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Executive Summay

Motivation

One of the most innovative and promising paradign’ir Traffic Management (ATM) is to

transfer the responsibility of maintaining sepanatwith other aircraft from sector air traffic

controllers to the pilots of each aircraft. In dhauch a complete transfer of separation

responsibility is referred to as airborne self sapian. Since the invention of Free Flight in

1995, airborne self separation research has seten@ndous development worldwide.

Nevertheless, the current situation is of two sthad researchers holding different beliefs

about airborne self separation:

* One school believes airborne self separation capep®rmed at sufficiently safe levels
en-route and at traffic levels well above the cotrsstuation;

» The other school believes airborne self separatemmot be carried out at sufficiently
safe levels above Europe.

In order to resolve this tie in beliefs held by twohools of researchers, iFly has first
developed an advanced airborne self separationeporaf Operation for en-route traffic,
aimed to manage a three to six times as high ¢rdffimand than high traffic demand in 2005.
Subsequently iFly has assessed this advanced dooiceperations on safety and economy
under three to six times the en-route traffic detnawver Europe in 2005.

Description of work
iFly has performed two operational concept desigiies and an assessment cycle.

During the first design cycle, an Autonomous Aiftradvanced (&) en-route operational
concept has been developed which is based on thentustate-of-the-art” in aeronautics
research. An important starting and reference pfintthis A° ConOps development was
formed by a systematic analysis of human respdiigbi under current ATM and under
airborne self separation.

During the assessment cycle, tht@onOps has been evaluated on cost-benefit andfetys
as function of very high traffic demand.

During the second design cycle, thé @onops has been refined by taking advantage wf iFl
studies on:

» Advanced conflict detection and resolution algarigh

* Managing Multi-Agent Situation Awareness (SA).

» Prediction of complexity of air traffic situations.

Results and conclusions
First of all, iFly has demonstrated that advancédboane self separation can safely
accomodate very high en-route traffic demand [ifelgort D7.4], and under a positive cost-

benefit perspective [iFly report D6.4].

16 March 2012 TREN/07/FP6AE/S07.71574/037180 IFLY Page 3/84



iFly Publishable Final Activity Report Period: 22 May 2007 - 21 August 2011

Complementary to this key result, the iFly projedso has achieved several specific
milestones that go beyond the state-of-the-artiaaced ATM development:

The development of a well documenteti@onOps [iFly report D1.3];

Setting out the principles to be adhered in theeltmment of an A directed HMI
design in the cockpit, such that this HMI providgstimal support to the crew, in
support of their new tasks and responsibilitie$y[iEport D2.4].

Study of mathematical approach toward traffic cawpy prediction [iFly report
D3.2];

Study into maintaining correct multi agent situateowareness [iFly report D4.2];
Study of advanced conflict detection and resolutieethods [iFly reports D5.3 and
D5.4];

Inventory of options for the refinement of an adwesh ATM concept [iFly report
D8.1];

Innovative approaches towards traffic flow managenire support of the AConOps,
[iFly report D8.2];

Development of a vision to integrate® Aequipped aircraft with the SESAR 2020
thinking [iFly report D8.3].

SPR documents provide a novel level of detail amdaaced analysis (in particular,
with respect to safety) of self separation operaticomparing to the previous airborne
self separation research [iFly report D9.1 - D9.3].
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1 Introduction

1.1 Key research objective

Air transport throughout the world, and particufarh Europe, is characterised by major
capacity, efficiency and environmental challeng&gith the predicted growth in air traffic,
these challenges must be overcome to improve théorpeance of the Air Traffic
Management (ATM) system. The air traffic capacajésy wall has to be moved by a large
factor in order to meet the growing demand for bhess and recreational travel without
sacrificing established (very high) safety standaifithe conventional approach of air traffic
controllers being responsible for the safe and éitioeis flow of air traffic in their sectors
appears to have reached its limits. Hence theaisport industry is in need of developing a
novel paradigm that indeed is able to significapilgh the capacity/safety barrier. One of the
most innovative and promising paradigm is to tranghe responsibility of maintaining
separation with other aircraft from sector airfica€ontrollers to the pilots of each aircraft. In
short, such a complete transfer of separation respiity is referred to as airborne self
separation. Since the invention of Free Flight [RT@995] airborne self separation research
has seen a tremendous development worldwide. Nmless, the current situation is of two
schools of researchers holding different belietsualairborne self separation:

* One school believes airborne self separation capep®rmed at sufficiently safe levels
en-route and at traffic levels well above the cotrsgtuation;

» The other school believes airborne self separatemmot be carried out at sufficiently
safe levels above Europe.

In fact these two opposite schools also agree orkey points:

1. For low traffic airspace areas the safety will beroved by equipping aircraft with the
appropriate Airborne Separation Assistance Sys#®8AES); which resulted in a steady
development and implementation of airborne selfassjon operations in some low
traffic airspace areas around the world;

2. None of the schools exactly knows at which trafiecels the safety/capacity barrier of
airborne self separation lies. Hence both schaelsraneed of receiving an answer to the
question “At what traffic level the safety of adecad airborne self separation based
operation falls short?”

Without having a proper answer to the latter qoestithere is large uncertainty to the
strategic direction to be taken regarding the furttlevelopment of airborne self separation,
and this may even tend to stall its further devalept. Even worse, this may have negative
impact on the development referred to under 1palgh the two schools do not differ. The
very reason is that investments by airlines in d@maaced system that can be used in airspace
where their aircraft hardly fly is economically yamattractive. Hence both for developments
1 and 2 there is an urgent socio-economic needhiraviation industry to know how far
airborne self separation can safely support inangasaffic demands.
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From a societal perspective, citizens expect airgport to be affordable and safe in the future
as well as it is now. Hence, a potential stall etagl in the further investment by the air
transport industry into airborne self separatiorgrgéually may have a very negative impact
on the users of the air transport system, anddhusuman society. Hence it is human society
that benefits significantly from a continuationaffective strategic investments of the aviation
industry into advanced air traffic operations. A k®ndition which has to be fulfilled is that
the two schools are able to present a joint viewtht® air transport industry. iFly aims to
develop the key missing scientific pieces of knalgle that solve the puzzles of both schools,
this means that iFly frees the ASAS developmermmfthis very expensive stall, and makes
rationale investments into strategic developmem®®AS possible again.

1.2 iFly project

The iFly project has developed and assessed ameelyairborne self separation Concept of
Operation for en-route traffic, aimed to managdrad to six times as high traffic demand
than high traffic demand in 2005.

iIFly has performed two operational concept designes and an assessment cycle comprising
human factors, safety, efficiency, capacity andneonic analyses. The general work
structure is illustrated in Figure 1. During thesfidesign cycle, state of the art Research,
Technology and Development (RTD) aeronautics restiive been used to define a
“baseline” operational concept. For the assessoyaié and second design cycle, innovative
methods for the design of safety critical systeragehbeen used to refine the operational
concept with the goal of managing a three to sines increase in traffic demand of 2005.
These innovative methods find their roots in rotmti financial 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 typesesMatiopments mentioned above:

Design cycle 1
The aim was to develop an Autonomous Aircraft Adwh(A) en-route operational concept

which is initially based on the current “state-bétart” in aeronautics research. Thé A
ConOps has been developed within WP1. An imporstanting and reference point for this
A® ConOps development was formed by the human reiiplitysanalysis in WP2.
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Innovative methods

Develop innovative architecture free methods towdely issues that have been addressed by

an advanced operational concept:

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

* Model and evaluate the problem of maintaining rradfent Situation Awareness (SA) and
avoiding cognitive dissonance (WP4).

» Develop conflict resolution algorithms for whichstformally possible to guarantee their
performance (WP5).

Assessment cycle

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

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

which limitations have to be mitigated in orderalmcommodate 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 ﬁoperation on safety as a function of traffic dgnsicrease over current and
mean density level (WP7).

Design cycle 2
The aim was to refine the*AConOps of design cycle 1 and to develop a visiow &>

equipped aircraft can be integrated within SESARcept thinking (WP8). WP9 has
developed preliminary safety and performance requémts on the applicable functional
elements of the AConOps, focused on identifying the required tetbmyo
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Design Cycle 2

13

Innovative methods

Figure 2. Organisation of iFly research.

iFly project partners
The iFly project has 18 consortium partners, whaich listed in Table 1.

Table 1. iFly Consortium Partners

Economy

A 3 operations

Period: 22 May 2007 - 21 August 2011

A3 operations

3

A operations

TO + 44 P safety / Capacity / Efficiency

non-airborne Requirements
and mitigations

A 3 operations

Air Requirements

TO + 44 - Innovative methods

| List of Participants |

Partic. | Participant name Participant | Country
no. short name

1 National Aerospace Laboratory NLR (Coordinator) NLR NL

2 Honeywell HNWL Cz

3 Isdefe Isdefe ES

4 University of Tartu UTartu EE

5 Athens University of Economics and Business Reseaolr€ AUEB GR

6 Eidgendssische Technische Hochschule Ziirich ETHZ CH

7 University of I'’Aquila AQUI IT

8 Politecnico di Milano PoliMi IT

9 University of Cambridge UCAM UK
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10 National Technical University of Athens NTUA GR
11 University of Twente TWEN NL

12 Ecole Nationale de I'Aviation Civile ENAC FR
13 Dedale Dedale FR
14 NATS En Route Ltd. NATS UK
15 Institut National de Recherche en Informatique et en Aatigoe INRIA FR
16 Eurocontrol EEC FR
17 DSNA-DTI-SDER DSNA FR
18 University of Leicester ULES UK

1.4 Aim and organisation of this report

The aim of this report is to provide a completetynie of the research performed and results
obtained within the iFly project and in each of tea technical WP’s. In order to accomplish

this, the report provides a separate picture ofréisearch performed and results obtained in
the ten technical WPs. This is done in Sectionsr@ugh 11. Finally, Section 12 relates the

achievements of the project to the state-of-thexadt the impact of the project on its industry
or research sector.
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2 Project execution for WP1: Autonomous Aircraft Advanced
Concept

2.1 Objectives

The objective of WP1 is to develop an autonomousraft advanced (3 Concept of
Operations (ConOps) including an airline strategyaept for autonomous aircraft operations,
using state-of-the-art aeronautics research arhodagy results. The AConOps developed
here focuses on the en-route phase of flight, fpotential shift into autonomous en-route
operations in airspace that is busy according oustandards. The airline strategy concept
offers opportunities for airlines to harness theager autonomy to improve on customer
service.

2.2 iFly Partners involved

WP1 has been conducted under the leadership delsdéthin WP1, the main research has
been performed by Isdefe, HNWL, NLR and UTartutiCai reviews of research reports have
been provided by NLR, Dedale, ETHZ, EEC, ENAC, AU&®R] NATS.

2.3 Work performed and approaches employed

The work has been organised in three sub-WPs. Willdd “High level ConOps” addressed
the available options towards autonomous en-roiteaft advanced operations. WP1.2
called “Airline Strategy Concept” addressed thatsiyy concept for airline operatioimsan
autonomous aircraft environment. WP1.3 called “CpsiCaddressed the overall concept of
operationswithin the autonomous en-route ATM environment.

The activities performed in these sub-WPs are:

WP1.1 A% High-level ConOps

This sub-WP has outlined the vision in terms ofeptial solutions towards a shift to
autonomous aircraft operations en-route which mightmight not lead to the required
capacity breakthrough.
The activities that have been outlined in the Higlel ConOps are:

o Assessment and definition of a common basis, &gninology and functionality.

o Identification of candidate concepts or conceptnelets from previous state-of-the-

art aeronautics Research and Technology projects.
0 Operational environment description of autonomargalt operations en-route.

WP1.2 A3 Airline Strategy Concept

This sub-wP has addressed the following problemtraific demand is highly dependent on
customer demand. Customers want to fly directlyhigir destination within their preferred

time constraints. Airlines try to accommodate theseferences mainly within hub-and-spoke
strategies resulting in periodic peak demand levélsis kind of behaviour has been
accommodated within the autonomous aircraft enwr@mnt. It is taken into account that any
limitations of the autonomous aircraft operatiorsn cinduce delays and reductions in
connection probabilities. On the other hand, automaes aircraft operations offer also new
opportunities to improve on the effectiveness ob-hud-spoke strategies, for instance
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through improved arrival timing. So it has also bégentified how airlines will react with
their movement strategies.

This sub-WP has identified
o Novel ways for airlines to make effective use dfomomous aircraft operations.
o Airline operational environment description for @ubmous aircraft operations.

o lIdentifying a strategy concept for airline operatioin an autonomous aircraft
environment.

o ldentifying the expected benefits and limitatioosthe proposed strategy concept.

WP1.3 A’ ConOps

This sub-WP has produced thé 8onOps by integrating candidate concepts or cdncep
elements into an overall concept of operationsh \he target to accommodate 3 to 6 times
busy European en-route traffic demand in 2005. @ikiselopment has benefitted significantly
from an advanced ATM concept development by NASA.

Deliverables

D1.1 Autonomous Aircraft Advanced @\High Level ConOps by Isdefe, Honeywell,
NLR, UTartu, EEC, Dedale, ENAC

D1.3 Autonomous Aircraft Advanced @AConOps by G. Cuevas, |. Echegoyen, J.G.
Garcia, P. Casek, C. Keinrath, R. Weber, P. GattifarBussink, A. Luuk

2.4 How the MTR review has influenced the work

Following requests by the Mid Term Review (MTR)DA.3 it has been made explicit that the
baseline is formed by the traffic demand in 200& §gear of iFly proposal submission). This
corresponds well to the 2005 baseline of SESAR. iFheaim to accommodate a factor 3

through 6 over this baseline traffic demand cleagbes beyond the SESAR factor of

accommodating the expected factor 2 traffic inceets 2020. Also upon request by the

MTR, the outcome of the WP7 hazard brainstormirsgis® has been used to further improve
the A’ ConOps in the D1.3 report.

2.5 End results, elaborating on the degree to which the objectives were
reached

Deliverable D1.3 has fully realized the WP1 objeetio develop an Aen-route operational
concept which is initially based on the currenatstof-the-art” in aeronautics research, with
the focus on the en-route phase of flight, for @eptal shift into autonomous en-route
operations in airspace that is busy according atise&ndards.

Deliverable D1.2 has fully realized the WP1 competary objective to develop an airline
strategy concept which offers opportunities follimés to harness the greater autonomy to
improve on customer service.
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3 Project execution for WP2: Human responsibilities in
autonomous aircraft operations

3.1 Objectives

The objective of WP2 is to develop the anchor ofat the A ConOps development that can
be defined from the human responsibility and gedirsg, and later to verify how well these
anchor points are used in thé BonOps, and where needed to provide potentiatienki

Work package 2 is divided into two parts: “Part @itborne responsibilities” and “Part B:
bottlenecks and potential solutions”.

Part A: Airborne responsibilities

1. To identify current and new responsibilities of kpit crew during en-route phase
of flight

2. To analyse Situation Awareness, Information, Comigation and cockpit crew
tasks.

Part B: Bottlenecks and potential solutions
3. To identify bottlenecks in responsibility issues.
4. To develop potential directions for improvement.

3.2 iFly Partners involved

WP2 has been conducted under the leadership oftT&fithin WP2, the main research has
been performed by UTartu, HNWL, Dedale and NLR.ti€al reviews of research reports
have been provided by NLR, Isdefe, AQUI, NATS, E& DSNA.

3.3 Work performed and approaches employed

Changes in the air traffic management system igably cause changes in the role of the
human involved in that system as a result of teldyical changes. When the system becomes
more and more automated, a shift in tasks and ns#pbties of the human controlling the
system occurs. The human operator — in case oiremraf, the cockpit crew — is responsible
for the actions and tasks he/she performs. Thigoresbility is a core issue in (aerospace)
operations, because it determines who makes wiltagiole and can take action if required
without being required to request permission frarather actor.

Important in this, is that many functions in autoywus aircraft operations will be supported
by automation on the flight deck and there shoutdabbalance between automation and
responsibility. As long as the human remains resjpia for the resulting actions of the
human-machine system, he/she also needs to beocabbmtrol the system. When the system
is fully automated and the human is out of contiblijs not possible to hold him/her
responsible for the resulting outcomes. On therdth@d, automating (parts of) a system can
also support the human to maintain control oversihgation, especially in complex systems
like an aircraft.

Therefore, in conducting this sub-WP, human resipditg was a key factor in determining
to what extent a system can be automated. In atradfic management environment this
responsibility could be spread among the airbome ground side of the system. Current
developments in ATM showed a shift towards a mareedtralised system, with increasing
tasks and likely more responsibilities for the aire side, i.e. the cockpit crew. Because this
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side formed the starting point for the iFly projettte question that has been addressed is:
“What responsibilities can be assigned to the ambside of the system assuming a new task
distribution implied by autonomous ATM?” WP PartsaAd B have considered these issues
in more detail.

Part A: Airborne responsibilities

WP2.1 To identify current and new responsibilitiesof the cockpit crew during the en-
route phase of the flight

An analysis has been carried out to identify trepoasibilities of the cockpit crew during the
en-route phase of the flight. In support of defghanew air traffic management concept, first
of all, current responsibilities of the cockpitwrbave been identified.

Subsequently it has been identified what tasksctiesv currently has to perform. A task
analysis conducted for the en-route flight phase gravided the information to map out the
tasks of the cockpit crew during this phase ohitlig

In addition to the description of tasks, also acdpsion of the goals of the crew has been
developed as valuable input to the identificatibmesponsibilities. These goals provided the
framework within which the crew performs their acis. One of the most important goals has
been to ensure a safe and efficient flight.

This provided a basic overview of the current gitra The already existing responsibilities
have been adopted into the new concept. To achsgveighly automated air traffic
management system, the possibility for assigningemmesponsibilities to the airborne crew
than in the current situation, has been investijafEhis was a necessity for a more
autonomous operation of the aircraft. The proposeacept has adopted the view that as
much as possible, responsibilities should be assdiga the airborne side, not to the ground
side. Eventually, all issues that are in currergrapons accounted for by the ground, have
been assigned to the airborne crew and becamerdispionsibilities.

Responsibilities of a cockpit crew go beyond isstedated to air traffic management only.
For example, the cockpit crew is responsible fonitmwing the functioning of the system (i.e.
the aircraft). A shift in responsibility with resgteto ATM issues should never result in
conflicts with other responsibilities. Thereforensequences of this responsibility shift have
been reviewed and resulting bottlenecks — when emprences appeared to be outside
acceptable limits — have been identified.

WP2.2 Situation Awareness (SA), Information, Commuication and Pilot Tasks

This sub-WP has identified the SA to be maintaitgdthe crew, the information and
communication needs and the tasks of the controliars involved taking into account
several questions.

While a total situation awareness would be proiwély costly in terms of both financial and
human workload costs, it was recognized that f& &8 operations there will be some
minimum prerequisites for satisfactory situationaaeness of the flight crews. In order to
resolve this, various questions have been addressel as:

How does one create active and engaged pilots? tH@et pilots sensitive not only to their
own aircraft but also those around? How does te&egy support pilots so that they can make
the appropriate delegation of tasks with the A3 Qo® automation, particularly when the
pilots are not exactly sure what their neighboui ke doing? How will a crew station
effective support recognition and projection ofuiiet automation actions? How will they be
able to intuitively predict how neighbouring A3 @pped aircraft will perform?
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How will an A3 crewstation support information afastion and distillation to the appropriate
level for effective A3 operation. How will A3 suppicgalientmode transitions so the pilots
will know how their own aircraft and those arouhér will be behaving so they know what
to expect next? What type of human cognitive supywdl be necessary for the flight crew to
be an effective A3 participant? What will be thesbway of presenting system uncertainty
“information” to the flight crew? Considering thgotential state-of-the-art of avionic
technology and the supportable human-system imerfd) what will the flight crew
information needs be and to what extent will itgmessible to meet or support those needs?
How does one make clear the level of responsilalitgt related roles as a function of time and
place in the system? How does one assure thantbamation available matches with the
responsibility at the moment? What does the crevost need from system wide information
management and what will crew contribute? What nales will the flight crew take on and
how will the needs of those tasks to be supported?

The answers obtained by addressing these questanesbeen documented and provided as
guideline input to WP1.3. Subsequently, WP1.3 sesiuhis to develop the*AConOps.

Part B: Issues and potential solutions

WP2 part B has assessed thé GonOps developed by WP1.3 against the human
responsibilities that had been identified in WP2t ga Thanks to this analysis, WP2 part B
has identified those elements of thé SonOps where issues with respect to human
responsibility issues could arise. Finally, potahtiirections for mitigating these issues have
been developed.

WP2.3 To identify bottlenecks in responsibility isses

By using the identified responsibility issues anigin a highly automated ATM environment,
bottlenecks have been identified for which mitiggtmeasures should be developed. Issues
like safety and capacity have been investigatediclwinas resulted in identifying the
conditions under which these bottlenecks ariseceSthese should remain within acceptable
limits, changes in task allocation have been prego$n doing so, task analysis served as
input. Within the task allocation, tasks have ba#lacated to the airborne crew and to the
supporting airborne or non-airborne systems.

As the initial options for allocating responsihjlito the cockpit crew have been identified in
WP1.3, WP2.3 has been searched for inconsistentidsese options and has questioned
them, to prepare the second design cycle for imgmmnt of the A concept. This approach
was in contrast with the common way, in which fiastoncept is fully developed regarding
the technical systems, and after this, respons#slare assigned to the applicable actors.

WP2.4 To develop potential human factors improvemes for A®> ConOps

After WP2.3 has identified human factors respotigjbbottlenecks where additional ground
support is required (in the tasks and functionsenehit is impossible to allocate all
responsibility to the airborne side of the systewR2.4 has developed potential mitigating
human factors related measures of these bottlenfeckthe A ConOps. These potential
mitigating human factors measures have been dodeché@nD2.4 report.

Deliverables

D2.1 Description of airborne human responsibilities umomomous aircraft operations
by A. Luuk, J.A. Wise, F. Pouw and V.Gauthereau
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D2.2 Situation Awareness, Information, Communication Bildt Tasks of under
autonomous aircraft operations by J. Wise, C. KeimrF. Pouw, A. Sedaoui, V.
Gauthereau and A. Luuk

D2.3 Identification of human factors for improvementtoé A* ConOps by C.
Keinrath, J. Wise, A. Sédaoui, A. Luuk

D2.4 Potential human factors improvements f6r@onOps by A. Luuk and C.
Keinrath

3.4 How the MTR review has influenced the work

MTR review took place when WP2 had prepared fiisée deliverables and was at the stage
of finishing the fourth deliverable. MTR review gavsome useful suggestions for
improvement of D2.3 and D2.4, which were taken iatmount and resulted in improved
versions of the last two deliverables of WP2.

3.5 End results, elaborating on the degree to which the objectives were
reached

In order to realize the WP2 Part A objectives, appr understanding has been developed
regarding changing pilot responsibilities and task® to introducing pure airborne self
separationThese changes were analyzed in D2.1 by using thealrapproach together with
elements of pilot task description and analysishsgguently, the central role of situation
awareness in carrying out pilot tasks together with information and communication
contributors to situation awareness in flying #elf separation airspace was analyzed
theoretically in D2.2.

In order to realize the WP2 Part B objectives,gbssible impact of applying the approach of
autonomous flying to pilot situation awareness ggformance was analyzed in D2.3.
Subsequently a lot of issues to be addressed ifuttieer refinement of the AConOps were
identified together with some potential solutiongygested. On this basis, suggestions for
potential human factors improvements of@onOps development were identified in D2.4, at
a high level.
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4 Project execution for WP3: Prediction of complex traffic
conditions

4.1 Objectives

The objective of WP3 is to study and develop mestfod predicting air traffic conditions that

may be over-demanding to the airborne self semaradiesign. This is a crucial task for
avoiding encounters that appear safe from the iiddal aircraft perspective, but are actually
safety-critical from a global perspective.

The characterization of globally safety-criticakcennters can provide useful information for
trajectory management and conflict resolution ogpena, and can also help in identifying the
potential ground support needs within the Autonosndircraft Advanced Concept of

Operations (A3 ConOps) developed in WP1. Within WR8 specific choice is made

regarding where to use the novel air traffic comie methods, airborne and/or on the
ground.

4.2 iFly Partners involved

WP3 has been conducted under the leadership dilPMithin WP3, the main research has
been performed by PoliMi, ENAC and HNWL. CriticeMiews of research reports have been
provided by NLR, Isdefe, UCAM and EEC.

4.3 Work performed and approaches employed

The work under WP3 was structured into two sub-wgakkages corresponding to the two
phases of 1) critical study of existing methodaitdraffic complexity prediction (WP3.1) and

2) development of methods that are suitable foboaire self separation ATM systems
(WP3.2).

WP3.1: Comparative study of complexity metrics

The goal of WP3.1 is to carry out a critical survelydifferent metrics proposed in the
literature for complexity modelling and prediction Air Traffic Management (ATM). Most
of the current complexity metrics address grouadeld ATM and are conceived so as to
assess the impact of a given air traffic configoraton the workload of the air traffic
controllers in charge of safely handling it. Thoutifis is reasonable within the current
centralized ATM system, it becomes restrictive withirborne self separation ATM systems,
where part of the responsibility in maintaining #ygpropriate separation between aircraft is
delegated to the pilots.

Work under WP3.1 is documented in the public Detie D3.1.

WP3.2: Timely predicting complex conditions

The goal of WP3.2 is to study the problem of predg:complex conditions in airborne self
separation and developing appropriate complexitiriose

The work under WP3.2 was based on a preliminanjyaisaof possible applications of
complexity evaluation in the A3 ConOps, and onghe/ey work in WP3.1 on the approaches
to complexity evaluation that have been proposetiwihe current human-based centralized
ATM system and may be appropriate also for thesteea automated airborne self separation.
Work was structured into two parallel streams aivétes, that is
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i) the further development of a method for intignair traffic complexity characterization
that was pointed out as promising in DeliverablelDand

i) the introduction of innovative approaches tmplexity evaluation, better tailored to the
intended A3 ConOps applications.

The identified method for intrinsic complexity chaterization rests on the interpretation of
the aircraft trajectories as executions of a dywamsystem starting from different initial
conditions. The maximum Lyapunov exponent of thygainical system at a position x is
taken as a local measure of complexity. Complerigps can then be built and used to
determine hot spots in the airspace (see Figure 3).

Figure 3: Complexity map over France: hot spots arédentified

Two novel measures of complexity were introduceseblaon a probabilistic approach and a
geometric approach. The distinguishing feature loé tprobabilistic approach is that
uncertainty in trajectory prediction is accountedwhen evaluating complexity, whereas the
geometric approach relies on the reference bustregestory for complexity evaluation.

According to the probabilistic approach, complexityvaluated in terms of proximity in time

and space of the aircraft as determined by theééminand current state, while taking into
account the uncertainty in the aircraft future posi due to possible deviations from the
intended trajectory

Regions with limited manoeuvrability space candentified and this information can be used
for providing guidance for trajectory design andedéing critical encounter situations that
would be difficult for the aircraft to solve autanously.

In Figure 4, an example of evaluation of the manaahility space of an aircraft entering an
airspace region with other 6 aircraft is report€bmplexity experienced by that aircraft as a
function of its heading at a point along its sthaitine trajectory is plotted.
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Figure 4: Evaluation of the manoeuvrability spacen terms of possible heading changes

According to the geometric approach, complexitp@dition x and time t is evaluated as the
weighted sum of the contributions of those airctiatt will be within some ellipsoid centred
at x at time t, with weights depending on the distafrom x and direction of flight. Spatial
complexity maps can be obtained at different timsances, and areas with high complexity
can then be extracted using segmentation technigitespredefined thresholds (see Figure
5).

The goal is to support the strategic trajectory agg@ment operations by detecting critical
areas that should better avoided in order to redine need for excessive tactical
maneuvering. Work under WP3.2 is documented inntegmiverable D3.2.
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Figure 5: Complexity map of an air traffic scenariowith about 50 aircraft

Deliverables

D3.1 Complexity metrics applicable to autonomous aitdogfM. Prandini, L. Piroddi,
S. Puechmorel, S.L. Brazdilova

D3.2 Final report on timely prediction of complex comalits for en-route aircraft
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4.4 How the MTR review has influenced the work

No comments on the work under WP3 were providethenMTR review. Hence, MTR did
not influence WP3 work.

4.5 End results, elaborating on the degree to which the objectives were
reached

Table 2 provides a schematic classification of tfen approaches to air traffic complexity
evaluation presented in the literature accordinthéocharacteristics relevant to airborne self
separation, that is:

- accounting for traffic dynamics and not only aiftdensity,

- being independent of the airspace structure,

- not being directly dependent on the controllerlacp (air traffic controller in the current
ground-based ATM systems; conflict solver in sefjaration ATM systems),

- having a goal-oriented output form (spatial compiiexnaps for trajectory management
applications; scalar-valued measures of the contglencountered along each aircraft
trajectory for supporting distributed CD&R operais)

- being tailored to the look-ahead time horizon (léexgn complexity measures for strategic
trajectory management; mid term complexity meastoesupporting distributed CD&R
operations)

Besides all those characteristics, appropriatedtajy prediction models should be adopted,

possibly accounting for uncertainty in trajectorgdgtiction.

The outcome of this analysis is that most of theglexity measures that have been, to some
extent, successful within the current human-bassdralized ATM system are inappropriate
within an airborne self separation context and hawetrics must be defined to meet the new
challenges posed by new ATM systems.

In order to comply with the novel challenges, wittWP3, three novel complexity metrics
have been developed:

- Lyapunov based complexity

- Probabilistic conflict based complexity

- Geometric conflict based complexity

Lyapunov based complexity interpretes air traffie @a dynamical system for which a
Lypaunov exponents computation is identified whigkes the control provided by ATM into
account. The WP3 investigations showed that a rdeawback of this method is that it is
computationally intensive, which hampers its agilan to a distributed ATM framework.
The bottleneck is represented by the computatioa smooth vector field that matches the
(observed or predicted) values of the aircraft eiies at the sample points. Computational
aspects were improved within iFly, but still remaintical for application to high density
airspace. Furthermore, an extension to a time-ngrglynamical system interpretation is
needed to avoid that situations where two airggett close to the other rather than occupy
positions that are close but in different time slappear undistinguishable.
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Table 2. Main complexity metrics in literature
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The probabilistic and a geometric approach satibfy feature relevant to airborne self
separation. They both provide local measures of ptexity that depend on the aircraft

density and the traffic evolution, and not on treeywhe traffic is controlled. A key difference

is that, whereas in the probabilistic approachuheertainty affecting the aircraft predicted
position is accounted for, in the geometric appnoasmplexity is determined based on the
nominal aircraft trajectories and neglecting ureiety.

Since the goal of the geometric approach to conipléxto assess whether or not it would be
convenient (from a tactical manoeuvring perspeltifice an aircraft to be at a specific
position in a specific time, the corresponding meetappears suitable for trajectory
management and, more specifically, for the idestion of those complex areas that should
better avoided in order to reduce the need forsstge tactical manoeuvring.

Through a correlation analysis with collision rigke probabilistic method was found to be
better suited for supporting the ASAS mid term CDé&d%olution operations by predicting
those air traffic configurations that are difficedt control and may overload the ASAS CR
module. Experiments were performed on an hypothleacitonomous Mediterranean Free
Flight (AMFF) air traffic scenario.

For none of the three novel complexity metrics expents have been run yet on an A3

ConOps scenario. Hence, the specific applicabilftany of them for the advanced airborne
self separation concept developed within the iFbjgrt remains unclear.
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5 Project execution for WP4: Multi-agent Situation Awareness
consistency analysis

5.1 Objectives

The main goal of WP4 is to model and evaluate tlablpm of maintaining multi-agent
situation awareness and avoiding cognitive dissomamithin en-route A operations. The
main challenge is to systematically analyse tieCAnOps operation developed within WP1
and WP2 according to a novel safety critical obaleitity method for hybrid systems, which
extends the results developed within the HYBRIDG&gxt. The specific objectives of WP4
are summarized as follows:

1. To provide a formal mathematical framework to model

a. agents, including both human operators and techdieaces, in ATM systems
and in particular in AConOps scenarios in nominal operating modes.

b. agents in non-nominal operating modes.

c. interaction among agents in complex multi-agent A3ydtems.

d. situation awareness of each agent in ATM systems.

2. To provide formal mathematical methods to:

a. analyse situation awareness inconsistencies inagfeats involved in the ATM
systems.

b. analyse the impact of such situation awarenessigistencies on the safety of the
scenario.

c. isolate the weak points of the procedures, whick lead to unsafe or catastrophic
events, and propose alternative solutions to cofib the weaknesses of the
procedure.

3. To provide efficient algorithms for the analysis ATM procedures with a realistic
number of agents.

4. To test the proposed methodology on concrete ATdtguures and in particular or’ A
ConOps scenarios.

5.2 iFly Partners involved

WP4 has been conducted under the leadership of A@lithin WP4, the main research has
also been performed by AQUI. Important inputs hbeen provided by DSNA and HNWL.
Critical reviews of research reports have been igea by NLR, HNWL, Isdefe, PoliMi,
DSNA and EEC.

5.3 Work performed and approaches employed

WP4 approached the problem of multi-agent situadimareness consistency management by
using a number of relevant hybrid system technignelsiding hybrid modelling and hybrid
observer synthesis. While aircraft dynamics areegaly described by differential equations,
pilots’ and air traffic controllers’ behaviours asell modeled by finite state machines, whose
states and transitions mimic the procedure thetager requested to follow. It is evident then
that a unique mathematical model for describing AElstems needs to deal with both
continuous and discrete dynamics. Hybrid systeroghblism, featuring both discrete and
continuous dynamics, is characterized by an exweg®wer that in WP4 was proven to be
general enough to adequately describe ATM systetyistid systems formalism was used to
model agents acting in a number of ATM procedureth bn nominal and non-nominal
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conditions. While nominal modes of operation of yents are dictated by the procedure they

are supposed to follow, non-nominal modes may sfeam several causes, including

malfunction or disruption of technical devices aptedictable behaviour of human operators
in-the-loop. Identification of non-nominal condti® of operation is a not easy task in general.

They are generally identified through historicaledavailable at ATM research centers, which

include interviews to the pilots and air trafficntmllers and a posteriori analysis of ATM

scenarios that lead to accidents. The collaboratibn DSNA-DTI-SDER (France), partner
of the iFly Consortium, has led to an appropriatbrid systems’ modelling of agents acting
in the Airborne Traffic Situational Awareness Inailr Procedure (ATSA-ITP) and the

Airborne Separation-In Trail Procedure (ASEP-ITP)e proposed hybrid systems correctly

model both nominal and non-nominal modes of opematf the agents involved. The

collaboration with the National Aerospace LabormathiLR (The Netherlands), partner and
leader of the iFly Consortium, and with Honeywékgéch Republic), partner of the iFly

Consortium, has led to an appropriate hybrid sgstenodelling of agents acting in the’ A

ConOps Scenario 1 studied in Deliverable D9.1. Ppheposed hybrid systems correctly

model both nominal and non-nominal modes of opematientified in iFly report D7.1b.

The obtained mathematical models can be employshtolate the ATM procedures through

the use of software tools for hybrid systems, agkample UPPAAL, CHARON, HYSDEL,

CheckMate among many others. In WP4 the toolboxAARPwas successfully employed to

simulate the ASEP In-Trail-Procedure in both norhiaad non-nominal conditions of

operation. The use of simulation tools is importampredicting the behaviour of complex

ATM systems. On the other hand, their use exhthgsfollowing drawbacks:

» Using simulation tools may be expensive in termsashputational complexity.

* Even when an extensive number of simulations waulggest the correct working of an
ATM procedure, there is no guarantee that theres ca¢ exist any other simulation that
contradicts the conclusions obtained.

These drawbacks ask for alternative methods foratieysis of complex ATM systems. In

this regard, WP4 leveraged a number of resultsexoimg the analysis and control of hybrid

systems to prove or disprove formal correctnesshef ATM scenarios under study. The
approach proposed in WP4 provides a systematic adetth address a number of crucial
issues, as for example:

« Can a configuration of an ATM procedure, leading uiosafe or even catastrophic
conditions, occur?

* If so, are the agents involved aware in advancahefoccurrence of the safety-critical
situation?

The answer to the above questions can be formddlyezsed by rephrasing them in terms of

structural mathematical properties of the hybrigtesns, modelling agents in the ATM

procedures:

* Is an unsafe configuration of an ATM system “redat&afrom an initial configuration?

» If so, is the safety-critical situation “observdabfeom the information available at the
agents involved in the ATM scenario?

The work of WP4 mainly focussed on providing satisbry answers to the last question. To

this purpose, the notion of “critical observabilityas introduced and characterized. Critical

observability is a structural property of a hybsigstem, which corresponds to the possibility
of detecting if the current state is in a set dical states that represent unsafe, unallowed or
non—nominal situations. When a hybrid system enjbisproperty, a hybrid observer can be
constructed which automatically detects whethett®id system is in a critical state or not.

This property has been analyzed in detail and @d$med efficient algorithms that are able to

test this property in polynomial time (other algloms available in the literature test this
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property in exponential time). Finding algorithntet are efficient from the computational
complexity point of view is particularly relevam the analysis of ATM systems that are
typically characterized by a large number of vadaab
Next, the proposed methodology to the analysi®iefATSA and ASEP In-Trail Procedures
was applied. The results obtained showed that the procedures are not critically
observable. This means that there are safety-alritmnfigurations of the ATM systems which
cannot be detected by the pilots or the air traféintroller. This analysis also pointed out the
weaknesses of the procedures and proposed alterretiutions which guarantee a correct
situation awareness of the pilots when safetyeaftisituations occur. These results are
reported in iFly report D4.1.
First investigations of critical observability oylhrid systems considered each agent in an
ATM system in isolation. This approach is not adequfor multi-agent ATM scenarios,
because agents’ interaction is responsible of tbeurbence of unsafe situations. Here,
interaction is to be understood in a broad senseekample, two agents are considered to
interact if:
» there is communication among them (e.g. radio calyoommunication);
» one of the agent can measure some of the varidekesmining the configuration of the
other agent;
* some agents share the same sky area resources.
It is therefore evident that dealing with interantiamong agents in ATM scenarios asks for
formal mathematical paradigms that appropriatelydehoeach agent acting in an ATM
scenario as well as their interaction. Interactionsathematical systems are often modelled
in the literature through appropriate notions ofmposition. While several notions of
composition have been exploited for purely contumisystems and for purely discrete
systems, the literature concerning composition ydifrial systems is rather scant at present.
This is the reason why a novel compositional hylmydtems’ framework was proposed,
which appropriately captures the interaction amaggnts in ATM systems. The proposed
interaction mechanism has been inspired by cldssicions of parallel composition for
discrete-event systems and input—output composftiomonlinear control systems. In the
compositional setting, a direct link (or a commuaiicn flow) is put from an agent Al to an
agent A2 whenever the evolution of agent Al infeesdirectly the evolution of agent A2. It
Is easy to see that this definition of compositiergeneral enough to capture the different
types of interaction that may occur among agentse Pproposed compositional hybrid
systems’ framework provides a systematic way taolystritical observability of multi-agent
ATM systems. Indeed given a multi-agent ATM scemaane first defines a hybrid system
modelling each agent, then applies the compositinias, modelling the interaction among
the agents, to finally obtain a unique hybrid systé critical relation is then defined which
captures the occurrence of safety-critical situetion the composed hybrid system. These
safety-critical situations arise from the non-noahibehaviour of each agent, and also from
the interaction of the agents. Then, studying Sitnaawareness inconsistencies in multi-agent
ATM scenarios translates to studying critical okability of the obtained (composed) hybrid
system with respect to the critical relation.
Although formally sound, this approach is applieabhly with great difficulty to realistic
ATM scenarios because the number of variables & dbmposed hybrid system scales
exponentially with the number of agents involvedjich is generally large. This implies
serious difficulties in the applicability of theqposed methodology to concrete and realistic
ATM scenarios. To overcome these problems, formsiilis were proposed that guarantee in
many cases a drastic computational complexity méoluén checking critical observability of
multi-agent ATM scenarios. The key idea is to depose the critical relation into smaller
sub-relations. Checking critical observability dfet original multi-agent ATM system
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translates then to checking critical observabibfysuitable sub-multi-agent ATM systems
extracted from the original one, with respect te thitical sub-relations. In some cases this
approach provides a method to formally analyzdcalitobservability of multi-agent ATM
systems with an arbitrary large number of agents.

This approach was successively applied to the aisabf the ASEP In-Trail-Procedure and
the ASAS Lateral Crossing Procedure in a multi-agagiting. In particular, a scenario of
ASEP In-Trail-Procedure was analyzed with four rift and one air traffic controller.
Standard methods to check critical observabilitthid multi-agent scenario would require the
construction of a hybrid observer for the compolsglorid system that consists of about 1.78
million of discrete states. The proposed complexiguction tools reduce the original
problem to the analysis of critical observability ane hybrid system modelling the pilot
(consisting of thirteen discrete states) and of bgbrid system modelling the air traffic
controller (consisting of five discrete states).rCanalysis revealed that the two ATM
procedures are not critically observable and pregadternative solutions which guarantee a
correct situation awareness of the pilots whentgatfétical situations occur.

The proposed methodology was finally applied to & ConOps Scenario 1 studied in
Deliverable D9.1. WP4 proposed an appropriate nmadiieal model that takes into account
situation awareness inconsistencies identified=lg report D7.1b. The analysis carried out,
showed that this ATM scenario is not critically ebsble. In collaboration with
Honeywell (Czech Republic), partner of the iFly sortium, some mitigation means were
proposed that can render the scenario criticalseolable.

These results together with the theoretical resatscritical observability of compositional
hybrid systems and the analysis of the ASEP-ITPthedASAS Lateral Crossing Procedure
are reported in iFly report D4.2.

Deliverables

D4.1 Report on hybrid models and critical observer sgathfor multi-agent situation
awareness by M. Colageo, M.D. Di Benedetto, A. Bdoenzo

D4.2 Report on Observability Properties of Hybrid-Syst€omposition by M.D. Di
Benedetto, A. Petriccone, G. Pola

5.4 How the MTR review has influenced the work

The MTR review was very fruitful and allowed intstieag discussions with the iFly partners
and the EU representatives. In particular, feedeak the reviewers about WP4 has been
useful for AQUI researchers in better understandiryg issues arising in the analysis of
multi-agent situation awareness inconsistencie®D¥ procedures. The feedback gained
from the MTR review translated to a calibrationtleé research direction of AQUI with the
goal of rendering the proposed methodology effectivthe analysis of multi-agent ATM
systems.

5.5 End results, elaborating on the degree to which the objectives were
reached
The final results achieved are summarized as faliow
e D4.1 proposes a compositional hybrid systems’ nmmattieal framework which
appropriately describes complex multi-agent ATMgadures in both nominal and non-
nominal conditions of operation. In addition, D&xploits formal results in the context of
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compositional hybrid systems, which allow the asspf multi-agent situation awareness
inconsistencies arising in ATM scenarios with distia number of agents.

« D4.2 demonstrates that the proposed mathematieatefivork can be applied toA
ConOps. In this regard WP4 provides formal analgighe Airborne Traffic Situational
Awareness In-Trail Procedure, the Airborne Sepamalin Trail Procedure, the Lateral
Crossing Procedure and a specifit @onOps Scenario. This way, some potential weak
points of the operation has been identified andoifreboration with & ConOps experts,
mitigations means are proposed.

In conclusion, WP4 has developed innovative archite free methods towards modelling
and evaluating the problem of maintaining multifstg&ituation Awareness and avoiding
cognitive dissonance within an advanced operatioaatept in general, and also specifically
for the en-route AConOps.
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6 Project execution for WP5: Pushing the Ilimits of conflict
resolution algorithms

6.1 Objectives

The objective of WP5 is to investigate and pushithés of conflict resolution algorithms for
the autonomous aircraft operational concept deweelap iFly. For this purpose, the most
advanced conflict resolution methods that had dirdaeen developed within the free flight
community, together with methods from other redeasseas that were identified as
potentially applicable to air traffic managemenvéndoeen carefully examined. Based on the
findings, several research alternatives were egpl@nd the most promising methods were
extended in an effort to make them applicable &oftiture increased air traffic demand and
the iFly concept of operations. The studies evolerind the two basic reference points:

- The requirements stemming from the autonomous aira@oncept developed within
WP1, WP2 and WPS8

- The enhancement and further development of mettiadsvere identified as relevant in
the autonomous aircraft community and other relefi@ids. Special emphasis was put
on methods that not only address the needs ofuteamous aircraft concept but also
hold the promise of establishing theoretical guta@s regarding their performance.

The work is organized in the following steps:

- Identify and compare the state-of-the-art in keythudologies for conflict resolution
relevant to air traffic and potentially applicalohean autonomous aircraft environment.

- Identify the conflict resolution needs of the awnrous aircraft concept developed by
WP1 and WP2 (and early developments within WP8).

- Compare the advanced conflict resolution methodsuge these requirements and
identify strengths and weaknesses of each approach.

- Adapt and extend the most promising conflict reSsofuapproaches to accommodate the
autonomous aircraft concept, taking advantage eofiptementary capabilities of the
different conflict resolution methods as much assjiae.

- Compare the resulting conflict resolution methodaiast the requirements and against
the best currently known methods in the autononaagsaft research community.

6.2 iFly Partners involved

WP5 has been conducted under the leadership of EWHthin WP5, the main research has
been performed by ETHZ, UCAM and NTUA. Importanputs have been provided by
ULES. Critical reviews of research reports havenbpeovided by NLR, ULES, HNWL,
PoliMi and EEC.

6.3 Work performed and approaches employed
The work was organized in the following four sub-8vVP

WP5.1: Comparative study of conflict resolution methods

A survey of the most important methods proposedémflict resolution was carried out. The
methods were reviewed and analyzed in terms ofr thapabilities, limitations and
complementarities from a general autonomous airccaiflict resolution perspective.
Advantages and disadvantages of various conflisblotion methods were identified,
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focusing on the applicability with the iFly concegtoperations. The results of the study were
documented in Deliverable D5.1.

WP5.2: Analysis of conflict resolution needs of Aoperations

The operational requirements of the conflict resotualgorithms were identified based on
the iFly concept developments under WP1 and WPZ Téguirements provided the
guidelines for selecting different strategies alg@thms to perform conflict resolution under
the A concept of operations. The study was divided atingrto the time horizon of conflict
resolution. Emphasis was placed on mid- and skeont-tconflict resolution methods since
these levels were perceived as placing the mosadéimg requirements in terms of the iFly
operational concept developments. The methods ablail were compared against the
requirements of the iFly concept for each time zmriand recommendations on methods to
explore further were made. In summary, methodsdaseoptimization (in particular the so-
called model predictive control methods) were gekdor further investigation at the mid-
term level and methods based on robotic path ptanfun particular methods based on the so-
called navigation functions) were selected forHartinvestigation at the short-term level. The
results of the study and recommendations were dented in Deliverable D5.2.

WP5.3: Further development of conflict resolution methods

This task covered the main part of the work underian WP5. The most promising conflict
resolution methods identified in WP5.2 were adamed developed further to match the
requirements of the concept of operations and becapplicable to dense traffic situations
predicted for the future. In total, four differemiethods were examined and developed: Two
methods in the MPC framework proposed in WP5.2nrad-term conflict resolution, one
method in the robotic path-planning framework pisgub in WP5.2 for short-term conflict
resolution, and one method for coupling short- amd-term conflict resolution into a unified
framework.

For short-term conflict resolution, Navigation Ftinos were adapted and further developed
to accommodate constraints relevant to air traffianagement situations (such as the
requirement to maintain a certain minimum airspeediich are not relevant to robotic path
planning, the field where Navigation Function methoriginated.

In the mid-term, two different alternatives haveebdantroduced, all based on the control
theoretic approach of Model Predictive Control (MP®IPC is an optimization-based

methodology, which allows one to handle hard camsts (such as conflicts or limits on the
airspeed), while at the same time minimize a ddsiast function (for example, travel time or
fuel consumption). The first method is based onsihvealled multiplexed MPC and generates
maneuvers with formal guarantees regarding conéligtidance and maneuver completion
time. The method has the advantage of resting beh $eeoretical foundations; however, the
conservativeness and safety margins of the regulitaneuvers needed to provide the
theoretical guarantees imply that the resultinginoigation problem tends to become

infeasible in dense traffic, making it difficult &pply the method to future traffic scenarios.

The second method involves an MPC scheme thatatkplincorporates priorities, based on
the priority scheme described by the concept ofraipms. Due to the computational
complexity of the resulting optimization problemiegs were taken to simplify the
formulation, leading to a mixed integer linear parg (MILP). This means that the resulting
maneuvers are no longer supported by explicit #texa guarantees. On the positive side, the
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method does fulfill the concept requirement forogties and is applicable to large traffic
samples.

Finally, the issue of concurrent operation of cnftesolution methods on different time
scales was tackled, in order to produce a mid-t@ethod that takes into account the actions
of the lower level short-term conflict resolutiolyarithms. While no new developments of
the short-term methods were necessary to accompiish the mid-term, MPC based
algorithms had to be adapted to accommodate thepleanbehavior of the short-term
algorithms. Due to the complexity of the resultiogtimization problem, randomized
optimization algorithms had to be deployed to salveWhile the results on benchmark
problems clearly indicate that this is a viableealative for combining short- and mid-term
conflict resolution methods, computational compiexiestrictions suggest that deploying
such a scheme in practice may be very challenging.

The results of successive development stages veetamented in a series of interim reports,
leading up to deliverable D5.3, which concludedshely.

WP5.4: Validation of conflict resolution methods against he requirements

The different methods were tested in simulatiorgh lunder test-examples, as well as with
more realistic traffic samples. For the latter ta$ie full European traffic sample on a full
busy day in 2006 has been used as baseline sceAtfiights in this baseline scenario have
been tripled in order to mimic a factor 3x traffincrease relative to the year 2006.
Subsequently from this tripled set of flights, setisq(in time and location) have been extracted
upon which the developed conflict resolution methbdve been applied. The results obtained
were documented in Deliverable D5.4.

Deliverables

D5.1 Comparative Study of Conflict Resolution MethodsGayChaloulos, J. Lygeros,
I. Roussos, K. Kyriakopoulos, E. Siva, A. Lecchifisintini and P. Casek

D5.2 Analysis of conflict resolution needs of thé dperational concept by N. Kantas,
J. Maciejowski, A. Lecchini-Visintini, G. Chaloulpd. Lygeros, |. Roussos, K.
Kyriakopoulos, P. Casek

D5.3 Report on advanced conflict resolution mechanism#? ConOps

D5.4 Final WP5 report including validation

6.4 How the MTR review has influenced the work

The MTR review triggered updating of deliverable§.D and D5.2 according to review
comments received. Furthermore, motivated by thkiewer comments a closer collaboration
with WP8 was established in order to better incoaf® the concept requirements into the
conflict resolutions algorithms developed under \\8P&bove. The most prominent example
of this interaction was the decision to developoweh MPC based strategy for mid-term
conflict resolution to incorporates priorities asvisioned in the iFly concept of operations;
until the MTR work had concentrated on “round-rékiype distributed MPC schemes where
the interpretation of “priority” is incompatible thi that of the concept. This change in
direction required a significant development effdmiit led to algorithms that better embody
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the spirit of the iFly concept. Finally, to helptghbe results of WP5 in the SESAR context as
suggested by the reviewers, a decision was mad@de the final validation under WP5.4
above on the traffic sample generated by SESARypouce future traffic patterns.

6.5 End results, elaborating on the degree to which the objectives were
reached

After a careful review of the available methodse tmost relevant ones, in terms of
performance and potential for use in the iFly prbjewere identified. After carefully

comparing the state-of-the-art in conflict resaati with the concept requirements,
shortcomings of the existing methods were idemtifead work towards overcoming those
problems was conducted. Thus, the most relevanhadstwere further developed within
WP5 and some novel alternatives were also intraditweleal with the concept requirements.

For the short-term conflict resolution level, Detahsed Navigation Functions have been
used to handle conflict resolution in a real-tirdistributed feedback manner. To accomplish
this task, navigation functions, previously develdgor path planning in the field of robotics,
were extended to incorporate dynamic constraintparimount importance to air traffic
control scenarios (such as, for example, limitstten aircraft airspeed). Moreover, practical
considerations such as the sensing and commumcetthi envisioned by the concept were
also incorporated in the method. While these modiions weakened the strong theoretical
guarantees that navigation functions provide inrtii#tics context (collision avoidance and
convergence to the goal) they enabled the methobletaapplied to realistic air traffic
situations. The validation exercise demonstrateat tihhe method is able to deal with
encounters involving a large numbers of aircrajfit t 100); due to computational limitations,
however, it was not possible to test the methothenhighest densities of the SESAR 2035
traffic sample. Still, taking into account the facat the method is naturally decentralized and
the necessary computation will be divided equaftyoag the aircraft involved, the method
demonstrated provides good potential for real tapelication; in the validation the entire
computation for all aircraft was executed on a lgirgpmputer, hence became prohibitively
long when the number of aircraft exceeded 100 vaweia reality the same computation
would be divided to 100 computers, one on eachraitrdOn the theoretical front, follow-on
research should be able to recover the theoragicalantees offered by Navigation functions
in robotics despite the presence of the additi@oalstraints introduce to accommodate the
iIFly concept requirements.

For the mid-term level, two approaches were dewtlopnd tested in simulations. Those
methods were both based on the control theoreticegat of MPC. MPC has a long history in
the wide range of application areas (chemical m®@®ntrol, power electronics, automotive
etc.) but its impact on air traffic management basn very limited; the work in WP5 served
to introduce this approach to the air traffic maeragnt arena and demonstrate its potential.

The first of the two approaches is based on robusitiplexed MPC, a novel algorithm
originally proposed in the context of uninhabitegtial vehicles, that can produce conflict
resolution manoeuvres with formal guarantees orflicomvoidance and the duration of the
manoeuvre. The method was successfully tested snbaet of the SESAR 2013 traffic
sample. However, the validation also showed thatadfic densities increase the optimization
problems that one needs to solve to compute thelutesn manoeuvre tend to become
infeasible and the method does not seem to becayidi to the highest densities of the 2035
traffic sample. This is in sense an unavoidableseqonence of the strong theoretical
guarantees provided by this method, which force tonmake worst-case assumptions about
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the disturbances that enter the system leadingrtge |safety margins. Follow on research
could concentrate on establishing a trade-off betwthe theoretical guarantees and the
conservativeness of the method and testing thétirggalgorithms in dense traffic samples.

The second alternative explored for mid-term cehftesolution was prioritized MPC, an
novel approach specifically designed and develofednatch the concept of operations
requirement for aircraft priorities. Several desajternatives had to be tested to develop a
method that is both intuitive and feasible to inmpémt in high traffic densities. For example,
early attempts to formulate conflict resolutionaasonlinear programming problem (the most
natural way to proceed) had to be abandoned, sinogputational complexity limited the
resulting algorithms to small numbers of aircréiistead, simplified aircraft dynamics were
used and constraints such as conflict avoidanespeed bounds etc. were approximated,
leading to a Mixed Integer Linear Program, whiclilddbe solved effectively for large traffic
samples. In a similar way, unsolved problems thevipusly developed methods in literature
faced, like identifying the conflicting situatiorefficiently and dynamically clustering the
airspace to reduce computational complexity anddleamhigh traffic densities have been
resolved within the work package. Validation wasried out on the SESAR 2035 traffic
sample, using a simulator with realistic aircr&MS and weather dynamics. The results,
documented in D5.4, clearly demonstrate that theripeed MPC method has the potential
for dealing with high aircraft densities, puttingffic projections of SESAR 2035 well within
reach.

Finally, another valuable result obtained in thekmwas the methodology for combining mid-
term and short-term conflict resolution in a colmgrénierarchical multi-layer scheme. This
methodology makes use of the knowledge that cdnféisolution is carried out in several
separate layers, allowing the designer to incluue dctions of the short-term resolution
algorithms in the decision making process of thel-tarm resolution algorithms. Initial
validation results on small traffic samples (docuated in Deliverable D5.3) demonstrated
that this could reduce conservativeness of two outh as well as produce coherent
resolutions throughout different horizon layersela computational complexity however (by
definition testing the method is at least as comple testing the short term algorithms by
themselves) it was not possible to validate thimlmioed approach on a realistic traffic
sample.

In summary WP5 was able to demonstrate that:

1. Navigation Functions (NF) recover the strong thecaé guarantees that the method
provides in robotics while maintaining the cruceadditions (dynamic constraints,
sensing and communication ranges, etc.). It has beeonstrated that NF can be
made applicable to an autonomous control settieg \then pilot is not in the control
loop). Then it is demonstrated that NF has sigaificpotential in resolving large
encounters. However, further research is necedeatind a way for integrating NF
approach with pilots in the loop concepts such aANOps is.

2. Prioritized MPC provides a viable alternative fordrterm conflict resolution in an
autonomous aircraft environment. The method redieoptimization and introduces
simplifying assumptions to formulate the confligsolution problem as a Mixed
Integer Linear Program that can be solved effityeab-line. Due to the simplifying
assumptions the theoretical guarantees that theoshetn offer are fairly limited. Still
extensive validation by simulation with realistizcaaft, FMS and weather models
indicates that the manoeuvres produced by the rda#d to be safe and efficient.

16 March 2012 TREN/07/FP6AE/S07.71574/037180 IFLY Page 33/84



iFly Publishable Final Activity Report Period: 22 May 2007 - 21 August 2011

Moreover, the computational complexity of the agmtois manageable, bringing even
the highest densities envisioned in the SESAR 2@8&ple well within reach.

3. Multiplexed MPC provides very strong theoreticalagantees for the quality of
conflict resolution manoeuvres at the mid-term lefthe strongest among all the
methods considered). This however makes the metbodervative and applicable
only to relatively small encounters. Further reskawill be necessary to remove this
obstacle and deploy the method to dense traffic.

4. It is possible to develop methods that seamlessigbine the actions of short- and
mid-term conflict resolution algorithms; an exampme such a combination using
Navigation Functions at the short-term level andQvi& the mid-term level was
developed in the project. However, the computatiammanplexity of the resulting
algorithm is by necessity higher than that of theividual short- and mid-term
algorithms. Additional testing and development éessary to established whether
such a combined approach is viable in dense traémarios.

In conclusion, WP5 has developed innovative confi@solution algorithms for which it is
formally possible to guarantee their performance dn advanced airborne self separation
ConOps in which the flight crew is not in the loofhese algorithms form a significant
extension over the state-of-the-art in conflictotaBon algorithms in aeronautics literature.
An explicit design feature of the A3 ConOps is thight crew has to be in the control loop.
Hence it remains to be investigated which of theettgped innovative conflict resolution
methods can be made of use to the A3 ConOps. Tiectation is that this might be quite
easy for the prioritized MPC approach, though teisiains a challenge for the NF and the
Multiplexed MPC approaches.
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7 Project execution for WP6: Cost-Benefit analysis

7.1 Objectives

The objective of this work package is to assessdisé-benefit of en-route%operations. The
operational benefits and costs associated withintreduction of A the concept will be
identified and the conditions under which the ps®mbconcept is viable will be determined.
The WP will assess the cost related to the aviotiaseline used by early ADS-B
implementations in Europe and USA, (regulated retspey by EC surveillance
implementing rule and FAA ADS-B mandate)

7.2 iFly Partners involved

WP6 has been conducted under the leadership of AV&EBINn WP6, the main research has
been performed by AUEB. Important inputs have beevided by HNWL, Isdefe and EEC.
Critical reviews of research reports have beenigea by NLR, HNWL, UCAM, ETHZ,
Isdefe and EEC.

7.3 Work performed and approaches employed

The ATM system involves a set of operations that at the safe and efficient planning and
management of the air traffic. The ATM stakeholdetise relevant institutional and
organizational framework and the operational amthrielogical issues constitute the critical
factors that affect the performance of the ATM egst The transition from the managed
airspace to the self-separation airspace as descnbthe Autonomous Aircraft Advanced
Concept of Operations EAConOps) signifies major changes in the role asgaasibilities of
the ATM stakeholders, the ATM technologies and eyst used, and the operations
performed during the en-route phase of a flightus'n essential prerequisite before the full
scale development and implementation of the prapo&€M ConOps is to assess the
institutional implications and economic viabilityf the proposed ConOps. Based on the
Description of Work, the objectives of WP6 were: t) identify institutional and
organizational barriers and enablers and the asacchanges needed for the implementation
of the A ConOps, and ii) to assess the economic viabilitthe proposed concept on the
basis of analyzed scenarios. The determinatiomefinistitutional and organizational issues
relevant to the AConOps was achieved through the assessment obthgatibility of the A
ConOps operational changes with the existing unsdimal framework. Moreover, the
assessment of the economic viability of @onOps was facilitated by performing a scenario-
based cost-benefit analysis. The work required dohieving the WP6 objectives was
organized into the following sub-WPs: i) WP6.1 Diepenent of a methodological
framework for cost-Benefit analysis, ii) WP6.2 indgional and Organizational analysis for
the implementation of the autonomous aircraft ofpema, iii) WP6.3 Data collection for cost-
Benefit analysis, iv) WP6.4 Cost Benefit analysid aesults assessment.

The assessment of the potential economic, ingitatj and organizational impacts emerging
from the introduction of the AConOps to the ATM were achieved through two major
streams of work:

» Identification of the Institutional and Organizata barriers and enablers for the effective
implementation of the AConcept and determination of recommendations &tergial
institutional/organizational changes in the exgtilTM framework in order to facilitate
the implementation of theAConOps in WP6.2.
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« Estimation of the potential positive (benefits) amegative (costs) impacts of the® A
Operational Concept and assessment of the perfaeairithe A Operational Concept in
terms of cost-benefit analysis in WP6.1, WP6.3amb.4.

Figure 6 presents the methodology for the A3 Con&gsessment performed in WP6.

'
ATM INSTITUTIONAL/ INSTITUTIONAL/
ORGANIZATIONAL ORGANIZATIONAL ——>| RECOMMENDATIONS
FRAMEWORK BARRIERS & ENABLERS

ATM AUTONOMOUS COST/BENEFIT
AIRCRAFT ADVANCED ASSESSSMENT
STAKEHOLDERS CONCEPT
COST/ BENEFIT
ANALYSIS
METHODOLOGY

OPERATIONAL BENEFITS & COSTS
IMPACTS IDENTIFICATION

ATM OPERATIONS

Figure 6. Overall Methodological Approach of WP6.

The remainder of this section outlines the majdivaes performed in each of the two
streams of work presented above.

Institutional and Organizational Issues and Recommeadations

The analysis of the enablers and barriers enccenhtéor the implementation of the®A
ConOps was achieved through the assessment obthpatibility of the proposed ConOps
with the existing regulations and stakeholders’poesibilities. The determination of the
existing institutional framework of the ATM opermatis affected by the AConOps involved
the following tasks: i) specification of the bursllef regulations that dominate the existing
ATM system, and ii) assessment of the identifiggutations in terms of affecting any of the
A® ConOps elements. This step involved the identificaof the international and European
regulations which rule the ATM operations, incluglithe Single European Sky framework,
the ICAO annexes, and the European ATM Master FAdang list of regulations emerged by
considering the above bundles of regulations. Thusgreening process was implemented to
identify those regulations that are relevant to Affé/ operations potentially affected by the
Self Separation ConOps. The screening process agdgdted by identifying the changes of
the induced by the proposed ConOps. The outconbi®frocess was the identification of
the regulations relevant to each ATM component ity affected by the AConOps. The
core part of the proposed analysis involved thessaent of the proposed changes in ATM
operations and stakeholders’ role in terms of cgmgl with the associated prevailing
bundles of regulations. This analysis led to thentdication of the following issues: i) the
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changes in the ATM system that are inconsistenthat contravene with any of existing
regulations (barriers), ii) the elements (regulagioor bundles of regulations) of the
institutional framework that could potentially exiie and facilitate the implementation of the
proposed changes (enablers), and iii) the elenwdritsee concept not covered by the existing
institutional framework (gaps). The results of thésalysis led to conclusions and
recommendations about the bundles of regulatioatsshould be updated or revised and the
issues that they should cover in order to accommeodlae implementation of the Self
Separation ConOps. The relevant analysis conclutiat the implementation of the3A
ConOps in Europe requires institutional changesplinng the adaptation of the ATM
legislation (Single European Sky framework), regutaupdates (ICAO Annexes relevant to
the rules of the air, the navigation systems, dmdrole of the ANSPs), and reform of the
existing conventional role of the ATM stakeholderbe results of this work are provided in
Deliverable D6.2 “Institutional and Organizatiorahalysis for the implementation of the
autonomous aircraft concepts”.

A3 ConOps Cost-Benefit Analysis

The validation of the economic viability of the® £onOps involves the assessment of the
performance of the new ATM system in terms of c@std benefits. The objective of the
proposed cost-benefit analysis was to exploredflibnefits emerging from the improvement
of the ATM performance due to the introduction bé tA’> concept, exceed the associated
costs of implementing, operating and maintainingg teystem resulting from the
implementation of the AConOps.

A methodological framework was developed aimingdentify the major cost and benefits
indicators and metrics for each category of stakkhre (utilising standard ATM operational
concept validation methodologies like the E-OCVMIdhe EMOSIA) and the identification
of the input variables and the associated datainegents for each category of stakeholders
(ANSPs and Airlines). The costs and benefits ingheposed analysis refer to the additional
expenses and the cost savings/avoidance resuliingthe potential implementation of thé A
ConOps ATM system considering the SESAR enhanceld Ajstem as the baseline system.
The data collection process for assessing the @vsisbenefits induced by>AConOps to
Airlines and ANSPs involved the identification ofput values for the following categories of
variables: i) Global variables used as input mstiit calculating various cost and benefit
variables, (e.g. air traffic growth, discount ratg) Time variables (e.g., Start year of the
analysis, Pre-implementation period of, Amplementation period of 3\ iii) Baseline
variables which refer to performance measures oMAldnder the baseline scenario (e.g.,
annual baseline en-route ATFM delay, annual basehiight Inefficiency), iv) Cost and
Benefit variables, which refer to various cost edes (e.g., forward-fit cost per aircraft) and
cost savings (e.g., Reduction of ANSPs chargegestvely. Various information sources
were investigated in obtaining data for estimatimg variables involved in the CBA for the
Airlines and ANSPs. However, limited data availdpilwas encountered for estimating
various benefits and costs for both ANSPs (e.geéftuction of the en-route ANSPs staff and
operating (non-staff) cost, ANSPs one-off impleratioh cost) and Airlines (e.g., %
Reduction of the en-route ATFM delay,% reductiontloé Horizontal and Vertical Flight
Inefficiency,% Reduction of the Vertical Flight fifieiency % Reduction of the en-route
ANSPs charges, retro-fit and forward-fit costs tfee Airlines). Given that no measured data
were available for the above stated variables, #xpeere asked to provide judgments. A
template was developed to collect experts judgmemtguired for estimating the
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corresponding cost and benefit variables. The aaslompleting this template was assigned to
organizations participating in WP6. Only data relyag the ANSPs one-off implementation
cost were obtained through this process. Howewer rélevant estimates referred only to a
single organization (AENA) and not the entire badyANSPs in Europe. In general, limited
description of the specifications regarding theppsed A operations hindered the provision
of estimates regarding the potential improvemem&TFM delays and flight inefficiency and
the reduction of the operating cost for the ANSMereover, issues associated with the
provision of proprietary industrial data made iffidult for the corresponding partners to
provide estimates for the avionics costs (forwardzhd retro-fit costs). Given the above
stated limitations, a typical application of the £Br either the Airlines or the ANSPs would
yield results associated with high uncertainty, alhivould provide no credible findings
regarding the cost-effectiveness of tht @onOps for either category of organizations. Thus
the focus of the analysis was placed on the apjgit@af a scenario-based CBA for assessing
the A> ConOps impacts. The proposed analysis framewmd\ved the application of CBA to

a series of analysis scenarios built on the bdst®mbining various valid alternative values
for uncertain variables (i.e., variables for whiot data were available) associated with the
costs and benefits of *AConOps. Thus, given a specified B/C ratio and mhination of
values for the cost (or benefit) uncertain variapleverse CBA calculations were performed
in order to determine the corresponding valueefltenefit (or cost) variables for which the
targeted B/C ratio was achieved. The expected mecof this type of analysis was to
determine the operational improvements and coshasies for which a predetermined
economic performance can be achieved.

A large number of Analysis Scenarios were developethe airlines case, the application of
the proposed approach involved analysis scenariowhich alternative combinations of
benefit variables were determined for given forwhir@¢ost values on the basis of yielding a
predetermined B/C. On the other hand, the apptinaif the analysis approach for the ANSPs
involved analysis scenarios in which the ANSPs offiemplementation cost was calculated
on the basis of yielding a predetermined B/C fgh&n ANSPs en-route Staff Cost reduction
and operating (non-staff) cost reduction. Moreoyerlines and ANSPs combined scenarios
were analysed in order to identify alternative esluor the costs and benefits for both
stakeholders (simultaneously) for which a predeireech B/C may be achieved. The execution
of the above stated analysis scenarios led to A @sults. The analysis results for the
airlines indicate that AConOps can be economically viable even under thestwcase
scenario (where the forward-fit cost reaches ighést value while the expected ATFM delay
reduction and flight inefficiency reduction takeethlowest possible values). Moreover, the
CBA for the ANSPs indicated that'AConOps may contribute to the substantial reduation
the en-route service cost. The findings of the C8#em encouraging for developing A
ConOps to its next maturity stage from the perspeaif both the Airlines and the ANSPs
economic implications.

The work performed for the CBA assessment of theCABOps is provided in the following
four deliverables: Deliverable D6.1 “Methodologi¢atamework for Cost-Benefit Analysis”,
Deliverable D6.3 “Report on Data Collection”, Dalrable D6.4i “Interim Report on Cost-
Benefit Analysis”, and Deliverable D6.4 “Cost-Beménalysis Results Presentation”.

Deliverables

D6.1 Methodological Framework for Cost-Benefit AnalybisK. Zografos and K.
Androutsopoulos
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D6.2 Institutional and Organizational analysis for thelementation of the
autonomous aircraft operations by K.G. Zografoskamil Androutsopoulos

D6.4 Cost-benefit results presentation

7.4 How the MTR review has influenced the work

The Mid-Term review was focused on the methodoklgitamework developed for the

assessment of the economic impacts in terms of-Basefit Analysis. The approval of the

proposed methodological framework by the EC exiemaewers prompted the WP6 team to
proceed to its implementation for the economic sssent of the AConOps.

7.5 End results, elaborating on the degree to which the objectives were
reached

The work in WP6 resulted to various findings addmeg the major objectives stated on the
Description of Work (i.e., identification of thestitutional and organizational barriers and
enablers and the associated changes needed f@nimapling A ConOps, and assessment of
the economic viability of the proposed concept). n@oning the institutional and
organizational issues arising from the introductadnthe A ConOps, the relevant analysis
concluded that the implementation of the Self sgjam ConOps in Europe requires
substantial institutional changes, including adigtaof the ATM legislation, regulative
updates, and reform of the existing conventionkd of the ATM stakeholders. Based on the
findings of the institutional analysis, the Singlaropean Sky framework and the regulations
for the flexible use of the airspace will be moséiffected in an effort to introduce the
proposed ConOps. Moreover, the changes requirddleinATM systems and technologies
associated with the AConOps implementation imply substantial revisidntiee ICAO
Annexes relevant to the rules of the air, the retiog systems, and the role of the ANSPs. In
addition, significant implementation regulationsii@ielines and rules) will be required for the
delegation of the separation task to the flightwcr@vhich is the cornerstone of the® A
ConOps) and the remaining elements of tHeCANOps supporting this task (e.g. AFR rules,
ASAS and ACAS applications).

On the other hand the results from the CBA seenowmaging. A major finding from the
Airlines analysis is that as B/C increases, higtreroute charges reduction are required for
the same level of ATFM delay reduction and Fligigfficiency Reduction. However, even in
the most pessimistic scenario (forward-fit Cost=3%28, ATFM delay reduction=0% and
Flight Efficiency Gain=0%), en-route charges redutiabove 40% is sufficient to achieve a
B/C above unity. Based on the findings of this gsialit was estimated that a 40% reduction
of en-route ANSPs charges corresponds to 64.5%ctiedu of the en-route staff cost.
Moreover, based on the relevant CBA calculatiorehle scenarios may be identified even if
the forward-fit cost was underestimated by a facdbr2.5, and % en-route ATFM delay
reduction and % Horizontal Flight Efficiency Gaiwere equal to 0%. The ANSPs analysis
indicated that even a marginal reduction of the REI®n-route staff cost is sufficient for
achieving a B/C above 1. This finding implies that ConOps is expected to reduce
substantially the en-route service cost. Howeuewas found that a 10% reduction of en-
route staff cost, corresponds to 6.2% reductiormfoute charges implying that the airlines
may achieve a B/C above unity if substantial reidacof the en-route inefficiency and the
ATFM en-route delay (e.g., by 12% and 5% respelyijvis attained. In general, the®A
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ConOps changes will have dramatic implicationsh® én-route ANSPs operations, resulting
to considerable reduction of operating (staff aod-gataff) cost.

As an overall conclusion it can be argued thataihaysis results provided in this report seem

encouraging for developing®AConOps to its next maturity stage from the perspeofboth
the Airlines and the ANSPs economic implications.
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8 Project execution for WP7: Accident risk and flight efficiency of
A% operation

8.1 Objectives

The aim of this WP is to assess th& oberations developed by WP1 and WP2, through
hazard identification and Monte Carlo simulation aeccident risk as a function of traffic
demand, to assess what traffic demand can safelpcdosemmodated by this advanced
operational concept, and to assess the efficiericth® flights. The accident risk levels
assessed should be in the form of an expected ,valu85% uncertainty area, and a
decomposition of the risk level over the main gsktributing sources. In order to accomplish
this assessment through Monte Carlo simulation,ctiraplementary aim of this WP is to
further develop the innovative HYBRIDGE speed uprapches in rare event Monte Carlo
simulation.

8.2 iFly Partners involved

WP7 has been conducted under the leadership of Mikhin WP7, the main research has
been performed by NLR, TWEN, UCAM, INRIA, DSNA ambliMi. Critical reviews of
research reports have been provided by HNWL and.EEC

8.3 Work performed and approaches employed
Description of work
The work has been organised in the following faiy-8VPs:

WP7.1: Monte Carlo simulation model of A operation

The development of a Monte Carlo simulation modeAdoperation has been accomplished
through a sequence of steps. First a scoping heas ferformed regarding the desired risk and
capacity simulation study. An important aspectho$ tscoping was deriving the appropriate
safety requirements from ICAO and ESARR4 regulatidext a hazard identification and
initial hazard analysis has been performed forAfi@peration developed by WP1 and WP2.
After these preparations the main work has beefoeed, i.e. the development of a Monte
Carlo simulation model that captures the accidésk and the flight efficiency of the A
operation. The developed simulation model covees tbman and technical agents, their
interactions and both the nominal and non-nomispkats of the operation.

WP7.2: Monte Carlo speed up methods

First a review of the Monte Carlo simulation baaedident risk assessment situation has been
performed. This review also covered the novel MdD&lo simulation speed up techniques
that had successfully been developed and appli¢iaeinFly preceding HYBRIDGE project.
Subsequently, potential directions have been ifiedtithat were expected to provide
significant room for the further development of quWementary speed-up and bias and
uncertainty assessment techniques. These optionsnfsovement have subsequently been
elaborated and tested on their effectiveness. Tdtengial options that have been studied
within iFly WP7 are:
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» To develop an effective combination of Interacti®ayticle System based rare event
simulation with Markov Chain Monte Carlo speed ephnique

* To develop a method to assess the sensitivity diipfeiaircraft encounter geometries
to collision risk, and develop importance samplipproaches which take advantage
of these sensitivities.

» To develop novel ways how Interacting Particle 8ysspeed up techniques that
apply to a pair of aircraft can effectively be exded to situations of multiple aircratft.

» To develop an efficient extension of Interactingtiele System based rare event
simulation for application to hybrid systems

* To combine Monte Carlo simulation based bias arerainty assessment with
operation design parameter optimization.

All these candidate improvements have been exploretheir effectiveness and the way to
integrate them with the innovative speed up apgresceveloped within HYBRIDGE. The

resulting speed up approach has subsequently Iseehto conduct sensitivity analysis within
Ssub-WP7.4.

WP7.3 Perform Monte Carlo simulations

Monte Carlo simulations have been performed tosassellision risk of the Aoperation. At
this stage of the work, the results were of postineation type. On the basis of these point
estimation results, an intermediate report has h@educed which shows the assessment
results obtained for Poperation.

WP7.4 Final report

This was the finalization of the report. The safetalysis has been extended with sensitivity
analysis using novel methods from WP7.2. The reglitained have been documented in iFly
report D7.4.

Deliverables

D7.1a Accident risk and flight efficiency of Poperation - Scoping and safety target -
by H.A.P. Blom

D7.1b Hazard Identification and Initial Hazard AnalysisAo’ ConOps based operation
by H.A.P. Blom, G.J. Bakker, M.B. Klompstra and.E.Bussink

D7.2a Review of risk assessment status for air traffatitdts: H.A.P. Blom, J. Krystul,
P. Lezaud and M.B. Klompstra

D7.2b Trans-dimensional simulation for rare-events ediibneon stochastic hybrid
systems by N. Kantas and J.M. Maciejowski

D7.2d Periodic Boundary Condition in Simulating Large I8cairborne Self Separation
Airspace by A. Goswami, G.J. Bakker, H.A.P. Blom

D7.2e Rare event estimation for a large scale stochhgbdd system with air traffic
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application - IPS extension to large hybrid systerog H.A.P. Blom, G.J.
Bakker and J. Krystul

D7.2f Sensitivity analysis in Monte Carlo simulation béisare event estimation by
M.B. Klompstra, G.J. Bakker, H.A.P. Blom

D7.2g Final Report on Monte Carlo speed-up studies by.Pl..Blom and G.J. Bakker

D7.4 Final report on accident risk assessment of advhaaegonomous aircraft
operation

8.4 How the MTR review has influenced the work

MTR identified significant delay in the various dies aiming to further improve the
acceleration of the rare even MC simulations, aacommended appropriate actions. In
response to this MTR recommendation, WP7 has beenganized. The key change was that
WP7.4 completion has been scheduled in paralldh wie completion of the WP7.2, i.e.
further improvement of MC speed-up.

8.5 End results, elaborating on the degree to which the objectives were
reached

WP7 has produced two types of end results:
- Safety assessment of thé @onOps under very high en-route traffic demands
- Improvement of rare event Monte Carlo simulatiarhteques

Safety assessment of the A> ConOps

In [iIFly D1.3] an advanced airborne self separatperation for en-route airspace has been
developed under the namé £onOps (Concept of Operations). The key questmse@ by
the iFly project is how much en-route traffic demawcan this A ConOps safely
accommodate? In order to address this questionjle-agent model of the AConOps has
been developed, which includes human and techaigaihts, their interactions and both the
nominal and non-nominal aspects of the operatiobs8&quently this model has been used to
run rare event Monte Carlo simulations for thedaiing three encounter scenarios:

1. Two aircraft head-on encounter

2. Eight aircraft head-on encounter

3. Random traffic scenarios
The MC simulation results obtained for these sdemashow that the AConOps model
works very well for all scenarios considered. Mepecifically, the results show that thé A
ConOps model may safely accommodate 3x to 6x #féddemand of a very busy en-route
sector in 2005.
Parameter sensitivity analysis shows that the tesale pretty insensitive to Required
Navigation Performance (RNP) level, Crew responigee,t Medium Term separation
minimum and Groundspeed. Significant sensitivity leen identified regarding Airborne
Separation Assistance System (ASAS) dependabibtyell and the tactical separation
minimum. For the ASAS dependability this means thalhould be 10x more dependable than
what was needed for using the Autonomous MediteaarFree Flight (AMFF) ConOps over
the Mediterranean. For the Tactical separation mumn there appears no need to reduce the
current value of 5 NM minimum tactical separatiorthie 3 NM proposed in [iFly D1.3].
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Hence the answer to the fundamental question garagtd Airborne Self Separation can

safely accommodate 3x high 2005 traffic demandeutiae following conditions:

* The dependability of ASAS support systems has toflaehigh level. From the rare event
MC simulation results safety objectives for the elegability parameters of the various
sub-systems have been identified.

 The most demanding safety objective concerns tbbatility of ADS-B Global being
down: it must be 5 times better than what has bdentified as being needed for the
Autonomous Mediterranean Free Flight. If the safetyectives for the ASAS system
dependability cannot be realized in practice, themlternative is to improve future TCAS
such that this provides a 5 times higher factosdfety improvement than current TCAS
does.

Because iFly project covers the safety evaluatibrihe early development phase of an

advanced airborne self separation ConOps, it ismetended that these findings receive

follow-up research in the next>AConOps development and validation phase. Follow-up
research should also cover weather influences,rpcation of vertical movements, and
further validation of the Amodel results.

In conclusion, WP7 has successfully evaluated theCAnOps with respect to safety as a
function of en-route traffic demand increase ovght2005 demands. The assessed risk level
has been compared against ICAO and SESAR safeky aidgeria that apply under
corresponding higher traffic demands. This hasipexva good indication of how much and
in which directions a “state-of-the-art"*foperation has to be further improved in order to
accommodate a factor 3 en-route traffic increase Burope relative to high 2005 demand. In
addition, WP7 has identified which limitations haweebe mitigated in order to accommodate
a three to six times increase in air traffic demand

Improvement of rare event Monte Carlo simulation techniques

Within WP7.2 of the iFLY project, several studiesvh been performed on the development
of various complementary methods that aim to imprtive speed-up performance of rare
event Monte Carlo simulation of advanced ATM cona&pperations. The D7.2g report has
provided an overview of these complementary spgedesaults, and has shown how this has
been exploited, within the iFly project, in thegavent Monte Carlo simulation of the A3
ConOps. The central method is the Interacting €larttystem (IPS) method that has been
developed and used for ATM in the HYBRIDGE porje&h overview of the background of
this IPS approach has been given in [iFly D7.2&k Tollowing further extensions of the IPS
methods have been studied within iFly WP7.2:

* Monte Carlo Markov Chain (MCMC) [iFly D7.2Db]

» Exploiting Complexity measures

* Periodic Boundary Condition (PBC) [iFly D7.2d]

» Hierarchical Hybrid IPS (HHIPS) [iFly D7.2€e]

* Regression analysis [iFly D7.2f]

All five complementary results have been carefalnsidered for their exploitation within
the iFly project. For the MCMC, the Complexity meess and the Regression analysis
approaches it has been identified that these rapy@ioaches were promising, but at the same
time were in need of further development priortteitt application to the rare event evaluation
of the A ConOps. In combination with IPS, both the PBC #r@lHHIPS results have been
used for the evaluation of the’ &£onOps. The main finding is that standard MC satiah
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has an advantage over Sequential MC (SMC) in timses¢hat it provides more detailed
results for events that happen regularly. Howewar rire events, properly tuned SMC
allowed to evaluate for the ConOps up to four asddrmagnitude less frequent events. This
means that in practice it is best to make a contburse of standard MC simulations and SMC
simulations.
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9 Project execution for WP8: Further Refinement of the A® ConOps

9.1 Objectives

The objective of WP8 is to refine the A3 ConOps &mdeevelop a vision how A3 equipped
aircraft can be integrated with SESAR concept. Kéne inputs to be used for the refinement
are the innovative methods and architecture imitina that are delivered by WP3, WP4 and
WPS5. In addition, use is made of feedback from VWWB6 and WP7. The WP will make use
of results from global work performed by AP23. Tdigective of WP8 also is to describe the
non-airborne requirements in support of A3 equippiectaft.

9.2 iFly Partners involved

WP8 has been conducted under the leadership dielsdéthin WP8, the research has been
conducted by Isdefe, NLR, ETHZ, UCAM, NTUA, PoliMiifNWL, AQUI and EEC. Critical
reviews of research reports have been providedl#y, MNWL, Isdefe, Dedale and AUEB.

9.3 Work performed and approaches employed

The WP has been organised in five sub-WPs.

 WP8.1 Integration of mathematical results.

« WP8.2 Distributed Air Traffic Flow Management Copte

» WP8.3 A3 equipped aircraft within SESAR.

* WHP8.4 Non-airborne requirements in support of AGigpoed aircraft.
* WP8.5 Potential directions for further refinemehA8 ConOps.

WP8.1 Integration of mathematical results

Within WP8.1 the results obtained in the mathenadt®@Ps have been evaluated upon their

value for being integrated within the’ £onOps. Options that were still open within the A

ConOps have been further analysed and consequgméduced by taking advantage of the

outcomes of the innovative methods developed by W34, WP5, WP7 and WP9, i.e.

* Methods for the timely prediction of complex coaflconditions (WP3).

* Methods to systematically identify and analyse poaé safety critical multi-agent
situation awareness inconsistency conditions itridiged designs (WP4).

» Advanced multiple conflict resolution methods whicave the potential to be formally
validated on their performance (WP5).

* Advanced design aspects that have been developleit WWP7 and WP9.

WP8.2 Distributed Air Traffic Flow Management Concept

Sub-WP8.2 has developed a concept for flow managewigch supports and emphasises the
philosophy behind autonomous aircraft operationsthe current day ATM system several
layers of traffic management are incorporated. E&mfer has the objective to avoid
overloading the subsequent layers with too mudifidripad. The layer ATFM in the current
ATM system has the objective to not overload amgats and sectors with too much traffic
by balancing capacity and demand. In the curreptAdeM system capacity is limited due to
a number of factors like runway separation miniaiggort weather conditions, and controller
workload limitations. Demand is dependent on fetamce airline hub strategies and customer
preferred flying times.
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Although controller workload is less of an issudathwautonomous aircraft operations a
number of the current bottlenecks will not dissctwgomatically. If these capacity limits are
not addressed well, pilots may find themselvesiiyeircles in a stack. So there clearly was a
need for a form of ATFM which works in conjunctianth autonomous aircraft operations.

In an environment with autonomous aircraft operstimew opportunities arise to reduce
delays imposed by ATFM. Shorter feedback loops walofor better adjustment to

uncertainties. Fewer bottlenecks make it easiéntb solutions accommodating for real 4D
ATM. Furthermore, ATFM can within limits assure @igh CDM and demand management
that the traffic levels for autonomous aircraft @t®ns do not exceed above set restrictions.

In this sub-WP the following activities have beemfprmed:

* The interactions of autonomous aircraft operatiand highly automated ATC with air
traffic flow management have been identified;

« The problems and weak-points from air traffic flowmanagement interacting with
autonomous aircraft operations (together with thetigations) have been identified.

« An air traffic flow management concept which empées the advantageous of
autonomous aircraft operations has been developed.

WP8.3 A’ equipped aircraft within SESAR

Sub-WP8.3 has developed a vision hoWeuipped aircraft can operate within SESAR. In
doing this, WP8.3 has kept all options open foralitthere does not exist yet a good rationale
to make design decisions. Within WP8.3 the ConQgisiv has been based on an analysis of
how the A ConOps impacts strategic ATM options identified3BSAR on issues such as:

* Mixed equipage

* 4D ATM including a systematic way of working witimeertainty

* Integrating ATFM (from WP8.2)

« CDM and demand management

* Human roles and responsibilities

* System Wide Information Management (SWIM)

Due to the nature of Poperation, the AConOps is purely focussed on the airborne-side and
under the demanding condition that all aircraft Areequipped. In practice, however, a
gradual increase of equipped aircraft will be tlasec Therefore WP8.3 has developed a
vision how the gradual increase of &quipped aircraft within the SESAR settings shdiild
best. This way, WP8.3 aims to contribute to the ARSperational Evolution regarding
ATM Service Level 5 conceptualizing the implemeintat of 4D Trajectory and the
introduction of ASAS Self-Separation in a mixed racghvironment. This way, WP8.3 has
addressed the question how well thethinking combines with the gradual implementation
of autonomous aircraft operations, where IFR andR Afircraft may coexist for a period of
time.

WP8.4 Non-airborne Requirements in support of A equipped aircraft

Sub-WP8.4 has identified the necessary non-airbeuport to A (e.g. FOC, ATFM,
SWIM, COM, etc.). To accomplish this, thé’ £&onOps of WP8.1 has been combined with
the early WP6, WP7 and WP9 results in assessingttoperation. This allowed to place the
A® ConOps in the perspective of the traffic demanctlie that are supported by the A
operation alone and within SESAR perspective respdyg. And this also allowed to identify
the impact on the non-airborne requirements dfoperations (e.g. FOC, SWIM, ATFM,

16 March 2012 TREN/07/FP6AE/S07.71574/037180 IFLY Page 47/84



iFly Publishable Final Activity Report Period: 22 May 2007 - 21 August 2011

COM, etc). The rationale of addressing the requinets from a non-airborne perspective has
been documented. Specific non-airborne requirentbatshave been looked at include:

« Communication requirements (voice, data-link)

» Data accuracy, integrity and availability

« Automated ground surveillance support requiements

* Network security

» Pre-flight requirements

* Arrival and Departure Management requirements

* Flow management requirements

WP8.5 Potential directions for further refinement d A® ConOps

WP8.5 has analyzed potential risks regarding kesfopeance areas (KPA's): safety,
cost/benefit and capacity. The chosen approactedtaith an expert based identification of
potential risks requiring further attention, usiegults from other WP’s.

On the basis of these inputs, experts working ggdwgve been organized in order to identify
potential risks of this advanced operation con@ptvell as potential directions for further
improvement and refinement. The activities have nbeeganized using the following
systematic steps:

Step 1: Identification of technical areas. Durihgtstep the most relevant technical areas in
relation to KPA's: safety, cost-benefit and capab#ve been identified.

Step 2: Evaluation and filtering of results. Thispshas been conducted in order to filter the
information provided by previous studies and thekndone in previous work packages.

Step 3: Identifications of potential risks. Duritlyjs step various potential risks have been
identified that may apply to aircraft using th@@onOps rules.

Step 4: Identification of potential directions f@finement. During this step the best possible
potential directions for refinement of the ConOpsdbeen identified.

Step 5: Study of redundancy and correspondenceinduhis step it has been identified
whether there are any inconsistencies between dtengial directions for improvement
explained above.

Step 6: Finally, the main potential improvemeniwiigs have been identified.

Deliverables

D8.1 A® ConOps refinement

D8.2 Flow Management in Self-Separation Airspace by Bbéek

D8.3 A% equipped aircraft within SESAR's concept of ofierat

D8.4 Non-airborne requirements for’ Aperations

D8.5 Identification of Potential Directions for Furthefinement of the A3 ConOps

9.4 How the MTR review has influenced the work

An important recommendation stemming from the MT&swo systematically maintain the
options considered for possible use within tHeCanOps, and to be precise which versions of
the A®> ConOps were evaluated within which of the other’s¥Fhis recommendation has
been implemented in WP8. The largest impact ofdkisision applies to refinement of thé A
ConOps within WP8.1. As a consequence the D8.1rrdps been developed as a living
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document during the remainder of the iFly projét¢nce the completion of the final D8.1
report shifted to the end of the iFly project.

9.5 End results, elaborating on the degree to which the objectives were
reached

D8.1 identifies a number of options and possikiitin several issues. Thé SonOps is an
innovative concept, the studies performed in thevipus work packages have provided
several option in the autonomous mode flight conc€pese options have been evaluated,
and the best options have been identified.

D8.2 identifies the interactions of A3 ConOps withe air traffic flow management,
identifying the operative restrictions and finadlgvelops the concept for flow management in
Self-Separation Airspace.

D8.3 defines a soft integration of £onOps and SESAR, supporting a soft transitioredbas
in several scenarios identified.

D8.4 identifies the non-airborne requirements t@psut a safety autonomous aircraft
operation with self-separation capability.

D8.5 identifies the bottlenecks and mitigation dtiés in safety and cost / benefit, providing
a clear picture of the operative borders of A3 Cps1O

In conclusion, WP8 has largely realized the stiatedjectives in the further refinement of
the A* ConOps using results from other WP's. In additddP8 developed a vision how’A
equipped aircraft fit best within the SESAR thinkiregarding future ATM, such that the
resulting operation goes beyond thé én-route operation in such a way that it safely
accommodates a factor three to six more traffia itecurrent busy traffic levels.
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10 Project execution for WP9: A® Airborne system design
requirements

10.1 Objectives

WP9 has two main objectives:

* To define preliminary Safety and Performance Reaménts (SPR) for the Autonomous
Aircraft Advanced (&) Concept of Operations developed in the iFly WP1.

« To use the results of SPR process to develop prelip airborne system design
requirements for future avionics supporting tHeancept.

The primary task of the iFly WP9 was to apply tHfeéRSdevelopment process described in

EUROCAE ED-78a/RTCA DO-264 to the’Soncept. The specificity of iFly’s approach lies

in the fact that the above mentioned process isnel@fas a pre-requisite for industrial

deployment of applications and as such it is ugugdplied considerably later in the concept

development cycle. Therefore it was necessary aptaitk use and outputs to innovative and

research character of the iFly project where it \wpplied as a concept development tool

rather than as an industrialization tool.

The main objectives of the SPR development procethe iFly were thus:

« Formalize (from airborne perspective) elementshef A’ concept in terms of operational
description and requirements.

« Identify key missing elements of the’ @Boncept from the industrialization/avionics point
of view.

* Provide the link with existing standards and relatirborne system requirements
(typically associated with other ADS-B In applicats).

10.2 iFly Partners involved

WP9 has been conducted under the leadership of HNMithin WP9, the main research has
been conducted by HNWL. Critical reviews of resbameports have been provided by NLR,
Isdefe, UTartu, Dedale, NTUA, DSNA, ETHZ, UCAM aB&&C.

10.3 Work performed and approaches employed
The work has been organised in four subWPs:

WP9.1 — Operational Services and Environment Desgstion (OSED)

This sub-WP has developed an OSED describing teeatipnal environment and the air
traffic services required to support the*&oncept described in the®AConOps delivered by
WP1 and refined by WP8.1. To accomplish this, use leen made of the’ A£onOps from
WP1, the output of WP2, and the innovative mettools WP3, WP4 and WP5.

The OSED development has been based on an opedatenvices and environment
information capture process that co-ordinates tmferination among stakeholders. The
process has captured elements related to a deBNKIATM system, and included aspects
such as aircraft equipage, ATS provider technigatesn, communication service provider
systems, and procedural requirements. The worlopadd in AP23 on OSED building from
ASAS operational elements and ASAS avionics supipoittions has been analysed and used
as much as possible.
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The OSED has identified the operational servicekthair intended operational environments
and included the operational performance expectstitunctions, and selected technologies
of the related CNS/ATM system. Also, a high-levehEtional System Description has been
developed. In follow-up sub-WP’s this OSED facii#d the formulation of technical and
procedural requirements based on operational exji@es and needs.

WP9.2 — Operational Safety Assessment (OSA)

The OSA has assessed the system safety side alitberomous ATM concept described in
the OSED produced in WP9.1. This has been acconeglisthrough conducting two
interrelated processes. First an Operational HiaZesssessment (OHA) and second an
Allocation of Safety Objectives and RequirementSQOR).

Operational Hazard Assessment (OHA)

Well in line with the purpose and scope of an Oldperational hazards have been identified
and qualitatively assessed in relation to the fonelities defined through the OSED of the
advanced autonomous ATM concepts. This assessnemtleads to establishing safety
objectives and candidate safety requirements retateach identified hazard.

Operational services have been examined to ideatity classify hazards that can adversely
effect those services. Hazards have been classifiedrding to a standardised classification
scheme based on hazard severity, taking into atchuman factors. Overall safety
objectives have been assigned to the identifiedridsz

Allocation of safety objectives and requirements (ASOR)
Based on the results of the OHA, the ASOR has atéat safety objectives to organisations,
has developed risk mitigation strategies that &@rexd by multiple organisations, and has
allocated safety requirements to those organisation

Requirements have been allocated to the CNS/ATMesyselements that provide the
functional capability to perform the service and gtakeholders in control of or responsible
for each of the elements. Understanding the iotemas of the operational services,
procedures, and airspace characteristics has sudrsgq assisted in the identification of
failures, errors, and/or combinations thereof thanhtribute significantly to the hazards
identified in the OHA.

WP9.3 — Operational Performance Assessment (OPA)

Well in line with the purpose of an OPA, this sulP\WWhas developed the airborne
performance requirements for®foperations. Thereto, the definition and setting thoé
performance requirements have been linked to timapy performance objectives (extracted
from the OSED produced in WP9.1), as well as tetgadnalysis in WP9.2 and operational
needs (WP1, WP8.1).

Performance requirements have been derived to enthat the minimum operational
requirements are such that end users can expecsdime quality of services for the
autonomous ATM concept in any airspace where thréows elements of the CNS/ATM
system meet these requirements.
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WP9.4 — Airborne System Design Requirements

This sub-WP has used the results of the OPA and @8Aesses for the development of a
preliminary system design requirements for airbosgstems to support the® Aperations.
Also, a first estimation of their impact on airbemequirements has been provided.

Deliverables

D9.1 Operational Services and Environment DescriptioBED) of Airborne Self-
Separation Procedure (SSEP) by P. Cések, E. Gelnaro

D9.2 ED78a/D0O-264 based Operational Hazard Assessméti)@nd Allocation of
Safety Objectives and Requirements (ASOR) of AinecBelf-Separation
Procedure by E. Gelnarova, J. Jonék

D9.3 Operational Performance Assessment (OPA) by P.iC&séMejzlik

D9.4 Airborne System Design Requirements

10.4 How the MTR review has influenced the work

For WP9 the MTR review was placed at an ideal mamafter delivering of the OSED
document (which was also presented at MTR) butiwithe start of performance and safety
assessment tasks. This timing allowed to discusls @iternal reviewers the results of the
operational analysis of the*A&oncept (in particular, identified gaps) and, wivas the most
important, of the main objectives and activitiestltd adapted ED-78a process proposed for
WP9 tasks. In particular, a lot of attention wagdpa the way how to simplify the use of
obtained iFly results in subsequent ATM researah, @ithin the SESAR projects focused on
airborne self separation.

The outcomes of this discussion were used to refiagoroposed SPR development activities
and were therefore reflected in the following WRA\krables.

10.5 End results, elaborating on the degree to which the objectives were
reached

The iFly WP9 started with a deep analysis of thiecAncept (D1.3) aiming to refine the
existing operational description in terms of an @SHocument suitable for safety and
performance assessment of defined operations. ifideintmissing or insufficiently defined

elements of the concept were documented and, wbssilppe, their definition was refined or
some alternatives were proposed. In this conteéxt, focus was given mainly to the
description of information sharing process (inchgdisupport from ground systems),
communications, and the functional descriptionidi@ne systems.
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Figure 7: Information sharing in the A3 concept.

Important elements added to th& @ncept within this process were:

» Definition of ATM Service level as a characteristic of airspace describing theired
amount of information shared among self separatigraft and potentially also
supporting ground systems (e.g., only state repsid$e + intent reports, etc.).

» Detailed description of the communication chanmsksd during self separating operations

(see Figure 7).

Detailed definition of assumed information suppfsdm ground tools (System Wide
Information Management (SWIM) system) for highe3t\M\service level.

» Stage-decomposition of the self separation processthe aircraft perspective.

In order to simplify the allocation of operationshfety and performance requirements within

the following SPR process, the airborne system samposed into high-level functional
blocks (taking into account the existing airborneh@ectures) as shown in Figure 8.

Transmit / \
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Receiving /
System
_ Navigation Flight
ig
HMl Crew
Transmit
System
Tactical Maneuver
Ground Transmit Trajectory Modification
Systems System
Receiving
System ASSAP \ )

Own Aircraft

Figure 8: Functional blocks used in SPR process.

In addition, similar purposes led to definition af generic parameterization describing
airborne processing of detected potential conf(ise® Figure 9).
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The above operational description was used in ¢weldpment of preliminary performance
requirements within the OPA process. Although aaesh character of the’>Aoncept did not
allow to quantify most of identified requirements;ough the analysis of recent standards for
air traffic surveillance applications (in particylddO-312, DO-319, and DO-317) it was
possible in some cases to provide the links touihlees applied currently in these less
complex applications.

In accordance with ED-78a process, OSA was perfdrmeparallel with the performance
assessment. The operational hazard started byifidegtthe operational hazards, definition
of environmental conditions, external and inteméigation means, and development of fault
and event trees for each identified hazard. Threén rtypes of operational hazards were
considered in OSA:

» Aircraft is reacting on non-existing conflict (falslarm)

» Aircraft is incorrectly reacting on existing corfi
» Failure (detected) of airborne system.

Similarly to the OPA, a research character of tiedncept did not allow the quantification
(probabilistic) of the fault and event trees anerdifiore the focus was given on completeness
of the logic and causality structure of the ideatifhazards.
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Figure 9: Overview of conflict processing.

Finally, the output of the preliminary SPR proceescribed above was used as input to
develop high-level functional system design requiats for airborne system supporting the
A® self separation operations (D9.4). This documsritdased on definition of key onboard

functions as shown in Figure 10.
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Figure 10: High-level functional definition.

For each function a detailed description is prodidecompanied by the list of operational
inputs (definitions) required for its implementatidn addition, when some ambiguity/gap
was identified in the Aconcept, the affected functional requirementspaowided together
with applied operational assumptions. This approaak adopted in order to simplify future
update of the developed functional requirementsaated with future evolution of the self
separatioroncept (taking into account research charactdéeniFly project).

In conclusion, WP9 has fully reached the stratepgjective of WP9 to perform a preliminary
cycle through the EUROCAE ED78A method. This way9\fRas derived preliminary safety
and performance requirements on the applicabletifumal elements of the $Aoperational
concept focused in order to identify the requirchhology to make this concept a reality.
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11 Project execution for WP10: Dissemination-related activities

11.1 Objectives

The objectives of WP10 are to disseminate and @xty results in order to ensure the
appropriate involvement of the major European stakders on the project activity, and to
recommend the optimal use of the project results.

Dissemination and exploitation of project resutonsidered of primary importance for all
the partners involved in the iFly project. Recomdegions will be made as input to future
tasks and studies.

11.2 iFly Partners involved

WP10 has been conducted under the leadership of. NUiEhin WP10, key contributions
have been received from NLR, HNWL, ETHZ, NTUA, UCANPoliMi, AQUI, AUEB,
ENAC, EEC, TWEN, DSNA, INRIA and UTartu.

11.3 Work performed and approaches employed
The work has been organized in the following subWPs

WP10.1 Studies on socio-economic aspects

This sub-WP has assessed the expected socio-eaoriompact of the knowledge and

technology generated, as well as analysis of tbeifa that would influence their exploitation

on the following:

* The possibility to adapt separation minima (hasbeeluded by WP7 final report, in co-
ordination with the project RESET).

« An overall validation strategy/plan, addressingrimommended follow-up of the A3
ConOps.

WP10.2 Dissemination activities

The dissemination of project results has reliedtio®m usual mechanisms for publishing
scientific research. That is, the partners haveggldittle or no restrictions on the availability
of the results (beyond respecting the usual comaleronfidentiality), and have provided the
documentation to relevant scientific libraries asthblishments and have published papers in
relevant journals and conference proceedings. kheotie-mail and Internet has been used to
maximise the speed and effectiveness of the dissgion.

Key iFly partners belong to the ATM/ASAS researcmenunity and are active members of
CARE ASAS, ASAS Thematic network, FAA-EUROCONTROL ctian plans,
EUROCONTROL Programme Steering Groups on ADS, AG@E well as industry groups
such as EUROCAE, and the Requirements Focus GRE@). This way, dissemination of
project results to these working groups has besored and well facilitated. The list of
dissemination activities that have been managdddec

» Presentations and publications and presentatiomatbematical audience by WP3, WP4,
WP5 and WP7 (IEEE conferences and journals).
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» Presentations and publications to civil aviatiodiance by WP1, WP2, WP6, WP7, WP8
and WP9 (USA/Europe ATM, AIAA or IEEE-DASC confeiss)

* Presentations at ASAS Thematic Network workshops.

» Workshop on the mathematics of autonomous airgyadtly with a conference, e.g AIAA
or IEEE-DASC conference.

* Summer School on autonomous aircraft concept desigrvalidation.

* Intermediate presentations of the iFly projecti® @aviation community.

« Final presentation of the iFly project resultshe aiviation community.

* Web-based activities aiming at disseminating theakadge and technology produced
(iIFly web) + Eurocontrol Experimental Centre edett

* Final iFly executive project report (this report).

Deliverables

D10.1 Overall validation strategy and plan

D10.2.1 Scientific papers (see Appendix A)

D10.2.2 Workshop and presentations (see iFly web site)
D10.2.3 iFly websitehttp://iFly.nlr.nl

D10.2.4 Final iFly executive report (this report)

11.4 How the MTR review has influenced the work

During the MTR review, Mr. Peter Hotham, Chief atebt at the SESAR JU, has offered to
be point of contact with SESAR JU for the iFly maj. This for example has been very
helpful in preparing an iFly press release regaydine A3 ConOps in relation to SESAR, and
in giving a dedicated final iFly presentation toSBtR-JU experts.

11.5 End results, elaborating on the degree to which the objectives were
reached

In Table 3 a listing is given of the iFly dissentina achievements. The corresponding
material is available at the iFly web site.
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Table 3. iFly dissemination achievements within t project period

* iFlyer + web-sitehttp://iFly.nlr.nl
* iFly in EEC e-letter of March 2010
* Summer School at ICRAT 2010
o 1%June 2010 in Budapest
* 4 Workshops/keynotes at conference (e.g. CDC, Hdviethods)
o0 Workshop at CDC 2008, December 2008
o 1 FMA workshop at Formal Methods week, November 2009
o0 Keynote at ¥ EAAP. September 2010
o 2"FMA workshop at CDC2010, December 2010
* 1 presentation to RFG, FAA/Eurocontrol Action PE8) ICAO SASP
0 ASAS Global Network workshop in 2008
* 4 PhD Thesis
o 1in2010
o 3in2011
* 10 Master Thesis (in English language)
o 1in 2007
o 2in 2008
o 1in2009
o 3in 2010
o 3in2011
» 39 papers at mathematics oriented conferences
o 3in 2007
o 9in 2008
o 12in 2009
o 9in 2010
o 6in2011
» 20 papers at ATM/aviation oriented conferences (IN@A, ICRAT, etc.)
o 3in 2007
o 6in 2008
o 7in 2009
o 5in 2010
» 2 papers at other conferences (ICSS, TransporBe&search Board)
o0 1in 2008 (International Conference on System $pafet
o 1at 2010 (Transporation Research Board)
» 23 Journal papers
o 1in2008
o 8in 2009
o 12in 2010
o 2in2011
* 4 Book chapters
0o 2in 2009
0 2in 2010

A listing og the conference papers, Journal pagedsbook chapters is given in Appendix A.
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12 Summary of results and concluding remarks

This concluding section summarizes the achievenwdrttse project, explains how this relates
to the state-of-the-art and explains the expectepact of the project on its industry or
research sector.

12.1 Achievements of the project

The achievements of the iFly project are of twaesp
- Airborne Self Separation achievements
- Generic achievements

The airborne self separation achievements arellas/i

1. The A ConOps has been developed for en-route traffichvgpes beyond the limits
posed by the airborne self separation concepttenmaiure [iFly D1.3].

2. Study of the conflict detection and resolution peohs of the A ConOps can be
managed using algorithms that have modest compuatdtrequirements [iFly D5.4].

3. Study of shared situation awareness issues haalated the development of
mitigating measures for some safety critical caodg [iFly D4.2].

4. Through conducting large scale rare event MC sitiaria for a model of this A
ConOps it has been shown that it can safely accatateo3x the 2005 European
traffic demand [iFly D7.4].

5. Through conducting a cost-benefit analysis it hasnbshown that the introduction of
this A> ConOps is economically sound [iFly D6.2].

6. A vision has been developed how Aquipped aircraft fit best within the SESAR
thinking regarding future ATM [iFly D8.3].

7. By conducting an early cycle through the EUROCAE7BR method, for this A
ConOps preliminary safety and performance requirgsmbave been derived on the
applicable functional elements of the concept [iB8.3].

8. A human factors study has been performed, whichidestified the principles for
advanced cockpit design irf &quipped aircraft [iFly D2.4].

9. Novel directions for traffic flow control in supgoof the A ConOps have been
identified [iFly D8.2].

In addition to this the iFly project also has vasanore generic achievements:

1. Further extension of a powerful method in composdi modelling and analysis of
complex socio-technical systems [iFly D4.1].

2. Development and initial performance evaluationhoéé novel complexity metrics for
advanced ATM [iFly D3.2].

3. Development of four novel medium and short termfloacirresolution algorithms some
of which can guarantee conflict free resolutiof$y[iD5.3].

4. Development of powerful extensions of the rare eéWonte Carlo simulation method
IPS [iFly D7.2q].

5. An inventory of options for the possible refinemefithe A ConOps [iFly D8.1].

All these achievements have been documented waltedWer a steady stream of research
papers has been produced in support of dissemgniiase achievements.
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12.2 Relating the achievements of the project to the state-of-the-art

Advanced airborne self separation Conops

Development of advanced airborne separation apjgitsiis a long term process which will
be strongly dependent on the practical experierm® the deployment of earlier ADS-B In
applications, such as In-Trail Procedure or InteManagement (airborne spacing). In this
context the envisioned implementation timeframaidforne self separation is expected to be
2025+, i.e., beyond the SESAR scope. Although sé\associated research activities were
performed in past both in the US and in Europe €Hféght, MFF, ASSTAR), there are
several elements of the iFly project that goes idemably beyond them. For instance, the
previous research was typically based on the usesifigle communication channel (ADS-B
broadcast) of only state information, and operationow density traffic. On the contrary, the
iIFly project targeted high density traffic and & & effort was paid to develop a concept
having communication and information backup andfiping from different types of
information. Specific achievements beyond the siftthe-art in advanced ATM
development are:

i) A3 ConOps [D1.3]

i) Inventory of options for the refinement of an adveh ATM concept [D8.1];

iii) Innovative approaches towards traffic flow manageie support of the AConOps
[D8.2]; and

iv) Development of a vision to integrate® Aequipped aircraft with the SESAR 2020
thinking [D8.3].

v) SPR documents provide a novel level of detail amgaaced analysis (in particular,
with respect to safety) of self separation opersticomparing to the previous airborne
self separation research [D9.1 - D9.3].

vi) Setting out the principles to be adhered in theeltmment of an A directed HMI
design in the cockpit, such that this HMI providgstimal support to the crew, in
support of their new tasks and responsibilities.fIp2

Cost benefit of A> ConOps

Apart from using the proposed analysis approachstess economic impacts on involved
stakeholders, it can be used to identify the Con®psnomic targets under which the
emerging ATM system could be sustainable. A tod been developed in order to perform
the calculations required for applying the propo§&&A approach. This CBA tool could be
used by policy makers as a decision support taoéstimating alternative costs and benefits
targets under which the proposed ATM ConOps may Ieaa desired level of economic
performance. In addition, the analysis of the tntnal issues arising from the introduction
of the A* ConOps provided useful recommendations for regisire institutional framework
in order to facilitate the implementation of the@posed ATM changes.

Safety of A® ConOps

Thanks to the rare event MC simulations of WPHhas become clear that one school of
researchers was right: those who believed thatoaigh self separation can safely
accommodate very high en-route traffic demandss TTemoves large uncertainty for the
aviation industry which ATM directions can safelypport increasing traffic demands. Now
this uncertainty is resolved, it is expected thHat tmay trigger novel developments in
advanced airborne self separation, and the infegraf conventional aircraft with advanced
aircraft.

Mathematical results
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In air traffic complexity the state of the art @ hodel and predict complexity of air traffic
through explicitly adopting limitations of air tfaf controllers and sector boundaries. The
research in WP3 has led to the development of nowelplexity metrics that avoid these
limitations. However, it is not yet clear whethbese novel developed complexity metrics are
of specific use in the further refinement of tht@onOps.

The impact of situation awareness consistencyarsttie evolution of ATM scenarios is high,
as also demonstrated by a posteriori analyses dfl Adlated disasters. Early studies of
situation awareness in ATM were based of psycholdganalysis. The integration with

engineered ATM is in general a hard task becausenbdels employed by psychologists and
engineers are of different nature. The approackuyad in WP4 provides a unified formal

framework that integrates psychological studiessitdiation awareness with mathematical
models of technical devices in ATM. The approacketain WP4 can be considered as
“qualitative” in the sense that it answers yes orta the question of whether a situation
awareness inconsistency can lead to a safetyadrgituation.

Finally, conflict detection and resolution researbas produced the following clear
improvements over state-of-the-art:

1. They provide a systematic ways to deal with theuiregnents of the autonomous
aircraft concept of operations developed in iFhMheTextensive literature review
(documented in Deliverable D5.1) and the comparisfatie features of the available
methods with the requirements of the autonomousadirconcept (documented in
Deliverable D5.2) suggest that none of the existimgghods were suitable for this task
without further extensions. WP5 provided precissaligh extensions for the selected
short-term and mid-term conflict resolution methods

2. They strive for theoretical guarantees on the tabf the conflict resolution
manoeuvres that they produce. In literature thisoisyet a consideration for most of
the available conflict resolution methods. Howesaljd theoretical foundations and
the development of formal guarantees may for exangibviate the need for
extensive, expensive and time-consuming validagxperiments.

3. Demonstrate ways of coupling short- and mid-ternmflact resolution methods.
Clearly this is an important consideration sincestnaperational concepts envision
conflict resolution methods operating simultanepaslidifferent levels. To the best of
our knowledge in literature no methodology is aafalé for determining the effect
that the actions of one conflict resolution levell wave on the others. Hence the
novel WP5 results show a potential novel direcfionintroducing such cross-layer
considerations in the conflict resolution process.

12.3 Impact of the project on its industry or research sector

Airborne self separation supporting very high en-route traffic demand

From a societal perspective, citizens expect airsport to be affordable and safe in the future
as well as it is now. Hence, a potential stall efag in the further investment by the air

transport industry into airborne self separatiorgreually may have a very negative impact
on the users of the air transport system, anddhusuman society. Hence it is human society
that benefits significantly from a continuationedfective strategic investments of the aviation
industry into advanced air traffic operations. Ayksndition is that researchers are able to
present a joint view to the air transport indusiii}y has developed the key missing scientific
pieces of knowledge that solve this puzzle.
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The deployment of airborne self separation is g-@mm process and the iFly WP9 provided
another important step to increase the maturitthisf future airborne capability. Application
of a typical pre-industrial standardization processhe research %Aconcept was very useful
to show what are the weak points or missing elemerdgcessary to progress toward
industrialization. This output can also represenseful input for future research in this area,
e.g., the self separation projects in SESAR.

Integration with SESAR 2020

Regarding the integration of the A3 ConOps with 8RShinking, it is proposed that various
mixed aircraft conditions are further identifieddaanalysed on safety and economy (using
rare event MC simulation and cost-benefit analysi$lis way it will become clear which
transition paths are best feasible and which mo&ddition, in support of the3AConOps, new
systems must be developed and standardized bydustry. Also roles and responsibilities
for pilots and controllers will change, which hasbe developed in collaboration with airlines
and service providers.

Economic viability of the A* ConOps

A major issue in implementing *AConOps relates to the assessment of the relevant
institutional implications. Addressing this issuelates to the specification of the gaps,
enablers or barriers in the International, Europ@aua national institutional framework (as it
is derived from the existing legislation) that arfsom the transition of the ATM to the®*A
ConOps context. The results from the above ingtital analysis of will indicate what
legislative issues should be addressed in orddadiitate the implementation of a Self
Separation ConOps. Given that Self Separation CenfSpin its definition phase, the
institutional issues presented in iFly are subjedhe maturity level of the ATM operational
and technological changes presented within theeptojAdditional institutional issues may
arise in the future based on the specificatiorhefdetails for the operations and the systems
proposed within AConOps.

The assessment of thé SonOps economic implications on the relevant ATtsksholders
constitutes a major prerequisite for the deploynuérihe proposed ATM concept. Given that
the proposed concept is in its definition phase, shope of the AConOps Cost Benefit
Analysis is placed on exploring under which codal aperational improvements scenarios a
Self Separation concept can be potentially costetitffe. The results from this type of
analysis set the ATM performance requirements aedcbrresponding implementation cost
levels from a Cost-Benefit Analysis perspectiveisTigpe of assessment may accompany the
Self Separation ConOps development to more matages where refined and more concrete
Cost-Benefit Analysis results will be specified.

Safety analysis of complex safety critical operations
Through the iFly study it has become clear thae ravent MC simulation may form a
powerful approach towards learning about the sabetigavior of a large complex socio-
technical system, such as ATM. During the iFly stuseveral direction for further
improvement have been studied. Of these only adewid be used within the current study.
This also means, several direction are remainimgfdcther development. What does this
mean for follow-up studies of speeding-up rare ewgémulation of advanced ATM ConOps?
Regarding this question our view is as follows:

« HHIPS [iFly D7.2€] has proven to be able to assesg infrequent rare events for

two aircraft encounters. Hence, in order to doddwme for random traffic scenarios,
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HHIPS should be extended for its application totipld aircraft scenarios.

* In [Krystul et al., 2011] the convergence proofIBfS has been extended to the
Hybrid IPS version of [Krystul&Blom, 2005]. A furdr extension of this
convergence proof to HHIPS remains to be done. Suphoof should deliver the
exact mathematical conditions under which convergepehavior is as expected,
and when not.

« MCMC is a very promising approach for the furtherprovement of IPS [iFly
D7.2b]. As has been explained in Section 3, thks asproper handling of several
ATM relevant aspects, the most critical of whiclthie development of an effective
MCMC operator step for use in an advanced ATM daddPS.

» Regression analysis [iFly D7.2f] is another promgsiapproach to be properly
combined with the IPS based SMC approach. Becatiskeohuge size of ATM
safety models, a prerequisite for making this tdasis that for the IPS approach an
an order in magnitude extra speed-up is being deeel. Otherwise regression
analysis does not form a realistic alternativettierOne At-a Time (AOT) approach.

* Relative to the speeding-up studies performed withly, follow-up studies have a
better reference point (i.e. the A3 ConOps) indksign space for advanced ATM
ConOps that is able to safely accommodate very thajfic demand levels.

Conflict detection and resolution algorithms

Although the conflict resolution methods developedVP5 have been aiming at addressing
the needs of the A3 ConOps, an interesting quessiamhether these methods can also be
used as a decision support tools to help the aecisiaking of air traffic controllers. Pending
some further research, the prioritized MPC methodsht be able to operate in future in an
autonomous aircraft operations area, as they hbhwers to be able to operate in high
densities. In the research sector, those methadsarae as the ground for new developments,
examining some more rigorous decentralization eriats, identifying the effect of delays in
the resulting aircraft trajectories and performiggme human-in-the-loop experiments in
order to better evaluate the methods against huaanors considerations. All these issues
pose challenging problems for cutting edge resefarcihich the methods pioneered by WP5
may serve as a starting point.

Air Traffic complexity

The novel methods for complexity prediction develdpepresent a significant step ahead in
the research on air traffic complexity predictidrarious scientific papers were published
throughout the WP3 development period, both in ewtitical as well as air traffic-oriented

conferences and journals. This witnesses the ameeptthat the work performed under WP3
received from the experts in the field and theaes®ecommunity.

Mathematical analysis of shared situation awareness
Formal methodologies available in the literatureamalysis and control of hybrid systems
were not appropriate to fully address the probldnsituation-awareness inconsistencies in
multi-agent ATM systems. This has spurred AQUI aeskers to explore novel research
directions on the analysis and control of hybridteyns, which comprise:

» Critical observability.

» Compositionality of hybrid systems.

» Algorithms for the reduction of computational coexity in the analysis of hybrid

systems.
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While being inspired by realistic problems in ATMstems, these research topics acquired
their own identity and are promising of being apatile to different research domains than
ATM systems.
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13 iFly Reports

[D1.3] Autonomous Aircraft Advanced AConOps by G. Cuevas, |. Echegoyen,
J.G. Garcia, P. Céasek, C. Keinrath, R. Weber, Bh&al, F. Bussink, A. Luu

[D2.1] Description of airborne human responsitaktin autonomous aircraft
operations by A. Luuk, J.A. Wise, F. Pouw and V.tBateau

[D2.2] Situation Awareness, Information, Communigatand Pilot Tasks of under
autonomous aircraft operations by J. Wise, C. KainrF. Pouw, A. Sedaoui,
V. Gauthereau and A. Luuk

[D2.3] Identification of human factors for improvemt of the & ConOps by C.
Keinrath, J. Wise, A. Sédaoui, A. Luuk

[D2.4] Potential human factors improvements f3r@onOps by A. Luuk and C.
Keinrath

[D3.1] Complexity metrics applicable to autonomaireraft by M. Prandini, L.
Piroddi, S. Puechmorel, S.L. Brazdilova

[D3.2] Final report on timely prediction of complegnditions for en-route aircraft

[D4.1] Report on hybrid models and critical obsersynthesis for multi-agent
situation awareness by M. Colageo, M.D. Di Benedétt D’'Innocenzo

[D4.2] Report on Observability Properties of Hyb8gstem Composition by M.D. D
Benedetto, A. Petriccone, G. Pola

[D5.1] Comparative Study of Conflict Resolution Metls by G. Chaloulos, J.
Lygeros, I. Roussos, K. Kyriakopoulos, E. SivaLacchini-Visintini and P.
Cések

[D5.2] Analysis of conflict resolution needs of th& operational concept by N.
Kantas, J. Maciejowski, A. Lecchini-Visintini, Gh@loulos, J. Lygeros, .
Roussos, K. Kyriakopoulos, P. Casek

[D5.3] Report on advanced conflict resolution mechanism#f ConOps,

' by E. Siva, J.M. Maciejowski, G. Chaloulos, J. Lyagge G. Roussos, K.

Kyriakopoulos

[D5.4] Final WP5 report including validation, by E. SivdM. Maciejowski, G.
Chaloulos, J. Lygeros, G. Roussos, K. Kyriakopoulos

[D6.1] Methodological Framework for Cost-Benefit @lysis by K. Zografos and K.
Androutsopoulos

[D6.2] Institutional and Organizational analysis fbe implementation of the
autonomous aircraft operations by K.G. Zografos lamdl Androutsopoulos
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[D6.4] Cost-benefit analysis results presentatipnk. Zografos and K.
Androutsopoulos

[D7.1a] Accident risk and flight efficiency ofoperation - Scoping and safety targe
by H.A.P. Blom

[D7.1b] Hazard Identification and Initial Hazard élgsis of A ConOps based
operation by H.A.P. Blom, G.J. Bakker, M.B. Klomsand F.J.L. Bussink

[D7.2a] Review of risk assessment status for affit. Editors: H.A.P. Blom, J.
Krystul, P. Lezaud and M.B. Klompstra

[D7.2b] Trans-dimensional simulation for rare-ewe@stimation on stochastic hybrid
systems by N. Kantas and J.M. Maciejowski

[D7.2d] Periodic Boundary Condition in Simulatingrge Scale Airborne Self
Separation Airspace by A. Goswami, G.J. Bakker,.A./Blom

[D7.2€] Rare event estimation for a large scaletststic hybrid system with air traffi¢
application - IPS extension to large hybrid systeing H.A.P. Blom, G.J.
Bakker and J. Krystul

[D7.21] Sensitivity analysis in Monte Carlo simutat based rare event estimation b
M.B. Klompstra, G.J. Bakker, H.A.P. Blom

[D7.29] Final Report on Monte Carlo speed-up stsidiy H.A.P. Blom and G.J.
Bakker

[D7.4] Final report on accident risk assessmetthefA® operation, by H.A.P. Blom
and G.J. Bakker

[D8.1] Integration of mathematical results, EdsBiescas and H. Blom

[D8.2] Flow Management in Self-Separation AirspameR. Verbeek

[D8.3] A3 equipped aircraft within SESAR's concept of ofers, by S. Peces and |
Biescas

[D8.4] Non-airborne requirements in support dfefuipped aircraft, by V. Bordén
and J. Bueno

[D8.5] Identification of Potential Directions fouRher refinement of the A3 ConOp
by V. Borddn

[D9.1] Operational Services and Environment Desiaip(OSED) of Airborne Self-
Separation Procedure (SSEP) by P. Céasek, E. Ge#aro

[D9.2] ED78a/D0O-264 based Operational Hazard Asseas (OHA) and Allocation

of Safety Objectives and Requirements (ASOR) obdine Self-Separation

Procedure by E. Gelnarova, J. Jonak
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[D9.3] Operational Performance Assessment (OPAY bgasek, P. Mejzlik

Airborne System Design Requirements of Airbornd-Separation Procedure

[D9.4] by P. Casek and |. Romani de Oliveira

[D10.1] Overall validation strategy and plan, byBiom
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A.1Journal publications for Transportation/Aerospace/ATM/civil aviation oriented audience

Id. no.

PAPERS - PUBLIC

WP
no.

Respons.
Partner

Date

Version

P2.2

Luuk, K., Luuk, A., and Aluoja, A. (2009).
Predicting Professional Success of ATC Personnel
from Their Personality Profile at Admission to ab
Initio Training. International Journal of Aviation
Psychology, Vol 19, issue 3, 235-251.

2.2

UTartu

July 2009

Final,
published in
the IJAP

P5.9

E. Crisostomi, A. Lecchini-Visintini and J.M.
Maciejowski, "Combining Monte Carlo and worst-
case methods for trajectory prediction in air traffic
control: a case study".

Published in Automatic Control
(online journal). vol.2, no.l,
(http://www.aerospace.unibo.it/,
5168.)

in Aerospace
June 2009.
ISSN  1974-

5.2

UCAM/ULES

Jun 2009

Final

P7.6

H.A.P. Blom, B. Klein Obbink and G.]J. Bakker,
Simulated collision risk of an uncoordinated
airborne self separation concept of operation, ATC
Quarterly, March 2009.

NLR

Dec 2008

Published
March 2009

P6.1

“Assessing the Economic and Institutional Impacts
Resulting from the Introduction of a Self
Separation Operational Concept in Air Traffic
Management”

This paper was published in the Proceedings (CD-
ROM) of the 90" Annual Meeting of the
Transportation Research Board (23-27 January
2011 at Washington D.C.).

The paper was also accepted for publication in the
Transportation Research Record: Journal of the
Transportation Research Board. This paper was
based on the work performed in WP6 of iFly
project.

AUEB

15/03/2011

Accepted for
Publication in
TRR: Journal
of the
Transportatio
n Research
Board

P9.1

Silvie Luisa Brazdilova, Petr Casek and Jan
Kubalcik: Air Traffic Complexity for a Distributed
ATM, submitted to the Journal of Aerospace
Engineering, Proceedings of the IMechE Part G.

9.3

HNWL

27.4.2010 -
submitted,

June 2011,
published, Vol.
225, issue 6

P10.6

I.R. De Oliveira, L.F. Vismari, P.S. Cugnasca, J.B.
Camargo Jr., G.J. Bakker and H.A.P. Blom, A case
study of advanced airborne technology impacting
air traffic management, Eds: Li Weigang et al.,
Computational models, software engineering and
advanced technologies in air transportation,
Engineering Science Reference, Hershey, 2010,
pp. 177-214

10

NLR

Oct 2009

Preprint
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Id. no. PAPERS - PUBLIC WP Respons. Date Version

no. Partner

P3.2 Application of Reachability Analysis for Stochastic 3.2 PoliMi April 2009 Final
Hybrid Systems to Aircraft Conflict Prediction by
Maria Prandini and Jianghai Hu.

Published in the IEEE Transactions on Automatic
Control, vol. 54 (4), pp- 913-917, 2009

P3.14 A probabilistic measure of air traffic complexity in | 3.2 PoliMi April 2010 Final
three-dimensional airspace by M. Prandini, V.

Putta, J. Hu.
Published in the International Journal of Adaptive
Control and Signal Processing, special issue on Air
Traffic Management: Challenges and opportunities
for advanced control, vol. 24(10): 813-829, 2010

P3.17 Toward air traffic complexity assessment in new | 3.1 PoliMi, ENAC, | January 2011 Final
generation air traffic management systems by M. HNWL
Prandini, L. Piroddi, S. Puechmorel, S.L.

Brazdilova

Published in the IEEE Transactions on Intelligent
Transportation Systems, Vol. 12, No. 3, pp. 809-
818.

P4.4 A.A. Julius, A. D'Innocenzo, G.]. Pappas, M.D. Di | 4 AQUI September SCL, 58(2):
Benedetto (2007). Approximate equivalence and 2008 94-101, Feb
synchronization of metric transition systems. 2009
SCL = Systems and Control Letters

P4.5 E. De Santis, Invariant dual cones for hybrid | 4 AQUI September SLC, 57(12):
systems 2008 971-977,

Dec 2008
SCL = Systems and Control Letters ec

P4.7 E. De Santis, M.D. Di Benedetto, G. Pola, A 4 AQUI May 2009 Automatica,
structural approach to detectability for a class of 45(5):1202-
hybrid systems. 1206, May

2009

P4.8 P. Caravani, E. De Santis, Observer based | 5 AQUI September In:
stabilization of linear switching systems 2008 DRNC
IJRNC = International Journal of Robust and -
Nonli Control 19(14):1541

onlinear Contro -1563, Sep
2009

P4.10 M.D. Di Benedetto, S. Di Gennaro, A. | 4 AQUI September IJRNC,
D'Innocenzo, Discrete State Observability of 2009 .
Hybrid Systems. 19(14):

1564-1580
IJRNC = International Journal of Robust and
Nonlinear Control Sept. 2009

P4.11 M.D. Di Benedetto, S. Di Gennaro, A. | 4 AQUI October 2010 IEEE TAC.
D’'Innocenzo, Verification of Hybrid Automata
Diagnosability. To appear
IEEE TAC = IEEE Transactions on Automatic
Control

P4.12 A. Abate, A. D'Innocenzo, M.D. Di Benedetto, S. | 4 AQUI May 2009 NAHS:
Sastry. Understanding Deadlock and Livelock 3(2):150-
Behaviors in Hybrid Control Systems. 162
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NAHS = Nonlinear Analysis: Hybrid System

May 2009

Available on
website

P4.17

E. De Santis, M.D. Di Benedetto, G. Pola, A
complexity reduction approach to detectability of
switching systems

1JC = International Journal of Control

AQUI

September 11C, 83(9):

2010

1930-1938,
Sept. 2010

P5.4

N. Kantas, J.M. Maciejowski and A. Lecchini-
Visintini, “Sequential Monte Carlo for Model
Predictive Control”. Appeared in proceedings of
the 2008 International Workshop on Assessment
and Future Directions of Nonlinear Model
Predictive Control.

To appear in : L. Magni, D.M. Raimondo and F.
Allgower (eds), Nonlinear Model Predictive
Control: Towards New Challenging Applications,
Lecture Notes in Control and Information
Sciences, vol.384, Springer, 2009.

5.3

UCAM/ULES

Sep 2008

Final
available at
the iFly
website

P5.17

I. Lymperopoulos and J. Lygeros, "Improved
Multi-Aircraft Ground Trajectory Prediction for Air
Traffic Control".

Appeared in the March 2010 issue of the AIAA
Journal of Guidance, Control, and Dynamics,
vol.33 no.2 pp. 347-362.

5.3

ETHZ

Jan 2010

Final

P5.18

I. Lymperopoulos and J. Lygeros, "Sequential
Monte Carlo methods for multi-aircraft trajectory
prediction in Air Traffic Management".

Published in the International Journal of Adaptive
Control and Signal Processing, Vol. 24, No. 10, pp.
830-849.

5.3

ETHZ

Oct 2010

Final

P5.23

N. Kantas, A. Lecchini-Visintini and J. Maciejowski,
“Simulation Based Optimal Design of Aircraft
Trajectories for Air Traffic Management”.

Published in the International Journal on Adaptive
Control and Signal Processing, Vol. 24, No. 10, pp.
882-899.

WP5

UCAM/ULES

Oct 2010

Final

P5.24

A. Lecchini-Visintini, J. Lygeros and .
Maciejowski, “Stochastic optimization on
continuous domains with finite-time guarantees by
Markov chain Monte Carlo methods”.

Published in the IEEE Transactions on Automatic
Control, Vol. 55, No. 12, pp. 2858-2863.

5.3

UCAM/ULES-
ETHZ

Dec 2010

Final

P5.26

G. Roussos, D.V. Dimarogonas and K.J.
Kyriakopoulos, “3D Navigation and Collision
Avoidance for Nonholonomic aircraft-like
vehicles”.

Published in the International Journal of Adaptive
Control and Signal Processing, Vol. 24, No. 10, pp.
900-920.

5.3

NTUA

Oct 2010

Final

P5.30

J. Lygeros and M. Prandini, “Stochastic hybrid
systems: a powerful framework for complex, large
scale applications”.

Published in the European Journal of Control
2010, vol. 16, No. 6, pp. 583-594.

5.3

ETHZ/PoliMi

Nov 2010

Final

P5.31

A. Abate, J.P. Katoen, J. Lygeros and M. Prandini,
“Approximate model checking of stochastic hybrid

5.3

ETHZ/PoliMi

Nov 2010

Final
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systems”.

Published in the European Journal of Control
2010, vol. 16, No. 6, pp. 624-641.

P5.37 A. Lecchini-Visintini and J. Lygeros. Editorial for 5.3 ETHZ/ULES Oct 2010
the Special Issue "Air Traffic Management:
Challenges and opportunities for advanced
Control" Int. Journal on Adaptive Control and
Signal Processing, 24(10):811-812, 2010.
P5.40 G. Roussos, and K. J. Kyriakopoulos, 5.3 NTUA August 2011
“Decentralised Navigation and Conflict Avoidance
for Aircraft in 3D Space”.
Accepted for publication in the IEEE Transactions
on Control Systems and Technology.
P5.41 G. Roussos, K. J. Kyriakopoulos, “Decentralized 5.3 NTUA June 2011
and prioritized Navigation and Collision Avoidance
for Multiple Mobile Robots”. [Longer version of
P5.27].
Accepted for publication in a Springer Tracts in
Advanced Robotics (STAR) series volume.
P7.12 Sampling-per-mode rare event simulation for | 7 TWEN/INRIA | Dec 2010 Accepted
switching diffusions, by Jaroslav Krystul, Francois /DSNA paper for
Le Gland and Pascal Lezaud publication in
journal
“Stochastic
The preprint version is available at Processes
http://hal.inria.fr/inria-00550716/en and their
Applications”
Preprint
available at
website
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Id. no.

PAPERS - PUBLIC

wp
no.

Respons.
Partner

Date

Version

P7.4

Book chapter “Splitting Techniques” by Pierre
L’Ecuyer, Pascal Lezaud, Francois Le Gland and
Bruno Tuffin.

Appeared in the monograph “Rare Event
Simulation using Monte Carlo Methods” edited by
Gerardo Rubino and Bruno Tuffin and to be
published by John Wiley & Sons (expected
publication date March 2009).

INRIA &
DSNA

Sep 2008

Book has
been
published
March 2009

P7.5

Book chapter “Rare event estimation for a large
scale stochastic hybrid system with air traffic
application” by Henk Blom, Bert Bakker and
Jaroslav Krystul.

Appeared in the monograph “Rare Event
Simulation using Monte Carlo Methods” edited by
Gerardo Rubino and Bruno Tuffin and to be
published by John Wiley & Sons.

NLR & TWEN

Sep 2008

Book has
been
published
March 2009

P7.10

Hybrid state Petri nets which have the analysis
power of stochastic hybrid systems and the formal
verification power of automata by M.H.C. Everdij
and H.A.P. Blom. In: Petri Nets Applications, Ed:
P. Pawlewski, Chapter 12, ISBN: 978-953-307-
047-6, Publisher: INTECH, Publishing date:
February 2010

NLR

Feb 2010

Book has
been

published
Feb 2010

P10.6

I.R. De Oliveira, L.F. Vismari, P.S. Cugnasca, J.B.
Camargo Jr., G.J. Bakker and H.A.P. Blom, A case
study of advanced airborne technology impacting
air traffic management, Eds: Li Weigang et al.,
Computational models, software engineering and
advanced technologies in air transportation,
Engineering Science Reference, Hershey, 2010,
pp. 177-214

10

NLR

Oct 2009

Preprint
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Id. no. PAPERS - PUBLIC WP | Respons. Date Version
no. Partner
AIAA ATIO 2007 and 2009
P10.1 Safety risk simulation of an airborne self 10 NLR 18-20 Preprint of
separation concept of operation, H. Blom , B. Klein September paper at the
Obbink, G. Bakker, Proc. AIAA ATIO Conference 2007 iFLY website
2007, Belfast, Ireland
P10.5 E. Itoh, M. Everdij, B. Bakker and H. Blom, Speed | 10 NLR Sep 2009 Preprint
control for airborne separation assistance in )
continuous descent arrivals, Proc. 9™ AIAA ATIO Available at
conference, 21-23 September 2009, Hilton Head, iFly website
South Carolina, USA, paper number AIAA 2009-
6909
APISAT 2008
P10.4 E. Itoh, P.]J. van der Geest and H. Blom, Improved | 10 NLR Nov 2009 Preprint
airborne spacing control for trailing aircraft, Proc.
2009 Asia-Pacific International Symposium on
Aerospace Technology (APISAT 2009)
ASAS-GN 2008
P1.2 iFly: ASAS Self Separation - Airborne Perspective 1 Honeywell Nov 2008 Slides
by Petr Casek and Rosa Weber available on
. webiste
Presentation at ASAS-GN workshop, 12-13
November 2008 in Rome Presented at
ASAS-
GN 2008
ATOS 2010
P5.25 Petr Casek and Silvie Luisa Brazdilova: Priority 5 HNWL 14.4.2010 Final
Rules in a Distributed ATM, 1t International Air available at
Transport and Operations Symposium (ATOS the iFly
2010), Delft. website
ATM Seminar 2009
P3.7 Distributed Trajectory Flexibility preservation | 3.2 ENAC 29 June - 2 | Final
helps mitigate traffic complexity by H. Idris, D. July 2009
Wing, D. Delahaye, S. Puechmorel
Presented at ATM Seminar 2009
CEAS 2009
P3.10 Airspace Complexity for Airborne Self Separation | 3.2 HNWL October 2009 Final
by S.L. Brazdilova, P. Casek, and J. Kubalcik. .
Available on
Presented at the CEAS 2009 website
European Air and Space Conference, 26-29 Oct
2009, Manchester, UK
EAAP 2008
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P2.1 Claudia Keinrath, Fleur Pouw, John Wise, Aavo 2 HNWL July 2008 Final
Luuk, Amel Sedaoui, and Vincent Gauthereau Paper
(2008). iFly Human Factors in Autonomous presented on
Aircraft Operations (Airborne Self Separation the 28" EAAP
Environment). Proceedings of the 28th Conference .

o . Available on
of the European Association for Aviation website
Psychology, 27-31 October 2008, Valencia, Spain,

290-295.
EIWAC 2009
P3.9 New trends in air traffic complexity by S. | 3.2 ENAC March 2009 Final
Puechmorel and D. Delahaye .
Available on
Presented at ENRI International Workshop on website
ATM/CNS (EIWAC 2009), Tokyo, Japan, March 5
and 6, 2009
Eurocontrol Safety Seminar 2007
P7.2 Simulated safety risk of airborne self separation, | 10 NLR 24-26 October | Available at
H. Blom , B. Klein Obbink, G. Bakker, Proc. 2007 iFly website
Eurocontrol Safety Seminar 2007, Rome
| CRAT 2008
P4.3 M. Colageo, A. Di Francesco, Hybrid System 4 AQUI April 2008 ICRATO8
Framework for the Safety Modelling of the In Trail .
Procedure. 10 Ava|la_ble on
web site
ICRAT 2010
P4.15 Maria D. Di Benedetto, G. Di Matteo and A. | 4 AQUI March 2010 ICRAT10
D'Innocenzo, Stochastic validation of ATM
procedures by abstraction algorithms.
P5.19 I. Lymperopoulos, G. Chaloulos and J. Lygeros, | 5.3 ETHZ Jun 2010 Final
“An Advanced Particle Filtering Algorithm for available at
Improving Conflict Detection in Air Traffic the iFly
Control”. Presented at the 4th International website
Conference on Research in Air Transportation
(ICRAT2010).
P5.32 A new method for generating optimal conflict free | WP5 | ENAC June 2010 Final
4D trajectory by N. Dougui, D. Delahaye, S. available at
Puechmorel and M. Mongeau ICRAT 2010 the iFly
website
INO workshop 2007
P5.5 E. Crisostomi, A. Lecchini-Visintini and J.M. | 5.2 UCAM/ULES Dec 2007 Final
Maciejowski, "Combining Monte Carlo and worst- available at
case methods for trajectory prediction in air traffic the iFly
control: a case study". Paper 23, EUROCONTROL website
Innovative Research Workshop, EUROCONTROL
Experimental Centre, Bretigny sur Orge
INO workshop 2008
P1.1 P. Casek, and C. Keinrath “Airborne System for | 1 Honeywell Nov 2008 Paper
Self Separation in a Trajectory-Based Airspace” available on
) th ) website
Presentation of paper at 7" Eurocontrol Innovative
ATM Research Workshop, EEC Bretigny, December Presented at
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2008 INO
workshop
P4.9 M.D Di Benedetto, A. D’Innocenzo, A.Petriccone, | 4 AQUI November INO 2008
Automatic Verification of Temporal Properties of 2008 Availabl
Air Traffic Management Procedures Using Hybrid variabie on
website
Systems.
P7.3 Simulated collision risk of an uncoordinated 7 NLR Nov 2008 Version for
airborne self separation concept of operation by INO 2008
Henk A.P. Blom , Bart Klein Obbink, G.]. (Bert) )
Available at
Bakker . .
iFly website
INO workshop 2009
P4.14 E. De Santis, M.D. Di Benedetto, A. Petriccone, | 4 AQUI December INO 2009
G.Pola, A Compositional Hybrid System Approach 2009 Available on
to the Analysis of Air Traffic Management website
Systems.
P5.16 G. Chaloulos, G. Roussos, J. Lygeros and K. J. | 5.3 ETHZ-NTUA Dec 2009 Final
Kyriakopoulos, “Mid and Short Term Conflict )
Resolution in Autonomous Aircraft Operations”. available at
Presented at the 8th Innovative Research the iFly
Workshop & Exhibition (INO2009). website
P8.1 Comparison of pairwise priority-based resolution 8 EEC September Final
h th h fast-ti imulati Richard 2009
;E:Viir:es rough fast-time simulation by Richar 00 INO 2009
Preprint on
iFly website
INO workshop 2010
P3.18 Air traffic complexity in advanced automated Air | 3.2 PoliMi Sept 2010 Final
Traffic Management systems by M. Prandini, V. Availabl
Putta, J. Hu. valable - on
website
Presented at INO2010
1 SSC 2008
P10.3 Safe, airborne self-separation operators in 10 Available at
tomorrow’s airpsace? by R.Weber, H.A.P. Blom, P. iFly website
Céasek
Paper presented at the ISSC 2008
SESAR Innovation days 2011
P7.13 Safety of advanced airborne self separation under | 7 NLR Sep 2011 Accepted for
very high en-route traffic demand by Henk Blom presentation
and Bert Bakker at the SESAR
Innovation
Days 2011
TRB 2011 (Transportation Research Board)
(also reported in Appendix B.1)
P6.1 “Assessing the Economic and Institutional Impacts | 6 AUEB 15/03/2011 Accepted for
Resulting from the Introduction of a Self Publication in
Separation Operational Concept in Air Traffic TRR: Journal
Management” of the
Transportatio
This paper was published in the Proceedings (CD- n ResZarch
ROM) of the 90™ Annual Meeting of the Board
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Transportation Research Board (23-27 January
2011 at Washington D.C.).

The paper was also accepted for publication in the
Transportation Research Record: Journal of the
Transportation Research Board. This paper was
based on the work performed in WP6 of iFly
project.
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A.5 Conferences with mathematical oriented audience
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Id. no. PAPERS - PUBLIC WP Respons. Date Version
no. Partner

ACC 2008

P5.2 Giannis P. Roussos, Dimos V. Dimarogonas and 5.2 NTUA Jun 2008 Final
Kostas J. Kyriakopoulos, “3D Navigation and available at
Collision Avoidance for a Non-Holonomic Vehicle”. the iFly
Presented at the American Control Conference website
2008.

ACC2010

P5.20 G. Roussos  and K. J. Kyriakopoulos, | 5.3 NTUA Jun 2010 Final
“Decentralised Navigation and Collision Avoidance )
for Aircraft in 3D Space”. Presented at the 2010 aval]able at
American Control Conference (ACC2010). the iFly

website

P5.21 G. Chaloulos, P. Hokayem and J. Lygeros, | 5.3 ETHZ Jun 2010 Final
“Distributed  Hierarchical MPC for Conflict available at
Resolution in Air Traffic Control”. Presented at the the iFly
2010 American Control Conference (ACC2010). website

ACC2011

P7.11 Air traffic complexity and the interacting particle 7 PoliMi April 2011 Presented at
system method: An integrated approach for ACC 2011
collision risk estimation by Maria Prandini, Henk
A.P. Blom, Bert G.]J. Bakker.
Accepted paper for ACC 2011

AlAA GNC 2008

P5.3 Georgios Chaloulos, Giannis P. Roussos, John 5.2 ETHZ-NTUA Aug 2008 Final
Lygeros, Kostas J. Kyriakopoulos, "Ground available at
Assisted Conflict Resolution in Self-Separation the iFly
Airspace”. Presented at the 2008 AIAA Guidance, website
Navigation, and Control Conference.

AlAA GNC 2009

P3.8 Describing air traffic flows using stochastic | 3.2 ENAC August 2009 Final
programming by K. Lee, D. Delahaye, S.
Puechmorel.
Presented at AIAA GNC 2009

CDC 2007

P7.1 Probabilistic Reachability Analysis for Large Scale 7 NLR & TWEN | 12-14 Preprint
Stochastic Hybrid Systems, H. Blom, G. Bakker December available at
and J. Krystul, IEEE Conference on Decision and 2007 the iFLY
Control 2007, New Orleans. website

CDC 2008

P3.3 Application of Reachability Analysis for Stochastic 3.2 PoliMi Sept 2008 Preprint for
Hybrid Systems to Aircraft Conflict Prediction by CDC 2008
Maria Prandini and Jianghai Hu. Available on
Presented at CDC 2008. website
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P3.4 An approximate dynamic programming approach 3.2 PoliMi Sept 2008 Preprint for
to probabilistic reachability for stochastic hybrid CDC 2008
systems by Alessandro Abate, Maria Prandini, :

John Lygeros, and Shankar Sastry. @‘ggﬁge on
Presented at CDC 2008.

P4.6 M.D. Di Benedetto, S. Di Gennaro, A.| 4 AQUI December CDC 08
D’Innocenzo, Diagnosability of hybrid automata 2008
with measurement uncertainty

P5.6 G. Roussos, G. Chaloulos, K. Kyriakopoulos, J. | 5.3 ETHZ-NTUA Dec 2008 Final
Lygeros, “Control of Multiple Non-Holonomic Air available at
Vehicles under Wind Uncertainty Using Model the iFly
Predictive Control and Decentralized Navigation website
Functions”. Presented at the 2008 IEEE
Conference on Decision and Control.

P5.7 A. Oikonomopoulos, S. Loizou, K. Kyriakopoulos, | 5.3 NTUA Dec 2008 Final
“Hybrid Control of a Constrained Velocity Unicycle available at
with Local Sensing”. Presented at the 2008 IEEE the iFly
Conference on Decision and Control. website

P5.8 A. Lecchini-Visintini, J. Lygeros, J.M. Maciejowski, | 5.3 UCAM/ULES- | Dec 2008 Final
“On the Approximate Domain Optimization of ETHZ available at
Deterministic and Expected Value Criteria”. the iFly
Presented at the 2008 IEEE Conference on website
Decision and Control.

CDC 2009

P3.11 A probabilistic approach to air traffic complexity | 3.2 PoliMi Sept 2009 Final
evaluation by Maria Prandini and Jianghai Hu. Available on
Presented at CDC 09. website

P3.12 Dynamical Systems Complexity with a view | 3.2 ENAC Sept 2009 Final
towards air traffic management applications by S.

Puechmorel and D. Delahaye.
Accepted at CDC 09.

P4.13 P. Caravani, E. De Santis, On observer based | 4 AQUI December CDCO09

stabilization of networked systems. 2009 .
Available on
website

P5.15 G. Roussos and K. J. Kyriakopoulos, “Towards | 5.3 NTUA Dec 2009 Final
Constant Velocity Navigation and Collision )
Avoidance for Autonomous Nonholonomic Aircraft- aval_lable at
like Vehicles”. Presented at the IEEE Conference the iFly
on Decision and Control 2009. website

CDC 2010

P3.15 A geometric approach to air traffic complexity | 3.2 PoliMi Sept 2010 Final
evaluation for strategic trajectory management by Availabl
L. Piroddi and M. Prandini valiable on

website
Presented at CDC 2010

P3.16 Air Traffic Complexity Based on Dynamical | 3.2 ENAC Sept 2010 Final
Systems by D. Delahaye and S. Puechmorel
Presented at CDC 2010

P4.16 A. Petriccone, G. Pola, M.D. Di Benedetto, E. De | 4 AQUI July 2010 CDC10
Santis, A Complexity Reduction Approach to the
Detection of Safety Critical Situations in Air Traffic
Management Systems

P5.28 G. Roussos and K.J. Kyriakopoulos, “"Completely 5.3 NTUA Dec 2010 Final
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Decentralised Navigation of Multiple Unicycle available at
Agents with Prioritization and Fault Tolerance”. the iFly
Presented at the 49th IEEE Conference on website
Decision and Control 2010 (CDC2010).

P5.29 E. Siva, J. M. Maciejowski and K.V. Ling, "Robust 5.3 UCAM Dec 2010 Final
Multiplexed Model Predictive Control for Agent-
based Conflict Resolution”. Presented at the 49th
IEEE Conference on Decision Control (CDC2010).

CDC 2011

P5.39 G. Roussos, and K. J. Kyriakopoulos, “Completely 5.3 NTUA July 2011
Decentralised Navigation Functions for Aircraft
Conflict Resolution in 3D Space”. Accepted for
presentation at the 50th IEEE Conference on
Decision Control (CDC2011).

DARS 2010

P5.27 G. Roussos, K. J. Kyriakopoulos, “Decentralised 5.3 NTUA Nov 2010 Final
and prioritized Navigation and Collision Avoidance available at
for Multiple Mobile Robots”. Presented at the 10th the iFly
International Symposium on Distributed website
Autonomous Robotics Systems, Lausanne,

Switzerland.

EPTCS 2010

P7.9 Bisimulation relations between automata, | 7 NLR March 2010 Proceedings
stochastic differential equations and Petri Nets, March 2010
M.H.C. Everdij and Henk A.P. Blom, Electronic
Proceedings in Theoretical Computer Science
(EPTCS), March 2010

ECC 2009

P5.10 Stability of Model Predictive Control Using Markov | 5.3 UCAM/ULES Aug 2009 Final
Chain Monte Carlo Optimisation, by E. Siva, P.J. available at
Goulart, J.M. Maciejowski, and N. Kantas. the iFly
Presented at the ECCO09. website

P5.12 G. Roussos, D. Dimarogonas, K. Kyriakopoulos, 5.3 NTUA Aug 2009 Final
“Distributed 3D Navigation and Collision Avoidance available at
for Multiple Nonholonomic Agents”. the iFly

website
Presented by G. Roussos on 25/8/2009 at the
2009 European Control Conference (ECC2009).

P5.14 M. Prandini, L. Piroddi, J. Lygeros “A two-step | 5.3 PoliMi-ETHZ Aug 2009 Final
approach to aircraft conflict resolution combining available at
optimal deterministic design with Monte Carlo the iFly
stochastic optimization”. Presented at the 2009 website
European Control Conference.

HCSS2008

P4.2 A. Abate, A. D'Innocenzo, M.D. Di Benedetto, S. | 4 AQUI March 2008 HSCC 2008
Sastry. Markov Set-Chains as abstractions of )
Stochastic Hybrid Systems. Available on

web site

HSCC2011

P5.34 S. Summers, M. Kamgarpour, C. Tomlin, and J. 5.3 ETHZ April 2011

Lygeros, “A stochastic reach-avoid problem with
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random obstacles”. Presented at the Hybrid
Systems: Computation and Control 2011.

| CRA 2009

P5.11

A. Oikonomopoulos, S. Loizou, K. Kyriakopoulos,
“Coordination of Multiple Non-Holonomic Agents
with Input Constraints”. Presented at the 2009
IEEE International Conference on Robotics and
Automation (ICRAQ9).

5.3

NTUA

May 2009

Final
available at
the iFly
website

|EEE MED 2009

P7.7

Stochastic reachability as an exit problem, by M.L.
Bujorianu and H.A.P. Blom,

Proceedings of the 17" Mediterranean Conference
on Control and Automation, IEEE MED’09, June
24-26, 2009 in Thessaloniki, Greece.

NLR

June 2009

Published in
Proc IEEE
MED 2009

Available at
iFly website

|FAC Symposium on System | dentification 2009

P7.8

N. Kantas, A. Doucet, S.S. Singh and J.M.
Maciejowski, “An overview of Monte Carlo
methods for parameter estimation on general
state space models”, has been presented at the
IFAC Symposium on System Identification},
St.Malo, France, July 2009.

UCAM

March 2009

Preprint

Available at
iFly website

I|FAC World Congress 2011

P4.18

G. Pola, M.D. Di Benedetto and E. De Santis, A
Compositional Approach to Bisimulation of Arenas
of Finite State Machines

AQUI

March 2011

IFAC WC
2011

P5.33

M. Kamgarpour, M. Soler, C.J. Tomlin, A. Olivares,
and J. Lygeros, “Hybrid Optimal Control for
Aircraft Trajectory Design with a Variable
Sequence of Modes”. Presented at the IFAC World
Congress 2011.

5.3

ETHZ

August 2011

P5.35

G. Chaloulos, P. Hokayem, and J. Lygeros,
“Hierarchical MPC with Priorities for Conflict
Resolution in Air Traffic Control”. Presented at the
IFAC World Congress 2011.

5.3

ETHZ

August 2011

P5.36

E. Siva and J.M. Maciejowski, “Robust Multiplexed
MPC for Distributed Multi-Agent Systems”.
Presented at the 18" IFAC World Congress 2011.

5.3

UCAM

March 2011

P5.38

K.V. Ling, J.M. Maciejowski, J. Guo and E. Siva,
“Channel-hopping model predictive control”.
Presented at the IFAC World Congress 2011.

5.3

UCAM

August 2011

MTNS2010

P5.22

Z. Yang, N. Kantas, A. Lecchini Visintini and J M
Maciejowski, “Stable Markov Decision Processes
Using Simulation Based Predictive Control”.
Presented at the 2010 Symposium on
Mathematical Theory of Networks and Systems
(MTNS2010).

5.3

UCAM/ULES

Jul 2010

Final
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NIPS 2007(also poster presentation)

Period: 22 May 2007 - 21 August 2011

P5.1

A. Lecchini-Visintini, J. Lygeros and J.
Maciejowski, “Simulated Annealing: Rigorous
finite-time guarantees for optimization on
continuous domains”.

Accepted for a Poster Spotlight presentation at
Advances in Neural Information Processing
Systems (NIPS) 20, MIT Press. Preprint:
arXiv:0709.2989.

5.2

UCAM/ULES-
ETHZ

Nov 2007

Final
available at
the iFly
website

SIAM CT 2009

P3.5

Complexity in Air Traffic Management by S.
Puechmorel, D. Delahaye and N. Dougui

Presented at SIAM CT 2009

3.2

ENAC

July 2009

Final

P3.6

A New Algorithm for Automated Aircraft Conflict
Resolution by S. Puechmorel, D. Delahaye and N.
Dougui

Presented at SIAM CT 2009

3.2

ENAC

July 2009

Final

SSSC 2007

P4.1

E. De Santis, M.D. Di Benedetto, Observer design
for discrete-time linear switching systems.

3 IFAC Symposium on System, Structure and
Control, October 17-19, 2007, Foz de Iguassu,
Brazil

AQUI

October 2007

SSSCO07

Available on
web site

A.6 (Masters / PhD) Thesis

P3.1

Master thesis “Methods for reachability analysis of
stochastic hybrid systems”

Student: D. Schito

Advisor: M. Prandini

Politecnico di Milano (in Italian)

3.2

Polimi

Dec 2007

Final

P3.13

Laurea thesis “Analysis of a probabilistic approach
to air traffic complexity evaluation” A. Ornago and
R. Roselli (in Italian)

3.2

PoliMi

Sept 2009

Final

P5.13

A. Lauriello, Master thesis “Conflict resolution in
air traffic control”, Advisor: M. Prandini,
Politecnico di Milano (in Italian)

5.2

PoliMi

Final
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A.7 Abbreviations

ACC American Control Conference

ACC2011 American Control Conference 2011, San Francisco, California, USA, June 29 - July 1, 2011
AIAA American Institute of Aeronautics and Astronautics

AIAA GNC 2009

AIAA Guidance, Navigation and Control (GNC) Conference 2009
Chicago, Illinois, USA, August 10-13, 2009

ASAS-GN 2008

Towards ASAS-GN Seminar 2008: "Towards an ASAS-Global Network: Next Steps!"
Rome, Italy, November 12-13 November, 2008

ATM Seminar 2009 8th USA/Europe  Air Traffic =~ Management  Research & Development  Seminar
Napa, California, USA, June 29-July 2, 2009

CDC Conference on Decision Control

CDC 2008 47th IEEE Conference on Decision and Control, Cancun, Mexico, December 9-11, 2008

CDC 2009 Joint 48th IEEE Conference on Decision and Control and 28th Chinese Control Conference,
December 16-18, 2009, Shanghai, P.R. China

CDC 2010 49th IEEE Conference on Decision and Control, Atlanta, Georgia, USA, December 15-17, 2010

CEAS 2009 European Air and Space Conference, 26-29 Oct 2009, Manchester, UK

EAAP 28" EAAP Conference, European Association for Aviation Psychology (EAAP), 27-31 Oct 2008,
Valencia, Spain

ECC European Control Conference

HSCC08 Hybrid Systems: Computation and Control 2008, Lecture Notes in Computer Science

ICRAT International Conference on Research in Air Transportation

ICRATOS8 3 International Conference on Research in Air Transportation, June 1-4, 2008, Fairfax, Virginia,
USA

ICRAT10 4" International Conference on Research in Air Transportation, June, 2010, Budapest, Hungary.

IEEE Institute of Electrical & Electronics Engineers

IEEE MED 2009

17th Mediterranean Conference on Control and Automation, IEEE MED'09
Thessaloniki, Greece, June 24-26, 2009

IEEE TAC IEEE Transactions on Automatic Control

IFAC 18" IFAC World Congress, Milan, Italy, 2011

IJAP International Journal of Aviation Psychology

c International Journal of Control

IJRNC International Journal of Robust and Nonlinear Control

INO EUROCONTROL Innovative ATM Research Workshop & Exhibition

INO 2008 / 7th EUROCONTROL Innovative Research Workshop and Exhibition, At the EUROCONTROL

INO Workshop Experimental Centre, December 2nd-4th 2008.

INO 2009 8th Innovative Research Workshop & Exhibition, EUROCONTROL Experimental Center, Brétigny-sur-
Orge, France, 1-3 Dec. 2009.

INO 2010 9th Innovative Research Workshop & Exhibition, EUROCONTROL Experimental Center, Brétigny-sur-
Orge, France, 7-9 Dec. 2010

ISSC 2008 26th International System Safety Conference, Vancouver, B.C., Canada, August 25-29, 2008

MTNS Mathematical Theory of Networks and Systems

NAHS Nonlinear Analysis: Hybrid System

SCL Systems and Control Letters

SIAM CT 2009 Siam Conference on Control Theory, July 6-8, 2009, Denver, Colorado.

S555C07 37 IFAC Symposium on System, Structure and Control, October 17-19, 2007, Foz de Iguassu,
Brazil

TRB 90" Annual | 90" Annual Meeting of the Transportation Research Board (23-27 January 2011 at Washington D.C.

Meeting

16 March 2012

TREN/07/FP6AE/S07.71574/037180 IFLY Page 82/84




iFly Publishable Final Activity Report

Appendix B Acronyms

Period: 22 May 2007 - 21 August 2011

Acronym Definition
A Autonomous Aircraft Advanced
ACAS Airborne Collision Avoidance System
ADS Automatic Dependant Surveillance
ADS-B Automatic Dependant Surveillance - Broadcast
AFR Autonomous Flight Rules
AMFF Autonomous Mediterranean Free Flight
ANSP Air Navigation Services Provider
AOC Airline Operational Centre
AOT One At-a Time
AP23 Action Plan 23
ASAS Airborne Separation Assistance System
ASEP Airborne Separation
ASEP-ITP Airborne Separation-In Trail Procedure
ASOR Allocation of Safety Objectives and Requirements
ASSTAR Advanced Safe Separation Technologies and Algorithm(s)
ATC Air Traffic Control
ATFM Air Traffic Flow Management
ATM Air Traffic Management
ATS Air Traffic Services
ATSA Airborne Traffic Situational Awareness
ATSA-ITP Airborne Traffic Situational Awareness In-Trail Procedure
CARE-ASAS Co-operative Action of R&D in Eurocontrol on Airborne Separation
Assurance Systems
CBA Cost Benefit Analysis
CD Conflict Detection
CD&R Conflict Detection and Resolution
CDM Collaborative Decision Making
CFM Central Flow Management
CNS Communication, Navigation and Surveillance
ConOps Concept of Operations
CPDLC Controller to Pilot Data Link Communication
CR Conflict Resolution
EMOSIA European Model for Strategic ATM Investment Analysis
E-OCVM European Operational Concept Validation Methodology
ESARR Eurocontrol Safety Regulatory Requirement
FAA Federal Aviation Administration
FMS Flight Management System
FOC Flight Operations Centre
GNSS Global Navigation Surveillance System
HHIPS Hierarchical Hybrid IPS
HMI Human Machine Interface
HYBRIDGE Distributed Control and Stochastic Analysis of Hybrid Systems

Supporting Safety Critical Real-Time Systems Design (EC 5th
Framework Programme)
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Acronym Definition
ICAO International Civil Aircraft Association
IFR Instrumental Flight Rules
IPS Interacting Particle System
LoC Lines of Change
LoS Loss of Separation
MCMC Monte Carlo Markov Chain
MILP Mixed Integer Linear Program
MPC Model Predictive Control
MTR Mid Term Review
NF Navigation Functions
NM Nautical Mile
OHA Operational Hazard Assessment
OPA Operational Performance Assessment
OSA Operational Safety Assessment
OSED Operational Services and Environment Description
PBC Periodic Boundary Condition
RBT Reference Business Trajectory
RESET Reduced Separation Minima
RFG Requirements Focus Group
RNP Required Navigation Performance
RTD Research, Technology and Development
SA Situational Awareness
SASP Separation and Airspace Safety Panel
SES Single European Sky
SESAR SES Advanced Research
SESAR-JU SES Advanced Research Joint Undertaking
SMC Sequential Monte Carlo
SPR Safety and Performance Requirements
SSEP Airborne Self Separation
SWIM System Wide Information Management System
TCAS Tactical Collision Avoidance System
WP Work Package
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