
historical values of fatal accidents in manned aviation and projecting them into the U-space
environment. This section is arranged in the following parts:
•
•
•
•

Sub appendix D.1 describes the traditional approach to define TLS in manned aviation and
analyses historical data regarding fatal accidents.
Sub appendix D.2 explores the definition of a TLS for U-space airspaces, proposing a reference
overall value for its initial implementation.
Sub appendix D.3 addresses the risk apportioning among the different causes of fatal accidents
in U-space operations to propose a specific TLS for fatalities due to mid-air collisions.
Sub appendix D.4 proposes a methodology to translate the TLS in terms of fatalities due to midair collisions per flight hour to maximum acceptable mid-air collision frequencies.

D.1 An overview of the TLS in ATM
Target level of safety (TLS) is the way how safety goals are commonly defined in manned aviation [64].
TLS is defined as a ratio of risk events per units of exposure:
𝑇𝐿𝑆 =

𝑟𝑖𝑠𝑘_𝑒𝑣𝑒𝑛𝑡
𝑢𝑛𝑖𝑡_𝑜𝑓_𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒

Since there are several options regarding the risk event (e.g., accident, fatal accident, mid-air collision,
etc.) and unit of exposure to be considered (e.g., flight hour, mission, approach, etc.), different TLS
concepts can be defined [64]:
•

Overarching TLS: consider the overall risk posed by all hazards combined. Some examples of this
are:
o Overall TLS by the International Civil Aviation Organization (ICAO) Review of General Concept
of Separation Panel (RGCSP) in 1985: 6.3e-7 fatal accidents per flight hour.
o Total TLS by ICAO All Weather Operations Panel (AWOP) in 1997: 1e-7 fatal accidents per
mission.

The terms ‘overall TLS’ and ‘total TLS’ will be used interchangeably (indistinctly) to refer to the
overarching TLS throughout this appendix.
•

Specific TLS: which focus on specific hazards and/or specific flight phases or operational
procedures. Some examples of this are:
o TLS for en-route mid-air collision by ICAO RGCSP (1995): 1.5e-8 fatal accidents per flight hour.
o TLS for final approach and landing by ICAO AWOP (1994): 1e-8 fatal accidents per mission.

Generally, the definition of Specific TLS is supported by a risk apportionment, which assumes or
computes the percentage of the total risk that the specific phase, procedure or accident type
represents within the total TLS. According to [65] ‘about 10 percent of the total (aviation accidents)
can be attributed to Failure Conditions caused by the aeroplane’s systems problems’, and the ICAO
North Atlantic Systems Planning Group (NATSPG) also assumed a 10% of risk apportioned to collisions,
although they acknowledged this value was somewhat arbitrary [66]. According to [67], there is no
recorded evidence of why these values were used, but they remained applicable at the time when the
study was published. When new TLS are proposed, previously defined ones are considered as
reference. Then, either by applying an improvement coefficient or by extrapolating trends, new TLS
values are more restrictive than previous, to achieve continuous safety improvement [67].
Page I 107

CONCEPT FORMULATION

The concept used in the present appendix as a safety performance metric, to verify whether TLS have
been achieved during a certain operative period, is the actual level of safety (ALS). In [64], based on
data gathered by Boeing for commercial jet traffic, in the period from 1959 to 2006, a total of 552 fatal
accidents occurred. Dividing this number by the number of flight hours recorded in that period (874.4
million), an ALS of 6.31e-7 fatal accidents per flight hour was obtained, almost equal to the overall TLS
proposed by ICAO RGCSP in 1985. Regarding mid-air collisions, sixteen collision events were recorded,
causing a total of 1760 fatalities in this period. Twenty-one commercial jet aircraft were involved in
them, while seven were single-engine or general aviation (GA) aircraft, and the remaining four were
military aircraft. In the 2006-2020 period, two more mid-air collisions involving commercial jet aircraft
have been registered, causing a total of nine fatalities, according to the latest statistical summaries of
commercial jet airplanes publications by Boeing [68].
The next table shows up-to-date data regarding fatal accidents, which are collected from the latest
version of [68]:

1959-2020
1959-2010
2011-2020

Accumulated
Fatal
Flight Hours Accidents
1.64E+09
638
1.04E+09
599
5.95E+08
39

Fatal
ALS
ALS
MAC
Fatal accidents/FH Fatal MAC/FH
18
3.89E-07
1.10E-08
16
5.76E-07
1.54E-08
2
6.55E-08
3.36E-09

Table D-1. Commercial jet aircraft fatal accident statistics

Table D-1 shows a trend in the reduction of fatal accidents, by comparing the period spanning from
2011 to 2020 to previously gathered data. The number of fatal accidents per flight hour was reduced
by nearly nine times, while fatal MACs per flight hour were reduced almost five-fold.

D.2 Definition of an Overall TLS for U-space airspaces
Although the concept of TLS has been used in manned aviation for decades, its extension to UAS
operations within U-space airspaces needs to be carefully assessed because:
•

•

•

The consequences of accidents involving UAS are expected to be less severe than those involving
manned aircraft. UAS are generally smaller than manned aircraft, and, with the exception of some
operations in certified category, do not carry people. Hence, both the probability of an accident
being fatal, and the number of deaths caused by fatal accidents are expected to be lower. As a
result, the appropriate dimension to be used in the TLS must be adequately assessed considering
the UAS particularities (e.g.: accidents, fatal accidents, fatalities, or other safety indicators).
The U-space airspace will be much denser in traffic per volume unit than the traditional airspace.
Because of the higher density, the expected number of UAS operations will exceed by far the
number of manned aircraft operations [5]. Thus, in case TLS is defined in relative units, such as
‘per flight hour’, risk in absolute terms (e.g., fatalities per annum) must also be evaluated to avoid
an unacceptably high number of deaths that could affect public acceptance.
UTM operations are quite different in nature compared to traditional airspace and operations
under ATM. Within U-space airspaces there is a higher presence of automation, U-space services
are provided instead of ATS, and UAS performances and characteristics differ from the ones of
traditional aircraft. In addition, traffic flows are expected to have different complexity, due to the
different kinds of missions and trajectories (e.g.: grid patterns, abrupt turns), and the
particularities of the environments where these operations will take place, such as VLL urban
environments. In addition, UAS operational procedures are expected to be less demanding, with
flight phases being simplified when compared to traditional manned aviation. For example, the
duration of climb and descent phases are notably shorter than in manned aviation, and phases
like take off, approach, or landing are greatly facilitated by prevailing VTOL capabilities.
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Consequently, the hazards and accidents to be considered, as well as the apportionment of risks,
need to be evaluated considering the U-space environment.
The consequences of UAS accidents, as opposed to manned aircraft accidents, are enormously variable
and depend on the nature of each operation and involved aircraft. Whereas a mid-air collision between
manned aircraft is virtually guaranteed to cause human fatalities, usually ranging between dozens and
hundreds, a collision between UAS does not necessarily mean any fatality will happen. Factors such as
UAS size and dynamics or population density in the area, and shelter’s existence, significantly affect
the outcome. In addition, some UAS may even carry a small number of passengers, in the case of
certain urban air mobility (UAM) operations.
Considering the consequences of UAS accidents are generally less severe than traditional aviation
accidents, a more representative assessment of aviation safety levels can be drawn if accident statistics
are instead represented in terms of fatality frequencies, rather than fatal accident frequencies.
Table D-2 collects data regarding accidents in commercial jet aviation, but instead of focusing on the
number of accidents, is centred on the number of fatalities that were caused by those accidents.

1959-2020
1959-2010
2011-2020

Accumulated
Flight Hours
1.64E+09
1.04E+09
5.95E+08

Total
Fatalities
Fatalities by MAC
31,811
1,769
30,024
1,760
1,775
9

ALS
ALS FAT by
FAT/FH
MAC/FH
1.94E-05
1.08E-06
2.89E-05
1.69E-06
2.98E-06
1.51E-08

Table D-2. Commercial jet aircraft fatality statistics.

In Table D-2 the same trend shown in Table D-1 is maintained: the frequency of fatalities of the last 10
years is an order of magnitude below the one previously recorded. When comparing the number of
fatal accidents with the total number of fatalities, the relation (i.e., the average number of fatalities
per fatal accident) is approximately 50. The ALS in terms of fatalities per flight hour for the whole
period is around 20 people per million flight hours, which improved to nearly 3 in the last decade.
In the case of mid-air collisions, the improvement during the last ten years is remarkable, as only two
accidents with relatively minor consequences (average of 4.5 fatalities per event) took place. However,
the ALS of 1.51e-8 fatalities due to MAC per flight hour cannot be considered as statistically
representative, as this amount is so low that, the event of any single fatal MAC with major
consequences (i.e.: dozens to hundreds of fatalities) would cause the ALS to shift several orders of
magnitude. In this case, the ALS from 1959 to 2020 will be considered instead of the period 2011-2020
as reference. By comparing this value with the total number of fatalities, it can be seen that 5.56% of
the fatalities registered in this period were caused by mid-air collisions, which is close to half of the
traditionally apportioned risk (10%).
According to [35], public perception regarding the safety of traditional manned aviation is positive,
thus achieving these safety levels for UAS operations is identified as one of the key priorities for their
deployment. As a consequence, there is a need to define congruent safety targets for U-space
airspaces.
An initial assessment of the risks posed by overall UAS-related hazards, which is also linked to a safety
target, can be found in the first version of the specific operations risk assessment (SORA) methodology,
developed by Joint Authorities for Rulemaking of Unmanned Systems (JARUS) [69], from where Table
D-3 is extracted.
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Table D-3. Range of notional probabilities for parameters affecting the likelihood of fatal injuries to third
parties on the ground (extracted from [69]).

According to Table D-3, the expected mitigated risk of all operations should remain constant among
operational categories, at one fatality per million flight hours. Then, depending on the number of
persons expected to be struck in case of a hazard and the likelihood a person that has been struck
suffers a fatal injury, a particular frequency of hazards is considered acceptable. For Certified
operations, the frequency of hazards shall be much lower than for Open operations due to the higher
severity of such hazards. Increasing performance levels shall be required to reduce the frequency of
hazards to keep the number of fatal injuries from increasing, which is congruent with the operation’s
risk-based classification.
The latter statement is the key to the definition of a TLS for U-space airspaces. Considering the stateof-the-art UAS technology and the ALS in terms of fatal accidents per flight hour in manned aviation,
achieving a fatal accident ratio of the order of magnitude of one in a hundred million flight hours (1e8 accidents/F-H), is only expected to be possible by using aircraft certified according to very demanding
standards, and thus not realistic for the U-space environment as a whole.
Instead, if the ALS of commercial jet aviation, in terms of fatalities per flight hour, is considered for the
period 2011-2020 (Table D-2), and compared to the safety objectives of Table D-3, it can be checked
that they share the same order of magnitude (1e-6).
For the definition of a safety target according to these data, an improvement factor of three can be
considered as a reasonable enhancement of safety compared to the previous decade (extrapolation
would be of no use here, as there is no previous data regarding unmanned aviation).
Based on the above, this ConOps proposes an overall TLS for the initial implementation of the U-space
(approx. 2023-2030) of one fatality per million flight hours (1e-6 FAT/FH). This shall include all fatalities
directly caused by any U-space operation, both on the ground or in the air, and, if accepted, can be of
common application to most U-space airspaces, with the exception of some very specific airspaces
with especially demanding safety requirements.

D.3 Specific TLS for mid-air collisions in U-space airspaces
After the definition of the overarching TLS, the next step for the characterization of specific TLS is to
perform the risk apportionment, which in turn requires the identification of the hazards that could
lead to fatalities.
CORUS project [70] gathered a collection of threats and safety-related events for UAS operations
within U-space airspaces, divided into five categories: technical/mechanical failures,
meteorological/environmental events, human/operational issues, security issues, and, lastly, U-space
threats/events.
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Classification of potentially fatal accidents in the U-space
Based on the classification made by CORUS, this ConOps proposes the following classification of
potentially fatal U-space accidents, encompassing both ground impacts and mid-air collisions,
according to the causes of the accident:
1. Accidents caused by loss of airworthiness due to technical or mechanical issues.
2. Accidents caused by loss of airworthiness due to meteorological or environmental issues.
3. Accidents due to operational issues.
Where ‘loss of airworthiness’ means the aircraft has lost the ability to continue flying and thus the
flight is expected to end in a ground impact in most cases, although a mid-air collision could be a rare
consequence of total control loss. ‘Ground impact’ also refers to impacts with people or ground-based
obstacles, such as infrastructures, surface vehicles, buildings, or cranes. ‘Operational issues’ include
both human and U-space-related failures occurring during UAS operations.
Accident type 1 encompasses any technical or mechanical failure of the aircraft segment (e.g.: engine
failure, energy loss, structural failure, control systems failure, etc.) that causes the aircraft to lose its
ability to maintain controlled flight.
Accident type 2 considers external elements as causes of the accident (e.g.: adverse weather, bird
strike, electromagnetic interference (EMI)).
Accident type 3 refers to human performance or U-space system failures that cause an accident, such
as the inadvertent definition of a route that collides with a building, or a situation in which two aircraft
have conflicting trajectories, and no evasive measures are taken to avoid the collision.
Note that, as this is a safety-focused approach, physical security issues are out of the scope of the
present assessment. Cybersecurity issues are spread among all the categories in the aforementioned
taxonomy, as cyberattacks can cause an improper performance of onboard electronic systems or UTM
systems, and jamming can be considered as intentional EMI, thus raising safety threats.
These categories may be further subdivided as necessary in order to identify any desired specific TLS
addressing, for example, specific failure conditions or flight phases. These subdivisions will allow the
identification of the failure conditions that trigger hazardous situations, and thus facilitate the
allocation of safety and performance requirements (SPR) and technical specifications (TS) to such
barriers. The following are example barriers against the aforementioned hazards:
•

The definition of UAS design and certification standards, which cover technical, mechanical,
meteorological, and environmental issues. Fabrication and maintenance procedures are defined
to support these.

•

USSP and operator (when applicable), certification processes, which cover operational failures.

•

Some U-space services also provide protection against meteorological or environmental issues,
such as the weather information service.

The requirements for some of these barriers are defined after a risk assessment using the SORA
methodology, as part of the process to obtain an operational authorisation for specific category.
The present appendix focuses on the identification of a single specific TLS for mid-air collisions due to
operational issues, as this is the reference metric that will be used by the separation management
service.
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Apportionment of accident risk in the U-space
After the definition of UAS accident categories, the next step is the apportionment of risk among them.
As mentioned before, a traditional approach in manned aviation has been to consider
technical/mechanical failures to represent 10% of the total risk, while the bulk of the risk was
considered to be due to operational issues (human/ATM). Mid-air collisions, located under of the latter
category, have been traditionally apportioned with 10% of the total risk.
Due to the lack of historical data regarding UAS and especially UTM accidents, it is reasonable to think
that any assumption regarding risk apportionment would be primarily arbitrary and thus of low
representativeness.
However, there is a paradoxical effect here: by defining the risk apportionment and thus allocating
congruent performance requirements to the associated barriers, the actual risk distribution will tend
to these pre-defined values, hence the validity of assumptions will be maintained in time, as long as
accomplishing the apportioned risk is actually feasible. As a matter of fact, somewhat arbitrary
assumptions made in the 60s for manned aviation are still considered applicable today.
Therefore, the following assumptions will be considered as a starting point for the risk apportionment:
•

For the specific case of UAS operations, given that unmanned aircraft have less stringent
certification requirements than manned aircraft, it is reasonable to expect technical/mechanical
failures will represent a higher proportion of the overall risk.

•

Regarding mid-air collision risk, a similar result can be achieved by considering that, due to the
high density of operations and the lower separation, the number of encounters between aircraft
flying in U-space airspaces will be much higher, and thus the risk posed by mid-air collisions.

•

Human/operational issues should still be considered the main source of risk.

Based on these assumptions, the risk apportionment proposed in this ConOps is the following:
1. Accidents caused by loss of airworthiness due to technical or mechanical issues: (30%).
2. Accidents caused by loss of airworthiness due to meteorological or environmental issues:
(20%).
3. Accidents due to operational issues (50%).
For the sake of simplicity, both kinds of accidents (i.e.: ground impact and mid-air collisions) can be
assumed equally likely when caused by human/operational issues. Note that this risk apportionment
jointly considers both human and technical failures of the U-space segment as causes of mid-air
collisions.
Considering mid-air collisions are apportioned 25% of the total risk, a specific TLS for mid-air collisions
due to human/operational issues, namely 𝑇𝐿𝑆𝑀𝐴𝐶 , of 2.5 fatalities per ten million flight hours (2.5e-7)
is proposed.

D.4 Defining the maximum acceptable mid-air collision frequency
Assessing the considered accident types described in the previous section, the only one that is
significantly dependent on the number of operating aircraft is the risk of mid-air collision. While it is
true that increasing the number of aircraft also causes a certain negative impact on other risks, for
example, due to a possible overload of service providers, the effect is considered negligible in
comparison to the increase in collision risk, which, is directly proportional to the square of the number
of aircraft operating in a particular airspace [71].
Page I 112

CONCEPT FORMULATION

Thus, it is deduced that, given a U-space airspace in which operating aircraft are provided with U-space
services, both of them complying with specific performance requirements, there is a maximum
number of aircraft that can safely operate before the risk of collision exceeds the level considered
acceptable. This level is given by the specific TLS defined in the previous section.
The presented approach considers the baseline risk that defines the maximum acceptable mid-air
collision frequency in a U-space airspace shall be defined based on the risk of harm to humans,
including both those on the ground and those in the air. Although other harms, such as damage to
property or to critical infrastructure might also be a concern, these entities are ‘static’, as opposed to
the ‘dynamic’ nature of human activities (e.g.: because of the variable ground population density
and/or manned traffic density). The present approach focuses on mitigating such dynamic sources of
risk within the assessed U-space airspace, from which overall SPR/INTEROP requirements applicable
to the whole U-space airspace will be derived. In case of static risks that are not adequately mitigated
by the overall SPR/INTEROP requirements (e.g.: nuclear plants or other critical infrastructure), the
proposed solution is to define specific requirements for operations to be performed in their vicinity
(e.g.: by means of UAS geo zones), to locally mitigate any residual risk to the level considered as
acceptable.
It is important to note that, even though the baseline TLS might be the same for different U-space
airspaces, the maximum acceptable frequency of accidents will differ among them. This is due to the
differences in the potential harm to humans, which will be specific to each U-space airspace. As a rule
of thumb, a U-space airspace defined over an area with higher population density shall be associated
with a lower maximum acceptable accident frequency than in the case of sparsely populated areas, to
compensate for the higher average amount of fatalities per accident event.
The next step in this process is the identification of the severity of accidents involving UAS, so that the
TLS in terms of ‘fatalities per flight hour’ can be translated to acceptable frequencies of accidents; in
this case, the severity of both mid-air collisions and ground impacts will be evaluated, since a ground
impact is a likely consequence of a mid-air collision.
Applying a similar approach to the one shown in Table D-3, the number of fatalities expected on the
ground to be caused by an aircraft impacting the ground (𝐹𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑 ) can be computed via the two
following parameters:
•

•

Impact density (ID): represents the average number of persons expected to be impacted, either
directly by the aircraft or by projected debris. This value depends heavily on population density,
the existence of cover, and aircraft impact volume. Impact density can be higher than the unit if
multiple people are likely to be affected by a single accident.
Impact lethality (IL): the chance a person who has been struck will die due to the impact. This
value mainly depends on aircraft size and weight. Values between 0.01 and 1 are considered
reasonable assumptions for impact lethality [69].

The expected amount of lethally injured people on the ground caused by a ground impact can be
computed by multiplying these two parameters.
𝐹𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑 = 𝐼𝐷 × 𝐼𝐿
On the other side, the risk of causing fatalities in the air due to mid-air collisions (𝐹𝐴𝑇𝑎𝑖𝑟 ) depends on
the following parameters:
•

Number of occupants (NO): the number of occupants who board the aircraft involved in the midair collision.
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•
•

Take-down probability (TP): the chance an aircraft which has been struck by another aircraft will
lose its airworthiness and thus end up impacting the ground. It depends on the relative masses
and sizes of both colliding aircraft, as well as the point of impact.
Fall severity (FS): the chance a person who is on board of an aircraft dies as a consequence of a
ground impact of said aircraft. This is not a fixed value, as depends on operational parameters such
as flight height and overflown terrain (e.g.: water mass, hard ground, vegetation, etc.), among
others.
𝐹𝐴𝑇𝑎𝑖𝑟 = 𝑁𝑂 × 𝑇𝑃 × 𝐹𝑆

The total average amount of fatalities caused by a mid-air collision between aircraft a and b,
𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏 , can be computed as the sum of the fatalities on the ground and in the air caused by both
involved aircraft. To account for ground fatalities due to a MAC, the conditional probability of a ground
impact occurring after collision is given by TP.
𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏 = 𝐹𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑,𝑎 𝑇𝑃𝑎→𝑏 + 𝐹𝐴𝑇𝑎𝑖𝑟,𝑎 + 𝐹𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑,𝑏 𝑇𝑃𝑏→𝑎 + 𝐹𝐴𝑇𝑎𝑖𝑟,𝑏
𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏 = 𝑇𝑃𝑎→𝑏 (𝑁𝑂𝑎 × 𝐹𝑆𝑎 + 𝐼𝐷𝑎 × 𝐼𝐿𝑎 ) + 𝑇𝑃𝑏→𝑎 (𝑁𝑂𝑏 × 𝐹𝑆𝑏 + 𝐼𝐷𝑏 × 𝐼𝐿𝑏 )
Where 𝐼𝐷𝑎 , 𝐼𝐿𝑎 , 𝑁𝑂𝑎 , 𝐹𝑆𝑎 refer to the particular parameter of aircraft 𝑎, and 𝑇𝑃𝑎→𝑏 refers to the
take-down probability of aircraft 𝑎 after impact with aircraft 𝑏.
The objective is to estimate a maximum acceptable collision rate in terms of mid-air collisions per flight
hour, within a certain airspace volume, given by the following expression:
𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 =

𝑇𝐿𝑆𝑀𝐴𝐶

̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇
𝑀𝐴𝐶

̅̅̅̅̅̅̅̅̅̅
Where 𝐹𝐴𝑇
𝑀𝐴𝐶 represents the average expected number of fatalities caused by any MAC event within
that airspace volume, namely 𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏 .
̅̅̅̅̅̅̅̅̅̅
To compute 𝐹𝐴𝑇
𝑀𝐴𝐶 , the individual result of each possible MAC between two aircraft, 𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏 ,
weighted by the relative probability of occurrence of a MAC between aircraft a and b, 𝑊𝑀𝐴𝐶,𝑎,𝑏 among
all possible combinations, is added:
𝑁−1

𝑁

̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇𝑀𝐴𝐶 = ∑ ∑ 𝑊𝑀𝐴𝐶,𝑎,𝑏 𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏
𝑎=1 𝑏=𝑎+1

Where N represents the number of aircraft operating within the U-space airspace, and
𝑁
∑𝑁−1
𝑎=1 ∑𝑏=𝑎+1 𝑊𝑀𝐴𝐶,𝑎,𝑏 = 1. Since computing 𝐹𝐴𝑇𝑀𝐴𝐶,𝑎,𝑏 for each of the 𝑁(𝑁 − 1)/2 possible aircraft
pairs is quite a complex process, the following set of conservative assumptions is considered to simplify
the previous equation:
1. Any aircraft involved in a mid-air collision is expected to lose control and impact the ground (i.e.:
𝑇𝑃𝑎→𝑏 = 1 for any values of a, b). Among the 36 aircraft associated to the 18 registered fatal midair collisions involving commercial jet aircraft in the period 1959-2020, only 5 of them kept
airworthy after colliding and could safely land, which gives a historical TP of 0.86. Thus, this
assumption is not far from recorded data, considering impacts among manned aircraft. As this
parameter depends on the relative masses and sizes of both aircraft, different results are expected
for UAS-UAS and UAS-manned collisions.
2. Among the 31 aircraft that lost airworthiness after colliding mid-air, the only recorded survivors
were those who, being on board of military aircraft, were able to eject and parachute away to
safety. Hence, it is reasonable to assume that any occupant of an aircraft impacting the ground
after a mid-air collision will be fatally injured, thus 𝐹𝑆 = 1.
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3. Traffic can be classified according to a generic set of categories, as explained in Appendix B. This
way, 𝐼𝐷, 𝐼𝐿 and 𝑁𝑂 can be assumed constant for any aircraft corresponding to a given generic
category. An example of classification according to categories defined by European UAS regulation
is shown in Table B-1.
4. Traffic is distributed among the previous generic categories according to a specific mix. The vector
𝑃 = (𝑃𝑖 , … , 𝑃𝑛 ) is defined as the traffic mix, where 𝑃𝑖 represents the proportion of traffic from a
given class among the 𝑛 classes. Using Table G-1 as reference, 𝑃3 = 0.05 means 5% of traffic
corresponds to A3 category. 𝐼𝐷𝑖 would represent the impact density of an aircraft of class 𝑖, and
so on. As the population density of an area increases, its associated traffic mix is expected to shift
towards higher-risk traffic classes. U-space airspaces outside the VLL will be characterized by a
higher presence of manned aircraft within the mix, in comparison with U-space airspaces entirely
confined within the VLL.
5. In the case all aircraft have similar performances (e.g.: containment capabilities, collision
avoidance equipment, etc.) the total mid-air collision risk is evenly shared among them. When lessperformant aircraft are added to the mix, not only do they face increased collision risk between
themselves, but the safety of the high-performance aircraft is also negatively impacted as a
consequence. Thus, it is reasonable to assume that all aircraft operating within the assessed
airspace volume are equally likely to be involved in a mid-air collision, no matter their specific
performance (i.e., 𝑊𝑀𝐴𝐶 = 2/(𝑁(𝑁 − 1)). This assumption is valid for an initial assessment as it
lies on the conservative side, and might be re-evaluated in further assessments once operational
data is available.
Under the aforementioned set of assumptions, the average number of fatalities per mid-air collision
in a given airspace is computed as the weighted sum of the number of fatalities per MAC, per each of
the 𝑛 traffic classes:
𝑛

̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇
𝑀𝐴𝐶 = 2 ∑ 𝑃𝑖 (𝐼𝐷𝑖 × 𝐼𝐿𝑖 + 𝑁𝑂𝑖 )
𝑖=1

Note the final result is doubled, accounting for the fact that two aircraft are involved in each MAC.
Hence, the maximum acceptable frequency of mid-air collisions in a given U-space airspace can be
computed as:
𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 =

𝑇𝐿𝑆𝑀𝐴𝐶
𝑇𝐿𝑆𝑀𝐴𝐶
=
𝑛
̅̅̅̅̅̅̅̅̅̅
2 ∑𝑖=1 𝑃𝑖 (𝐼𝐷𝑖 × 𝐼𝐿𝑖 + 𝑁𝑂𝑖 )
𝐹𝐴𝑇
𝑀𝐴𝐶

̅̅̅̅̅̅̅̅̅̅
Note that the aforementioned process just represents a way to compute 𝐹𝐴𝑇
𝑀𝐴𝐶 , and that other
̅̅̅̅̅̅̅̅̅̅
approaches to compute this parameter might be equally valid. The value 𝐹𝐴𝑇𝑀𝐴𝐶 may also be later reassessed based on operational data, once available.
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Appendix E
airspaces

Estimating risk of mid-air collision in U-space

This appendix defines a methodology to compute the actual expected MAC frequency within an
airspace, both for the unmitigated and mitigated scenarios, via simulations. To that purpose, [71] is
used as the starting reference. In that document, the author considers that, assuming aircraft are
uniformly distributed over altitude and the height of the airspace is considerably larger than the height
of aircraft, the unmitigated frequency of mid-air collisions in per hour (𝐶0 ) can be expressed as:
𝐶0 =

𝑁(𝑁 − 1)𝑔 𝐸′(𝑉𝑟) 2ℎ
𝐴
𝐻

Which is based in a gas model and where:
•
•
•
•
•
•

𝑁 is the number of aircraft within the airspace
𝑔 is the horizontal dimension of aircraft
ℎ is the vertical dimension of aircraft
𝐴 is the horizontal area of the airspace
𝐻 is the vertical height of the airspace
𝐸′(𝑉𝑟) is the expected relative velocity taken over all possible aircraft pairs

Unmitigated frequencies of mid-air collisions
The number of flight hours (𝐹𝐻) flown during a certain period (from 𝑡1 to 𝑡2 , measured in seconds) is
the sum of duration of all the flights operated during such period, this means:
𝑡

𝐹𝐻 =

2
∫𝑡 𝑁(𝑡) 𝑑𝑡
1

3600

Where 𝑁(𝑡) is a piecewise distribution of integer numbers. Considering a time period in which 𝑁 is
constant, the number of flight hours is directly proportional to the number of aircraft and the length
of the time period, measured in hours:
𝐹𝐻 = 𝑁 ·

𝑡2 − 𝑡1
3600

Considering that the relationship between absolute time and flight hours, and taking into account that
2 aircraft are involved in each MAC, the unmitigated frequency of mid-air collisions in terms of flight
hours experienced by each aircraft (𝐹0 (𝑀𝐴𝐶)), can be expressed as:
2 𝐶 (𝑁 − 1) · 𝑔 · 𝐸′(𝑉𝑟) 4ℎ
=
· ,
𝑁
𝐴
𝐻
where the sub-index 0 is used to indicate that this is the unmitigated mid-air collision frequency, this
means, without the application of any mitigation barrier.
𝐹0 (𝑀𝐴𝐶) =

For any given UTM airspace, the following assumptions can be considered:
1. The size of the UTM airspace is invariable; thus, A and H are constant.
2. A UTM airspace can be characterized by a certain invariable traffic mix. Generic values can be
assigned for the size and performances (e.g.: cruise speed, turn ratios) of aircraft from different
traffic classes.
3. Assuming homogeneous distribution of aircraft, according to a certain mix, 𝐸′(𝑉𝑟) can be
considered constant for high densities of traffic.
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Thus, the unmitigated frequency of mid-air collisions within a given UTM airspace can be
approximated by:
𝐹0 (𝑀𝐴𝐶) = 𝑅𝐹𝑀𝐴𝐶 · (𝑁 − 1)
While the frequency of mid-air collisions in terms of absolute time is computed as:
𝐶=

𝐹0 (𝑀𝐴𝐶)𝑁 𝑅𝐹𝑀𝐴𝐶
=
· 𝑁 · (𝑁 − 1)
2
2

Where the relative frequency 𝑅𝐹𝑀𝐴𝐶 represents the component of the unmitigated frequency of midair collision which does not depend on the number of simultaneous aircraft operating within the
assessed airspace, leading to a simple relationship based on a single coefficient, which is assumed
constant for a U-space airspace of a certain size and where a given traffic mix operates. Hence, the
only variable parameter affecting the unmitigated mid-air collision frequency in a given scenario is the
number of operating aircraft.
To validate this methodology to compute the unmitigated frequency of mid-air collisions,
representative U-space scenarios have been designed and several 3D simulations have been
performed therein, as part of the work executed in WP5 of BUBBLES project. In these simulations, a
certain number of aircraft trajectories are randomly generated, according to a given traffic mix, and
the number of mid-air-collision is counted.
Mitigated frequencies of mid-air collisions and other separation events
An advantage of the methodology described in the previous subsection to compute the expected
frequency of mid-air collisions via simulations is that, since it is based on the gas model, it is not only
applicable to mid-air collisions but to any separation event described in the AIM which is volumebased, just by considering their respective distance thresholds. This way, the unmitigated frequency
of separation events can be expressed as:
𝐹0 (𝑧) = 𝑅𝐹𝑧 · (𝑁 − 1)
Where z represents any of the distance-based separation events: NMAC, IC, SL, TC. To obtain the global
frequency of separation events in terms of absolute time the same approach is used:
𝑅𝐹𝑧
𝑁 · (𝑁 − 1)
2
To translate the unmitigated frequency to actual mitigated values, the AIM described above is used.
To this purpose, there is a need to define the ‘effectiveness’ of the different mitigation measures. As
representation of this ‘effectiveness’, this appendix applies the concept of Risk Ratio (RR) already used
by the SORA methodology regarding tactical mitigations [29]. The RR is defined as ‘the probability of
an outcome with a mitigation system, divided by the probability of an outcome without a mitigation
system’. In the proposed AIM, the outcome addressed by each RR is related to the escalation in the
severity of the situation, from a certain separation event to any of the higher severity events. Hence,
better effectiveness means the RR value is lower. This way, different 𝑅𝑅𝑖,𝑗 are defined, as the
frequency of separation event 𝑗 when mitigation barrier 𝑖 is applied, compared to when it is not. The
possible combinations are shown in the following matrix:
𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡 𝑧 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 =
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𝑅𝑅𝑆𝐶𝑀,𝑇𝐶
𝑅𝑅𝑆𝐶𝑀,𝑆𝐿
𝑅𝑅𝑆𝐶𝑀,𝐼𝐶
𝑅𝑅 =
𝑅𝑅𝑆𝐶𝑀,𝑁𝑀𝐴𝐶
( 𝑅𝑅𝑆𝐶𝑀,𝑀𝐴𝐶

1
𝑅𝑅𝑆𝑃,𝑆𝐿
𝑅𝑅𝑆𝑃,𝐼𝐶
𝑅𝑅𝑆𝑃,𝑁𝑀𝐴𝐶
𝑅𝑅𝑆𝑃,𝑀𝐴𝐶

1
1
1
𝑅𝑅𝐶𝐴,𝑁𝑀𝐴𝐶
𝑅𝑅𝐶𝐴,𝑀𝐴𝐶 )

To properly capture the sequential nature of the MAC barriers application, the definition of these risk
ratios considers that:
•

All the previous mitigations are applied.

•

None of the following mitigations are applied.

It is important to note that this model is only applicable to situations in which aircraft operate
according to the rules of U-space airspaces that make effective use of the established mitigation
barriers. The collision risk posed by unauthorized, non-complying aircraft, shall be addressed
separately.
Using the RR matrix, the risk ratios applicable for each of the separation events are computed as:
3

𝑅𝑅𝑗 = ∏ 𝑅𝑅𝑖,𝑗
𝑖=1

(e.g.: 𝑅𝑅𝑀𝐴𝐶 = 𝑅𝑅𝑆𝐶𝑀,𝑀𝐴𝐶 𝑅𝑅𝑆𝑃,𝑀𝐴𝐶 𝑅𝑅𝐶𝐴,𝑀𝐴𝐶 ).
Considering the failure probability (𝑃𝑓 ) as the probability of the mitigation barrier from suffering
faulted conditions, the achieved risk ratio in normal/abnormal conditions (rr) can be expressed after
the following transformation:
𝑟𝑟 =

(𝑅𝑅 − 𝑃𝑓 )
1 − 𝑃𝑓

Finally, the mitigated frequencies of each volume-based separation event is given by:
𝐹(𝑧) = 𝐹0 (𝑧) · 𝑅𝑅𝑧 = 𝑅𝐹𝑧 · (𝑁 − 1) · 𝑅𝑅𝑧
So:
𝐹(𝑀𝐴𝐶) = 𝑅𝐹𝑀𝐴𝐶 · (𝑁 − 1) · 𝑅𝑅𝑆𝐶𝑀,𝑀𝐴𝐶 · 𝑅𝑅𝑆𝑃,𝑀𝐴𝐶 · 𝑅𝑅𝐶𝐴,𝑀𝐴𝐶
𝐹(𝑁𝑀𝐴𝐶) = 𝑅𝐹𝑁𝑀𝐴𝐶 · (𝑁 − 1) · 𝑅𝑅𝑆𝐶𝑀,𝑁𝑀𝐴𝐶 · 𝑅𝑅𝑆𝑃,𝑁𝑀𝐴𝐶 · 𝑅𝑅𝐶𝐴,𝑁𝑀𝐴𝐶
𝐹(𝐼𝐶) = 𝑅𝐹𝐼𝐶 · (𝑁 − 1) · 𝑅𝑅𝑆𝐶𝑀,𝐼𝐶 · 𝑅𝑅𝑆𝑃,𝐼𝐶
𝐹(𝑆𝐿) = 𝑅𝐹𝑆𝐿 · (𝑁 − 1) · 𝑅𝑅𝑆𝐶𝑀,𝑆𝐿 · 𝑅𝑅𝑆𝑃,𝑆𝐿
𝐹(𝑇𝐶) = 𝑅𝐹𝑇𝐶 · (𝑁 − 1) · 𝑅𝑅𝑆𝐶𝑀,𝑇𝐶
Due to difficulty in computing 𝑅𝐹𝑀𝐴𝐶 via simulations due to the high computational cost, an alternative
method to compute 𝐹(𝑀𝐴𝐶) is based on an assumption of providence and the frequency of NMAC:
𝐹(𝑀𝐴𝐶) = 𝑃𝑟𝑜𝑣 · 𝐹(𝑁𝑀𝐴𝐶)
In the specific case of the expected frequency of tactical conflicts, which is not a volume-based
separation event, it can be directly estimated by the mitigated frequency of separation losses when
only strategic deconfliction is applied since, if no tactical action is taken, any tactical conflict will cause
a loss of separation.
𝐹(𝑇𝐶) = 𝐹0 (𝑆𝐿) · 𝑅𝑅𝑆𝐶𝑀,𝑆𝐿 = 𝑅𝐹𝑆𝐿 · (𝑁 − 1) · 𝑅𝑅𝑆𝐶𝑀,𝑆𝐿
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Appendix F U-space airspace capacity limit due to
mitigated mid-air collision risk
During the U-space safety assessment mandated by [7], the available capacity for UAS traffic shall be
a criterion to determine the applicable operational conditions and airspace constraints. The target
capacity of a U-space airspace shall be defined considering the expected demand, both in absolute
terms and taking into account its variations (e.g.: by the hour of the day).
If demand is overestimated, there is a risk that safety requirements will be so demanding that
operation costs would make them financially unfeasible. On the other hand, if demand is
underestimated, the risk of not being able to attend the actual demand will be unacceptably high; thus,
leading to a high number of flight applications being rejected, which would reduce the potential
economic benefits. The expected demand must also be congruent with the state-of-the-art UAS and
UTM technologies. During the initial implementation of UTM, capacity is expected to be limited, but
restrictions will be gradually lifted as technology evolves.
This appendix describes the boundaries imposed to capacity due to the risk of mid-air collision. As this
risk increases with traffic density, there is an upper threshold regarding the maximum number of
simultaneous aircraft that shall operate without infringing the established TLS. It is important to note
that other bounds to U-space airspace capacity may exist, in which case the most restrictive threshold
shall be applied.
Reference capacity according to the mitigated mid-air collision frequency
The reference capacity of any given U-space airspace (𝑁𝑟𝑒𝑓 ) can be computed as the maximum number
aircraft for which the expected collision frequency remains lower than the maximum acceptable
collision frequency. That is to say:
𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 =

𝑇𝐿𝑆𝑀𝐴𝐶
= 𝑅𝐹𝑀𝐴𝐶 · (𝑁𝑟𝑒𝑓 − 1) · 𝑅𝑅𝑀𝐴𝐶
̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇𝑀𝐴𝐶

Hence:
𝑁𝑟𝑒𝑓 = 1 +

𝑅𝐹𝑀𝐴𝐶 · 𝑅𝑅𝑆𝐶𝑀,𝑀𝐴𝐶

𝑇𝐿𝑆𝑀𝐴𝐶
· 𝑅𝑅𝑆𝑃,𝑀𝐴𝐶 · 𝑅𝑅𝐶𝐴,𝑀𝐴𝐶 · ̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇𝑀𝐴𝐶

An alternative approach, due to the difficulty in estimating 𝑅𝐹𝑀𝐴𝐶 via simulations, can be followed
with the use of Providence:
𝑁𝑟𝑒𝑓 = 1 +

𝑇𝐿𝑆𝑀𝐴𝐶
𝑃𝑟𝑜𝑣 · 𝑅𝐹𝑁𝑀𝐴𝐶 · 𝑅𝑅𝑆𝐶𝑀,𝑁𝑀𝐴𝐶 · 𝑅𝑅𝑆𝑃,𝑁𝑀𝐴𝐶 · 𝑅𝑅𝐶𝐴,𝑁𝑀𝐴𝐶 · ̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇𝑀𝐴𝐶

The reference capacity of a U-space airspace is then driven by the following kind of parameters:
•

Safety target: 𝑇𝐿𝑆𝑀𝐴𝐶

•

Scenario-related parameters:
o

̅̅̅̅̅̅̅̅̅̅
Considering providence: 𝑃𝑁𝑀𝐴𝐶 , 𝐹𝐴𝑇
𝑀𝐴𝐶 , 𝑃𝑟𝑜𝑣

o

Without providence: 𝑃𝑀𝐴𝐶 , ̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇𝑀𝐴𝐶

•

Mitigation effectiveness:
o
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o

Without providence: 𝑅𝑅𝑆𝐶𝑀,𝑁𝑀𝐴𝐶 , 𝑅𝑅𝑆𝑃,𝑁𝑀𝐴𝐶 , 𝑅𝑅𝐶𝐴,𝑁𝑀𝐴𝐶

During the design phase of a U-space airspace, scenario-related parameters can be estimated under a
reasonable set of assumptions. Since the TLS is given as a safety objective, the main parameter that
can be manipulated to achieve a desired reference capacity is the effectiveness of the mitigation
barriers.
Exploring the relationship between reference capacity and variable demand
For the sake of simplicity, the present assessment considers that demand can be defined by a
‘reference day’, via the three following parameters:
•

𝑂𝑑 , as the total number of operations performed within the projected UTM airspace in the
reference day.

•

𝑂𝑝 , as the peak number of operations, which is the total performed within the busiest hour of
the reference day.

•

𝑁 = {𝑁1 , … , 𝑁24 }, which represents the average 𝑁𝑖 simultaneous number of aircraft operating
during each hour of the day.

The traffic is assumed variable during the day but variations between days or seasons will not be
considered in the present assessment. Hence, if this method is followed, the reference day shall be
defined considering the busiest day of a given period, such as the busiest day of the week, to ensure
an approach on the side of caution.
Considering the average duration of operations, measured in minutes, as 𝐿, the relationship between
𝑂𝑑 and 𝑁 is given by the following expression:
24

60
𝑂𝑑 =
∑ 𝑁𝑖
𝐿
𝑖=1

Where 𝑁𝑖 varies during the day according to the expected demand, and ∑24
𝑖=1 𝑁𝑖 represents the total
amount of flight hours during the reference day. The highest expected simultaneous number of
operating aircraft, 𝑁𝑝 , where 𝑝 is the busiest hour, is computed as:
𝑁𝑝 =

𝐿 𝑂𝑝
60

Directly equalling 𝑁𝑝 to 𝑁𝑟𝑒𝑓 is an acceptable solution from the safety point of view, which implies that
expected safety levels, measured at any instant, would always comply with the TLS. However, since
most of the time the traffic would be much lower than the reference capacity, this assumption is quite
conservative and could lead to excessive performance requirements, hence causing unnecessarily
increased costs.
A more suitable solution can be achieved under the assumption that it is acceptable to assume higher
risk levels during short intervals, as long as this increase of risk is compensated by lower risk levels out
of these intervals, so that the overall risk does not exceed a given limit, similar to the strategic
mitigations by limiting exposure time used by SORA.
The average number of aircraft simultaneously operating in the UTM airspace during the reference
day is computed as:
̅=
𝑁
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However, since the level of risk faced by each individual aircraft is not constant, but directly
proportional to the number of operating aircraft, as expressed in Appendix E, and this number varies
̅ is neither a good demand metric to directly define the reference capacity, 𝑁𝑟𝑒𝑓 .
during the day, 𝑁
Instead, this Appendix proposes the usage of a parameter that represents the contribution of the
variation of the traffic during the day on the overall collision risk: 𝑅̅.
To this purpose, the parameter 𝑅𝑖 is computed from the contribution of the operating aircraft during
one single hour to the number of collisions, 𝐶, and thus the collision risk:
𝑅𝑖 =

2𝐶
= 𝑁𝑖 (𝑁𝑖 − 1)
𝑅𝐹𝑀𝐴𝐶 𝑅𝑅𝑀𝐴𝐶

Thus, 𝑅𝑖 can be considered as an equivalent risk coefficient and 𝑅̅ is computed as the average of this
risk, apportioned among all aircraft operating in the reference day:
𝑅̅ =

∑24
∑24
𝑖=1 𝑅𝑖
𝑖=1 𝑁𝑖 (𝑁𝑖 − 1)
=
24
∑𝑖=1 𝑁𝑖
∑24
𝑖=1 𝑁𝑖

̅𝑒𝑞 is defined as the equivalent number of simultaneously operating aircraft associated with the level
𝑁
of risk 𝑅̅:
̅𝑒𝑞 = 1 + 𝑅̅
𝑁
̅ simultaneous aircraft operating during the day is a
So that the average collision frequency of the 𝑁
̅𝑒𝑞 , and computed as:
function of 𝑁
̅𝑒𝑞 − 1) 𝑅𝑅𝑀𝐴𝐶
𝐹(𝑀𝐴𝐶) = 𝑅𝐹𝑀𝐴𝐶 (𝑁
̅=𝑁
̅𝑒𝑞 , but any variation of 𝑁𝑖 during the day would cause 𝑁
̅𝑒𝑞 to
Note that, if 𝑁𝑖 is constant, then 𝑁
̅. This accounts for the fact that, when 𝑁𝑖 increases, both the risk faced by each aircraft
be higher than 𝑁
and the number of aircraft facing such risk increase and, for the opposite case, the reduction of risk is
only enjoyed by a reduced number of aircraft.
̅𝑒𝑞 ≤
The derived design criteria is that, in order for the TLS to be achieved during the reference day, 𝑁
𝑁𝑟𝑒𝑓 . The higher the difference between these two terms, the bigger the safety factor (𝑆𝑓 ) between
the expected frequency of MAC and the TLS.
𝑆𝑓 =

(𝑁𝑟𝑒𝑓 − 1)
̅𝑒𝑞 − 1)
(𝑁

So that:
𝐹(𝑀𝐴𝐶) =

̅𝑒𝑞 − 1) 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥
𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 (𝑁
=
𝑆𝑓
𝑁𝑟𝑒𝑓 − 1

This means a given safety factor can be considered for the estimation of 𝑁𝑟𝑒𝑓 , which will provide a
̅𝑒𝑞 ) to increase without requiring the reference capacity and
margin for the demand (measured as 𝑁
the resulting requirements to be re-assessed.
During the time periods in which 𝑁𝑖 surpasses 𝑁𝑟𝑒𝑓 , there would be a temporary risk increase that
would be compensated with the periods with less traffic amount, so that overall 𝐹(𝑀𝐴𝐶) is always
lower than 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 .
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Other metrics of interest when evaluating U-space airspace capacity
Apart from 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 , there is another key safety metric that needs to be assessed when
considering capacity. The expected frequency of fatalities measured in absolute time units (e.g.: per
day, week or year) is a relevant parameter to evaluate the overall risk in absolute terms, which heavily
influences public acceptance. In this case, the expected frequency of fatalities due to mid-air collisions
in the assessed U-space airspace, in terms of fatalities per reference day (𝐹𝐴𝑇𝑑𝑎𝑦−𝑀𝐴𝐶 ), is computed
as:
𝐹𝐴𝑇𝑑𝑎𝑦−𝑀𝐴𝐶 =

̅
𝑇𝐿𝑆𝑀𝐴𝐶 24 𝑁
𝑆𝑓

Considering contribution to the risk from causes different than MAC has been apportioned as 75% of
the total, and assuming no safety factor is defined for them, the expected daily number of fatalities
due to other causes (𝐹𝐴𝑇𝑑𝑎𝑦−𝑛𝑜𝑡−𝑀𝐴𝐶 ) can be computed as:
̅ = 18 𝑇𝐿𝑆 𝑁
̅
𝐹𝐴𝑇𝑑𝑎𝑦−𝑛𝑜𝑡−𝑀𝐴𝐶 = 0.75 𝑇𝐿𝑆 24 𝑁
Thus, the expected total fatalities per day due to the assessed U-space airspace (𝐹𝐴𝑇𝑑𝑎𝑦 ) is:
𝐹𝐴𝑇𝑑𝑎𝑦 = 𝐹𝐴𝑇𝑑𝑎𝑦−𝑛𝑜𝑡−𝑀𝐴𝐶 + 𝐹𝐴𝑇𝑑𝑎𝑦−𝑀𝐴𝐶
To evaluate public acceptance regarding the implementation of a U-space airspace, the estimated
𝐹𝐴𝑇𝑑𝑎𝑦 might be compared to deaths caused by other transport means and/or alternative activities
likely to be replaced by U-space operations, such as bicycle-based ground delivery.
The peak number of simultaneous operations, 𝑁𝑝 shall also be considered when defining the reference
capacity of a U-space airspace, since this parameter represents the maximum expected load for Uspace services, which shall be dimensioned according to 𝑁𝑝 . A reasonable design criterium would be
to limit 𝑁𝑝 as a factor of 𝑁𝑟𝑒𝑓 .
𝑁𝑝 ≤ 𝐾 × 𝑁𝑟𝑒𝑓
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Appendix G
process

Example of the separation management

G.1 Step 1: Characterise the reference scenario
Characterise the reference scenario that defines the assessed U-space airspace in the most possible
representative way. This includes the definition of the traffic mix and the main features of the traffic
classes that compound the mix, such as the expected traffic speeds (cruise and manoeuvrability), the
size of aircraft, and the severity of harms caused by U-space accidents. It also includes the identification
of the U-space volume size and its structure.
Traffic mix
For the type of traffic present in the study scenario, it has been considered a mix of traffic
corresponding to an airspace class D, where VFR and IFR traffic are segregated through dynamic
airspace reconfiguration, so their presence in the mix is 0%.
Traffic Class
A1
A2
A3
SAIL I-II
Specific SAIL III-IV
SAIL V-VI
No pass.
Certified
Pass.
VFR
Manned
IFR
Open

Mix %
4.00%
5.00%
2.00%
12.00%
46.00%
30.00%
0.80%
0.20%
0.00%
0.00%

Table G-1. Traffic considered in the example.

For traffic performance and impact harm data have been considered the same as those shown in Table
B-2 and Table B-3.
Scenario characteristics
A scenario of 25 km2 (5x5km square) with 3 flight layers distributed between 20 m and 120 m heights
has been considered.

G.2 Step 2: Propose initial targets for SPR/INTEROP
Propose initial targets for SPR/INTEROP that allow an initial approximation of the performances that
will be required for aircraft and USSPs and CNS systems that operate within the assessed U-space
airspace. For example, this phase requires the identification of the robustness, bandwidth and speed
of communication systems, the accuracy of navigation systems, etc. Table G-2 and Table G-3 show the
initial values assumed in the example.
Since the SPR/INTEROP part was not yet completed at the time the annex was developed, the following
values have been assumed:
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Total Total Std.
Delay_tracking Delay_tracking Delay_separator Delay_separator Delay_pilot Delay_piloto
Average
Dev.
Mean
Std.Dev.
Mean
Std.Dev.
Mean
Std.Dev.
Delay
Delay
2.4
2.2
1.8
1.0
3.62
3.48
7.82
4.24
Table G-2. Initial values of delays in the tactical conflict resolution process used in the example.

NSE_H
(2σ)
3

NSE_V FTE_H
(2σ)
(2σ)
3.5

3

FTE_V
(2σ)

TSE_H
(σ)

TSE_V
(σ)

SSE_H
(2σ)

SSE_V
(2σ)

1

2.12

1.82

4

2

Table G-3. Initial values of errors considered in conflict resolution process used in the example

G.3 Step 3: Establish the applicable separation modes
Establish the applicable separation modes by defining appropriate automation modes, separation
methods and conflict horizon. This information corresponds respectively with the blocks 1, 2 and 3 of
the separation management service, which are described in sections §3.3.1. §3.3.2 and §3.3.3.

G.4 Step 4: Compute Separation Minima
Separation minima are computed by the block 4 of the separation management service using the
initial performance values in Table G-2 and Table G-3 applying the procedure described in section
§3.3.4.
HORIZONTAL

MAC

NMAC

CA/IC

SP

TC

A1
A2
A3
SAIL I-II
SAIL III-IV
SAIL V-VI
No pass.
Passenger

0.25
0.50
1.00
0.50
1.00
1.00
2.00
2.50

7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62

35.33
35.33
58.79
68.18
72.30
76.62
119.79
146.12

60.51
60.51
105.16
123.02
135.61
144.17
229.70
256.04

163.64
163.64
311.42
370.53
410.90
439.11
721.28
815.01

Table G-4. Horizontal separation minima computed using the values in Table G-2 and Table G-3.
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VERTICAL

MAC

NMAC

CA/IC

SP

TC

A1
A2
A3
SAIL I-II
SAIL III-IV
SAIL V-VI

0.13
0.25
0.50
0.25
0.50
0.50

2.29
2.29
2.29
2.29
2.29
2.29

8.93
8.93
8.93
8.93
8.93
8.93

15.16
15.16
15.16
15.16
15.16
15.16

31.46
31.46
31.46
31.46
31.46
31.46
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No pass.
Passenger

1.00
1.25

2.29
2.29

8.93
8.93

15.16
15.16

31.46
31.46

Table G-5. Vertical separation minima computed using the values in Table G-2 and Table G-3.

G.5 Step 5: Compute the mitigated frequencies of mid-air collisions
Compute by means of simulations the relative unmitigated frequencies (i.e., frequencies which
depend on the scenario but not on the number of UAS flying therein) of mid-air collisions and the rest
of safety events in the AIM described in Appendix C, the absolute unmitigated frequencies (depending
on both the scenario and the number of UAS), and the risk ratios of the mitigation barriers. Use the
risk ratios to derive the mitigated frequencies from the unmitigated ones. Simulations are executed
using BB-Planner-CC toolbox explained in the BUBBLES Validation Plan [72].
Unmitigated frequencies of mid-air collisions:
In this example, a total of 20 Monte Carlo simulations consisting of 10,000 simulation hours, with 2
aircraft, were executed in the defined scenario, for a total of 400,000 flight hours. As a result, the
maximum achievable resolution when computing the frequency parameters of separation events is
5E-6.
Table G-6 shows the recorded average relative unmitigated frequencies of occurrence of separation
events:
RF MAC
1.45E-04

RF NMAC
6.630E-03

RF IC
1.2932E-01

RF SL
4.8893E-01

RF TC
2.6270E+00

Table G-6. Average values of unmitigated relative frequencies of safety events using the separation minima.

In Table G-6, 𝑅𝐹(𝑒𝑣𝑒𝑛𝑡) stands for the relative frequency of the corresponding safety event per flight
hours, as defined in Appendix E:
𝑅𝐹(𝑒𝑣𝑒𝑛𝑡) =

2·𝐶
𝑁 · (𝑁 − 1)

Being 𝐶 the absolute frequency of safety events and 𝑁 the number of simultaneous UAS operating in
a given scenario.
Table G-7 shows the tolerance intervals for a level of confidence of 95%, for the relative unmitigated
frequencies of the separation events.
RF MAC
RF NMAC
RF Inm Coll
RF SL
RF TC
Int Int +
Int Int +
Int Int +
Int Int +
Int Int +
-1.84E-04 4.74E-04 4.49E-03 8.77E-03 1.17E-01 1.42E-01 4.68E-01 5.10E-01 2.58E+00 2.67E+00
Table G-7. Intervals of 95% confidence of the unmitigated relative frequencies of safety events using the
separation minima in Table G-4. Horizontal separation minima computed using the values in Table G-2 and
Table G-3.Table G-5. Vertical separation minima computed using the values in Table G-2 and Table G-3..

It should be noted that for MAC events, the RF interval reaches negative values because there are not
enough MAC occurrences in the performed simulations to obtain statistically relevant intervals.
Considering a fixed demand along the day of 15 UAS operating simultaneously in the scenario, 𝑁 =
15, the unmitigated absolute frequencies of mid-air collisions and other safety events are:
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𝐹0 (𝑒𝑣𝑒𝑛𝑡) = 𝑅𝐹(𝑒𝑣𝑒𝑛𝑡) · (𝑁 − 1)
F0 MAC
2.03E-03

F0 NMAC
9.28E-02

F0 IC
1.81E+00

F0 SL
6.85E+00

F0 TC
3.68E+01

Table G-8. Average values of absolute unmitigated absolute frequencies of safety events using the
separation minima in Table G-4. Horizontal separation minima computed using the values in Table G-2 and
Table G-3.Table G-5. Vertical separation minima computed using the values in Table G-2 and Table G-3..

Mitigated frequencies of mid-air collisions and other separation events:
To compute the mitigated frequencies, the Risk Ratios (RR) in Table G-9 obtained in validation exercise
4 [73] are taken as a basis.

RR Strategic
RR Tactical
RR CA

MAC

NMAC

IC

SL

TC

0.050
0.172
0.5

0.058
0.153
0.5

0.685
0.139

0.923
0.175

0.989

1

1

1
1

Table G-9. Risk ratios used to transform unmitigated frequencies in Table G-8. Average values of absolute
unmitigated absolute frequencies of safety events using the separation minima in Table G-4. Horizontal
separation minima computed using the values in Table G-2 and Table G-3.Table G-5. Vertical separation
minima computed using the values in Table G-2 and Table G-3.. into mitigated ones.

It must be noted that for the strategic barrier, a failure probability (𝑃𝑓 ) of 5% has been considered to
transform risk ratio in normal/abnormal conditions (rr) into Risk Ratio (RR).
Using these values and the following equation (explained in detail in Appendix E), the mitigated
frequencies of MAC and other safety events shown in Table G-10 were obtained.
𝐹(𝑒𝑣𝑒𝑛𝑡) = 𝐹0 (𝑒𝑣𝑒𝑛𝑡) · 𝑅𝑅𝑏𝑎𝑟𝑟𝑖𝑒𝑟
where 𝑅𝑅𝑏𝑎𝑟𝑟𝑖𝑒𝑟 depends on the particular safety event (see Appendix E for details).
F MAC

F NMAC

F IC

F SL

F TC

8.75E-06

4.11E-04

1.71E-01

1.11E+00

3.64E+01

Table G-10. Mitigated frequencies of safety events.

G.6 Step 6: Check if the TLS is achieved
Check if the TLS is achieved, considering the expected demand and the reference capacity derived
from the mitigated frequency of mid-air.
To do this process, the Appendix D and Appendix F are followed.
First, the proposed specific Target Level of Safety for mid-air collisions due to human/operational
issues is assumed, 𝑇𝐿𝑆𝑀𝐴𝐶 = 2.5E-07 fatalities per flight hour.
Then, the average number of fatalities per mid-air collisions is obtained using:
𝑛

̅̅̅̅̅̅̅̅̅̅
𝐹𝐴𝑇
𝑀𝐴𝐶 = 2 ∑ 𝑃𝑖 (𝐹𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑 𝑖 + 𝑁𝑝𝑎𝑠𝑠 · 𝑃𝑖 ) = 0.105 fatalities per 𝑀𝐴𝐶
𝑖=1
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Being 𝑃𝑖 the % of each traffic class, that is, the traffic mix, and 𝐹𝐴𝑇𝑔𝑟𝑜𝑢𝑛𝑑 𝑖 the fatalities expected on
the ground to be caused by each aircraft class impacting the ground according to Table B-3.
Next, the maximum acceptable collision frequency is obtained:
𝑇𝐿𝑆

𝑀𝐴𝐶
𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 = ̅̅̅̅̅̅̅̅̅̅̅̅
=2.37E06

𝐹𝐴𝑇𝑀𝐴𝐶

Hence, the reference capacity is:
𝑁𝑟𝑒𝑓 = 1 +

𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥
= 4.79 𝑈𝐴𝑆
𝑅𝐹𝑀𝐴𝐶 · 𝑅𝑅𝑏𝑎𝑟𝑟𝑖𝑒𝑟𝑠

Since the scenario is defined with 15 simultaneous UAS, the safety factor obtained is:
𝑆𝑓 =

𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥
= 0.2709
𝐹(𝑀𝐴𝐶)

This is a rather bad safety result because the reference capacity comes out much lower than the
proposed demand. This indicates that the assumptions for SPR, reflected in the RRs shown in Table G9 , are not adequate, among other parameters. Therefore, in the next step they will be modified in an
iterative process until acceptable results are achieved. The demand-capacity balance is considered to
be acceptable when 𝑆𝑓 ≥ 1.

G.7 Step 7: Update targets for SPR/INTEROP and/or separation
minima
Update targets for SPR/INTEROP and/or separation minima and repeat iterative process until a
reasonable result in terms of capacity, safety and SPR/INTEROP, is achieved.
After a bad result, new RRs are proposed to improve the safety factor so that the safety criterion is
met.

RR Strategic
RR Tactical
RR CA

MAC

NMAC

IC

SL

TC

0.021
0.1
0.5

0.029
0.153
0.5

0.675
0.160

0.921
0.175

0.989

1

1

1
1

Table G-11. Updated risk ratios.

These results have been obtained by reducing the failure probability (𝑃𝑓 ) to 2.1% and considering a
percentage of effectiveness for the tactical mitigation barrier of 90% for MAC, 84.7% for NMAC, 86.1%
for IC and 82.5% for SL.
The new mitigated frequencies of MAC and other safety events are:
F MAC

F NMAC

F IC

F SL

F TC

2.13E-06

2.07E-04

1.70E-01

1.10E-01

3.64E+01

Table G-12. Updated mitigated frequencies of safety events.
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To check if that result complies with the TLS, the process to obtain the safety factor is followed again
obtaining:
𝑁𝑟𝑒𝑓 = 16.57 𝑈𝐴𝑆
and
𝑆𝑓 = 1.112
To remember, the design criteria for a given scenario is that 𝑁 ≤ 𝑁𝑟𝑒𝑓 and 𝐹(𝑀𝐴𝐶) ≤ 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 .
In that case: 15 ≤ 16.57 UAS and 2.13E-06 ≤ 2.37E-06 MAC/FH, so the design criteria is accomplished
as indicated by the Safety factor, which is greater than 1.
Another key safety metric when considering capacity is the expected fatalities per day due to the
assessed U-space airspace. To obtain this figure, first of all the frequency of fatalities per reference day
due to mid-air collisions is computed:
𝐹𝐴𝑇𝑑𝑎𝑦−𝑀𝐴𝐶 =

𝑇𝐿𝑆𝑀𝐴𝐶 24·𝑁
𝑆𝑓

= 8.09E-05

Then, the expected daily number of fatalities due to other causes different than MAC is:
𝐹𝐴𝑇𝑑𝑎𝑦−𝑛𝑜𝑡−𝑀𝐴𝐶 = 18 · 𝑇𝐿𝑆 · 𝑁 =2.7E-04
Finally, the total fatalities per day due to the assessed U-space airspace is:
𝐹𝐴𝑇𝑑𝑎𝑦 = 𝐹𝐴𝑇𝑑𝑎𝑦−𝑛𝑜𝑡−𝑀𝐴𝐶 + 𝐹𝐴𝑇𝑑𝑎𝑦−𝑀𝐴𝐶 =3.51E-04
Which leads to a 𝐹𝐴𝑇𝑚𝑜𝑛𝑡ℎ = 0.0105 and 𝐹𝐴𝑇𝑦𝑒𝑎𝑟 = 0.1263 (one fatality every 8 years). Although it
seems to be a good result, it must be compared with figures of fatalities due to other transport systems
in the particular local scenario to check whether it could be accepted by citizens and other involved
stakeholders (e.g., authorities).

To go further, an analysis can be carried out according to the process described in Appendix F to cope
with a variable demand. To this purpose, the daily demand distribution in is considered.
Time (hours)

UAS (simultaneous)

Time (hours)

UAS (simultaneous)

00:00-00:59
01:00-01:59
02:00-02:59
03:00-03:59
04:00-04:59
05:00-05:59
06:00-06:59
07:00-07:59
08:00-08:59
09:00-09:59
10:00-10:59
11:00-11:59

1
1
0
0
0
1
5
10
15
20
20
20

12:00-12:59
13:00-13:59
14:00-14:59
15:00-15:59
16:00-16:59
17:00-17:59
18:00-18:59
19:00-19:59
20:00-20:59
21:00-21:59
22:00-22:59
23:00-23:59

20
20
10
15
15
10
5
3
2
1
1
1

Table G-13. Distribution of the demand throughout the day.
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Considering the average duration of operations, 𝐿, of 15 minutes, the total number of operations
performed in a reference day is:
24

60
𝑂𝑑 =
∑ 𝑁𝑖 = 784 𝑈𝐴𝑆 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠
𝐿
𝑖=1

Then, the highest expected simultaneous number of operating aircraft, 𝑁𝑝 , being 𝑝 is the busiest hour,
is computed as:
𝑁𝑝 =

𝐿 · 𝑂𝑝
= 20 𝑈𝐴𝑆
60

Where 𝑂𝑝 stands for the peak number of operations, which is the total performed within the busiest
hour. In this case, 𝑂𝑝 = 80.
The average number of aircraft simultaneously operating in the U-space airspace during the reference
day is:
∑24
𝑖=1 𝑁𝑖
= 8.17 𝑈𝐴𝑆
24

̅=
𝑁

Next, the parameter 𝑅𝑖 is computed from the contribution of the operating aircraft during one single
hour to the number of collisions, 𝐶, and thus the collision risk
𝑅𝑖 = 𝑁𝑖 (𝑁𝑖 − 1)
Thus, 𝑅𝑖 can be considered as an equivalent risk coefficient and 𝑅̅, which represents he contribution
of the variation of the traffic during the day on the overall collision risk, is computed as the average of
this risk, apportioned among all aircraft operating in the reference day:
𝑅̅ =

∑24
𝑖=1 𝑅𝑖
= 14.53
24
∑𝑖=1 𝑁𝑖

̅𝑒𝑞 is defined as the equivalent number of simultaneously operating aircraft associated with
Finally, 𝑁
the level of risk 𝑅̅:
̅𝑒𝑞 = 1 + 𝑅̅ = 15.53
𝑁
̅𝑒𝑞 < 𝑁𝑟𝑒𝑓 (=16.57, previously calculated), so the design criterion is accomplished in terms of
Being 𝑁
safety.
̅ simultaneous aircraft
To check the other design criterion, the average collision frequency of the 𝑁
operating during the day is computed as:
̅𝑒𝑞 − 1) · 𝑅𝑅𝑀𝐴𝐶 =2.2123E-06
𝐹(𝑀𝐴𝐶) = 𝑅𝐹𝑀𝐴𝐶 · (𝑁
Again, this criterion is accomplished as 𝐹(𝑀𝐴𝐶) < 2.37E-06 (the 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 , previously calculated).
During the time periods in which 𝑁𝑖 surpasses 𝑁𝑟𝑒𝑓 , there would be a temporary risk increase that
would be compensated with the periods with less traffic amount, so that overall 𝐹(𝑀𝐴𝐶) is always
lower than 𝐹(𝑀𝐴𝐶)𝑚𝑎𝑥 .
So, with all these results, the safety factor obtained is:
𝑆𝑓 =
Which is a good result as it is >1.
Page I 129

(𝑁𝑟𝑒𝑓 − 1)
= 1.071
̅𝑒𝑞 − 1)
(𝑁

CONCEPT FORMULATION

Given that demand during a reference day in a U-space airspace with all the characteristics defined
above, the numbers of fatalities per day, month and year are: 𝐹𝐴𝑇𝑑𝑎𝑦 = 1.93E-04, 𝐹𝐴𝑇𝑚𝑜𝑛𝑡ℎ =
0.0058 and 𝐹𝐴𝑇𝑦𝑒𝑎𝑟 = 0.0694, which is one death every 14 years.
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Appendix H

AI Algorithms

This appendix describes the update of the methodology to automatically compute separation minima
and methods for the Unmanned Aerial Systems (UAS) application use cases representative for the
BUBBLES project originally described in project deliverable D4.2 [74]. The methodology exploits the
algorithms for collision risk analysis presented in BUBBLES Deliverable D4.1 [75] and extends the
current state of the art by proposing methods based on representative trajectories representing the
UAS Concept of Operations (ConOps) developed by the project in Deliverable D3.1 [32] and by
integrating Artificial Intelligence models and techniques to generate such trajectories and to estimate
trajectory-based separation minima and methods.

H.1 Separation minima and methods.
The separation methods and minima used by the BUBBLES AI algorithms are those described in
sections §3.3.2 and §3.3.4, respectively. The separation method applied to solve a particular conflict
depends on the type of trajectory flown by the conflicting aircraft. BUBBLES AI algorithms consider the
following options, summarised in Figure 48.

Figure 48. Trajectory types considered by the BUBBLES AI algorithms.

Translational trajectories: They are similar to the ones used in manned aircraft as a polyline defined
by a number of waypoints. They are commonly used in the en-route phase, and they are also used by
UAS to fly from the landing area to/from the operations’ volume. This type of path is not strictly limited
to completely straight legs, but large arcs used for translational movements between distant
waypoints.
UAS pattern trajectories
Hovering / loitering: This trajectory consists of movements around a defined geographic zone, either
due to a surveillance interest in that location or a stationary position between changes of operations.
This trajectory is mainly used in UAS configured with a multi-copter frame, since they have the ability
to make abrupt course changes at low translational velocities. This type of movement can also be
performed by fixed-wing UAS executing circles with a fixed radius around a position. In this case, the
trajectory is referred to as a loiter and the radius and the radius generated will be wider than the one
defined for hovering.
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Specific patterns: These trajectories include operations performed automatically and with a repetitive
structure over a pre-defined area, e.g., some of the most commonly used are scan patterns for crop
monitoring, and spiral patterns for search and rescue operations. The characteristic is that the
trajectory should be defined by a plan flight.
Separation methods applied by the BUBBLES AI algorithms per trajectory type
Translational trajectory - translational trajectory. In this case, two aircraft coincide with a
translational movement, so the method of separation to be carried out will depend on the angle of
encounter and the speed between them. To intervene as minimally as possible in their missions, the
U-space service will attempt a vertical separation as a first measure. If it is not possible, some lateral
or longitudinal separation will be chosen.
Translational trajectory - UAS pattern trajectory. This case defines a situation in which one UAS is
performing an automatic mission with a predefined trajectory pattern and the other aircraft is
performing a translation. The envelope separation, determined by the trajectory pattern, applies as a
separation method in this case.
UAS pattern trajectory - UAS pattern trajectory. In cases where both UAS are performing a trajectory
defined by some well-defined pattern, the separation method will be based on the trajectory envelope,
and the separation will be the sum of the radius of both envelopes.
Remarks on avoidance manoeuvres.
Regarding avoidance manoeuvres to achieve the desired separation, two issues must be considered:
which aircraft shall perform the manoeuvre and which type of manoeuvres shall be used.
With respect to the aircraft that will perform the manoeuvre, the AI algorithms consider that, under
normal conditions, aircraft flying translational trajectories have the priority over aircraft performing
stationary flights or patterns. Nonetheless, UAS on emergency missions will have priority over other
UAS, so it corresponds to the other conflicting aircraft to yield or to perform the avoidance manoeuvre.
In all cases, manned aircraft have priority over UAS, since they do not receive U-space services, thus
they are no aware of the presence of unmanned aircraft.
The type of avoidance manoeuvre for lateral separation depends on the type of aircraft. Fixed wing
aircraft usually perform reciprocal turns with each aircraft altering its trajectory to one side in order to
avoid the other aircraft as described in section 4.2 of D 4.1 [75]. Rotorcraft can also perform hovering
or holding patterns to avoid aircraft performing translational movements.

H.2 Definition of use cases.
In this appendix, the term use case is used to denote a combination of different use cases (described
in terms of ConOps as defined for example in deliverable D3.1 [32]) and additional mission parameters,
such as trajectory types.
The computational method described in this appendix is based on a formal definition of use cases that
is described in this section. This formal definition allows for implementing suitable data structures for
the algorithms to compute separation minima and methods.
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H.2.1 Formal definition of a use case.
A formal definition of a use case is given by
•
•
•
•

a tuple containing:

a set of agents (each agent represents a particular UAS);
a set of tasks (or missions) ;
an agent-task assignment function ;
a set of global (i.e., use case-based) parameters

More specifically:
is the set of UAS agents and each agent has an internal representation of its
states , a set of available actions that it can perform , a transition function
(or
a probability distribution
) and an initial state
.
has

a

unique

is the set of tasks (or missions). Each mission
name
identifier
and
a
set
of
parameters
pairs.

expressed

as

is a function assigning one task (or mission) to each agent.
is a set of global environmental parameters in the form of

pairs.

The dynamic execution of a use case will consist in the movement of UAS in the environment to
perform their missions. A global clock measuring time during the evolution of the use case from to
is assumed.
All the UAS start their missions at time and finish at time . During the evolution of the use case,
the UAS produce a set of trajectories (i.e., an evolution of their states over time).
To formalize such a set of trajectories,
starting at time and ending at time

agent
executes
. During the mission period, agent

the task
traverses

the states
, and thus, it produces a trajectory in the environment
according
to the mission goal
. Each trajectory must be compliant with: i) the agent transition function, ii)
the parameters of the mission to which the agent is assigned
, and iii) the global parameters
of the use case . The generated trajectories will be used to estimate the collision risk. In most cases,
such an analysis will be performed by considering only a subset of the state variables , namely the
ones related to UAS position (possibly augmented with heading and velocity data). A formal definition
of a use case is given by a tuple containing:
•
•
•
•

a set of agents (each agent represents a particular UAS);
a set of tasks (or missions) ;
an agent-task assignment function ;
a set of global (i.e., use case-based) parameters

More specifically:
is the set of UAS agents and each agent has an internal representation of its
states , a set of available actions that it can perform , a transition function
(or
a probability distribution
) and an initial state
.
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a

unique

name

is the set of tasks (or missions). Each mission
identifier
and
a
set
of
parameters
pairs.

expressed

has
as

is a function assigning one task (or mission) to each agent.
is a set of global environmental parameters in the form of

pairs.

The dynamic execution of a use case will consist in the movement of UAS in the environment to
perform their missions. A global clock measuring time during the evolution of the use case from to
is assumed.
All the UAS start their missions at time and finish at time . During the evolution of the use case,
the UAS produce a set of trajectories (i.e., an evolution of their states over time).
To formalize such a set of trajectories, agent
ending at time

executes the task

. During the mission period, agent

traverses the states

starting at time

and

, and thus, it

produces a trajectory in the environment
according to the mission goal
. Each
trajectory must be compliant with: i) the agent transition function, ii) the parameters of the mission to
which the agent is assigned
, and iii) the global parameters of the use case . The
generated trajectories will be used to estimate the collision risk. In most cases, such an analysis will be
performed by considering only a subset of the state variables , namely the ones related to UAS
position (possibly augmented with heading and velocity data).

H.2.2 Use case parameters.
Some examples of parameters that have been identified to characterize a use case are illustrated in
this section. Notice that in this context only the parameters that affect the trajectories generated by
the UAS when executing their missions are relevant. Parameters not affecting the trajectories are not
considered in this model, although they may be considered in some following phase of the risk
assessment process.
The use case parameters are divided in three groups, relative to: 1) UAS, 2) Missions, 3) Operational
environment.
UAS-related parameters
•

•
•
•

characteristics of each type of drone
o multirotor: weight, Maximus Take Off Mass (MTOM in kg), dimensions, speed (max; min;
average), acceleration;
o fixed wing.
maximum ground speed, acceleration;
manoeuvrability;
autonomy (maximum operation time).

Mission-related parameters
•
•
•

Take off point: longitude and latitude in degrees
Landing point: longitude and latitude in degrees
List of waypoints: longitude and latitude in degrees (will define a list of mission segments)
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•
•
•

Trajectory type for each segment (see next sub-section for details)
Duration of mission segments (hovering, pattern)
Category: open, specific or certified

Environment-related parameters
•
•
•
•
•

volume of operations (specific geographical area, minimum and maximum height))
semantic map of the use case (relevant POI in the use case)
set of mission specifications
total number of UAS
number of UAS for each type

The mission parameters can be specified either with specific values or with value ranges. In the latter
case, suitable sampling procedures will be used to determine specific values when needed. Notice also
that other parameters can be considered as well, according to the specification of the use case.

Trajectory types
An important aspect of the definition of the mission is the trajectory type. In the approach described
in this document, mission operations are formed by a sequence of sub-trajectories, each one assuming
a specific trajectory type. The possible trajectory types for small UAS have been studied for example
in and can be summarized as follows (see Figure 49).
•
•
•

Horizontal transit: rectilinear movement between two points
Hover: movements around a point of interest
Patterns
o
o
o
o
o

Creeping line – scan
Sector
Spiral
Random
(more)

Figure 49. Trajectory types.

The methodology described in the next section will take the trajectory types into account when
generating representative trajectories for the given mission. In general, each generated trajectory will
be a composition of several sub-trajectory generated according to the specified trajectory type.
In this way, the collision risk model takes into account the mission parameters and in particular the
trajectory types defining each mission.
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H.2.3 Example of use case definition.
This section provides a specific example of the definition of a use case. The values of some parameters
are taken from literature as well as from the definition of the ConOps in D3.1 [32]. However, the
proposed methodology is fully parametric and can thus be applied to any set of parameters.

Border Control Application
The border control example shown in [75] is extended and formally defined according to the syntax
described in Section 3.1. A use case with 4 UAS that have to perform some surveillance missions is
considered. Therefore, the tuple representing this use case
, is here made up
by:
•

, which is the set of 4 UAS;
The main UAS-related parameters are:
o
o
o
o

•

Max UAS linear velocity: 148.16 km/h = 80 knots;
Min UASs linear velocity: 9 knots;
Turn rate : 3 °/s;
Autonomy: 5 hours;

, i.e., the missions to be assigned to each of the 4 UAS. For this particular case,
both missions are surveillance missions, but they differ for the trajectory types. Notice also that
the number of missions is less than the number of UAS, meaning that there will be different UAS
performing the same mission, but obviously overflying different waypoints. Mission parameters
are:
o

, where:
▪
▪
▪
▪
▪

;
;
;
;
.

o

, where:
▪
▪
▪
▪
▪

•

Task assignment function
(see Table H-1 below);
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;
;
;
;
.
is defined to assign one task to each UAS based on some static features

f mapping

UAS 1

UAS 2

UAS 3

Mission 1

✔

✘

✔

UAS 4
✘
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Mission 2

✘

✘

✔

✔

Table H-1. Task assignment function.

•

is a set of environment-related parameters, and it is shown in Table H-2.
○ volume of operations: 300 Km x 20 Km x 2 Km;
○ semantic map (POI) of the use case: NA;
○ total number of UAS: 4;
○ number of UAS for each type: 1 (fixed wing);

Operations Volume

POI in the
use case

# of UAS

# of UAS
types

300kmx20kmx2km

✘

4

1

Table H-2. Environment definitions.

This specification is used to generate the trajectories and to compute the results about separation
minima and methods reported in Section 6.

H.3 Problem definition
The problems defined in this deliverable are based on the following assumptions that describe the
operational setting in which the problems will be addressed.
1. All agent state representations

include UAS position in the environment (e.g., GPS location).

2. Special states represent the UAS on the ground, i.e., non in a flight mode.
3. Special action wait is available when the UAS is on the ground, keeping the agent in such a state and
not counting for collision risk analysis.
4. Agents are heterogeneous, i.e., in general,
5. The set of initial states of the agents

and

for different agents (i.e.,

is consistent with global parameters

).

.

6. Tasks are assigned at the beginning of the use case and they do not change during the use case
lifetime.
7. The assignment function
achieved by the agent.

assigns a suitable mission to each agent, so that the mission goal can be

8. Each mission
is independent from all the others, i.e., it can be accomplished independently from
any other mission.
9. The same task (mission) can be assigned to multiple agents, but it will be executed by the different
agents at different starting times or from different starting positions.
10. Each agent

produces exactly one trajectory

11. Each trajectory ends in the initial state, i.e.
execute its mission.
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With the definition of the use case presented in the previous section and the above-mentioned
assumptions, the problems to be solved can be stated as follows.
Problem Definition PD1. Given a use case
and a set of strategic mitigations, generate a set of
trajectories that are representative of that use case, respecting such strategic mitigations.
Problem Definition PD2. Given a use case , a set of strategic mitigations, and a set of trajectories
produced in this use case, compute the collision rate of the use case.
Problem Definition PD3. Given a use case
and a collision-based performance metric (e.g., TLS),
compute an optimal set of strategic mitigations (separation minima and methods) for each mission in
the use case and with respect to the given performance metrics. In problem PD3, the strategic
mitigations (separation minima and methods) can be applied either to the full mission or to each
mission segment that is characterized by a different trajectory type. In the latter case, we can refine
the problem as follows.
Problem Definition PD4. Given a use case , in which missions are characterized by mission segments
associated to different trajectory types, and a collision-based performance metric (e.g., TLS), compute
an optimal set of strategic mitigations (separation minima and methods) for each mission segment in
the use case and with respect to the given performance metrics.
Problem Definitions PD3 and PD4 address the computation of separation minima and methods that is
the main objective of this Deliverable and a major overall goal of the BUBBLES project. A methodology
to address this problem is presented in the next section. Problem definitions PD1 and PD2 can be
considered as sub-problems useful to address PD3 and PD4. The solutions of all these problems will
also be thus presented in the next section, while Section 5 provides some implementation details and
examples of experimental results.

H.4 Methodology
This section describes the methodology to address the problems defined in the previous section,
focusing in particular on PD3 and using PD1 and PD2 to define appropriate sub-tasks.

H.4.1 Overview of the approach
The methodology adopted to compute separation minima and methods (PD3) is based on the collision
model described in BUBBLES Deliverable D4.1 [75] that uses suitable representative trajectories of a
use case (PD1) and a method to estimate the collision risk for such a use case (PD2). Generally speaking,
the overall methodology to address PD3 is based on three steps: 1) extracting relevant information
from a use case to generate representative trajectories (PD1), 2) estimate the collision risk of such
trajectories to create a data set (PD2), 3) train Machine Learning models with created data and use
these models to determine separation minima and methods for such a use case.
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Figure 50. First step.

Figure 50 shows the first step that consists in the generation of trajectory data relevant to the use case.
This task can be performed with different AI tools, such as Reinforcement Learning (RL) and Generative
Adversarial Neural Networks (GAN). Other ways of collecting trajectories can also be integrated, like
for example the use of simulators or available data that are representative of a given use case.
During the first step, it will be possible to apply strategic mitigations (e.g., based on specific separation
minima and methods), so that the generated trajectories will be consistent with such specifications.

Figure 51. Second step

From the data generated in the first step, the BUBBLES collision model can be applied to estimate the
collision rate (see Figure 51), by using the formula:
(1)
As described in [75], only the term
depends on the specific use case and thus on the
generated trajectories. Consequently, the estimation of
given the input trajectories can be
separated from the estimation of
that does not depend on the trajectories. By
simulating several situations (including strategic mitigations) occurring in the considered use case, a
dataset of information relating the parameters of the use case and the strategic mitigations with the
conflict rate can be collected. In other words, steps 1 and 2 (i.e., trajectory generation and collision
rate estimation) can be repeated multiple times under different conditions (including different
parameters of the strategic mitigations) to collect a suitable data set for the considered use case.
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Figure 52. Third step – training

Figure 53. Third step - prediction

Finally, in the third step, the dataset generated in the previous steps are first used to train machine
learning models (Figure 52) and then use the trained models to compute separation minima and
methods for a given TLS (Figure 53).
More specifically, a target function suitable to return separation minima and methods from the other
parameters collected in the data set is defined and collected data are used for training one or more
machine learning models to approximate such a function. Then, the predictions of the trained model
are used to compute separation minima and methods for the given use case and a pre-defined TLS.
The overall approach is summarized in the following steps:
Input: Use case specification, TLS
Output: separation minima and methods for each mission segment of each UAS
Algorithmic steps:
1. Initialize a database containing all the results of the experiments.
2. Repeat until sufficient data are obtained.
a. Choose appropriate separation minima and methods.
b. Generate trajectories (taking into account the chosen separation methods).
c. Compute the Frequency of Conflict from sampled trajectories.
d. Compute the Frequency of Collisions.
e. Store results of the experiments in the database.
3. Train Machine Learning (ML) models with above generated data able to determine separation
methods and minima.
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4. Use predictions of the trained ML models to return separation methods and minima for the
mission segments that guarantee the desired TLS.
The following sections describe in more detail each of the above-mentioned steps.

H.4.2 Trajectory generation
Trajectories are generated by taking into account the use case specifications and considering specific
strategic mitigations given in terms of separation methods and minima. In particular, the separation
methods described in Section 2 will be properly encoded in the algorithms used to generate the
trajectories, in order to guarantee compliance to them.
Different algorithms for trajectory generation will be implemented and all of them can contribute to
the generation of representative trajectories for a given use case. The overall trajectory of a mission is
in general formed by concatenating different pieces of trajectories coming from different behaviors
operated during the development of the mission. For example, a mission can require the UAS to fly to
a target in a linear direction, then to hover for some time over such a target, then to execute a specific
flight pattern, and finally to come back to the home position with a linear flight mode. This overall
trajectory can be composed by four sub-trajectories possibly generated with different approaches.
This section briefly summarizes the main approaches that will be used to generate such trajectories,
or more specifically, pieces of trajectories that can be combined to generate overall mission
trajectories.
Control based approaches. These approaches are based on the definition of a control law that the
agents will follow and that will drive the generation of the corresponding trajectory. A linear control
law, for example, can control the movement of a UAS in a linear direction until a specific target is
reached. Controllers can be augmented with artificial noise in order to take into account typical
position and manoeuvring uncertainties arising in real systems.
Reinforcement Learning (RL) based approaches. These approaches are based on modelling the mission
as a RL problem and use RL algorithms to determine optimal behavior with respect to a reward function
defining the mission goals [76]. In contrast with Control-based approaches, in RL-based approaches it
is not necessary to specify the transition function and the reward function that characterize the
environment, but it is sufficient to provide a simulator implementing such functions. RL approaches on
the other hand require computational resources to train the optimal policies and suitable methods
that guarantee high scalability with respect to the size of the environment, to the number of UAS, and
to the complexity of the use case. RL approaches can also be integrated with knowledge representation
and reasoning techniques in order to exploit logical formalisms to define agents’ behavior (such as in
[77]).
Generative Adversarial Networks (GAN) based approaches. These approaches are based on using GAN
to learn a model of trajectories and generate new trajectories that are similar to the ones used in the
training phase. GAN are very useful to increase the scalability of the method, since they can learn how
to generate new synthetic trajectories that will not be distinguishable from the ones provided in the
training phase [78]. In other words, after a set of trajectories are generated and used for training a
GAN model, such a model can generate similar trajectories with a much less computational effort.
The set of all the trajectories for all the agents is denoted with
as many as the UASs in the environment.
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For what concerns the data flights, they are stored based on the available Eurocontrol dataset. The
most important data related to a single flight (identified by a unique ID) are:
•
•
•
•
•

ID (the unique number identifying a UAS flight);
Time (the elapsed time for the current flight);
X ('x' coordinate);
Y ('y' coordinate);
Z ('z' coordinate);

Obviously, other data can be stored and considered, such as orientation, linear and angular velocity of
the UAS.

H.4.3 Derivation of the Frequency of Conflict
For each experimental configuration, after a set of trajectories have been generated as illustrated in
the previous section, the frequency of conflict is estimated by applying the BUBBLES collision risk
model that has been fully described in Deliverable D4.1 [75].
In this process, we use the following definitions of conflict events:
Event “entering in conflict” is true when there is a transition between a non-conflict to a conflict
situation between two UAS. Event “first entering in conflict” is true when there is a first transition
between a non-conflict to a conflict situation between two UAS. Moreover, each pair of UAS can “be
in conflict” for an amount of time that corresponds to the sum of the durations of all the time intervals
in which the UAS are in conflict.
For example, consider two UAS that encounter each other 3 times along their trajectories, each time
the conflict duration is 10 seconds. In this case, we can count 3 “entering in conflict” events, 1 “first
entering in conflict” event, and the “being in conflict” time is 30 seconds.
When multiple UAS (more than 2) are considered, events and time are summed for each pair of UAS.
To compute the frequency of these events, a Monte Carlo approach may be used to sample the set of
trajectories and to estimate the probability of a conflict and the conflict frequency for any of the
conflict event types defined above. The process can be repeated until a predefined number of trials is
reached to guarantee the significance of the result.
Using Monte Carlo sampling approach allows for efficient estimation of such measures but may return
approximate values. In alternative, a fully deterministic method processing all the data in the
trajectories can be adopted for more precise results at the cost of higher computational cost.

H.4.4 Derivation of the Frequency of Collisions
While the Frequency of Conflict depends on the generated trajectories, the probability of collisions can
be estimated by just taking into account pairwise characteristics of the aircraft involved in a conflict.
This step has also been extensively described in Deliverable D4.1 [75].
The collision rate (i.e., frequency of collision) can thus be calculated with Equation (1) from the
frequency of conflict determined with the Monte Carlo approach described above and from the
probability of collisions determined through a pair-wise analysis of the involved UAS, as explained in
D4.1 [75].
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H.4.5 Store results of the experiments in the database
All the experiments including the steps of defining separation minima and methods, generating the
trajectories, and computing frequency of conflict and frequency of collision are stored in a database
that collects all these results and will be used for training Machine Learning models.
A proper structure of the database has been defined to include the following kinds of information:
•
•
•

use case related parameters
separation minima and methods
results from the collision risk model (frequency of conflict, probability of a collision given a conflict,
and frequency of collision)

All the models learned from these data can be used for future predictions on similar instances of the
scenarios. More specifically, two types of models can be computed: 1) general models referring to the
overall scenario, 2) UAS pair models, referring to the interaction of each pair of UAS.
The general models are useful to predict the performance metrics related to the whole scenario when
some parameters change. The models about UAS pairs can be integrated to predict the behavior of
subsets of UAS in the scenario and to determine subsets of UAS that satisfy some properties (e.g.,
largest subset of UAS that guarantee a minimal performance measure).

H.4.6 Train a Machine Learning model
After the generation of a suitable database containing the results of some experiments in the chosen
use case, this database can be used to train one or more Machine Learning (ML) models to determine
separation minima and methods.
Several ML models can be defined, and different ML approaches will be implemented and compared,
including the ones described below.
Support Vector Machines (SVM) models. SVM are suitable methods for classification and regressions
that can be effectively applied with relatively small data sets and when the target function can be
effectively modelled with a kernel.
Artificial Neural Networks (ANN) models. ANN can be effectively used when the target function cannot
be easily characterized by a kernel model. In other words, with ANN the requirement of guessing a
specific kernel function (needed for example, in SVM models) can be skipped, but several other hyperparameters related to the definition of the layout of the network have to be set.
Deep Neural Networks (DNN) models. DNN are extensions of ANN exploiting the ability of deep
networks to better model a target function [79][79]. With DNN, also the number of model parameters
can be significantly higher with respect to a shallow ANN, thus requiring much more training data to
obtain reasonable performance.
Ensemble models. Different ML models can be integrated with ensemble techniques (e.g., voting,
bagging, boosting) [80] to achieve better estimation from multiple predictions. Ensemble models are
useful to merge different features and capabilities of different ML models, usually providing better
performance than each single model.
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H.4.7 Compute separation methods and minima
The final step of the procedure is the computation of separation minima and methods for the
considered use case and given a TLS. More precisely, the method will return specific values of
separation for each mission segment of each UAS.
This computation is performed by using the prediction capabilities of the ML models trained with data
from the experiments. More specifically, the ML models will receive in input the TLS and will return in
output the separation minima and methods for each mission segment that, according to the provided
experimental data, will guarantee the desired TLS in an optimal way.
This procedure can be implemented in different ways, depending on the features of the trained ML
models. For example, if different models are trained for different separation methods, each trained
model will predict a value of separation minima for the given TLS and a complete table reporting the
separation minima for each separation method will be produced.
More in general, if multiple strategic mitigation measures are applied during the training phase, the
computation of separation minima will be reported for each strategic mitigation measure considered.
computation of separation minima will be reported for each strategic mitigation measure considered.

H.5 Implementation and example results
This section describes some implementation details of the methodology described in the previous
section as well as some examples of experimental results in a specific use case, extending the one
provided in [75].
The software tools developed to implement the above methodology are listed below:
•
•
•

•
•

use case management tools: software tools to write and manage use case definitions and data
structures used in other software packages.
UAS trajectory generation: software package to generate sets of trajectories for a specific use
case.
Multi-UAS OpenAIGym environment: software package to define Multi-UAS environments using
the OpenAI Gym framework and suitable for the application of Reinforcement Learning algorithms
to determine mission control strategies.
BUBBLES risk model: software package to estimate trajectory-based conflict frequency and
collision rate.
BUBBLES risk learning: machine learning components to train risk analysis models from and to
predict separation minima and methods.

All the software developed will be released in an open-source format, under the licensing conditions
specified in the project Data Management Plan (deliverable D8.1 [81]).

H.5.1 Results in the Border Control Application
Referring to the example described in section §H.2.3, some experimental results obtained with the
software implementation of the proposed methodology are illustrated and commented here.
In the use cases reported here, the UAS are assumed to fly at the same altitude (for example,
considering a situation in which vertical separation has been already carried out) and take off at
random times that are independent of each other. Under this assumption, 2D trajectories can be
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considered and the sampling approach for computing the frequency of conflict described in deliverable
D4.1 [75] can be used.
Four different use cases in this application have been analysed to show different results obtained in
different conditions. Results are compared in order to show how different choices of missions and of
separation minima and methods affect the result in computing the frequency of conflicts.
Use case 1 – All UAS with random trajectories, no deconfliction strategies
In the first use case, all the UAS follow a free flight pattern with random starting pose and random
bounces when the border of the area is reached. No strategic separation or conflict resolution is used
in this use case. This use case is similar to the one presented in D4.1, but with higher variability of the
variables defining the specific situation.
The variables used in this use case and their ranges are illustrated in the following tables. They are
divided in two groups: the first one relates to the trajectory generation process, while the second ones
affect only the conflict frequency estimation. Random variables affecting the conflict frequency, but
that are hidden to the model (including position noise, speed variations, starting time variations) are
not reported here.
Constant values for trajectory generation
Area (Km)
Altitude range (Km)
Duration (h)
Trajectory type

value
50 x 40
0.5 - 2
3
random

Table H-3. Definition of constant values for trajectory generation – Use Case 1.

Input variables for trajectory generation

Min value

Max value

Nr. UAS
V_CAS_cruise (m/s)

3
30

12
50

Table H-4. Definition of variables for trajectory generation – Use Case 1.

Input variables for
conflict frequency estimation
Horizontal conflict threshold (m)
Vertical conflict threshold (m)

Min value

Max value

250
100

1000
1000

Table H-5. Definition of variables for conflict frequency estimation – Use Case 1.

An example of trajectories for this use case with 5 UAS in a 2000 Km^2 area running for 3 hours is
shown in Figure 54.
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Figure 54. Use case 1 – 5 UAS, 2000 Km^2, 2 hours, free flights.

Use case 2 - 50% UAS scan + 50% UAS random, no separation
In the second use case (with an example of trajectories depicted in Figure 55), the UAS follow the
missions described in section §H.2.3, without any separation method. The missions are composed of
two types of trajectories: linear and scan. In the figures, crosses and circles represent respectively the
take-off and landing points: blue points indicate the ‘scan’ trajectory type, while the violet ones are
related to the ‘random’ trajectory type.

Figure 55. Second use case (no deconfliction strategies).
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The variables used in Use Case 2 are reported in the tables below
Constant values for trajectory generation

value

Area (Km)
Altitude range (Km)
Duration (h)
Trajectory type

50 x 40
0.5 - 2
3
50% random; 50% scan

Table H-6. Definition of constant values for trajectory generation – Use Case 2.

Input variables for trajectory generation

Min value

Max value

Nr. UAS
V_CAS_cruise (m/s)

4
30

12
50

Table H-7. Definition of variables for trajectory generation – Use Case 2.

Input variables for
conflict frequency estimation
Horizontal conflict threshold (m)
Vertical conflict threshold (m)

Min value

Max value

250
100

1000
1000

Table H-8. Definition of variables for conflict frequency estimation – Use Case 2.

Use case 3 - 50% UAS scan + 50% UAS random, box horizontal deconfliction
The third use case shows the UAS following the missions as in the previous case but applying also a
separation method based on delimiting the scanning area. The design of the separation method and
the separation minima are reported in Figure 56, with envelopes of the scanning phase of the two
missions colored with 4 colors (each one associated with a UAS) and pairwise separation minima
indicated as dashed lines. Notice that, in this example, the linear trajectories (first phase of the
missions) are not subject to any separation (so they can possibly conflict with the scanning
trajectories). More specifically, four envelopes constraining the trajectories based on their mission
type have been defined. For green and red ‘random’ trajectories boxes are respectively given by
([0,125],[10,12]) and ([180,300],[10,12]), while the blue and red ‘scan’ trajectories are delimited
respectively by ([0,300],[15,18]) and ([0,300],[2,5.5]). Each tuple is made up by two intervals, the first
one is related to the minimum and maximum values which could occur along the X axis, while the
second one refers to the minimum and maximum values which could occur along the Y axis.
The pairwise separation minima are thus (5, 55, 3): 5 Km from blue ‘scan’ to green and red ‘random’,
55 Km from green ‘rand’ to red ‘rand’ and 3 Km from orange ‘scan’ and green and red ‘random’.
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Figure 56. Separation method for use cases 3 and 4.

An example of generated trajectories is shown in Figure 57 with colors corresponding to the separation
areas in Figure 56. A noisy execution of the missions has been simulated, so the trajectories may slightly
get outside the envelopes due for example to position and navigation noise and errors. Moreover, as
for the other use cases, we assume the starting times of the missions for each UAS to be random and
independent of each other.

Figure 57. Third use case (with separation method).

If we choose different values of separation minima, following the same separation method shown
above, we can obtain different results. The corresponding trajectories are shown in Figure 58. The
envelopes delimiting respectively ‘random’ trajectories are the same used in the previous case. Also,
the envelope used for orange ‘scan’ trajectory is the same as in the use case 3; therefore, the only
difference here is given by the envelope which delimits the blue ‘scan’ trajectory that is
([0,300],[16,18]). Thus, the separation minima are increased to (5, 55, 4), with the same meaning of
the values explained for use case 3.
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Figure 58. Fourth use case (with separation method).

For each of these use cases we applied the collision risk model described in [75] and in particular the
procedure to estimate the frequency of collisions that is the term that depends on the trajectories
(and thus on the mission and on the separation measures). While, as already discussed in [75], the
probability of collision given a conflict does not depend on the trajectories.
Therefore, in the following we focus only on the different values of the conflict rate, that can be
transformed in the collision rate by multiplying it by a constant factor with respect to the trajectories.
The conflict model is composed by a horizontal and a vertical component. Under the assumption of
constant altitude flight and of independency of the altitude from the horizontal trajectory (I.e.,
independency between horizontal and vertical conflicts), we can express the overall conflict frequency
CF as the product of the horizontal conflict frequency HFC and the probability of a vertical conflict
𝑃𝑟𝑜𝑏𝑉𝐶 .
𝐶𝐹 = 𝐻𝐶𝐹 · 𝑃𝑟𝑜𝑏𝑉𝐶
Consequently, we trained two distinct models: one for estimating the horizontal conflict frequency
HFC and one for the probability of vertical conflicts 𝑃𝑟𝑜𝑏𝑉𝐶 .

H.5.1.1. Model for horizontal conflict frequency
Data set creation
For each use case, we define a set of random variables that affect the conflict frequency and are not
input variables, so we assume we do not have control over them. These random variables will drive
the random process and the Monte Carlo process will estimate a probability distribution of the
frequency of conflict depending also on these random values.
In our experiments, the following random variables have been considered in each experiment:
Random variable
Starting time offset (sec)
Trajectory noise XY (m)
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Trajectory noise Z (m)

Gaussian(0, 14)

Table H-9. Random variables considered for the experiments.

One sample in the data set is a mapping between some values of the input variables and an estimate
of the horizontal conflict frequency (denoted with mean and standard deviation). An example of
samples in the data set is given below:
N. UAS

V_CAS

Area

Duration

H_thr

HCF mean

HCF stddev

3
4
5
…

30
50
40
…

2000
2000
2000
…

3
3
3
…

250
1000
500
…

0.227
2.109
0.498
…

0.132
0.697
0.263
...

Table H-10. Example of samples in the data set.

A data set is a set of such samples for different values of the input variables, while the random variables
are hidden as they cannot be controlled and are thus considered only in the variability of the
probability distribution.
Each sample in the data set is obtained with the following procedure:
Input: values of the input variables
Output: conflict frequency mean and standard deviation for this input
1. Generate many trajectories according to the input variables
2. For each trajectory
a. For each Monte-Carlo run
i. Sample values for the random variables
ii. Compute horizontal conflicts
3. Return horizontal conflict frequency mean and stddev (I.e., mean and stddev of number of
conflicts in each MC run / mission duration)
The above procedure is repeated many times to populate the data set with many samples obtained
with different values of the input variables.
Learning models
Two different machine learning models have been developed and compared: Support Vector
Regression (SVR) and Artificial Neural Networks (NN). In both cases, before the training phase, the
input data have been normalized:
$X_norm = X_{\sigma} (X_{max} + X_{min}) + X_{min}$
Where X represents data input and X_min, X_max refer respectively to the minimum and maximum
value of X. The output data have been transformed by applying the logarithmic function in order to
obtain a smoother set of output:
$Y = log_{10}(y)$
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Where y represents data output and Y is the output (data labels) used for the training. Cross Validation
has been used for both SVR and NN models.
For SVR, the following best parameters setting has been found through Grid Search:
•
•
•

Radial Basis Function (RBF) Kernel;
$\gamma = 1/n_{features}$;
C = 10.

Where γ is the kernel coefficient and C represents the regularization parameter.
For what concern the used Neural Network (NN), we have a structure made by five Dense layers:
• 1 Dense X 128 units;
• 1 Dense X 256 units;
• 2 Dense X 512 units;
• 1 Dense X 1 unit;
Results
After training, the models can be used to generate predictions for the conflict frequency for new values
of the input variables. In order to measure the performance of the model predictions, the predicted
value can be compared with a target value (ground truth) that was not used for training. The
comparison between the predicted value and a distribution obtained as explained before is performed
by computing the standard score Z = ( prediction – target) / stddev = error / stddev
Table H-11 shows an example of result obtained by the algorithms.
N.
UAS

V_CAS

Area

Duration

H_thr

HCF
mean

HCF
stddev

Pred

Error

std
score

4

40

3000

3

500

0.645

0.138

0.567

-0.07

-0.57

Table H-11. Example of the obtained results

A standard score close to 0 means that there is very high probability that the predicted value comes
from the distribution with such mean and standard deviation, thus confirming very good performance
of the predictive model. A standard score with absolute value greater than 3 would be considered an
outlier (I.e., very low probability that the prediction value comes from the distribution), thus denoting
bad prediction performance.
Observed performance of the AI/ML models:
-

Absolute value of standard score < 1 in more than 90% of the cases
Absolute value of standard score < 0.5 in more than 50% of the cases

Detailed Results for Use Case 1
For Use Case 1, a data set of 120 samples, with input variables uniformly distributed within their
ranges, has been generated to train ML models. Data are collected in a CSV file. A portion of such a
CSV file containing results for conflict frequency is given below, in which the first columns represent
input variables and the last two columns contain mean and standard deviation of the output variable.
Page I 151

CONCEPT FORMULATION

nuas,speed,dur,area,hthr,vthr,n_traj,nsim,fh_avg,fh_std
3,30.0,3,2000, 250,1000,30,2118,0.227556,0.132597
3,30.0,3,2000, 500,1000,30,1640,0.315373,0.157857
3,30.0,3,2000, 750,1000,30,1204,0.584083,0.254732
4,30.0,3,2000,1000,1000,30,825,1.327090,0.414439
4,40.0,3,2000, 250,1000,30,1259,0.481876,0.188242
4,40.0,3,2000, 500,1000,30,966,0.922898,0.305284
12,50.0,3,2000, 500,1000,30,720,12.360405,1.129428
12,50.0,3,2000, 750,1000,30,720,18.285952,1.231930
12,50.0,3,2000,1000,1000,30,720,23.123437,3.300292

These data are used to train a ML model for predicting output values for new values of the input
variables. Training is performed in about 25 seconds on a laptop with Intel i7 with 4 cores.
To validate the trained model a test set of 30 samples, with input variables randomly chosen and
different from the ones used for training, has been generated as well.
The results on the test set are reported in the table below (omitting the input values).
Predicted

Simulated mean

Simulated stddev

Error

Standard score

0.444
0.603
0.818
0.687
0.713
1.819
1.410
2.725
3.103
1.586
3.832
4.370
4.924
6.671
7.593
5.734
4.919
7.409
7.210
10.777
4.634
6.181
9.305
5.923
11.761
5.705
13.247
16.730

0.473
0.589
0.882
0.569
0.581
1.966
1.421
2.932
3.205
1.745
4.247
4.230
4.698
7.221
7.940
6.448
5.168
7.569
7.458
10.539
4.573
6.645
9.694
6.240
12.263
5.808
13.824
16.923

0.372
0.454
0.525
0.565
0.464
0.905
0.562
0.869
1.204
0.792
1.098
1.236
1.095
1.543
1.674
1.237
1.274
1.535
1.589
1.257
1.353
1.472
1.926
1.156
2.670
1.248
2.388
2.813

0.029
-0.014
0.064
-0.119
-0.132
0.146
0.011
0.207
0.102
0.159
0.414
-0.140
-0.226
0.550
0.347
0.714
0.248
0.160
0.248
-0.238
-0.061
0.464
0.390
0.317
0.502
0.103
0.576
0.193

0.078
-0.030
0.122
-0.210
-0.286
0.162
0.019
0.239
0.084
0.201
0.377
-0.113
-0.207
0.357
0.207
0.577
0.195
0.104
0.156
-0.190
-0.045
0.316
0.202
0.274
0.188
0.083
0.241
0.069
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9.114
15.824

9.736
16.728

1.636
2.175

0.621
0.904

0.380
0.416

Table H-12. Test results (input values are omitted).

Results show the ability of the model to predict frequency of traffic conflict for new values of the input
variables in a few milli-seconds, obtaining predicted values that when compared with the results
obtained in simulation were in all the test cases below 1 standard deviation from the mean (I.e.,
standard score < 1, with a highest standard score of 0.577).

H.5.1.2. Model for probability of vertical conflicts
In the use cases considered in this deliverable, we describe a situation in which UAS flies at a constant
altitude that is chosen randomly from a uniform distribution between two altitude limits. This situation
corresponds to not applying any strategic deconfliction method for the vertical separation.
In the experiments reported below, we use the altitude range of [0.5 Km, 2 Km]. So every UAS keeps a
constant altitude between 0.5 and 2 Km for the entire mission (see Figure 54).
We considered an interval for the vertical conflict threshold VC_threshold between 100 m and 250 m
and compute the probability of vertical conflicts 𝑃𝑟𝑜𝑏𝑉𝐶 for several values of the vertical conflict
threshold with a statistical model and Monte Carlo simulations.
The results of this model are illustrated in Table H-13. Results of the model for probability of vertical
conflicts. and Figure 59 below.
VC_threshold

ProbVC

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250

0.241633
0.274367
0.292133
0.309767
0.341467
0.356533
0.377567
0.405333
0.4237
0.4499
0.459867
0.4834
0.4988
0.522833
0.537733
0.558033

Table H-13. Results of the model for probability of vertical conflicts.
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Figure 59. Results of the model for probability of vertical conflicts.

H.5.1.3. Prediction for a new input case
Given a set of input values, in general not included in the dataset, including horizontal and vertical
conflict thresholds, the prediction of the conflict frequency is determined by combining the two
models described above as follows.
1. Use the horizonal conflict frequency estimation model to estimate the HCF for the given input
values, including the horizontal conflict threshold
2. Use the probability of vertical conflict model to estimate 𝑃𝑟𝑜𝑏𝑉𝐶 for the given vertical conflict
threshold
3. stReturn estimation 𝐶𝐹 = 𝐻𝐶𝐹 · 𝑃𝑟𝑜𝑏𝑉𝐶
Example:
N.
UAS

V_CAS
(m/s)

Area
(Km2)

Dur.
(h)

H_thr
(m)

V_thr
(m)

HCF pred
(conflict/h)

ProbVC

CF pred
(conflict/h)

5

30

6000

3

700

150

0.592

0.356

0.211

Table H-14. Results of the example for a new input case.

H.5.1.4. Validation of the models
The prediction models for horizonal conflict frequency estimation and probability of vertical conflicts
can be validated again through Monte Carlo experiments (possibly using a different type of simulation
process).
For the prediction example reported in the previous section, a simulation procedure returned the
following values for conflict frequency:
Monte-Carlo Conflict Frequency: mean 0.173 - stddev 0.151 (conflict/h)
The prediction of 0.211 (conflict/h) has been compared with the simulated values in term of its
standard score:
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Error (prediction – Monte-Carlo estimation) = 0.211 – 0.173 = 0.038 (conflict/h)
Standard score = error / stddev = 0.038 / 0.151 = 0.252
As already mentioned, many experiments have been performed showing a low standard score: in more
than 90% of the cases below 1, and in most of the cases below 0.5. This result confirms the good
prediction power of the computed models.

H.5.2 Results in WP5 Scenarios
Results in WP5 scenarios are reported in Deliverable D5.4 [73].

H.5.3 Discussion
The results presented in this section show just an example of the applicability of the proposed
methodology. The system implementation is fully parametric and allows for configuring several
different use cases with little effort. In this way, it is possible to generate representative data in
different conditions, as well as analyse specific situations.
Although generated in an abstract way, the trajectories are useful to provide a good estimate of the
conflict frequency. On the other hand, this abstraction layer allows for a fast and scalable method that
can simulate hundreds or thousands of situations in a few seconds.
An extension of this model can be useful to map additional requirements of a complex use case,
including several missions, different types of UAS, different separation measures, etc. The approach
proposed in this deliverable and the developed software can easily consider such kind of extensions.
Moreover, more advanced AI based trajectory generation methods can increase production of more
realistic results.
Indeed, a major goal of BUBBLES project, in particular within the tasks of WP5, is to validate the
proposed methodology in realistic scenarios and to provide additional guidelines, specifications, and
requirements for its integration in a U-space separation management service.
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