Start date of project: 22 May 2007 Duration:nddnths

iIFly

Project no. TREN/O7/FP6AE/S07.71574/037180 IFLY
iFly

Safety, Complexity and Responsibility based desiguh
validation of highly automated Air Traffic Managent

Specific Targeted Research Projects (STREP)

Thematic Priority 1.3.1.4.g Aeronautics and Space

iIFly Deliverable D8.1
I ntegration of mathematical results

Due date of deliverable: 20uly 2010
Actual submission date: 3Dctober 2011

ISDEFE

Version: 1.0

Project co-funded by the European Commission within the Sixth Framewor k Programme (2002-2006)

Dissemination L evel

PU Public X
PP Restricted to other programme participants (inecigdche Commission Services)

RE Restricted to a group specified by the consortiumol§ding the Commission Services)

CO

Confidential, only for members of the consortiumc{uding the Commission Services)




iFly

Title of document:
Editors of document:
Deliverable number:
Project acronym:

Project no.:

Instrument:
Thematic Priority:

6" Framework programme Deliverable D8.1

DOCUMENT CONTROL SHEET

Integration of mathematical results

Leticia Biescas, Henk Blom

D8.1

iFly

TREN/O7/FP6AE/S07.71574/037180 IFLY
Specific Targeted Research Projects (STREP)
1.3.1.4.g Aeronautics and Space

DOCUMENT CHANGE LOG

Version # Issue Date Sections affected | Relevant information
V0.1 20-11-09 All First Draft — Initial version
V0.2 9-4-10 All Second Draft
V0.3 19-4-10 All Third Draft
V0.4 26-4-10 All Fourth Draft
V0.5 10-5-10 All Fifth Draft
V0.6 28-5-10 All Sixth Draft
V0.7 15-6-10 All Seventh Draft
V0.8 22-11-10 All Eighth Draft
V0.9 13-4-11 All Ninth Draft
PreVv1.0 23-5-11 All PoliMi, AQUI and NLR inputs
V0.91 3-8-11 2,3,4 PoliMi, ETHZ, HNWL and NLR inputs
V0.92 21-8-11 All Isdefe and AUEB inputs
Vv0.93 31-10-11 All D5.4 and D7.4 based update
V1.0 31-12-11 pp. 56,60 PoliMi review comments
Organisation Signature/Date
) Leticia Biescas ISDEFE
Editors ["Henk Blom NLR
Vicente Bordén
Sara Peces ISDEFE
Jorge Bueno
Kostas Zografos AUEB
Frank Bussink NLR
) Rene Verbeek NLR
Contributors &
} Petr Casek HNWL
Internal reviewers
John Lygeros ETHZ
Georgos Chaloulos ETHZ
Maria Prandini POLIMI
Maria D. Di Benedetto AQUI
Richard Irvine EEC

31% December, 2011

TREN/O7/FP6AE/S07.71574/037180 IFLY Page 2/69




iFly 6" Framework programme Deliverable D8.1

Abstract

Within the iFly project an advanced airborne selparation concept of operation is under
development in a sequence of two subsequent degajes. During the first design cycle the
Autonomous Aircraft Advanced Concept of Operati¢AS ConOps) has been developed,
with as aim to safely and efficiently accommodéte¢ to six times as much en-route traffic
as in 2005. This AConOps envisages a net-centric environment in hvhit aircraft are
responsible for airborne self separation, withaytport from Air Traffic Control (ATC).

This report addresses the second cycle, and studresus mathematical methods regarding
their integration within the AConOps. The options still open within thé &onOps are
further analysed and consequently reduced by takihgantage of the outcomes of the
innovative methods under development by other WHR's, i.e. WP3 (Prediction of complex
traffic conditions), WP4 (Multi-agent Situation Avemess consistency analysis), WP5
(Pushing the limits of conflict resolution algoritis), WP7 (Safety/capacity analysis of A
ConOps) and WP9 (Safety requirements analysis)s Thsults into recommendations
regarding the best possible algorithm optionsHerfurther refinement of the®AConOps.
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1 Introduction

1.1 iFly project

The iFly project will develop and assess an advaraieborne self separation Concept of
Operation for en-route traffic, which is aimed t@mage a three to six times as high traffic
demand than high traffic demand in 2005.

iFly will perform two operational concept designctys and an assessment cycle comprising
human factors, safety, efficiency, capacity andnecac analyses. The general work
structure is illustrated in Figure 1. During thesfidesign cycle, state of the art Research,
Technology and Development (RTD) aeronautics reswili be used to define a “baseline”
operational concept. For the assessment cyclesacahd design cycle, innovative methods
for the design of safety critical systems will kmed to refine the operational concept with the
goal of safely managing a three to six times increase in traffic demand of 2005. These
innovative methods find their roots in robotics, naincial mathematics and
telecommunications.

Air and

Ground
Requirements
\ Advanced

Operational
Design Cycle 1 Design Cycle 2 Concept

- Assessment -

FIGURE 1. iFly Work Structure.

As depicted in Figure 2, iFly work is organisedotigh nine technical Work Packages (WPs),
each of which belongs to one of the four typesesatbpments mentioned above:

Design cycle 1

The aim is to develop an Autonomous Aircraft Adveth€A’) en-route operational concept
which is initially based on the current “state-bétart” in aeronautics research. Thé A
ConOps is developed within WP1. An important stgrtand reference point for this®A
ConOps development is formed by the human respiditysdmalysis in WP2.

Innovative methods

Develop innovative architecture free methods towely issues that have to be addressed by

an advanced operational concept:

* Develop a method to model and predict complexitgiotraffic (WP3).

* Model and evaluate the problem of maintaining rsadfent Situation Awareness (SA) and
avoiding cognitive dissonance (WP4).
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» Develop conflict resolution algorithms for whichstformally possible to guarantee their
performance (WP5).

Assessment cycle

Assess the state-of-the-art in Autonomous Aircrativanced (&) en-route operations

concept design development with respect to humetoris, safety and economy, and identify

which limitations have to be mitigated in orderaitcommodate a three to six times increase

in air traffic demand:

« Assess the Aoperation on economy, with emphasis on the impaairganisational and
institutional issues (WP6).

« Assess the Aoperation on safety as a function of traffic dgnsicrease over current and
mean density level (WP7).

Design cycle 2
The aim is to refine the AConOps of design cycle 1 and to develop a visiow A3

equipped aircraft can be integrated within SESARcept thinking (WP8). WP9 develops
preliminary safety and performance requirementtherapplicable functional elements of the
A% ConOps, focused on identifying the required tetbmg

Design Cycle 1 Assesment Cycle

WP1 WP6
3 .
TO+44 B écoggﬁq’;‘“ons
A3 ConOps Cost benefit
TO+20 —»
wpP2 we? A2 operations
Safety / > N .
capacity / TO + 44 Safety / Capacity / Efficiency
Human efficiency
responsibilities
TO +12
TO + 38
WP3 l
Start at
Complexity TO + 21
prediction WpP8 3
TO+44 » A opgratlons )
3 non-airborne Requirements
WP4 A refinement and mitigations
Start at »
Multi-agent < TO+21
SA consistency WP9
8 A 3 operations
A airborne TO +44 P

WP5

Conflict
resolution

requirements

Design Cycle 2

Innovative methods

31% December, 2011

Air Requirements

TO + 44 - Innovative methods

FIGURE 2. Organisation of iFly research.
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1.2 Objective of iFly Work Package 8

During the first design cycle an advanced airbosal separation Concept of Operations
(ConOps) has been developed and documented [1]r uhdename A ConOps. Work
Packages 8 and 9 together are in charge of comduttte 2 design cycle for this AConOps
design. Whereas the aim of WP9 is to perform ary egperational safety requirements
evaluation of the AConOps according to ED78a (= DO264), the aim oP8Ns to study
further refinements of the 3AConOps. These refinement studies are organisdidénsub-
WPs:

* WP8.1: Integration of mathematical results;

* WP8.2: Distributed Air Traffic Flow Management Cept;

« WP8.3: A equipped aircraft within SESAR 2020;

« WP8.4: Non-airborne Requirements in support d&4uipped aircraft;

« WP8.5: Further refinement of thé £&onOps during EOCVM phase V2

The current report documents the outcomes of tiiystonducted within WP8.1.

1.3 Organisation of WP8.1 and this report

WP8.1 studies various mathematical methods reggrtheir integration within the A
ConOps. The options still open within thé BonOps are further analysed and consequently
reduced by taking advantage of the outcomes ofrthevative methods under development
by WP3 Prediction of complex traffic conditions, WHmulti-agent Situation Awareness
consistency analysis and WP5 Pushing the limitoaflict resolution algorithms.

This D8.1 report is organised as follows. Sectiond@ntifies the options for potential
refinement of the the AConOp. Section 3 analyses the options describeeation 2 and
identifies their advantages and disadvantagestion 4 provides an overview of the results
obtained and the possible ways to contirfgextion 5 presents concluding remarks.
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2 Options for refinement of A*ConOps

In this section a series of options are identifiduich aim to refine the AConOps of [1].
These options are identified for the following &imctionalities within the AConOps:

- Surveillance;

- Short Term Conflict Detection & Resolution;

- Medium Term Conflict Detection & Resolution;

- Long Term Approaches;

- Cockpit/airborne functional architecture;

- Mult Agent Situation Awareness.
For each of these six functionalities, candidatéong for refinement of the AConOps have
been identified in the following six sub-sections.

2.1 Surveillance

The Surveillance System (SS) is the entity resfibmso share with the Flight Management
System among others, the information of the pasjtaititude and movements of the nearby
air traffic obtained from the observation of thersunding airspace.

Surveillance tasks involve repeated or continudaseovation intended to maintain awareness
of some entity or geographical area. The main temtse surveillance domain are presented
in Table 1.

The surveillance data domain contains

Data Description

System Track The best knowledge of the positionaof
aircraft at a fixed time.

Includes (when available) 2D/3D positign,
past history information, velocity vectors,
aircraft identification info (SSR code, 24bit
ICAO code), and aircraft derived data (€.9.
intent, air speed, etc)

Sensor Descriptions Defines the various sensodalratations
ADS-B ground stations etc), their
geographies, configurations and operatignal
status

Aircraft Track Represents a track for a proximaberaft
detected by on-board ADS-B (or where
available TIS-B). The tracks are used to
augment the Traffic Display and also py
trajectory determination for the handling |of
an ASAS clearance.

(Probably outside the scope of SWIM)

Table 1 A% Surveillance Data Domain

31° December, 2011 TREN/O7/FP6AE/S07.71574/037180 IFLY Page 8/69



iFly 6" Framework programme Deliverable D8.1

2.1.1 Surveillance/Awar eness zones

Self separation operations are critically dependenthe availability of information about
surrounding traffic. Therefore, different levels sfirveillance information are defined to
provide an accurate prediction of the aircraftestatd future positions.

Three timeframes are defined in relation to thelpneinant type of data employed:

» Short term timeframe — typically up to 3-5 minutes, represents the timeizon up to
which the trajectory obtained by a state-basedapgtation may still represent a
reasonable approximation.

* Medium term timeframe — typically up to 10-20 minutes, represents thesthmorizon up
to which the trajectory can be reconstructed frotarit data.

* Longterm timeframe — typically more than 30 minutes, represents tme thorizon used
for dynamic on-board trajectory optimization. Ofy8T-based data may provide useful
information about flights in this timeframe.

According to the previous timeframes, three addalmperational characteristics are defined:

e Mid Term Time Horizon (MTTH) — defines the required amount of broadcasted intent
information. The parameter specifies the minimunygth (in time) of trajectory that will
be possible to rebuild from the broadcasted inieformation. An alternative solution is
to consider the number of broadcasted TrajectoanGé Points (TCP’s).

* Mid Term Awareness Zone (MTAZ) — defines a dynamic area around each autonomous
aircraft encompassing the traffic which could ptitdly cause an intent-based (detectable
through broadcasted intent information) conflicthwihe aircraft. SWIM-based services
will support an autonomous aircraft by providing timformation about the traffic in
MTAZ.

* Long Term Awareness Zone (LTAZ) — defines a dynamic area around the RBT of each
autonomous aircraft (within SSA) which is considefer potential trajectory changes.
SWIM-based services will support an autonomousrairdoy providing the strategic

information about LTAZ (meteo information, areasatmid, areas-recommended-to-
avoid, etc).

2.1.2 Options

2.1.2.1 Surveillance Alternative 1: Space-based ADS-B
For the source of this option and more detailedrimfition about it we refer to [24].
Satellites are able to receive ADS-B signals amdretate this information to a ground station

or other aircraft. This way you may provide ovee-thorizon surveillance for aircraft that are
outside ADS-B range.
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2.1.2.2 Surveillance Alternative 2: Datalink for surveille@
For the source of this option and more detailedrimfition about it we refer to [21] and [22].

The ConOps describes that the aircraft operatenisrwironment where their RBT is down
linked to the ground. This information could be lipked to other aircraft for surveillance
purposes.

2.1.2.3 Surveillance Alternative 3: Airborne Information @2dink Network

For the source of this option and more detailedrimftion about it we refer to [22], [23] and
[26].

Aircraft may connect to an airborne information vmatk between aircraft similar to a
computer network. Each aircraft could send its laée information to other peers in the
network, which on their turn can send it to othecraft.

2.1.2.4 Surveillance Alternative 4: Non Cooperative Sensors
For the source of this option and more detailedrimfition about it we refer to [25].

The surveillance systems include reporting / maasgagystems, which rely on the aircraft to
provide information, such as non-automatic repgrtsystems and regimes; and sensor
systems such as radars that collect informatiomitadiccraft without their cooperation.

Airborne equipment uses non cooperative sensomtdafies to locate other aircraft and
hazards and they don’t demand any help from tigete8urveillance methods that sense non
transponding targets indirectly are consideredcumperative sensing methods.

A target is sensed and tracked, either (1) thropagsively acquiring information about the
target or (2) by actively deploying energy to seei the target (e.g., radar which emits an
electronic pulse and determine range and bearinthéyangle of sensor and timing of the
response, or laser range finder which emits inffaaherent light and detects reflections).

Active sensors, such as a laser range finder, requore energy, so they tend to be bigger
and heavier. These sensors typically can provideemccurate range information, though

they are not good at angle resolution because fiedir of regard is either very small (laser

range finder point) or very large (radar or acaustmni-directional ping).
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2.2 Short Term Conflict Detection & Resolution

The Short Term Conflict Detection and Resolutiondode considers the best traffic
information available up to the 3 to 5 minutes ®na@s well as area information. The traffic
information may include the first level of intemi(, turn point or level-off altitude within 3 to

5 minutes). It is assumed that under normal opmratthe ownship aircraft will always be
able to consider at least its own first level démt.

* Target State information, which is providing infation on the horizontal and vertical
targets (heading, speed and altitude) for the adlight segment, can be used as first level
of intent.

» Short Term CR will enable a quick execution of tlaflict resolution; this will involve:

- Fast automated assessment and calculations
- Presentation of simple manoeuvre options to tigaticrew
- Primary focus will be on CR execution instead afdéctory management

* Implicitly coordinated Short Term traffic CR reges that all aircraft use compatible
resolution algorithms with a cooperative set obheson manoeuvres. As the coordination
among these manoeuvres will be implicit, there llno direct communication between
aircraft for manoeuvre coordination.

» Short Term traffic CR algorithms will have to bela@alo resolve conflicts which involve
several other aircraft ("1 on N’ capability), andtrcreate new conflicts.

Traffic 2-min state
vector extrapolation

Aircraft
2-min state
vector extrapolation

Figure3 Two-minutesshort term state vector conflict (level-off attitude example) If the 2 min state
vector predicted distance islessthan the separation minimum (i.e. 3 Nm / 900 ft.) a conflict is detected. In
thisexample the predicted vertical distanceis zero feet; asaresult a conflict is detected.

2.2.1 Algorithm Options

2.2.1.1 Short Term CD&R Algorithm Alternative 1: Decenteald Navigation Functions

For the source of this option and more detailedrmftion about it we refer to ([19],
subsection 4.4).
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Decentralised Navigation functions enable eachrair¢o navigate while avoiding conflicts
with its neighbours by moving downhill on an adiéll potential that comprises repelling
forces between aircraft and attractive forces towatheir destinations. Decentralized
Navigation function approach uses a feedback cbatiteme that provides fast response and
is computationally efficient. A comparison betwetde algorithm's characteristics and the
concept requirements is given below.

| ConOps Requirements ‘ Proposed Algorithm ‘ Comments ‘
Tnbuts Ownship | State, Intent State, Intent
PHEs Traffic | State, Intent (opt.) State
Requirement ot ; . . ..
cdtremet e Manoeuvre defined implicitly
specifically: Speed '
Outputs Resolution Manoeuvre Constant Speed, bounded

Climb-descent rate climb-descent angle

Rate of heading
turn

Requirement met,
only local sens-
ing for Conflict
Detection

Lookahead Time | Up to 3 to 5 min

Requirement met, with

Priority Rules No X .
option of priority rules

Implicit Coordination | No direct coordination
Assumptions ‘1 to N’ resolution All possible conflicts
No new conflicts avoided

Table2 Comparison of ConOpsrequirementsfor short-term CD& R and Decentralized Navigation
Functions

2.2.1.2 Short Term CD&R Algorithm Alternative 2: Explichardination

For the source of this option and more detailedrmftion about it we refer to ([18], p. 39).
The ConOps proposes the use of implicit coordimatos Short Term Conflict Detection and
Resolution. One may also consider to use explaardination (inter aircraft communication
to determine resolution manoeuvre).

2.2.1.3 Short Term CD&R Algorithm Alternative 3: Cooperatimanoeuvre

For the source of this option and more detailedrmftion about it we refer to ([18], p. 38).
Instead of creating resolutions that fully resallie conflict, it may be an option to generate
resolutions that solve only 50% of the conflicg(ean aircraft maneuver creates only 50% of
the minimum separation minimum). The other aircvediuld then have to resolve the other
50%. This way the burden is shared among bothadirand the manoeuvres might be limited
in size. This however would need a good coordimatichis is a lot like the way Navigation
Functions operate, as both aircraft are repelleddnh other. This aspect can also be related
to priority rules, e.g. in each encounter only ltheer priority aircraft manoeuvres unless both
aircraft have the same priority and cooperative eeanring is used.

2.2.1.4 Short Term CD&R Algorithm Alternative 4: Short te@onflict Prevention
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For the source of this option and more detailedrm&tion about it we refer to ([18], pp. 82-
85).

The ConOps does not describe a system for Shorh T&onflict Prevention (CP). A CP
system can be developed that uses so called NO&&@sbThese are coloured bands on the
primary flight display which indicate which groum=d, altitude and vertical-speed values
should be avoided from a short term conflict reBofuperspective.

2.2.1.5 Short Term CD&R Algorithm Alternative 5: Undershagt Minimum Separation
Criteria.

For the source of this option and more detailedrmftion about it we refer to [2].

In the A3 ConOps an STCR advisory applies to cotsflwith any other aircraft within Short-
Term time horizon. Implicitly it is assumed thatesolution advisory resolves a conflict such
that minimum separation criteria are satisfied. ldeer, in specific cases it may be difficult
(or impossible) to find a resolution which realizbsse criteria. In such case it is an option to
use a resolution advisory which increases the aéiparas much as is possible, but not up to
the minimum separation criteria. In [iFly D7.1c, 8Section 4.2] this approach has been
adopted regarding short term turn advisories: degermined as the minimum turning angle
(to the left or to the right) such that there aoepnedicted conflicts left with any aircraft and
which is within reach of the Short-Term time honzdf there is no minimum turning angle
possible below a certain value (Maximum-Angle-SHatm), then the turning angle below
this maximum value is identified which provides tlogvest underscoring of the minimum
separation criteria. In [iFly D7.1c] there are mpgties at all applicable under STCR.

2.2.1.6 Short Term CD&R Algorithm Alternative 6: Optimigatitechniques

For the source of this option and more detailedrimfition about it we refer to [10], [11],
[12], [13], [14], [15], [16], and [17].

Optimisation methods provide a natural framework iandling constraints and can offer
increased performance with respect to variousraite

A wide variety of approaches to Short Term CD&Riz#i optimization techniques in order to
incorporate requirements such as minimum fuel coq$ion or deviation from planned
course, and passenger comfort. Optimization oHenatural framework for dealing with such
matters and has been adapted to various operatiodels. Conflict avoidance is expressed
as an inequality constraint, usually of quadratitrf, while a cost function representing delay,
deviation from track or other fitness criteria ignimized.

More specifically:

* In [10] a worst case approach for two aircraft iegented, where each one calculates
the maximal set of initial conditions that guarantesafe trajectory for the system for
all possible maneuvers of the conflicting neighbduris algorithm is inherently non-
cooperative and decentralized and is mostly sdieaff-line prediction of safe and
unsafe escape maneuvers.

 In [11] a less conservative, cooperative approachdeveloped. Each aircraft is
considered to have information on the state andsguafaall other ones closer than a
maximum “alert” distance and based on this knowdedgsigns its trajectory so that
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the sum of the delays of all neighboring aircradft minimized, while avoiding
conflicts.

Durand et al. [12] describe another distributedoatgm for short term conflict
resolution, where prioritized planning is considgr@lanning new trajectories for
aircraft after first establishing a priority ordé&stablishing an order of priority could
also enable the distributed use of a “one agaimastythalgorithm, like in [13].

A similar formulation of the problem described abads used in [14] and [15], in an
even more decentralized form where each aircraftsd function depends solely on its
own trajectory. The authors assume a global systemprising of multiple local
subsystems which interact through local constrahms are imposed on their states. A
solution is then calculated by an algorithm invotyiLagrange multipliers and penalty
function methods which offers global convergenca fmite number of steps.

A class of CD&R methods using a different form gdtimization includes those
proposed by Bilimoria [17] and Dowek, Munoz and &eld6]. In these approaches
the relative speed between conflicting aircraftused to calculate the relative
trajectory of the intruding aircraft. Note that matent information is used, only
position and velocity vector information are comsetl to be available. Once a loss of
separation is detected, a family of new trajectorgeproduced that are tangential to
the protected zone of the intruding aircraft, tipueviding a separation equal to the
minimum allowed. Specifically the new trajectoriase designed by assuming a
discrete maneuver (i.e. instantaneous change ohiriggaground speed or both) strictly
with geometric means and in a closed form. As thaee infinite maneuvers that
produce tangential trajectories, 3 types of sohdiare considered as candidates: the
ones given only by a heading or ground speed chamgkthose that require the least
possible change in the velocity vector.
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2.3 Medium Term Conflict Detection & Resolution

Aircraft ><) Traffic

medium-term medium-term
(intent) trajectory (intent) trajectory
o
ST 7

—>

Figure 4 Medium Term Conflict

The Medium Term Conflict Detection and Resolutiorodule takes into account own
trajectory intent information and that of surrourglitraffic, up to 15 — 20 minutes (up to the
time that it is possible to obtain reliable infoioa) and area information.

» Traffic Conflict Resolution uses priority rules determine which aircraft has the right of
way and which aircraft has to manoeuvre (see sedti?)

* The aircraft which has to manoeuvre is requireddco, as stated in the AFR Rules, so
that the conflict resolution is not delayed up ltite point the conflict has to be resolved
by both aircraft.

* Resolutions will be displayed in the form of a nfatl route which can be implemented
automatically or manually through the Flight Managat System.

* The flight crew should be able to consider the appate conflict resolution manoeuvre,
evaluate several options, and execute any givenoewme, with the only constraints
being:

- The manoeuvre has to solve all conflicts.

- The manoeuvre shall not create new conflicts anddodlict free up to a TBD time
(e.g., 10min) beyond the medium term look aheae.tim

* Medium term CR will, under normal circumstancesrespnt the most cost-effective
traffic separation assurance option, since compatgtsmall changes in the trajectory
will be sufficient to ensure aircraft separation.

* The resolution algorithms will have to ensure taho time during the flight, the aircraft
trajectory will place the aircraft in a 2 minutat&t vector conflict.
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Traffic
medium-term
trajectory

Traffic 2-min
state vector
projection

Aircraft
medium-term

trajectory Aircraft 2-min

state vector
projection

Figure5 Cross-checking of state vector conflictsalong theintent track. If the 2 min state vector predicted
distanceislessthan the separation minimum (i.e. 3 Nm/ 900 ft.) a conflict is detected. In this example the
predicted lateral distanceiszero Nm; asaresult a conflict is detected.

2.3.1 Operational assumptionsfor Mid-Term Conflict Resolution

» Operational assumptions for Mid-term Conflict Resiain: Aircraft have knowledge of all
other aircraft involved in their region of interegtdditionally, the boundaries of the
region of interest and target regions correspondingxit gateways onto the RBT are
identified and pre-specified by the conflict deiectalgorithm.

* The transmission of aircraft positions, wind dibamce measurements, future plans to
neighbouring aircraft is enabled by SWIM, as diseasin the A concept.

* A conflict free set of actions exists for any neinciaft, without the need for existing
aircraft to re-plan their sequences of actions.

« We assume there are no time delays associated 8WHM. In the event of

communications failure, aircraft can execute thm@viously calculated control policies
based on the last time they planned their trajexgor

2.3.2 Algorithm options

2.3.2.1 Mid Term CD&R Algorithm Alternative 1 Model Predue Control

For the source of this option and more detailedrimftion about it we refer to ([19], Sections
3,4 and 5)
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Model Predictive Control is a closed loop controtnfiulation which is proposed in several
alternatives of the CD&R algorithms proposed in iie Term, because of its similarity to
air traffic situations. MPC algorithms run in a ipelic fashion, allowing to incorporate new
data and information as the conflict scenarios\exol

In the standard form of MPC, a model of the systerparameterised with a sequence of
manipulated variables (control inputs) over a fitikee horizon. This model is used to form
an optimisation problem whose decision variablemmise this sequence of control inputs.
The objective to be minimised is an appropriatdipsen function of the future output and
state trajectories over this horizon starting fritv@ current state. The optimisation problem is
solved and the first step of the resulting inputusege is applied. At the next time step, this
process is repeated, based on the new measuredTtathorizon length is kept fixed, giving
rise to the term ‘receding horizon control’. Whilshe predictions made within the
optimisation problem are ‘open-loop’, the recompiota of the optimal finite-horizon
trajectory based on the new measurements obtakeders this a ‘closed loop’ control
formulation, countering the effect of uncertainty.

2.3.2.2 Mid Term CD&R Algorithm Alternative 1.1: MMPC (Migtexed Model Predictive
Control)

For the source of this option and more detailedrimftion about it we refer to ([19], Section
4).

The underlying protocol is that aircraft plan thé&iture trajectories in a predefined cyclic
sequence, taking into account others’ receivedspl&ach aircraft involved in an encounter
plans its own future trajectory, then transmitsfitaire plan to the other aircraft. The next
aircraft in the sequence does the same. Each faiestacutes the first step in the plan it has
announced, until it is its next turn to recompusgeplan. SWIM in this case is used in order to
provide an initial centralized solution to the ation. The algorithm can be robust to
communication failure with SWIM, provided its dumat is not longer than the Mid Term

CD&R horizon.

2.3.2.3 Mid Term CD&R Algorithm Alternative 1.2: MMPC witlisturbance feedback

For the source of this option and more detailedrimtion about it we refer to ([19], Section
4.3).

This is a refinement of the previous algorithm, vehthis time affine disturbance feedback is
used between policy updates. Thus changes in spekdeading can be applied in every time
step. The scheme involves a single aircraft repuiping its policy at any one time. In
between optimization updates, aircraft apply a dixeedback policy according to the
disturbance they encounter. This modified schemmipe longer prediction horizon lengths
than the original MMPCSWIM in this case is used in order to provide atiahcentralized
solution to the situation. The algorithm can beusitto communication failure with SWIM,
provided its duration is not longer than the MidmeCD&R horizon.

We proceed by outlining two variants of the aldant

2.3.2.4 Mid Term CD&R Algorithm Alternative 1.2.1: Fixed d@r MMPC with
disturbance feedback
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For the source of this option and more detailedrimftion about it we refer to ([19], Section
4.3.1)

Aircraft take it in turns to broadcast their intesmid re-optimise their flight plans. Each

aircraft can construct accurate predicted plarth@bther aircraft when it plans its own set of
moves. This can be implemented either according figed or variable timing sequence. A

variable order of update permits incorporation obnity rules, but using a more restrictive

fixed update order enables a higher frequency d€ypapdate. SWIM in this case is used in
order to provide an initial centralized solutiontb@ situation. The algorithm can be robust to
communication failure with SWIM, provided its dumat is not longer than the Mid Term

CD&R haorizon.

2.3.2.5 Mid Term CD&R Algorithm Alternative 1.2.2: Variabl®rder MMPC with
disturbance feedback

For the source of this option and more detailedrim&tion about it we refer to ([19], Section
4.3.2)

In the earlier formulations, aircraft optimise seqtially, one per time step, to ensure
feasibility. In this formulation, each aircraft apises in parallel for a new plan, conditioned
on the other aircraft executing one of their caatkdconflict free plans. Aircraft still update
their policies in a round-robin fashion, but a aate order of update is employed. The choice
of updating aircraft at any given time step is loase satisfaction of some global objective,
for instance that which would minimise some totastcof all aircraft. The motivation for
performing parallel optimisation is to make mose ws$ time between updates, and to allow
aircraft with ‘greatest need’ to re-optimise thealicy sooner, for instance in order to respond
to strong wind disturbances. SWIM in this case s&diin order to provide an initial
centralized solution to the situation. The algaritican be robust to communication failure
with SWIM, provided its duration is not longer thiéne Mid Term CD&R horizon.

The algorithms we have just detailed are subsumgdhk general multiplexed MPC
framework, whereby aircraft update their policiasai sequential Round Robifashion. All
variants require an initial centralized solutiorabled by SWIM.

The original multiplexed algorithm, outlined in 22, is modified in 2.3.2.3-2.3.2.5, wherein
aircraft apply corrections to their plans (disturba feedback) in between updates according
to wind disturbances they experience, to counterefifiect of wind. This is done to facilitate
feasibility, and permits longer prediction horizdanosbe utilized. Multiplexing is not restricted
to employing a specific order of update, and tlagibility can be exploited to achieve system
wide objectives by adopting a variable order foratioh, as outlined in 2.3.2.5.

! Round Robin: Arrangement of choosing all airciafa group equally in some rational order, thiseordefines
which aircraft is the responsible of calculates avaluates its priority in comparison to other @ifts priorities.
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Feature ConOps Requirement Robust
decentralized MPC
Look-ahead time 15-20 minutes Requirement met
Coordination Not required Not required
Principle of use Intent Requirement met
Priority rules Yes Used for the cyclic ordering

and in case
of comms. failure

Secondary conflict creation Do not None created
2-minute state vector conflict Avoid Not addressed yet
No problem in principle
Type of resolution algorithm Intent-based Intent-based
Alternative resolutions Should provide Not provided yet

Table3 Comparison of ConOpsrequirementsand properties of the robust decentralised M PC algorithm
for mid-term conflict resolution

2.3.2.6 Mid Term CD&R Algorithm Alternative 1.3: Decentdid MPC with a simplified
AC model

For the source of this option and more detailedrim&tion about it we refer to ([19], Section
5)

In this approach, Decentralized MPC is used to fine optimal trajectories for aircraft

involved in the situation. For the model of theceaft, a simplified model is used in order to
guarantee less computation needs and possibly go@@antees for this abstraction of the
aircraft. This is an ongoing work and the pros/caresonly based on indications.

2.3.2.7 Mid Term CD&R Algorithm Alternative 2: Combined MR&d Short Term CD&R
approach

For the source of this option and more detailedrimftion about it we refer to ([19], Section
3)

This algorithm works in a similar fashion as thepous ones, in the sense that it still uses
MPC for the Mid-Term CD&R, but also takes into agobthe presence of the Short Term
CD&R level.

Each aircraft computes its own trajectory and bcaats to the others, which then take it into
account in their calculations. The process is rigokaeriodically (e.g. every 3-5 minutes).
“Priorities” are implicit in the decision of whichircraft computes its solution first in each
round. We have considered two schemes:

1) Fixed priorities: Each aircraft has a uniqueopty; as for example discussed in the

priority alternatives later on the document. Inearcounter the aircraft with the highest
priority computes its trajectory first and broadsashen the one with the second highest
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does the same, etc. Aircraft with lower prioritjkeathe trajectories broadcast by the
higher priority ones as constraints in their catiohs.

2) Random priorities: At every round the aircrafaw a random number between 0 and 1
and broadcast it. The aircraft with the lowest nambets the highest priority for the
round, computes its trajectory and broadcasts, tieione with the second lowest number
does the same, etc. Again lower priority aircredat the trajectories broadcast by higher
priority aircraft as constraints when calculatihgit own trajectories.

So far, it seems that both schemes lead to resoluiixed priorities tend to penalize some
aircraft excessively. High priority aircraft geraght paths and low priority ones basically
have to go around everyone else, whereas a snvaditide from a higher priority aircraft may
lead to much better trajectories for the low ptiodnes. On the other hand, random priorities
tend to lead to more “meandering” trajectories. Wiaa aircraft has high priority it heads
straight for its destination but in the next rounhdhay have to deviate. What seems to work
best is using fixed priorities but penalizing (iretcost function they use in their optimization)
high priority aircraft if their chosen trajectoriderce low priority aircraft to deviate
excessively. SWIM in this case can be used to peowa globally optimal solution to the
situation. The algorithm can be robust to commurocgailure with SWIM, as it can perform
in a completely decentralized fashion.

2.3.2.8 Mid Term CD&R Algorithm Alternative 2.1: CombinedP® and Navigation
Functions

For the source of this option and more detailedrimtion about it we refer to ([19], Section
3)

As Navigation Functions have been used for the tSfFemm CD&R, the previously described
algorithm has been tested with the use of Navigdtnctions in the Short Term.

Feature ConOps Requirement MPC & NF
Look-ahead time 15-20 minutes 15-20
Coordination Not required None
Principle of use Intent Requirement met
Priority rules Yes Can be implemented
Secondary conflict creation Do not Not created
2-minute state vector conflict Avoid Not addressed yet
Type of resolution algorithm Intent-based Intent-based
Alternative resolutions Should provide Can provide

Table4 Comparison of ConOpsrequirements and properties of the combined MPC& NF algorithm for
mid-term conflict resolution

2.3.2.9 Mid Term CD&R Algorithm Alternative 3: Merge andldov

For the source of this option and more detailedrmftion about it we refer to [RFG, 2010].
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Use of Interval Management: Aircraft may choosenerge behind and follow a lead aircraft

that flies in the same direction. The interval bstw the aircraft will be managed as not to
create conflicts.

This alternative assumes a very specific patteth®fRBTs, designed by Long Term CD&R

and TFM modules. Thus, in cases that this is nailave, it doesn’t seem that there will be a
way to guarantee that conflicts will be possiblerésolve. Even though it might be able to

solve some cases, it is rather restrictive in tesfrthe manoeuvres that aircraft are allowed to
do.

2.3.2.10Mid Term CD&R Algorithm Alternative 4: Undershoagiminimum separation
minima

For the source of this option and more detailedrmftion about it we refer to ([2], pp. 18-
19)

An MTCR Advisory applies to conflicts with any othaircraft within Medium Term Time
horizon. It is determined as the minimum turninglan(to the left or to the right) such that
there are no predicted conflicts left with any eaft which has higher priority than aircraft i
and which is within reach of the MTT horizon. letle is no minimum turning angle possible
below a certain value (maximum-Medium-Turn-Anglélgen the turning angle below this is
identified which provides the lowest underscoririghee minimum spacing criteria of 5SNm
and 1000 ft between centerlines. In that caseadircnames itself handicapped. As soon as
the advised MTCR advisory and handicap have beeepted by the crew of aircraft i, then
both are implemented as a RBT in the FMS of aitcraSubsequently the RBT and the
handicap information in the FMS is broadcastedufhoADS-B. If aircraft A is closer to its
destination than aircraft B is, then aircraft A NSCR priority over aircraft B. i.e. aircraft B
should modify its RBT first. This way of workingpeats until the RBT is complete

2.3.2.11Mid Term CD&R Algorithm Alternative 5: Pairwise dbat resolution algorithms
found in literature

For the source of this option and more detailedrimfition about it we refer to [31], [32],
[33], [42], [43]. The scope of these studies wasitkd to resolving pairwise conflicts, thus
ignoring possible problems that are created byooother neighbouring aircraft. Important
examples of this approach are:

* A. Reference [31]. In this approach, an improvenadrthe A* algorithm is proposed
for avoiding obstacles and trajectory planning inM\ The approach is iterative and
is only presented for avoiding static obstaclethis paper.

» B. Reference [32]. This approach forms a MixeddetelLinear Program to tackle the
conflict resolution problem, minimizing the fueldot. The results are very promising,
being able to handle big conflicting instances.

» C. Reference [33]. In this approach, a simple tstepping algorithm is presented that
will detect potential conflicts and resolve them @ymputing the globally optimal
steering programs for both aircraft in real tints.rhain limitation is that manoeuvres
are executed at constant airspeed, reducing tb&uties alternatives.

» D. Reference [42]. This work considers an algorithapproach to tackle the conflict
resolution problem, using iterative algorithms &dcalate a resolution. The proposed
resolutions are 4D (3D and time manoeuvres). Urditker approaches, this is mainly
heuristic.

31° December, 2011 TREN/O7/FP6AE/S07.71574/037180 IFLY Page 21/69



iFly 6" Framework programme Deliverable D8.1

* E. Reference [43]. In this approach, conflicts swkved using single-step decisions on
velocity changes, as well as altitude changes @eadimg angle changes). Its main
limitations are that it is not easily extensiblecesses where uncertainties are present,
as well as the fact that heading angle changeseactuded from the potential
manoeuvres.

2.3.3 Medium Term Priority Rules options

The term ‘priority scheme’ is used to describe waey in which priorities are used for the
purposes of providing an orderly resolution of aaion involving potentially conflicting
aircraft. Priority schemes can be used, togetheh algorithms for finding conflict-free
trajectories, as part of an overall resolution sobe

The determination or allocation of the relativeopties of flights could take into account
many factors, such as the costs which are assdcuiih perturbing the trajectories of
aircraft, but these considerations are not desgribethis section. Some possibilities are
described in iFly deliverable D1.3 “Autonomous Aaft Advanced (A3) ConOps” (see
below).

2.3.3.1 Medium Term Priority Rules Alternative 1: Simplerpése priority scheme, initial
IFly concept of operations

For the source of this option and more detailedrmftion about it we refer to [1].

The priority scheme described in the initial iFlgncept of operations applies to potential
conflicts involving two aircraft. The aircraft witthe lower priority must manoeuvre to
prevent loss of separation with the aircraft with higher priority.

2.3.3.2 Medium Term Priority Rules Alternative 2: Pairwiggority scheme with priority
reversal

For the source of this option and more detailedrimftion about it we refer to [34].

[34] illustrates situations in dense traffic in whian aircraft, designated by a priority scheme
as being the aircraft which must manoeuvre to awopbtential conflict, is “boxed-in” and
cannot find a resolution of the potential conflibt. such circumstances a priority-reversal
procedure would give a second chance to resolvpdtential conflict.

2.3.3.3 Medium Term Priority Rules Alternative 3: Pairwiggority scheme with priority
reversal — the handicapped method

For the source of this option and more detailedrimftion about it we refer to [35].

[35] addresses the following situation. Suppose tva aircraft predict a loss of separation
between them and that as the result of the applicaf a priority rule the low priority aircraft
must manoeuvre to avoid the higher priority aircriifthe manoeuvring aircraft is “boxed-in”
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by surrounding aircraft, i.e. it cannot find a resion which would provide the minimum
required separation, it instead selects a resaolutigectory which maximises its separation
with the higher priority aircraft (without losingegaration with third party aircraft). It then
marks itself as being handicapped (presumably itntias passed the aircraft with which it
has the smallest separation) and broadcasts tttis\ihile it is handicapped other aircraft
treat the handicapped aircraft as the highestipriaircraft, i.e. it is unable to manoeuvre.
Consequently, the other aircraft in the initial ffih will manoeuvre to provide the full
minimum required separation (if possible).

This approach is rather similar to straightforwprobrity reversal, with the difference that the
first aircraft tries to maximise its separationnfraa conflicting aircraft before reversing

priority. Also, third party aircraft will give priaty to the handicapped (constrained) aircraft in
subsequent conflicts.

2.3.3.4 Medium Term Priority Rules Alternative 4: FACES
For the source of this option and more detailedrimfition about it we refer to [36].

In [36] a decentralised strategy is described ésplving potential conflicts amongst arbitrary
groups of aircraft. The authors take account offtoe that, due to finite surveillance range,
aircraft do not share the same information aboeir theighbours. A token allocation strategy
is used such that on any time step no two aircséthin detection range of one another
manoeuvre simultaneously (i.e. no concurrent régoly nor does deadlock occur. Over
successive time-steps aircraft manoeuvre to resbbssituation.

2.3.3.5 Medium Term Priority Rules Alternative 5: Implictordination
For the source of this option and more detailedrimftion about it we refer to [37].
[37] proposes a priority scheme for self-separatigraft. It deliberately avoids the use of
explicit coordination between aircraft, which istgatially fragile. The scheme aims to cope
with more complicated situations than simple pafrpotentially conflicting aircraft.
The scheme is reasonably complicated but has ndiegn evaluated through simulation or
by considering a set of scenarios. It is not clelaether the scheme results in a total order for
sequencing manoeuvres amongst a group of aircraft.

2.3.3.6 Medium Term Priority Rules Alternative 6: Globalgrtties in MPC
For the source of this option and more detailedrimfition about it we refer to [27].
On any resolution step the MPC level determinest afsgoals for the aircraft involved in the
situation. Each aircraft then calculates a navigatunction taking into account its own goal
and the positions of the other aircraft which anéhiv its sensing range. A global set of
priorities can be taken into account by changing ahder in which aircraft calculate their

navigation functions.

2.3.3.7 Medium Term Priority Rules Alternative 7: Dynamrtpties
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For the source of this option we refer to [2].

In order to make the priorities dynamic, they areppsed to be dependent on the distances of
all aircraft to their destinations. The aircrafthvihe shortest distance has highest priority, and
the aircraft with the longest distance has lowestripy. Because the destination of each
aircraft is broadcasted as part of the planneddtajy, each ASAS onboard an aircraft knows
the destinations of all aircraft for which it mayete might be a medium term conflict. This
allows each ASAS to calculate the priority sequefoceall these aircraft, and without need
for any coordination. Each aircraft is always akwimo improve its 4D planned trajectory as
long as this does not infringe with 4D trajectogns received from aircraft with a higher
priority. But each aircraft also is required to reats 4D trajectory plan conflict free (15 min
ahead) with all aircraft having a higher priority.
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24 Long Term Approaches

Aircraft
flight path/RBT

s

Area to avoid

Figure6 Area Conflict

In the A3 ConOps described in [D3.1], Long Term @&r€onflict Detection (LTACD) is
conceived as an airborne function in charge of afietg those situations where an aircraft
may enter an “area to avoid” within the LTAZ. Argasavoid include weather hazards and
congested/high complexity areas, and are madeasé@ito aircraft by the automated ground
surveillance support as part of the strategic mfation about the LTAZ. The pilot will be
informed of the detectedrea-conflictsso that an appropriate action can be taken todavoi
their actual occurrence. More precisely, the LTAIDction triggers the onboard Trajectory
Management (TM) module, which, as soon as somecmedict is detected, suggests to the
pilot a trajectory modification to solve the confli

An alternative solution is to implement the LTACDnttion on the ground, as a centralized
support tool, and transmit the relevant informatmboard only when an area-conflict is
detected. This information may also include aetegry modification to solve the conflict.

In the sequel, we shall present and discuss pesaitdrnatives for the resolution of the area-
conflicts and for the identification of the areasatvoid.

24.1 Algorithm options

2.4.1.1 Area-conflict resolution

24.1.1.1 Alternative 1. Ground-holding |

For the source of this option and more detailedrmftion about it we refer to ([D5.1],
Section 3.1).

Ground-holding is one of the most commonly usedhwetin current ATM systems for
Traffic Flow Management (TFM) operations. The ide#hat aircraft that are scheduled to fly
through some congested airspace region should jpedke ground until that region is not
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congested anymore. The underlying philosophy isghaund-holding is safer and more cost-
efficient than resorting to alternative actionsidgrthe airborne phase of the flight.

Effective algorithms are available in the liter&tuior the implementation of the ground-
holding method within a centralized strategic flavanagement tool. The main limitation of
the method itself is that it cannot be applieddlves a congestion issue that an aircraft might
encounter during its flight. Hence, it cannot bedisor onboard TM but only for the pre-
flight trajectory management operations, which ainproviding a strategically de-conflicted
airspace prior to the actual flights taking place.

2.4.1.1.2 Alternative 2: Generalized traffic flow management \

For the source of this option and more detailedrmftion about it we refer to ([D5.1],
Section 3.2).

A significant research effort has been devoted ha literature to the development of
generalized TFM techniques (see Section 3.2 of[pSDifferently from the ground-holding
approach, in generalized TFM aircraft can be delaglso during the airborne phase of the
flight, at specific points along their planned pathd not only before departure. These delays
can be absorbed in different ways, through eitiv@oene-holding or speed control. The idea
is that this solution leads to a more effective ofehe airspace capacity and potentially
reduces the overall delay.

Interestingly, generalized TFM techniques can detll area-conflicts that arise at some point
during the aircraft flight, hence, in principle;eth could be used also for onboard TM
operations. At the current stage, however, thelaai algorithms seem to be able to work
only on the ground, in a centralized fashion. ThEmreason is that airborne systems have
limited computational power as compared to grougstesns and the generalized TFM
algorithms are computationally too demanding talis&ributed onboard of the aircraft.

2.4.1.1.3 Alternative 3: Mid term conflict resolution with areas-to-avoid as constraints \

For the source of this option and more detailedrimfition about it we refer to [D5.2]

Long term area-conflict resolution could be addedssy using the algorithms conceived for
mid term conflict resolution to solve the area-diots instead of mid term aircraft conflicts.
As updated information on the areas-to-avoid besoawvailable onboard, suitable constraints
could be enforced into the optimisation progranvedlby the mid term conflict resolution
algorithm so that long-term area conflicts are dedi

This method is briefly discussed in [D5.2] and agpequite interesting. However, no study is
currently available to assess the feasibility ef éipproach. As in mid term conflict resolution,
problems related to the convergence of a distributgplementation of the method may arise.
Some — possibly implicit — coordination is neededvoid situations where, for instance, all
aircraft leave some congested area and end up a@merand passing through another
congested area.

24.1.1.4 Alternative 4: Flexible air space cellswith flow restrictions
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For the source of this option and more detailedrmftion about it we refer to ([D8.2],
Section 4.2).

The flexible airspace cells with flow restrictioapproach has been proposed in [D8.2] as a
strategic flow measure to limit the need for staord mid term conflict resolution manoeuvres
in a confined area in between closely spaced céstrivolumes of airspace. The idea is that a
set of triangular cells with specific flow restrands and direction rules should be designed in
order to avoid that traffic flows passing throupk tonfined area cross each other.

Although the conceptual way of working has beenettgped, several aspects remain to be
defined and assessed. In particular, flow restiicthresholds and rules need to be specified.
Also, the possibility of dynamically redesigningetbells should be evaluated.

24.1.1.5 Alternative5: Flexible schedulesfor flow restrictions \

For the source of this option and more detailedrmftion about it we refer to ([D8.2],
Section 4.4).

The flexible schedules for flow restrictions appmiodas been proposed in [D8.2] as a mean
for strategically deconflicting the confined aréa®etween closely spaced restricted volumes
of airspace. Based on the RBTs of all aircraftxibe schedules are determined so as to
dynamically balance the demand with the availakdgacity in areas subject to flow
restrictions. Further away from the flow restricti@ircraft are left a higher flexibility in their
manoeuvring options. Only when needed, the flexibblhedule becomes restrictive by
prescribing specific arrival times at the flow regton.

The approach has been proposed only at a concdpughl Specific scheduling algorithms
has to be developed and their performance in tefrsafety, flexibility and fairness remains
to be evaluated.

2.4.1.2 Area-to-avoid computation

As part of the strategic information about LTAZethutomated ground surveillance support
makes available to the aircraft the information wthithe area-to-avoid, which include areas

with high air traffic complexity. This involves elgting a suitable complexity metric across

the airspace based on the RBTs of all aircrafestam SWIM and applying some threshold to

detect critical areas. Different complexity measunave been developed within WP3 and are
briefly described next. For all of them, threshddtii need to be defined.

24.1.2.1 Alternative 6: Geometric characterization of complexity \

For the source of this option and more detailedrmftion about it we refer to ([D3.2],
subsection 5.2)

Complexity is evaluated at each position and tingant along some look-ahead time horizon
in terms of local airspace density within an elligkl buffer region centred at that position,
weighted nonlinearly with the direction of the a&ft motions at that time instant. The aircraft
future positions are predicted based on their RBiggllecting the uncertainty affecting the
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prediction. 4D (space cross time) maps are gezebi@t a 3D spatial grid at discrete sampling
times. Complexity maps along each single aircr&T Ran be extracted for TM purposes.
The metric is easy to compute. A key property & this additive, which makes computations
scale linearly with the number of aircraft and dSlifigs the update of the complexity map
when, e.g., a single aircraft RBT changes since bag only to subtract the original
contribution of the aircraft and add the new oneeldaon the updated RBT. Some design
parameters (the size of the ellipsoidal regiontiiedveights) have to be tuned.

2.4.1.2.2 Alternative 7. Complexity evaluated in terms of L yapunov exponents \

For the source of this option and more detailedrmftion about it we refer to ([D3.2],
Section 4)

Complexity is evaluated in terms of maximum locghpunov exponents of the dynamical
system modelling the traffic over the consideredkliahead time horizon. The resulting
measure expresses the local level of order/dismtidre traffic. 3D maps are generated on a
3D spatial grid. Timing information is lost wheneitifying the vector field defining the
dynamical system based on the predicted posititotitg samples along the aircraft RBTSs.
Uncertainty affecting the future aircraft positions not considered. The metric is
computationally intensive to calculate and is raditive.

24.1.2.3 Alternative 8: Complexity evaluated in terms of local flexibility of atrajectory \

For the source of this option and more detailedrimftion about it we refer to [40]

Complexity is evaluated in terms of the extent timich the aircraft RBT can be modified
locally without causing any interference with otlarcraft. 4D (space cross time) maps can
be generated as well as 1D maps representing thplerity values along the aircraft RBTs
as a function of time.

The metric can be computed by borrowing tools fimomputational geometry; it is additive.
Some design parameters related to the maximum aiiheismount of local deviation need to
be tuned. The uncertainty affecting the aircrafurfe position is not explicitly accounted for
in the metric, since reference is made to the nahRBTS.

2.4.1.2.4 Alternative 9: Probabilistic conflict-related measur e of complexity \

For the source of this option and more detailedrmftion about it we refer to ([D3.2],
subsection 5.1)

Complexity is evaluated in terms of probability tthaultiple aircraft occupy the same
ellipsoidal buffer region in the same timeframe ofmbilistic occupancy). Uncertainty
affecting the prediction of the aircraft future pms is explicitly accounted for. When the
size of the buffer region resembles that of thetgmtion zone surrounding an aircraft, the
complexity measure can be used for multi-aircraftflict prediction. 4D (space cross time)
maps can be generated, as well as 1D complexity mlapg the aircraft nominal RBT.

In the current implementation, analytical formuéae available for piecewise linear nominal
trajectories, when the correlation between the réutpositions of different aircraft is
neglected. The contribution of each aircraft to teenplexity measure can be computed in
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isolation and then combined with that of the othiecraft. This causes the computation effort
to scale linearly with the number of aircraft andk®s it easier updating the complexity map
when just a few RBTs are modified. Some parametdeded to the along-track and cross-
track dispersion with respect to the nominal tri@jgcneed to be tuned.
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2.5 Cockpit/Airborne Functional Architecture

This section describes several options of airbdunetional architecture supporting the self
separation operations defined in A3 ConOps (iFly3P1For each of them a short description
accompanied by a discussion of advantages/disaayesis provided.

251 Options

25.1.1 Cockpit/Airborne Functional Architecture Alternagii
For the source of this option and more detailedrmftion about it we refer to [1].

This option (shown in Figure 7 below) is based lwa functional architecture described in A3
ConOps. ASAS system encompasses Conflict Deteetimh Conflict Resolution processes,
which are functionally separated from each othery Aesolution advisory from ASAS first
goes to the flight crew: either in the form of aposed RBT change (provided by Medium
Term Conflict Resolution), or as a flight manoeuirem Short Term Conflict Resolution).
An accepted MTCR advisory goes to FMS as a new RBille an approved STCR advisory
is directly provided to flight guidance (autopilo®nly an RBT that is in the FMS will be
broadcast. Hence, any RBT relevant (intent) infdiromathat is not yet within FMS will not
be sent to surrounding aircraft.
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Figure 7 Airborne System functional ar chitecture[iFly D1.3]

2.5.1.2 Cockpit/Airborne Functional Architecture Alternasi2
For the source of this option and more detailedrimftion about it we refer to [27].

This option (shown in Figure 8) aims to combine features of some specific conflict
resolution methods developed in frame of the iFlIp3/Decentralized Navigation Functions
(NF) used for short term CR, and Model Predictivanttol (MPC) targeted to medium term
timeframe. For this purpose, the conflict resolutprocess is reformulated as a hierarchical
control problem where Model Predictive Control ules intent information received from
surrounding aircraft to set up (periodically) thetimal parameters for the Navigation
Functions. The short term CR, based on these Nies, énsures a conflict-free trajectory
(through a direct coupling to autopilot/flight gaitce) taking into account the actual state of
surrounding aircraft.

31° December, 2011 TREN/O7/FP6AE/S07.71574/037180 IFLY Page 31/69



iFly 6" Framework programme Deliverable D8.1

bircraft 1 bircraft 2 bircraft m
................................ e L
| [ mdTem H—————#{ MdTem |F---m-----ip MdTem ||
CO8R |f— COSR fmmmmmmama! - COER ;
¥ ! tanget i x ! target x !
' communication | | ComMmunication | d
: L 3 :  J : -
i Short Termn Ib Short Term pfe=e=====a= -ih Short Term
COSR  pie— COEF SR L CORR
r ! 5 | F a—
! state i ! state
information | information |
¥ i ¥ i h
1
| Lﬁumpilm : Empum | Empilm
1
!
1
L . L
Hircraft i Hircraft ! Aircraft !
Dhyramics ! Dhyrarmics ! ! Dhnamics !
................ I ————- |________'F_______.'
1 | .

Figure8 Airborne System Functional Architecture (iFly D5.3, p. 9)

2.5.1.3 Cockpit/Airborne Functional Architecture Alternagid
For the source of this option and more detailedrimfition about it we refer to [28] and [29].

This option (shown in Figure 9) represents a pdssiinodification of the functional
architecture presented in [1] (see Alternativeli his alternative, the pilot is directly in-the-
loop making decisions (approving/accepting theetfjry changes proposed by onboard
system) and taking action to manoeuvre the airdaaftmid-term and long-term conflicts,
while the aircraft operates in an autonomous maute short-term conflicts as CD&R
information goes directly to the autopilot. Thegfit crew has also control over the
communication with SWIM, i.e. to upload actual RB$ well as other relevant information
for the flight that needs to be uploaded in SWIMet@ble an efficient collaborative decision
making process.
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2.6 Multi Agent Situation Awareness

“Humans will be central in the future European ATdystem as managers and decision-
makers; In the ATM Target Concept it is recognitet humans (with appropriate skills and

competences, duly authorized) will constitute thiee ©f the future European ATM System’s
operations. However, to accommodate the expectdtctrincrease, an advanced level of
automation support for the humans will be requisédf. SESAR, 2007).

The A® concept takes up the above mentioned statementirdratiuce theaircrew as
managers and decision-makers, supported by onboard tools which will enable thtm
accomplish their new/ changed tasks. Having thimiimd, the Human-Automation Interaction
has been identified as a key issue to be lookethetstage of the development process.
Besides, the ambitious goal of increasing efficieatair traffic control requires distribution
of tasks among autonomous agents. It is therefecessary to guarantee that all the agents
who participate in the decision have a similarat mentical perception of what the situation
is. Because under strange non-nominal conditioosing SA similarity is a risk, several SA
mitigating measure options have been identifiethennext subsection.

2.6.1 Options

2.6.1.1 Multi Agent Situation Awareness Alternative 1: Agtiupon disconformance
identified between flightpath and intent of anothiecraft.

For the source of this option we refer to ([2].1P).

For each aircraft i there is an ASAS Conformancenittoing support system which compares
for each other aircraft j (i.e. for j unequal tp Whether the state information that i has about |
agrees with the intent information that i has aljolh case aircraft i identifies a significant
difference for aircraft j (e.g. when aircraft i has intent for aircraft j to make a left turn but
aircraft i has state information about aircrafthjigh shows that the turn is not being made by
j) then the ASAS support system of aircraft i asssiithat it does not has a reliable intent for
aircraft j, and both Medium Term and Short Term GD&f aircraft i stops using the intent
information it has for aircraft j. From that momemt the ASAS CD&R of aircraft i works for
aircraft j purely state based. This way of workoantinues until aircraft i has received state
and/or intent information from aircraft j that agreith each other.

2.6.1.2 Multi Agent Situation Awareness Alternative 2: Bftiing critical states related to
the absence of transmission.

For the source of this option and more detailedrmftion about it we refer to ([39], p. 9).

[iFly D4.2] identified three critical states reldtéo the absence of transmission. This type of
failure is relatively simply detectable for onboayktem. According to ([iFly D9.3], PR 16,
PR19), specific update rates are required bothstate and intent ADS-B messages. If
information is not refreshed within the specifiaché period, information is marked as
degraded and alternative information sources (SWibdnt-to-point data links) are used to
get recent data. Furthermore, for the degradeahtintéormation the trajectory prediction
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used in CD is reduced to a shorter look-ahead firlg D9.3PR.19). Also there is onboard
conformance monitoring function, continuously comipg the received state data with the
available intent information [iFly D9.3, PR.20) amgain reducing the look-ahead time
when a deviation is detected. Furthermore, an ied@pnt CD function working only with
state data [iFly D9.3, PR.23) is required withinASsequipment.

2.6.1.3 Multi Agent Situation Awareness Alternative 3: ftiing critical states related to
a failure of onboard (ASAS) equipment.

For the source of this option and more detailedrmftion about it we refer to ([9], pp. 34-
36) and [39].

The main mitigation mean for this type of failunee duilt-in test functions which inform
flight crew about a failure of the system. Anotlackup is the situation awareness of the
flight crew maintained through CDTI (OSA). Howevehis type of mitigation may be
feasible only for short term time horizon (e.g.,@d today considers about 5 minutes look
ahead time only). The potential needs for furthetigation means should be identified
within the concept validation.

2.6.1.4 Multi Agent Situation Awareness Alternative 4: Btiing critical states related to
the general failure of CD function.

For the source of this option and more detailedrmftion about it we refer to ([9], pp. 43-
46 & 57-59).

The main mitigation of the impact (eff¢dor this type of problems is the short-term CR
with implicit coordination ensuring that the othewnflicting aircraft will solve potential
conflict even without the manoeuvring of own aifcr&onsidering the prevention of this
hazard, the flight crew situation awareness anditrg remain the main mitigation means.
However, the same statement about the validatiom issm 2 applies here.

2.6.1.5 Multi Agent Situation Awareness Alternative 5: Biing critical states that do
not affect own onboard functions.

For the source of this option and more detailedrimftion about it we refer to ([39], p. 15).

According to [D4.2, p.66], critical states that kot affect own onboard functions, are very
difficult to detect onboard own aircraft. This heisbsequently been addressed in [39]. In
addition to built-in test function in transpondérjs assumed that within the SWIM there
will be a conformance monitoring function (ASSUMMRA.4) detecting if there is no
deviation between the known RBT and actual stdtanmation and will potentially inform
surrounding aircraft. However these aspects arg/etguite developed in AConOps and
remain to be refined based on the validation result
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3 Critical Analysis of all options

This Section provides an analysis of the Pros amials@f all options identified in Section 2.
Subsection 3.1 evaluates the surveillance optiSabsection 3.2 evaluates the Short Term
Conflict Resolution options. Subsection 3.3 evaaahe Medium Term Conflict Resolution
options. Subsection 3.4 evaluates the Medium Tetoriy Rules. Subsection 3.5 evaluates
the Long Term Approaches. Subsection 3.6 evaluttesCockpit/Airborne Architecture
options. Subsection 3.7 evaluates the Multi AgetutaBon Awareness options.
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Surveillance Alternatives

Advantages |

Disadvantages

Surveillance Alternative 1: Space-based ADS-B

* Over-the-horizon surveillance .

« There is a gain of independence from (expensive constellation of satellites).
on Possible gaps in coverage.

ground, so there is less dependency
SWIM .

* Due to the possible redundancy of data,

improve the data reliability. .

Need of a great equipment investm

It would cause a delay in the informati
sharing.

Possible loss of robustness of sig
because of the transmission betwg
different equipments (satellite/ADS-E
and changes in the bandwidth.
Due to the possible redundancy of dd
increase the amount of data and th
processing.

ent

DN

nal
ben

3)

ata,
eir

Surveillance Alternative 2: Datalink for surveillan

ce

* The technology has already been proven.

» Itis possible the share of information.

Possible changes in the bandwid

possible latency

th,

Expensive implementation and ground

dependency.
Possible delay in the data reception.

Surveillance Alternative 3: Airborne

Information Da

ta-link Network

* The technology has already been proyen Possible saturation of bandwidth and

and it is being used in the military fie|d
(Link-16). .
* Cheap systems .
* Itis possible the share of information. |«

* Direct communications between aircrafts.

possible latency.

Delay in the information sharing
Dependency on other aircraft
At the moment the technology has be
only used in the military field.

eNn

Surveillance Alternative 4: non Cooperative Sensors

* The technology is proven and operative.e

* Due to the possible redundancy of data,

improve the data reliability. .
* There is a fusion of information obtained
though the sensors
. Increase of the safety level .
» Decrease the processing time.

There is a weight increase even though it

doesn’t seem very relevant.
Changes in the equipment location i
the aircraft structure could be necess
in some cases.

Some devices would be limited to Sh
Term operations (short range).
High quality coordination is require
from the number and quality of tf
message point of view.
Decrease of the safe level.
The role and responsibilities are

nto
ary

prt
d

e

ot

completely defined.
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3.2 Short Term Conflict Resolution Alternatives.

Short Term Conflict Resolution Alternatives

Advantages | Disadvantages

Short term CD&R Algorithm Alternative 1: Decentrali ~ zed Navigation Functions

* Formal conflict avoidance guarantee |+ Integration of performance constraints
e Completely decentralised, Fast response not trivial
and computationally efficient. » Performance optimization not considered
« No implicit coordination (no diregt (fuel consumption, time etc)
coordination, all possible conflicts
avoided)
* No need for encounter definition |—
clustering, implicetely defined through
sensing.
* Bounded velocity, rate of climb, descent

Short term CD&R Algorithm Alternative 2: Explicit ¢ oordination

* Increase in the level of coordination| s Conflict avoidance relies a lot on the
more efficient solutions may be possibl performance, reliability and security of

®

« Multiple algorithms for candidate the communication systems. Susceptible
solutions may be used. to communication errors, attacks.
* Explicit coordination is a complex and
slow process — separate

encounters/clusters must be defined
beforehand and agreement must |be

reached
* Require significantly more
communication, while implici

coordination is possible just with
surveillance data.

Short term CD&R Algorithm Alternative 3: Cooperativ e maneuver

» Deviations may be reduced, at least [fer High quality and reliable coordination |is

simple conflicts required.
» Efficiency improvements (time, fuels Each aircraft relies on the actions of |its
consumption etc) neighbors to ensure conflict avoidance

» The concept is not applicable to complex
conflicts involving many aircraft.
* The role and responsibilities are not
completely defined.

Short term CD&R Algorithm Alternative 4: Short term Conflict Prevention

* Preventive instead of reactive » Does not mitigate the need for conflict
» Increase of the situation awareness resolution once a conflict is detected
e Can be used complementary to any short- Clutter on display

term CDR algorithm  Does not give information about the

complete maneuver, only for current
allowed heading/speed/ground speed
 Decrease of the space available [for
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Short Term Conflict Resolution Alternatives

Advantages

Disadvantages

flying.

Short term CD&R Algorithm Alternative 5:
Undershooting Minimum Separation Criteria.

May represent a viable option if
completely conflict-free solution cann
be found

a Unclear how, when and by who t
ot effective separation minima will b
(temporarily) reduced

May require recalculation for the STQ

minima.

algorithm to use the reduced separati

Short term CD&R Algorithm Alternative 6: Optimizati

on techniques

Can provide optimal solution, if on
exists within the space searched by
optimization algorithm.

e
the

However, conflict avoidance yields n

computationally expensive (especi
considering the fast response required
the short-term CD&R) and cann
guarantee that a solution will be found.
Worst case optimization approaches

guarantee safety once a solution is fou
but are too conservative and encoun
can quickly become infeasible for mg

than 2 aircraft.

convex optimization problems, which gre

1 in
ot
can

nd,
ers
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3.3 Mid Term Conflict Resolution Alternatives.

Medium Term Conflict Resolution

Advantages | Disadvantages
Mid term CD&R Algorithm Alternative 1.1: MMPC (Mult  iplexed Model Predictive
Control)
» Explicit coordination results in confligte Method is not flexible enough to allow
free flight plan adjustments. variable update order and intermediate
« The algorithm can be robust to changes of plans which might be
communication failure with SWIM. desirable, in order to counter
« Coordination is maintained between @all unanticipated disturbances arising from
the aircrafts involved. high wind velocities, or changes |n
« It is supported by ground (SWIM) but conflict status from new aircraft entering
without considering any controller. the scenario.
« It is an approach to a multi-aircraft As changes in control are not performed
scenario. between updates, the prediction horizon

length is limited by having to find an
initial plan to take into account future
unknown disturbances.

* Synchronization implies efficier
communication is required

» This approach assumes that multi-aircraft
scenarios can be identified, but the way
in which this is done has not begn
described.

* The priority rules defined by the ConOps
are not use in the algorithm.

—

Mid term CD&R Algorithm Alternative 1.2: MMPC with disturbance feedback

* More flexible scheme: changes in speed Higher communication load is required
and heading can be applied every time since intermediate policy changes have to
step. be updated.

* The constraint that aircraft update thetr This approach assumes that multi-aircraft
plan of actions according to a fixed pre- scenarios can be identified, but the way
specified order is relaxed. in which this is done has not begn

described.

* Framework is more flexible than standard
MMPC solutions when considering new The algorithm is based on an initial input
aircraft entering and leaving the conflict from SWIM.
region.

* The priority rules defined by the ConOps
are not use in the algorithm.

» The algorithm doesn’'t provide any
conflict resolution.
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Medium Term Conflict Resolution

Advantages Disadvantages

Mid term CD&R Algorithm Alternative 1.2.1: Fixed or  der MMPC with
disturbance feedback

* More flexible scheme: changes in speed Higher communication load is required
and heading can be applied every time since intermediate policy changes have to
step. be updated.

* The constraint that aircraft update thetr This approach assumes that multi-aircraft
plan of actions according to a fixed pre- scenarios can be identified, but the way
specified order is relaxed. in which this is done has not begn

described.

* Framework is more flexible than standard
MMPC solutions when considering new The algorithm is based on an initial input
aircraft entering and leaving the conflict from SWIM.
region.

* The priority rules defined by the ConOps

» More restrictive fixed update is used. are not use in the algorithm.

* Priority rules can be incorporated in the
formulation.

Mid term CD&R Algorithm Alternative 1.2.2: Variable Update Order MMPC with
disturbance feedback

* More flexible scheme: changes in speed Higher communication load is required
and heading can be applied every time since intermediate policy changes have to
step. be updated.

* The constraint that aircraft update thetr This approach assumes that multi-aircraft
plan of actions according to a fixed pre- scenarios can be identified, but the way
specified order is relaxed. in which this is done has not begn

described.

» The framework is more flexible than
standard MMPC solutions when The algorithm is based on an initial input
considering new aircraft entering and from SWIM.
leaving the conflict region.

* The priority rules defined by the ConOps

* The updating order does not have to|be are not use in the algorithm. However,
defined in advance. priorities are present, defined in an

alternative way.

Mid term CD&R Algorithm Alternative 1.3: Decentrali zed MPC with a
simplified AC model

o Straightforward to implement any Algorithm is still in progress.
priority rule. * Itis not yet clear whether any guarantees
» Possibly the computation time |fis on the performance of the algorithm gan
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Medium Term Conflict Resolution

Advantages

Disadvantages

expected to be less than the centralised be provided.

algorithms. .

This approach assumes that multi-airc
scenarios can be identified, but the w
in which this is done has not be
described.

raft
ay

Mid term CD&R Algorithm Alternative 2: Combined MPC and Short Term

CD&R approach

» It produces solutions that are compatipte
with the Short Term. In such a way,
aircraft will not be placed in a situation
that the Short Term CD&R algorith
will produce a solution contradicting withe
the already implemented solution of
Term CD&R.

* |t seems to scale better with the numper
of aircraft than the previously mentioned
alternatives.

e Taking into account the Short-Term,|it
may decide to resolve the conflict at the
optimal level, minimizing the desired
cost.

* Introducing priority rules IS
straightforward in this formulation.

Theoretical guarantees cannot
provided in terms of recursive feasibili
as in alternatives 1.2, 1.2.1, 1.2.2...

The problem being solved in general
not guaranteed to be solved in reason

be
y

—

is
able

time, as it can be its non-convex and this

may be very inefficient in terms ¢
computation.

This approach assumes that multi-airc
scenarios can be identified, but the w
in which this is done has not be
described.

nf

raft

ay
en

Mid term CD&R Algorithm Alternative 2.1: Combined MPC and Navigation
Functions

* It produces solutions that are compatipte
with the Short Term. In such a way,
unnecessary actions from the Short-Term
can be avoided, producing a solution
compatible  with  the  Navigatione
Functions.

 Taking into account the Navigatign
Functions, it may decide to resolve the
conflict at the optimal level, minimizing
the desired cost.

* Introducing priority rules IS
straightforward in this formulation.

» This approach can be decentralized using
heuristics, without violating the priority
structure or the feasibility.

Theoretical guarantees cannot

provided in terms of recursive feasibility

as in alternatives 1.2, 1.2.1, 1.2.2.

The problem being solved in non-conve
i.e. analytically intractable. Therefore, t
use of randomized optimizatig
algorithms has been deployed, wh
sometimes is inefficient in terms
computation.

This approach assumes that multi-airc
scenarios can be identified, but the w
in which this is done has not be
described.

Mid term CD&R Algorithm Alternative 3: Merge and Fo  llow

be

DX,
he
n
ch
Of

raft

ay
en
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Medium Term Conflict Resolution

Advantages

Disadvantages

The approach produces rather simj
intuitive maneuvers.

ple, This approach prespecifies a very spec

pattern for the resolutions, thus reduc

the freedom of the maneuvering for

aircraft.
No guarantees can be provided.

ific
ng

Mid term CD&R Algorithm Alternat
separatio

ive 4: Undershootin
n minimum

g of planning

Priorities can be implemented in a naty
way.

In the event that a resolution cannot
found, this approach allows an aircraft
search for resolutions which give
separation less than the minimy
required resolution. This is probab
beneficial for the level of safety which
achieved. This technique could be us
with most other resolution schemes.

ral

Im
ly
is
sed

There is no guarantee that this algorit
will resolve a certain situation.

It is not possible to know a priori (using

this algorithm) the cases that t

algorithm is able to resolve from the or

that it cannot.
It only allows one turn, the solution w
be suboptimal, as maneuvers with m

turns might be able to resolve confli¢

more efficiently.
This approach assumes that multi-airc

scenarios can be identified, but the W

in which this is done has not be

described.

hm

he
es

I
Dre
ts

raft
ay

Mid term CD&R Algorithm Alternative 5: Pairwise con

flict resolution

algorithms found in literature

Algorithms already developed.
It could provide an optimal solution
single pairwise conflict.

n

Pairwise conflicts may create problems

other neighboring aircraft
It might not be able to handle a situati
with more aircraft involved.

to

on

It unlikely seems that algorithms
described in literature could be
compatible with the A3 ConOps.

Most of the algorithms ignore the

existence of the wind uncertainty, whi

may lead to unidentified conflicts or

ineffective resolutions.
Not all methods can be solved efficien
in terms of computation when more th
2 aircraft are present.

ch

tly
an

31% December, 2011

TREN/O7/FP6AE/S07.71574/037180 IFLY

Page 43/69



iFly

3.4 Medium Term Priority Rules.

6" Framework programme

Deliverable D8.1

Medium Term Priority Rules

Advantages

Disadvantages

Mid term Priority rules Alternative 1 : Simple pair
initial iFly Concept of Operations

wise priority scheme,

Only one aircraft must manoeuvre
resolve the potential conflict

t

©

In situations which are more complicated
than potential conflicts involving only
two aircraft, e.g. 4 aircraft converging on
a point, a pairwise priority scheme (if
used as part of a distributed resolutjon
scheme) can be expected to give rise to
concurrent resolutions, resulting |in
incompatible trajectories. Such situatigns
could be surprising and confusing for
aircrews, and could prevent a target level
of safety from being reached

Pairwise allocation of priority can
sometimes designate an aircraft |to
manoeuvre which is “boxed-in" by

surrounding aircraft. It is likely that this
would prevent a real target level of safety
from being reached

Mid term Priority rules Alternative 2: Pairwise pri
reversal

ority scheme with priority

A priority-reversal procedure
provide a second chance to

cou

resolve
potential conflicts in which the aircrglft
er
.

which is initially designated as the low
priority aircraft cannot find a resolutio
This could ameliorate the level of safe
attained by a pariwise priority scheme

t

o

y

This remains a pairwise priority scheme
which (if used in a distributed resolution
scheme) can be expected to create
concurrent resolutions in situations

which are more complicated than simple
conflicting pairs of aircraft (see the

earlier section “Simple pairwise priority
scheme”)
Priority reversal would probably involve
some kind of explicit coordination.
Explicit coordination brings with it scopge
for further failures which might prevent
target level of safety from being reached

Mid term Priority rules Alternative 3: Pairwise pri
reversal — The handicapped method

ority scheme with priority

provide the full minimum require
separation nonetheless provides

greatest separation which it can provi
before reversing priority. The (initially
higher priority aircraft in a two-aircra

A low priority aircraft which cannot «
d
the scheme) can be expected to cre
de, concurrent

)
t

This remains a pairwise priority scheme
which (if used in a distributed resolution

resolutions in situatio
which are more complicated than sim
conflicting pairs of aircraft (see th
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Medium Term Priority Rules

Advantages Disadvantages

conflict provides the remainder of the earlier section “Simple pairwise priority

required separation. Providing the scheme”)
greatest possible separation befpre
reversing priority probably has the safety
benefit of reducing collision-risk in the
event that the priority reversal fails

Mid term Priority rules Alternative 4: FACES

Applicable to arbitrary groups of aircraftf e This scheme could be described |as

No explicit coordination decentralised ‘prioritised planning’ [38].

Provable properties A weakness of ‘prioritised planning’ is
that the choice of manoeuvring sequence

sequences, but attempting to do this i
deal of explicit coordination. Thi

assume a particular manoeuvri
sequence, and may well be a very str
argument for centralised resolution

* There is an assumption of discrete ti
steps, so that all aircraft would need
share the same timebase

can have dramatic effects on the
feasibility and efficiency of the
resolution. A centralised scheme gan
investigate many manoeuvring

a

decentralised way could require a great

criticism applies to all schemes which

g
bNg

me
to

Mid term Priority rules Alternative 5: Implicit Coo rdination

An approach to the distributed resolution A proposal - no evaluation yet
of situations which are more complex The degree of generality of the approd

ach

than pairs of potentially conflicting is not clear. [37] describes a situation

aircraft involving three aircraft. How well doeg
Avoids the use of explicit coordination this scheme work with situatior
involving four, five or more aircraft?

S
1S

Mid term Priority rules Alternative 6: Global Prior ity in MPC

Compared with the use of navigatiom The technique for identifying the set
functions on their own, the addition pf aircraft involved in a situation has not y
the MPC layer allows dynamic been described
constraints (i.e. real aircraft speeds) to be This approach has not yet been evalug
respected with realistic traffic

of
et

ited

Mid term Priority rules Alternative 7: Dynamic Prio rities

This approach makes the priority In case 4D trajectory plans of one
determination process dynamic, and it is more other aircraft are not received by

or
an

aligned with the principle that a detour aircraft, then its calculated priorit

destination tends to increase the distance sequence that is calculated by ot

for an aircraft which is near its sequence may differ from the prioriE’y

y

er

to be flown more than for an aircraft that aircraft. In such case it may happen that
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Medium Term Priority Rules

Advantages

Disadvantages

is further away from its destination

« The calculation of the

performed onboard each aircraft without resolved during short
the need of any coordination between resolution.

aircraft.

medium term conflicts in 4D trajecto
priorities can be plans are not resolved, and remain to

term confli

y
be

31% December, 2011

TREN/O7/FP6AE/S07.71574/037180 IFLY

Page 46/69



iFly

3.5 Long Term Approaches.

6" Framework programme

Deliverable D8.1

Long Term Approaches

Advantages

Disadvantages

Long term Alternative 1: Ground holding

Algorithms in th

literature

readily available

ee Use confined to pre-flight manageme
operations
Not extendable to en-route operations

Not applicable onboard

2Nt

Long term Alternative 2: Generali

zed traffic flow m anagement

Algorithms readily available in th
literature
Suitable also for en-route TM operation

ee Not applicable onboard for TN
operations, due to the computational Ig
S

nad

Long term Alternative 3: Mid-term conflict resoluti

constr

on with areas-to avoid as
aints

Mid term aircraft conflicts could also &
accounted for while solving the are
conflicts

Both on the ground and onboa
solutions are possible

e No algorithm is currently available.

& Some form of coordination is needed
avoid convergence problems in

rd distributed implementation

to
he

Long term Alternative 4: Flexible air

space cells wi th flow restrictions:

Strategically de-conflicting action th
should reduce the need for short and

term conflict resolution maneuvers

confined airspace regions

Possible use of simple geometric rules
design the airspace cells and define
direction rules that apply to those cells

At No algorithm is currently available

mid ground support function that reduces

in aircraft autonomy, though only i
confined airspace regions in betws

to restricted areas

the

the

en

Long term Alternative 5: Flexible schedules for fl

ow restrictions

Strategically de-conflicting action th
should reduce the need for short and

term conflict resolution maneuvers

confined airspace regions

Aircraft arrival times at flow restriction
subject to a strict schedule only if this
absolutely necessary

Flexible schedules can be applied fr
days before the aircraft is planned
reach the flow restriction to a fe
minutes before. In the former case,

schedule will typically have a largd
flexibility. When getting closer to th
actual arrival time, flexibility will be
reduced when appropriate.

At  Flexible scheduling algorithms a
mid currently not available
iR Fairness remains to be verified

Ground support function that reduces
aircraft autonomy only when needed 3
only in confined airspace regions
between restricted areas

S
is

Dm
to
W
the
e
e

the
ind

Long term Alternative 6: Geometri

c characterization of complexity
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Long Term Approaches

Advantages Disadvantages
* Easy to compute » Thresholds for defining the critical areas-
* Additive metric to-avoid need to be set

* Some design parameters have to be tuned
* Uncertainty on the future aircraft
positions is neglected

Long term Alternative 7: Lyaponuv exponents

» Studies available in the literature on the Thresholds for defining the critical areas-
complexity metric performance, though to-avoid need to be set
only within the actual ATM system » Computationally demanding

* Not additive measure

* Timing information is lost

* Uncertainty on the future aircraft
positions is neglected

Long term Alternative 8: Local trajectory flexibili ty

» Easy to compute through computational Thresholds for defining the critical areas-
geometry tools, especially in the 2D case to-avoid need to be set
(level flight) » Some design parameters have to be tuned

* Additive metric » Computational procedure in 3D airspace
should be refined

* Uncertainty on the future aircraft
positions is neglected

Long term Alternative 9: Conflict probability

* Analytical formulas available for ane Thresholds for defining the critical areas-
efficient computation of the complexity to-avoid need to be set

measure * Some design parameters have to be tuned
* Uncertainty on the future aircrafe Correlation between the future positigns
positions is explicitly accounted for of different aircraft is neglected in the

* The measure is strictly related with the current implementation
probability of conflict
* The contribution to complexity of each
aircraft can be computed in isolation and
then combined with that of the other
aircraft
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3.6 Cockpit/Airborne System Functional Architecture Al

6" Framework programme

Deliverable D8.1

ternatives.

Cockpit/Airborne System Functional Architecture Alt

ernatives

Advantages |

Disadvantages

Cockpit/Airborne System Functional Architecture Alt
ConOps in D1.3)

ernative 1 ( follows A3

Functional architecture meets targeted
A3 ConOps (meets
requirements)

Pilot is in the loop

{0 Potential
operational

CD&R algorithms is not yet known

Cockpit/Airborne System Functional Architecture Alt
WP5)

ernative 2(proposed in

Functional architecture targeted

specific CD&R algorithms.

Flight performance constraints taken into this architecture

account

te Pilot is out of the loop

Many CD&R algorithms do not matg

Cockpit/Airborne System Functional Architecture: Al
in WP8 based on A3 ConOps in D1.3 evolution)

ternative 3 (proposed

limitations of the optiona

h

Functional architecture combined witm Complex requirements on the Confl

specific CD&R algorithms.
Pilot in the loop

Processing  block resulting  fro
algorithms needs

Many CD&R algorithms do not matg

ct
i

h

this architecture
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3.7 Multi Agent Situation Awareness Alternatives.

Multi Agent Situation Awareness Alternatives

Advantages

Disadvantages

Multi Agent Situation Awareness Alternative 1: Act
disconformance identified between flightpath and i

ing upon
ntent of another aircraft

This approach does not require n
technical devices for the application
the mitigation mean.
Avoiding the use of an intent that
likely to be unreliable.

ew Own aircraft implicitly reduces its RB
of based prediction horizon for all aircraft
which own aircraft identifies a significa
devation between
flightpath.

is

mitigating measure also starts working.

RBT and actl

In case of many surrounding aircra

information received by ASAS may
hamper maintaining an undelayed
situation awareness, and then the

Multi Agent Situation Awareness Alternative 2: Miti

gating critical states

related to the absence of transmission.

This approach does not require n

ew

There may be higher latency of additior

nal

technical devices to cope with absence of communication means (lower update

transmission and is therefore based|on rate).

built-in functions (it is expected that the Handling of potential discrepangy

existing/planned (SESAR) between data from different sources shall

communication means can be used |for be carefully designed (recent data

additional communications). obtained from other information sources
« Minor or none degradation of the may significantly differ from the actual

situation awareness

of information.

Data back-up through additional sourc

one, thus causing a remarkable reduc

es oOf situation awareness).

tion

Multi Agent Situation Awareness Alternative 3: Miti

related to the failure of on

gating critical states
board (ASAS) equipment

This approach does not require n
technical devices to cope with failure
onboard (ASAS) equipment, because
built-in functions already are common

of needs to be verified.

the This type of situation assessment
in

the avionics

ew Satisfactoriness of the mitigation mes

feasible only for short term time horizor

NS

Multi Agent Situation Awareness Alternative 4: Miti

gating critical states

related to the general failure of CD functions

This approach does not require n
technical devices.

ew Satisfactoriness of the mitigation mes
needs to be verified

more than one conflicting aircraft th

If a failure of CD functions occurs fo

mitigation mean does not work properly.

NS

e

Multi Agent Situation Awareness Altern
do not affect own

ative 5: Miti gating critical states that
onboard functions
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Multi Agent Situation Awareness Alternatives

Advantages Disadvantages

* This approach would introduce new Actual technical instrumentation does mnot
important functionality for situation  support this mitigation mean (however| it
awareness inconsistencies detection is expected that the current or already

planned (SESAR) communication means

could be used for this purpose).
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4 Findings of iFly simulation results for various options

This Section discusses evaluation results obtaimaBly work packages WP3, WP4, WP5
and WP7 for the various options identified and estdd in Section 2 and Section 3
respectively. Subsection 4.1 addresses the swawedl options. Subsection 4.2 addresses the
Short Term Conflict Resolution options. Subsectdd addresses the Medium Term Conflict
Resolution options. Subsection 4.4 addresses tliukheTerm Priority Rules. Subsection 4.5
addresses the Long Term Approaches. SubsectionaddBesses the Cockpit/Airborne
Architecture options. Subsection 4.7 addressedithig Agent Situation Awareness options.

4.1 Surveillance

The options proposed are:

Surveillance Alternative 1: Space-based ADS-B

Surveillance Alternative 2: Datalink for surveiltzan

Surveillance Alternative 3: Airborne Information f2dink Network
Surveillance Alternative 4: non Cooperative Sensors

None of these four surveillance options have exkplibeen simulated in any of the WP’s.
However, results obtained in WP7, implicitly suppibie value of considering these options.

Options 1, 2 and 3 all are potentially valuabletdbntions to the development of a highly
dependable SWIM system. And such a highly depeeda/IM system is needed in order to
relay ADS-B information to aircraft for which thené-of-sight is over the horizon. Results
obtained within the rare event MC simulations of TAd®nfirm that this is an important need.

Regarding Option 4, the rare event MC simulatisgults obtained in WP7 show that for very
high traffic demands, there is a need to improvereti GNSS regarding its global
dependability performance. Option 4 definitivelyrfs a valuable alternative to avoid this
need in improving the global dependability of GNSS.

This leads us to the conclusion that each of the fwoposed surveillance alternatives are
expected to be of potential value in the furtheratigpment of the A3 ConOps.

4.2 Short Term Conflict Resolution

The options proposed are:

SCD&R Option 0: Velocity Obstacles based conflegalution
SCD&R Option 1: Decentralized Navigation Functions
SCD&R Option 2: Explicit coordination

SCD&R Option 3: Cooperative maneuver

SCD&R Option 4: Short term Conflict Prevention

SCD&R Option 5: Undershooting Minimum Separatioiitéia.
SCD&R Option 6: Optimization techniques
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Of these seven SCD&R options, no simulation reddige been obtained for options 2 and 6.
The reason is that integration of these optiona®@&has been judged to be computationally
too demanding (both within WP5 and within WP7). Foe other four options explicit or
implicit simulation results have been obtaineddtamar flight conditions only (i.e. all aircraft
stay at the same flight level).

SCD&R option 1 (which implicitly includes options 8 and 5) has been simulated within
WP5 SCD&R under the assumption that the outputhef decentralized NF algorithm is
directly used for control of the aircraft (i.e. twdtut any interference of the crew), and all
systems are assumed to work perfectly. In [iFly3DSimulation results are given for a five
aircraft encounter example. This encounter waslvedowell, and without underscoring
minimum separation criteria. However, one of theraft made very large accelerations in air
speed (more thar2.5m/<). These are unrealistically large values for emeoflying
commercial aircraft. In [iFly D5.4] large scale silations have been conducted, with traffic
demand 3x as high as central Europe in 2006. Aé&se NF resolved all conflicts well, and
without underscoring the minimum separation minimiioreover, the extra distance to be
flown was between 0.75% and 1.5%. In view of thenynanrealistic assumptions (e.g.
aircraft performance, no crew interference, noeystailures) these simulation results only
show that the theoretical principle of NF based &BDworks. However it is not yet clear
whether an NF based algorithm works as well in aemealistic simulation set-up.

Within [iFly D7.4], SCD&R Options 0, 4 and 5 hawarntly been evaluated through running
large scale simulations. The simulations were of event Monte Carlo simulation type and
covered practical issues such as crew decisionagaknplementation of their decision, and
the various possibilities for system failures. Tage event MC simulation results obtained are
very good, also under very high en-route traffimdad. This shows that it is feasible to have
a very well working SCD&R by combining:

- Velocity Obstacles based conflict resolution (opt®) and prevention (option 4)

- If needed to allow (option 5) an aircraft to impkemh and transmit a course change

which requires (an)other aircraft to help realizthg minimum separation criteria.

In conclusion, the combination of Options 0, 4 &tas proven to fit well within the A3
ConOps design. Regarding option 1 (NF), the questmnains what the value would be of
replacing Velocity Obstacles based SCD&R by a séalimplementation of decentralized NF
(Option 1) in the rare event MC simulations.

Because all simulations performed within iFly assuimat aircraft keep on flying at the same
flight level, a remaining issue is to include heigiffects into the SCD&R algorithm and to
evaluate the performance on safety, capacity didegfcy using large scale simulations.

4.3 Medium Term Conflict Resolution

The specific options proposed are:

MCD&R Option 0: Velocity Obstacles based confliesolution

MCD&R Option 1.1: MMPC (Multiplexed Model PredicgvControl)

MCD&R Option 1.2.1: Fixed order MMPC with disturbmnfeedback

MCD&R Option 1.2.2: Variable Update Order MMPC widlsturbance feedback
MCD&R Option 1.3: Decentralized MPC with a simptifi AC model

MCD&R Option 2.1: Combined MPC and Navigation Fuoias
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MCD&R Option 3: Merge and Follow
MCD&R Option 4: Undershooting minimum separatiotvieen plans
MCD&R Option 5: Pairwise conflict resolution algtimns found in literature

Of these nine MCD&R options, no simulation resuits/e been obtained for options 1.1, 3
and 5. For the other MCD&R options planar flighhddions only have been simulated (i.e.
all aircraft stay at their flight level), and thesults are documented in [iFly D5.3], [iFly D5.4]
and [iFly D7.4].

In [iIFly D5.3], specific encounters between 3-5ceift have been studied for MCD&R
options 1.1, 1.2.1, 1.2.2, 1.3 and 2.1. In all ¢heisnulations the flight crew was assumed to
be out of the loop, and there were no failures. $imeulations conducted for Option 2.1
included varying wind effects. The simulation réswulere positive for all options.

In [iIFly D5.4], large scale traffic (3x Europearsaffic in 2006) has been simulated for
MCD&R options 1.2.1, 1.2.2 and 1.3, the flight cress assumed to be out of the loop, and
there were no failures. For options 1.2.1 and 1lr@dliced sets of this large scale data has
been simulated only. The simulations results obthishow that options 1.2.1 and 1.2.2 have
significant difficulties in handling very large ffig scenarios in an effective way. The
simulation results obtained for option 1.3 are mpremising. Nevertheless also here there
was no 100% escape from the curse of complexitg; r@sult of which some 20% of the cases
were put aside. Moreover, optimization regardinghti level allocation is not considered. For
option 1.3, the extra distance flown under 3x 20@€ic demand has been measured to vary
between 1.5 and 2.2 %.

Within [iFly D7.4], MCD&R Option 0 has been evaledtin combination with Option 4,
using large scale MC simulations including humathim loop and capturing various hazards.
The main reason for adopting Option 4 is to havsimple approach in solving box-in
situations, i.e. a lower priority aircraft is boxadbetween 4D planned trajectories of higher
priority aircraft. The rare event MC simulationstabed show that using this Option 4 in
combination with Velocity Obstacles based MCD&R wgwrery well under very high traffic
demands. The simulated traffic demand was 3x busiesa in 2005, which leads to an
average aircraft density that is twice as highassicered in [iFly D5.4].

In conclusion, MCD&R Options 0, 1.3 and 4 are the@smpromising candidates for
integration in the A ConOps. Options 0 and 4 have the advantage thmtpttoper working
has been shown under realistic conditions regardilags in the loop and potential failures.
Option 1.3 has the advantage that it aims to miaenthe extra distance jointly flown in a
combinatorial way. The open question is how thispares to the extra distance flown under
MCD&R options 0 and 4. In order to find this outgtapproach simulated within [iFly D7.4]
should also be run for the large scale traffic acenand the results obtained should be
compared to those obtained with the combinatopéihazation approach of Option 1.3.

For all Options applies that they remain to be maéel to include height. Subsequently
additional MC simulations have to be performednaeo to validate their proper working.

4.4 Medium Term Priority Rules

The options proposed are:
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Priority Option 1: Simple pairwise priority schenitial iFly Concept of Operations

Priority Option 2: Pairwise priority scheme withqrty reversal

Priority Option 3: Pairwise priority scheme withiqty reversal — The handicapped method
Priority Option 4: FACES

Priority Option 5: Implicit Coordination

Priority Option 6: Global priority in MPC

Priority Option 7: Dynamic Priorities

Of these seven Priority options, no simulation kssiave been obtained for options 2, 4 and
5. For the other Priority options planar flight ditions only have been simulated (i.e. all
aircraft stay at their flight level), and the rdsuhre documented in [iFly D5.3], [iFly D5.4]
and [iFly D7.4].

In [iFly D5.3] priority Options 1 and 6 have beesstied in simulation. The results obtained
show that existence of these priority schemes alltdve algorithms to quickly identify the
aircraft that need to maneuver, and that this léads relative small loss in flight efficiency
only.

In [iFly D5.4] priority Option 1 has been combinadth MCD&R Option 1.3 and tested in

simulations for 3x 2006 European traffic scenaridbis has shown to work very well.

However, one should be aware that, generally spgalassigning priorities restricts the
resolution algorithm and therefore affects the liggm cost (e.g. total extra fuel burnt, extra
distance flown, etc).

Within [iFly D7.4], Priority Options 3 and 7 haveeén evaluated. Option 7 has been
developed in order to adhere to the principle that further an aircraft is away from its

destination the less costly it is to deviate framplan in resolving a conflict. Option 3 (the
handicapped method) is needed in case a loweitgrarcraft that has no alternative then to
go for a 4D plan that is in conflict with the 4Dajectory plan of a higher priority aircraft.

Thanks to the handicap broadcast, the higher pri@ircraft knows it looses its higher

priority and should help resolving any remainingnftiot in 4D trajectories. The rare event

MC simulations obtained show that both Option 3 @pdion 7 work very well.

In conclusion, the advantage of adopting priorityl dandicap rules has proven to be quite
helpful in mitigating the complexity of the combtoaal problem. From this perspective it is
recommended to incorporate Priority Options 3 aimd MCD&R approach.

45 Long Term Approaches

The options proposed are:

Long term Alternative 1: Ground holding

Long term Alternative 2: Generalized traffic flonarmgement

Long term Alternative 3: Mid-term conflict resolati with areas-to avoid as constraints
Long term Alternative 4: Flexible airspace cellshwilow restrictions

Long term Alternative 5. Flexible schedules favil restrictions

Long term Alternative 6: Geometric characterizatddrcomplexity

Long term Alternative 7: Lyaponuv exponents

Long term Alternative 8: Local trajectory flexiki

Long term Alternative 9: Conflict probability
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Long Term alternatives 1-5 have not been studiatimviFly. Long Term Alternatives 6-9
have been studied within WP3.

Alternative 1 is based on ground-holding for whiblre are sort of algorithms available.
Alternative 2 (generalized traffic flow managemaeist)n need of algorithms that require less
computational load.

For Alternatives 3-5 algorithms remain to be depebh

The complexity metrics proposed in Alternativeso®tare determined based on the aircraft
predicted trajectories (positions and velocity). &€onsequence, they all account for both
density and traffic dynamics when assessing thiicdreomplexity. Only in Alternative 9,
uncertainty in the future aircraft position is colesed when evaluating complexity.

Among Alternatives 6 to 9, Alternative 7 appeared be the most computationally
demanding. Though some improvement was achievdunnibe iFly project, the approach
remains critical for application to high densityspace. Also, in its current implementation
timing information is neglected so that situatiomisere two aircraft get close to the other
rather than occupy close positions but in differemie slots may be undistinguishable. The
approach has been recently extended to solvesti®; but this extension appears even more
computationally intensive.

The complexity metric proposed in Alternative 8nied out to be highly sensitive to some
design parameters when applied to 3D airspace ascwat further studied nor tested.

Since the goal of the geometric approach to coniyléx Alternative 6 is to assess whether
or not it would be convenient (from a tactical mamering perspective) for an aircraft to be at
a specific position in a specific time, the cor@sging metric appears suitable for trajectory
management operations and, more specifically, Heridentification of those complex areas
that the aircraft should better avoid in order &mluce the need for excessive tactical
manoeuvring. These areas could be computed onrthmd based on the aircraft RBTs and
distributed onboard to support trajectory managdroperations.

Through a correlation analysis with collision rigke probabilistic method in Alternative 9
was found to be better suited for supporting ontboarid term conflict detection and
resolution operations by predicting those air tcatonfigurations that are difficult to control
and may overload the ASAS conflict resolution medul

A possibility to explore is then to adopt a combirsgproach where both the approaches in
Alternative 6 and 9 are used: one to support ortbtajectory management operations and
the other one to support distributed conflict detecand resolution operations. Apart from
the weaknesses related to the individual approadwese further weaknesses could emerge
from the co-existence of the two methods. The amlpf this issue deserves further
investigation.

4.6 Cockpit/Airborne Architecture

The options proposed are:

Architecture Option 1 (follows A3 ConOps in D1.3)

Architecture Option 2 (proposed in WP5)

Architecture Option 3 (proposed in WP8 based orCABOps in D1.3 evolution)

Option 1 and Option 2 have been used in the MoradoGsimulations of WP7 and WP5
respectively. Within WP5, the pilot and the systdoilbwed (exactly and without delay) the
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outcomes of the decision support system. Within YdR€ human performance model was
more refined, i.e it included a simulation modelloé cognitive performance of the pilots in
using the outputs of the decision support systersuipport of their own decision-making.
Both within WP5 and WP7 options 1 and 2 have shtoammork well.

Development of new airborne applications typicafiquires several iterative steps to design
cockpit/airborne system and the first approach aggyear already within the development of
a concept of operations. Although a limited amafrihformation is available at this stage, in
most cases the overall role of the airborne systisnmteraction with the human actors (flight
crew) as well as main associated operational progesdare already known. This can be used
for drafting a high level system architecture ddsieg main functional elements associated
with the different parts of the envisioned onboprdcesses (e.g., conflict detection, conflict
resolution, etc.). Such initial design can be patérly useful in case of a subsequent
distributed development of individual concept elatsde.g., of different types of algorithms)
as it allows preliminary assessment of their ajgblility in the overall concept.

From the perspective of avionics development thet s¢ep is refinement of the initial
definition of operations (concept of operations)iointhe Operational Services and
Environment Description (OSED) and derivation o tfesulting operational requirements.
The latter are further complemented with the resugnts generated within the operational
performance and safety assessments of the cond#pthese results are then used for
definition of airborne functional requirements attd functional architecture results from
mapping of the functional requirements on concagtigorne systems. It is at this stage when
the limitations of the available algorithms andadabhall be already taken into account and
appropriate mitigation means will be designed wkeme of the applicable requirements
cannot be satisfied directly.

The alternatives presented in this document aegalto the initial (conceptual) approach to
the airborne system design. The alternative 1 wapgsed directly in the A3 Concept of
Operation (D1.3), and therefore it implicitly fits the proposed concept. Nevertheless, the
limitations of potential algorithms, existing onbdasystems, current communication
technologies, etc., are not taken into accourtimtype of design.

As developed algorithms typically does not fit ekado the conceptual design, their
validation requires an alternative design which msléghtly deviate from the original concept.
This is the case of the alternative 2, developed/dtidation of conflict resolution algorithms
(WP5), where the main discrepancy (with respe¢h&A3 ConOps) lies in the fact that the
pilot is out of the loop for short-term conflicts@ution in this architecture.

Finally, the alternative 3 was developed in franieAd?8 and it aims to combine the two
previous alternatives into one design.

The parallel process leading to a more detailedtianal architecture of airborne system was
in the scope of iFly WP9, where the OSED (D9.1gliprinary operational safety assessment
(D9.2) and operational performance assessment \D&B performed and the results were
incorporated into a high-level functional desigro(d).

The future steps should be based on combiningetesled functional definition (WP9) with

the results of algorithms validation (WP3, WP4, \WR®nsidered together with the
architecture design used for their validation, adlas with quantitative performance and
safety requirements resulting from the operatioradidation of the concept itself. The final
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goal of this future activity should be a refineadtional architecture design of the onboard
system for airborne self separation.

4.7 Multi Agent Situation Awareness

The alternatives proposed are:

MASA Option 1: Acting upon disconformance betwekghtpath and intent of other aircraft
MASA Option 2: Mitigating critical states related the absence of transmission.

MASA Option 3: Mitigating critical states relateal the failure of onboard (ASAS) equipment
MASA Option 4: Mitigating critical states related the general failure of CD functions
MASA Option 5: Mitigating critical states that dotmaffect own onboard functions

In [iFly D7.4] MASA Option 1 only has been evaludt@ he rare event MC simulation results
obtained show that the way option 1 has been imgheed is working well.

Because managing the consistency of shared SAdeuofal importance for the safety of A3

operations, it is recommended that for the othar MASA options the basic ideas proposed
in [iFly D4.2] are further developed and tested.
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5 Concluding remarks.

This report has studied the best directions fathfzrrefinement of the AConOps from [iFly
D1.3]. The options still open within the®AConOps are further analysed and consequently
reduced by taking advantage of the outcomes of VWP&diction of complex traffic
conditions), WP4 (Multi-agent Situation Awarenessigistency analysis), WP5 (Pushing the
limits of conflict resolution algorithms), WP7 (®#f/capacity analysis of AConOps) and
WP9 (Safety requirements analysis). Specific ogtibave been identified and analysed in
this report for the following six functionalitiesithin the A* ConOps:

- Surveillance;

- Short Term Conflict Detection & Resolution;

- Medium Term Conflict Detection & Resolution;

- Long Term Approaches;

- Cockpit/airborne functional architecture;

- Mult Agent Situation Awareness.

Regarding Surveillance, four relevant surveillanpgions have been identified to be of high
potential value in the further development of the& @onOps. These four are: Space-based
ADS-B, Datalink for surveillance, Airborne Infornian Data-link Network, and Non-
Cooperative Sensors.

Regarding SCD&R, the following approach has protwerit well within the A3 ConOps
design: Velocity Obstacles based conflict resolutemd prevention, in combination with
allowance of a temporarily undershooting of minimseparation minima in case there is no
alternative. Rare event MC simulations have sholat tn the latter case typically other
neighboring aircraft help resolving the remainiranpfticts within the applicable separation
minima. Also simulations conducted with the NF lhs®DC&R approach has shown
remarkably results. Nevertheless, there are seisaés that remain to be addressed before
an NF based SDC&R approach forms a valid alteraaififie key remaining issues are:

- How to avoid unrealistically large accelerationginspeed?

- How to implement NF approach such that crew remiairise loop?

- Is NF able to handle failure situations in a resitiway?
An additional issue is that all simulations perfedvwithin iFly considered aircraft flying at
the same flight level. Hence a remaining issueigmtlude height effects into the SCD&R
algorithm and to evaluate the performance on sabefyacity and efficiency using large scale
simulations which include the various aspects efithended A3 ConOps.

Regarding MCD&R, two approaches have proven tohgemost promising candidates for
adequate refinement of the A3 ConOps design;

)] Decentralized MPC with a simplified aircraft modelnd adhering to a
pairwise priority scheme;

i) Velocity Obstacles based conflict resolution in tamation with the allowance
to temporarily undershoot minimum separation mininfiathere is no
alternative way out, and Dynamic prioritization kvpriority reversal if needed
(using handicap broadcasting).

The latter approach has the advantage that thepeprworking has been shown under
realistic conditions regarding pilots in the loopdapotential failures. The former approach
has the advantage that it aims to minimize theaedistance jointly flown in a combinatorial
way. The open questions are;
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- How approaches i) and ii) compare regarding theagkistance flown?

- Whether approach ii) can be made as resilient psoaph i) has proven to be?
The former question remains to be investigateduoying large scale traffic scenario for both
options and to compare the extra distance andréselts obtained. The latter question should
address how to avoid the need to discard too conrgases (e.g. 20%) and how to deal with
missing information. For example, to use approdchs a resilient back-up in the few cases
that approach i) falls short?
Finally, for both approaches i) and ii) appliesttifzey remain to be extended to include
height. Subsequently additional MC simulations h&awvdée performed in order to validate
their proper working.

Regarding Long Term Approaches, several existing aovel approaches have been
identified (nine in total). Based on the analysefprmed and the simulations conducted,
there is no objective argument to give priorityaoy of the nine proposed options. This
remains for further evaluation in follow-up resdarkn doing so, it also seems to be of crucial
importance to take into account which MCD&R methedsntually are being selected.

Regarding cockpit/airborne architecture, three appnes have been identified. One approach
was fully in line with the architecture in the A30@0ps. The other two had some novel
aspects which in theory might have an advantageyeds interfacing with the crew was not
completely solved. The one in line with the A3 C@sConly has undergone large scale
simulations, and the outcomes of these simulatamesvery positive. For this reason it is
recommended to stick to the cockpit/airborne aedhitre of the original A3 ConOps [iFly
D1.3].

Regarding managing consistency in Multi Agent SibraAwareness, five options have been
identified. Only one of these five has been testedugh large scale MC simulations, and the
results obtained were positive. Because this areso inew and unexplored, we recommend
that all five MASA approaches are further studied avaluated in future follow-up research.
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| A®operations

Under the A ConOps, a typical airborne self separation flighaymrhave the following
progression. When an aircraft takes off from amatr it first climbs through a Terminal
Manoeuvring Area (TMA), where the traffic flow i®mtrolled by the Air Navigation Service
Provider (ANSP) who is responsible for aircraft asgpion. Already at that moment in time
for each flight there is an agreed and shared tflighjectory plan (so-called Reference
Business Trajectory (RBT)) up to the destinatioloveing to balance the capacity/demand
enroute and at the destination TMA and airport. #his purpose there is a flow constraint
associated to the flight at the entering fix of testination TMA in the form of a 3D point
with a Constrained Time of Arrival (CTA) restrictio

From the moment that the aircraft leaves the TMAgnters the en route Self Separation
Airspace (SSA), and the responsibility for separais shifted from the ANSP to the flight
crew. Once being within SSA, the flight crew candifyp the SSA-part of the RBT without
negotiation with any ANSP, provided that definedt@gnomous Flight Rules (AFR) are
satisfied and that the CTA at the destination TMl{ lae achieved. In case there is a need to
modify the current CTA constraint, then the changest be negotiated with the ANSP of the
destination TMA. In SSA the aircraft need not fellany predefined airway structure. When
the aircraft approaches the destination TMA, trepoasibility for separation is shifted back
from the flight crew to the ANSP and the self-segpian part of the flight is terminated.

According to the AConOps, within SSA information exchange betweeaoratft is assured
throughdatalink. Voice communication will be limited and mainlyrfose under emergency
situations. When flying in SSA, each aircraft idigeéd to broadcast information about its
state and intent to the other aircraft. This allogech aircraft to predict the intended
trajectories of all aircraft, and to act such tm&imum separation criteria are not violated.

Coordination of actions by conflicting aircraftdene in line with the AFR, which are binding
to all participants. The AConOps also foresees that aircraft that cannotebehed by
broadcasting receive the missing information thhoug System Wide Information
Management (SWIM) network.

In order to ensure separation and onboard trajpct@nagement tasks, the flight crew takes
advantage of the onboard equipment, which is mangothe surroundings and helps the
flight crew to detect and resolve conflicts. Theboard equipment supports two lines of
defence in the timely resolution of potential canfi: Medium Term Conflict Resolution
(MTCR) andShort Term Conflict Resolution (STCR).

The time horizon forMTCR starts out some 5 to 20 minutes prior to poterdbabk of
separation (LoS) and the resolution is basedodority rules (see section xxx). When a
Medium Term Conflict between two aircraft is deeztt then the aircraft having lowest
priority has to resolve the conflict. The aircraith higher priority simply continues to fly its
original trajectory. The priority of an aircraft @ves during the flight and is primary
determined by the aircraft manoeuvrability, missgtatement and the remaining time to
CTA. The lower priority aircraft should adapt it8Rin order to solve the conflict as well as
not creating a conflict with any of the other aaftrRBT’s. Ideally, all conflicts should be
solved through the Medium Term Conflict Resolutioie of defence.
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When theM TCR equipment proposes a change in the intent, ithisis to be approved by the
flight crew, then its own RBT is updated and thke &ircraft broadcast their new intent to
other aircratft.

When theM TCR line of defence is not able to solve the contien the next line of defence
is Short Term Conflict Resolution (STCR). STCR tstadome 5 minutes ahead of potential
loss of minimum separation (LoS). When such an eetietected, then no priority exists and
all aircraft involved have to manoeuvre The appheahoeuvres shall be coordinated through
so-called implicit coordination. Implicit coordinah means the use of compatible algorithms
that generate complementary manoeuvres when useo/dlyed conflicting aircraft. In case
this second line of defence does not timely resalVgotential conflicts, then TCAS forms
the third line of defence.
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Acronyms List

Deliverable D8.1

Acronym Definition
A3 Autonomous Aircraft Advanced
A* Autonomous Aircraft Advanced ATM-Supported
ACARS Aircraft Communication Addressing and RepwgtBystem
ACAS Airborne Collision Avoidance System
ADS-B Automatic Dependant Surveillance - Broadcast
ADS-C Automatic Dependant Surveillance - Contract
AFR Autonomous Flight Rules
AlS Aeronautical Information Service
AMAN Arrival Manager
ANSP Air Navigation Services Provider
AOM Airspace Organisation & Management
ASAS Airborne Separation Assurance and Conflict idlamace System
ASAS Airborne Separation Assistance System
ASEP Airborne Separation
ASP Aeronautical Surveillance Panel
ATC Air Traffic Control
ATFM Air Traffic Flow Management
ATM Air Traffic Management
ATN/CLNP Air Traffic Network/Connectionless NetwoRrotocol
ATS Air Traffic Services
ATSEP Air Traffic Safety Electronics Personnel
CD Conflict Detection
CD&R Conflict Detection and Resolution
CDM Collaborative Decision Making
CDTI Cockpit Display of Traffic Information
CNS Communication, Navigation and Surveillance
ConOps Concept of Operations
COTS Commercial Off-The-Shelf
CP Conflict Prevention
CR Conflict Resolution
Csz Comfort Separation Zone
CTA Controlled Time of Arrival
DCB Demand and Capacity Balancing
DL Data Link
DST Decision Support Tools
ECC Error Correction Codes
EGPWS Enhanced Ground Proximity Warning System
FACES Free flight Autonomous and Coordinated EmbdiRolver
FFAS Free Flight Airspace (outdated)
FMS Flight Management System
FOC Flight Operations Centre
GA General Aviation
GNSS Global Navigation Surveillance System
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Acronym Definition
HF Human Factors
HMI Human Machine Interface
HS Head of State
IAS Indicated Airspeed
ICAO International Civil Aircraft Association
IFR Instrumental Flight Rules
I0C Initial Operational Capability
IP Implementation Package
LoC Lines of Change
LoS Loss of Separation
LTACD Long Term Area Conflict Detection
LTAZ Long Term Awareness Zone
MA Managed Airspace
MC Monte Carlo
MET Meteorological Service
MMPC Multiplexed Model Predictive Control
MSZ Minimum Separation Zone
MOC Minimum Obstacle Clearance
MTAZ Medium Term Awareness Zone
MPC Model Predictive Control
MTCD&R Medium Term CD&R
NFU Non-FOC Airspace User
NVFR Night Visual Flight Rules
Ol Operational Improvement
OPA Operational Performance Assessment
OPSP Operations Panel
OSA Operational Safety Assessment
PANS Procedures for Air Navigation Services
PAZ Protected Airspace Zone
PBA Performance Based Airspace
RIT Radio Telecommunications
RAA Restricted Airspace Area
RBT Reference Business Trajectory
RNP Required Navigation Performance
RNPC RNP Capability
RSP Required Surveillance Performance
RTA Required Time of Arrival
RTD Research, Technology and Development
RVSM Reduced Vertical Separation Minima
S&M Sequencing and Merging
SA Situational Awareness
SARP Standards and Recommended Practices
SASP Separation and Airspace Safety Panel
SBT Shared Business Trajectory
SES Single European Sky
SESAR SES Advanced Research
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Acronym Definition
SFM Strategic Flow Management
Sl Spacing Interval
SL1 Service Level 1
SL2 Service Level 2
SL3 Service Level 3
SM Separation Minima
SSEP Airborne Self Separation
SSR Secondary Surveillance Radar
STAZ Short Term Awareness Zone
STCD&R Short Term CD&R
SVFR Special Visual Flight Rules
SWIM System Wide Information Management System
TA Traffic Alert
TBD To Be Defined
TCAS Tactical Collision Avoidance System
TCP Trajectory Change Point
TIS-B Traffic Information Service - Broadcast
TIS-C T1S-Contract
TMA Terminal Area
TS Trajectory Synthesizer
TTF Traffic To Follow
UA Unmanaged Airspace
UAV Unmanned Air Vehicle
VFR Visual Flight Rules
VMC Visual Meteorological Conditions
WHA Weather Hazard Areas
WP Work Package
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