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THE SESAR KNOWLEDGE TRANSFER NETWORK
This deliverable is part of a project that has received funding from the SESAR Joint Undertaking under

grant agreement No 783287 under European Union’s Horizon 2020 research and innovation
programme.

Abstract

This deliverable collates the final presentations of catalyst-funded wave 1 projects, given at Engage
thematic challenge workshops.

The opinions expressed herein reflect the authors’ views only. Under no circumstances shall the SESAR
Joint Undertaking be responsible for any use that may be made of the information contained herein.
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1 Introduction

1.1 Objectives of this document

The objective of this deliverable is to document the final results of catalyst-funded wave 1 projects, as
presented at the second and third series of the Engage KTN’s thematic challenge workshops. The
overall workshop planning, execution and results are described in the deliverable D2.6 [1].

1.2 Catalyst funding wave 1 projects

Engage catalyst funding is used to support focused projects, where the focus is on maturing
exploratory research further towards applications and operational contexts. These catalyst fund (CF)
projects were chosen through the first Call for catalyst funding. Project proposals could address an
Engage thematic challenge or be an ‘open’ topic. The choice of thematic challenges (TCs) is described
in detail in deliverable D3.4 [2]. There are four thematic challenges:

e TC1: Vulnerabilities and global security of the CNS/ATM system,

e TC2: Data-driven trajectory prediction,

e TC3: Efficient provision and use of meteorological information in ATM,
e TC4: Novel and more effective allocation markets in ATM.

The TCs were further fine-tuned through the first series of workshops (described in deliverable D2.5
[3], resulting in the TC descriptions that were included in the first Call for catalyst funding. Proposals
supporting a thematic challenge needed to clearly state with which challenge the proposal is aligned.

The call documentation can be found here. The call was open from 15 November 2018 to 15 February
2019, receiving 21 proposals. The evaluation process was carried out by the Awards Board and was
concluded in April 2019, with notifications of the outcome sent to all proposers. Ten proposals were
accepted to receive catalyst funding through the first wave, see Table 1. The project abstract, executive
summaries and final technical reports can be found here: engagektn.com/cf-summaries, under ‘First
wave projects’.

The following sections contain short descriptions of TC workshops, project summaries and the
presentations. Final project presentations are available in the PDF format and are attached to this
report. The link to the Engage KTN website repository of TC workshop presentations, is also given.
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Table 1. Catalyst-funding wave 1 projects, TC relation, end date and final presentation date

Workshop -
Project title TC End date final

presentation
Authentication and integrity for ADS-B 1 14 May 2020

2" TC1 workshop

The drone identity - investigating forensic-readiness of U-
Space services

1  30June 2020

10 November 2020

Data-driven trajectory imitation with reinforcement
learning

2 31 May 2020

A Data-drlven approach for dynamic and Adaptive

2 202 3 TC2 worksho
trajectory PredictiON (‘DIAPasON’) 30 June 2020 P
25 January 2021
An interaction metric for an efficient traffic demand
management: requirements for the design of data-driven 2 31July 2020
protection mechanisms (‘INTERFACING’)
PI’ObabI|IS'FIC weat?er av0|d?nce routes for medium-term 3 30 June 2020
storm avoidance (‘PSA-Met’)
. ) . . g
alléic;rct;;’CAle seveRe weather nowcastinG project 3 30 November 2020 319 TC3 workshop
( ) 27 January 2021
Operational alert Products for ATM via SWIM (‘OPAS’) 3 18 June 2020
MET enhanced ATFCM 3 | 19June 2020
Exploring future UDPP concepts through computational 27 July 2020*

behavioural economics

4 31 August 2020

*Independent final workshop of the project, as a continuity of TC4 activities, as the TC4 did not have dedicated
workshop in 2020, the next and final one is planned for June 2021.
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2 Thematic challenge 1 catalyst fund projects

The TC1 workshop was held as a virtual event, on 10 November 2020. The workshop had the following
objective: “CNS/ATM components (e.g., ADS-B, SWIM, datalink, Asterix) of the current and future air
transport system present vulnerabilities that could be used to perform an ‘attack’. Further
investigations are necessary to mitigate these vulnerabilities, moving towards a cyber-resilient system,
fully characterising ATM data, its confidentiality, integrity and availability requirements. A better
understanding of the safety-security trade- off is required. Additional security assessments for legacy
systems are also needed to identify possible mitigating controls in order to improve cyber-resilience
without having to replace and refit. Future systems security by design is essential: a new generation of
systems architectures and applications should be explored to ensure confidentiality, cyber-resilience,
fault tolerance, scalability, efficiency, flexibility and trust among data owners. Collaborative, security-
related information exchange is essential to all actors in aviation. This is specially challenging in a
multistakeholder, multi-system environment such as ATM, where confidentiality and trust are key.”
All workshop presentations can be found, as a zipped file, here: https://innaxis-comm.s3.eu-central-
1.amazonaws.com/ENGAGE/Engage.TC1-workshop2-presentations.zip.

2.1 Authentication and integrity for ADS-B

Abstract: The main objective of this project is to provide the means to improve the security of the
Automatic Dependent Surveillance-Broadcast (ADS-B), a critical backbone of future surveillance
systems. More specifically, we evaluate the data link capabilities of the so-called phase overlay, a
backwards-compatible extension to the current implementation of ADS-B. Our results indicate that
8PSK performs best in a realistic radio environment, reliably providing up to 218 additional bits for
each ADS-B message at a carrier frequency offset tolerance of about 40 kHz. Based on these insights,
we propose a protocol that relies on the phase overlay to authenticate the information provided via
the ADS-B.

ﬂ TROM BN DvERSTAT
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https://sero-systems.de
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-~ ‘t} Or-Ing. Matthias Schafer | CEO & Founder

Figure 1. Authentication and integrity for ADS-B - final presentation (click image to open the pdf file)
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2.2 The drone identity - investigating forensic-readiness of U-Space
services

Abstract: The Drone Identity project investigates forensic-readiness requirements of unmanned aerial
systems (UAS), to help identify causes of safety and security related air traffic incidents. It is a
collaborative effort between researchers at The Open University (OU) and NATS. The project
contributes to addressing the vulnerabilities and global security of communications, navigation, and
surveillance systems in air traffic management (CNS/ATM). The collection and use of forensic data
associated with drones and surrounding physical contexts is key to effective investigation. The research
is conducted in the context of U-Space, focusing on the architecture and concept of operations for
European unmanned traffic management (UTM), and the ability to preserve such vital information as
evidence for forensic investigations. The goals of such forensic readiness are to ensure that the root
causes of incidents can always be analysed, facilitated by evidence collected during operation (drone
flight). The project focuses on drone data, examining ways in which key drone characteristics can be
determined and recorded soundly, if and when incidents involving the drone(s) occur. In particular,
the key attributes that characterise and identify the drones, their operators, and their anomalous
behaviours will be investigated. A prototype demonstrator has been developed, including a technical
architecture, to illustrate and evaluate the proposed forensic readiness requirements for U-Space
services.

EPSRC VATS
A Horizon 2020  J .

Fioneenst reseanch
ard vkils

50

YEARS

The Open
University

The Drone Identity — Investigating
Forensic-Readiness Requirements of UAVs

Yijun Yu

The Open University, UK
http://mcs.open.ac.uk/yy66

Chair of BCS Specialist Group on Requirements Engineering
Geek of the Week, Maintainer of GNU Bison project

Figure 2. The drone identity - investigating forensic-readiness requirements of UAVs — final presentation
(click image to open the pdf file)

Founding Members 11

* % %
*

* *
* gk

O

EUROPEAN UNION  EUROCONTROL



D3.1 FINAL WORKSHOP PRESENTATIONS OF WAVE 1 CATALYST-FUNDED PROJECTS

oD T SESAR 44’

Engclge JOINT UNDERTAKING

3 Thematic challenge 2 catalyst fund projects

The workshop was held on 25 January 2021, as a virtual event. The objective of the TC2 is: “Accurate
and reliable trajectory prediction (TP) is a fundamental requirement to support trajectory-based
operations. Lack of advance information and the mismatch between planned and flown trajectories
caused by operational uncertainties from airports, ATC interventions, and ‘hidden’ flight plan data
(e.g., cost indexes, take-off weights) are important shortcomings of the present state of the art. New
TP approaches, merging and analysing different sources of flight-relevant information, are expected
to increase TP robustness and support a seamless transition between tools supporting ATFCM across
the planning phases. The exploitation of historical data by means of machine learning, statistical signal
processing and causal models could boost TP performance and enhance the TBO paradigm. Specific
research domains include machine-learning techniques, the aggregation of probabilistic predictions,
and the development of tools for the identification of flow-management ‘hotspots’. These could be
integrated into network and trajectory planning tools, leading to enhanced TP.” All workshop
presentations can be found, as a zipped file, here: https://innaxis-comm.s3.eu-central-
1.amazonaws.com/ENGAGE/TC2+25JAN+2021.zip.
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3.1 Data-driven trajectory imitation with reinforcement learning

Abstract: The objective of this project was to present algorithms for data-driven imitation of
trajectories, following deep reinforcement learning techniques towards enhancing our trajectory
prediction abilities. We aimed at building a data-driven approach in which the learning process is (a)
an imitation process, where the algorithm tries to imitate ‘expert’, demonstrated trajectories, (b)
exploiting raw trajectory data, enriched with contextual data (e.g. weather conditions etc) and (c)
based on reward models (for producing trajectories in high-fidelity) that are learned during imitation.
There are two main project contributions (i) a general framework for the prediction of trajectories in
which deep imitation and reinforcement learning methods play a major role, together with methods
selecting important features for decision making and future trajectory classification methods; and (ii)
a developed and evaluated state of the art deep imitation learning techniques for predicting
trajectories in the aviation domain, showing their potential for highly accurate prediction results,
especially in long trajectories with multiple patterns / modalities, and in cases where the demonstrated
trajectories are few.

Imitating Trajectories
in Aviation

T

Imitating Trajectories with
Generative Adversarial Imitation
Learning

George A Vouros, T. Kravaris, C. Spatharis, K. Blekas,
A. Bastas, G. Santipantakis

Al-Lab, University of Piraeus
Greece

Figure 3. Data-driven trajectory imitation with reinforcement learning - final presentation (click image to
open the pdf file)
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3.2 A Data-drlven approach for dynamic and Adaptive trajectory
PredictiON (‘DIAPasON’)

Abstract: The DIAPasON project focuses on the need of the ATM system to develop tools and
methodologies which are able to support traffic and trajectory management functions. For these
activities, trajectory and traffic prediction is key, in particular within the context of Trajectory-Based
Operations (TBO). While previous research exists addressing these matters, DIAPasON presents a
different approach. In particular, the project aims at analysing patterns of flight plan evolution for
individual flights, and extract patterns and feature which can be applied in a wide number of
operational contexts where this information is available. The main result of the project is the
development of a methodology for trajectory prediction and traffic forecasting in a pre-tactical phase
(from a few days to a few hours before the operations, when a only limited number of flight plans are
available). This can be adjusted to different time scales (planning horizons), considering the level of
predictability of each of them and the specific use case to where it should be applied. These results
have been explored with support of operational staff to maximise the benefits in the pre-tactical
phase.

DIAPasON: A Data-driven approach for
Dynamic and Adaptative trajectory
PredictiON

ENGAGE Thematic Challenge 2 Workshop
January 25™ 2021

Manuel Cordero

Figure 4. DIAPasON - final presentation (click image to open the pdf file)
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3.3 An interaction metric for an efficient traffic demand
management: requirements for the design of data-driven
protection mechanisms (‘INTERFACING’)

Abstract: A major limitation of the current ATM system is the loss of effectiveness due to the limited
integration between the layered planning Decision Support Tools (DSTs). While the Trajectory Based
Operation concept enables new DSTs that could deal with present demand/capacity, a word of caution
at a practical level: ATM stakeholders realise that technological flexibility to regulate flights into a
sector is not synonymous of performance, rather several negative effects can arise at the network level
due to lack of analysis of interdependencies among regulated sectors. INTERFACING has developed a
formal probabilistic framework to detect and characterise at the network level the flight interactions
and their interdependencies. New interaction metrics have been implemented to enable the
evaluation of regulation efficiency and to pave the way for the design of mitigation measures for a
smooth fine-tuning of traffic demand at a micro level that considers the effects at a macro level
improving the network performance.

INTERFACING

An INteracTion mEtRic For An effiCient traffic demaNd
manaGement: requirements for the design of data-
driven protection mechanisms

Dr. Juan José Ramos

Aslogic

EUROCONTROL ZOOM - TC2 3rd workshop
25 January 2021

Figure 5. INTERFACING - final presentation (click image to open the pdf file)
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4 Thematic challenge 3 catalyst fund projects

The TC3 workshop was held on 27 January 2021, as a virtual event. The objective was the following:
“The overall goal of this edition is to streamline the innovation pipeline in the area of efficient provision
and use of meteorological/environmental information in the ATM. We start by presenting research
results supported by the SESAR’s KTN, Engage, through the catalyst funded projects and PhDs, aiming
at discussion on finding the ways of bringing the valuable results to the higher TRL levels and foster
the collaboration in this research area. The next step is the overview of the newly funded projects in
the MET/ENV area, the progress in the European forecast provision, and finally the plans for MET/ENV
research in the Strategic Research and Innovation Agenda of future Integrated ATM programme. The
overall goal is to discuss and list the kind of information of tools would the climate change and the
digitalisation of ATM require from MET/ENV-related research.” All workshop presentations can be
found, as a zipped file, here: https://innaxis-comm.s3.eu-central-1.amazonaws.com/ENGAGE/Engage-
TC3-workshop-3-presentations.zip.
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4.1 Probabilistic weather avoidance routes for medium-term storm
avoidance (‘PSA-Met’)

Abstract: PSA-Met integrates new meteorological capabilities in the storm avoidance process, namely,
probabilistic nowcasts. These new meteorological products provide not only a forecast of the storm’s
evolution, but also information about the uncertainty of the convective cells. PSA-Met develops a
probabilistic weather-avoidance concept, according to which, the required inputs are a probabilistic
nowcast and a risk level, which is an adjustable parameter intended to define the avoidance strategy.
The output is a unique avoidance trajectory that takes into account the uncertainty of the convective
cells, obtained for the given risk level. Simulation results show that the predictability, the safety and
the workload of pilots and air traffic controllers are improved, although with a small loss of flight
efficiency. This new weather avoidance concept will be used in a follow-up project, whose objective
will be to develop a Medium-Term Storm Avoidance tool intended to enhance air traffic control
efficiency.

Probabilistic Weather Avoidance Routes
for Medium-Term Storm Avoidance

PSA-MET
Antonio Franco, Daniel Sacher and Thoemas Hauf
Alfonso Valenzuela, lirgen Lang

and Damidn Rivas

u-* MnenStuunur\m

|
v Engape KTH Workshap — EFicient prevision and use of metecrological mformation im ATM SESAR

Figure 6. PSA-Met — final presentation (click image to open the pdf file)

Founding Members 11

EUROPEAN UNION  EUROCONTROL



D3.1 FINAL WORKSHOP PRESENTATIONS OF WAVE 1 CATALYST-FUNDED PROJECTS

oD T SESAR

EngClge JOINT UNDERTAKING

4.2 airport-sCAle seveRe weather nowcastinG project (‘CARGO’)

Abstract: This project has combined measurements from different instruments to develop a
nowcasting algorithm of extreme weather events in a localised area around the Malpensa airport with
the aim of improving aviation safety. Radar reflectivity has been used as reference to define and select
the extremes; Global Navigation Satellite System (GNSS) zenith total delay, atmospheric parameters
from weather stations, and lightning have been used as inputs of a neural network to predict the
development of the weather events in the near future (from 30 to 90 minutes before). The results
show an accuracy of 0.75 in nowcasting the extreme events when using all the datasets as inputs and
decreasing accuracy when excluding one of the inputs. However, there are still several tests that
should be performed to understand the optimal setting of the algorithm. This project was the first
experiment to collect so many atmospheric sensors in a localised area to nowcast extreme events with
ATM purposes and posed the basis to develop a deeper study on this field.

UNIVERSITA
DEGLI STUDI
DI PADOVA

SESAR Engage KTN

Thematic challenge 3
Efficient provision and use of meteorological information in ATM
¥4 Workshop

7 Jaruary 2071

Figure 7. CARGO - final presentation (click image to open the pdf file)

Founding Members

* % %
*
*

O

* *
* gk

EUROPEAN UNION  EUROCONTROL

11



D3.1 FINAL WORKSHOP PRESENTATIONS OF WAVE 1 CATALYST-FUNDED PROJECTS

‘O'@‘U'SESAR ¥4>

Engage JOINT UNDERTAKING

4.3 Operational alert Products for ATM via SWIM (‘OPAS’)

Abstract: Volcanic emission is a threat to ATM and the safety of flights. Early warnings are an essential
source of information for stakeholders. The OPAS project is the development of a SWIM Technical
Infrastructure Yellow Profile service providing information (notification & data access) about volcanic
SO, height. The OPAS service considers observations from three hyperspectral satellite sensors
(TROPOMI, IASI-A and IASI-B), respectively operating in the ultraviolet and infrared ranges. These
instruments represent the state of the art of satellite SO, measurements. The IASI sensor already
provides well recognised estimations of SO, height, which is available through the SACS early warning
system and contributes to the OPAS service. The outcome of the OPAS project is the new algorithmic
development (iterative SO, optical depth fitting) of TROPOMI SO, height retrievals, the creation of
alerts and access to tailored information, i.e. SO, contamination of flight level and improved mass
loading estimates.

Operational alert Products for ATM via SWIM (‘OPAS’)
Hugues Brenot, Nicolas Theys (BIRA)
Scott Wilson (Eurocontrol)

consuttent: Rory Clarkson (Rolls-Royce)

Engage TC3 3™ workshop
SESARIJU, 27 Jan. 2022

Poaraing Havamrs
Eie

Figure 8. OPAS - final presentation (click image to open the pdf file)
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4.4 MET enhanced ATFCM

Abstract: The MET Enhanced ATFCM R&D initiative has been launched by MetSafe and France Aviation
Civile Services. This one-year project addressed the provision of accurate convection information for
ATFCM activities, with the 6 hours’ time-horizon as a target. The research approach focused on both
technical and operational aspects, as needs identification and concept of operations, assessment of
convection models, design and deployment of a model-based R&D convection product. Up-to-date
and accurate European thunderstorm forecasts at +6 hours horizon built from a multi weather model
algorithm have been delivered as a SWIM webservice for Reims Upper Area Control Centre during
technical and operational validation trials. Initial project objectives have been fulfilled: Reims air traffic
controllers and FMP operators greatly improved their weather situational awareness and would have
been likely to take ATCFM measures based on received information.

e T x
L CRNA-Est “

METSAFE

MET enhanced ATFCM
ENGAGE#1

‘ contact@metsafeatm com

Weather Impact Prediction for ATM
ENGAGE#2

TROUFTT HAY RECEIVED FUONTING FROM THE 3E54R JOBT UNTESTAING UNODT R
EUROPEAN UNION'S HORIZON 2008 RESEARCH & MINOVATION PROGRAMEE, CHanT
REEMENT N T80T

Figure 9. MET enhanced ATFCM - final presentation (click image to open the pdf file)
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5 Thematic challenge 4 catalyst fund project

As mentioned in Section 1.2, the TC4 did not have a dedicated workshop in 2020. However, the wave 1
CF project in this challenge held its own final workshop, presenting its final results. The TC4 objectives
are: “This research explores the design of new allocation markets in ATM, taking into account real
stakeholder behaviours. It focuses on designs such as auctions and ‘smart’ contracts for slot and
trajectory allocations. It seeks to better predict the actual behaviour of stakeholders, compared with
behaviours predicted by normative models, taking into account that decisions are often made in the
context of uncertainty. Which mechanisms are more robust against behavioural biases and likely to
reach stable and efficient solutions, equitably building on existing SESAR practices? The research will
address better modelling and measurement of these effects in ATM, taking account of ‘irrational’
agents such as airline ‘cultures’. A key objective is to contribute to the development of improved tools
to better manage the allocation of resources such as slots and trajectories, and incentivising behaviour
that benefits the network — for example by investigating the potential of centralised markets and
‘smart’ contract enablers.”
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5.1 Exploring future UDPP concepts through computational
behavioural economics

Abstract: When the demand of an airspace sector is expected to exceed capacity, flights are delayed
and assigned new take-off times through ATFM slots. This delay represents a significant cost for airlines
and passengers. The possibility of rearranging flight sequences offers remarkable potential to reduce
the impact of ATFM delay. Several prioritisation instruments are proposed in the literature, but their
implementation is hindered by the limitations of classical modelling approaches to represent Airspace
Users (AUs) behaviour and network effects in a realistic manner. The aim of the project is to overcome
these limitations through the combined use of agent-based modelling (ABM) and behavioural
economics. The model developed by the project has been used to simulate the performance of a
variety of flight prioritisation under different network conditions and AU behaviours, allowing the
observation of emergent phenomena and opening the way for a rigorous and comprehensive
assessment of innovative approaches to User Driven Prioritisation Process (UDPP).

NOMMO

Exploring UDPP Concepts through
Computational Behavioural Economics

David Mocholi Gonzalez
27/07/2020

Figure 10. Exploring future UDPP concepts through computational behavioural economics - final
presentation (click image to open the pdf file)
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6 Conclusions

This deliverable collates the final presentations of the ten CF wave 1 projects. In some cases, their final
reporting was impacted by Covid-19, however all projects have now completed. Their final reports
were assessed within the Engage KTN consortium and were of high standard with few clarifications
requested. As planned, final technical reports have been published on the Engage website after
approval: engagektn.com/cf-summaries.

In addition to final reporting and final presentations at the Engage TC workshops, CF project results
have been presented at various events such as the SESAR Innovation Days and other workshops — the
results have been positively received by the audiences. Furthermore, the results of several CF projects
are being further extended in current Exploratory Research (ER) projects (the following list is not
exhaustive):

e CARGO results are being extended in ALARM and SINOPTICA,

e OPAS results are being extended in ALARM,

e PSA-Met results are being extended in FMP-Met,

e MET Enhanced ATFCM results are being exploited by WIPA (wave 2 CF project),

e Exploring future UDPP concepts through computational behavioural economics is being
extended through BEACON.

The extension of CF project results into larger, ER projects further testifies to the quality of results
produced by the projects.
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ABM
ADS-B
ATC
ATFCM
ATFM
ATM
AU
CF
CNS
DST
ENV
ER
FMP
GNSS
KTN
MET
R&D
SESAR
SIU
o
SWIM
TBO
TC
TP

TRL

Agent-based model

Automatic Dependent Surveillance—Broadcast

Air traffic control

Air traffic flow and capacity management
Air traffic flow management

Air traffic management

Airspace user

Catalyst fund

Communication, navigation, surveillance
Decision support system

Environmental

Exploratory Research

Flow Management Position

Global Navigation Satellite System
Knowledge Transfer Network

Aviation meteorology

Research and development

Single European Sky ATM research
SESAR Joint Undertaking

Sulphur dioxide

System Wide Information Management
Trajectory-based operations

Thematic challenge

Trajectory prediction

Technology readiness level
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UDPP User driven prioritisation process
UTm Unmanned traffic management
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PSA-MET — Probabilistic Weather Avoidance Routes for Medium-Term Storm Avoidance

Introduction

MOTIVATION

Weather can importantly affect aircraft
operations. In particular, thunderstorms and
the additional associated phenomena present
serious hazards to aviation.

e Thunderstorm motion is stochastic!

The major risk mitigation measure for
thunderstorm hazards is thunderstorm ~
avoidance. FAA.gOV

However, the tactical diversions required negatively impact flight efficiency and the
environment, and significantly increases the flight crew workload.

In convective scenarios, the workload of ATCOs rises, as the air traffic becomes irregular
and difficult to anticipate and there is less available airspace.
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Introduction

OBJECTIVES & EXPECTED IMPACT

* Overall objective:

Development, implementation, and assessment of a concept for
probabilistic storm avoidance (PSA), generating avoidance routes that take
Into account the uncertainty of storm cells.

* The PSA concept envisions the integration of enhanced meteorological
capabilities: ground-based probabilistic forecasts of the storm evolution, namely,
probabilistic nowcasts.

* Expected impact:

* Anticipation of the avoidance manoeuvres, resulting in more predictable and safer
deviations that decrease the subsequent tactical interventions.

* More active role of ATCOs in the storm avoidance process, by relying on these
enhanced resources to better organize the traffic.

3
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Meteorological input

&+ k> Such an advanced product is currently
/1. under development by meteorological
|l agencies.

PROBABILISTIC
NOWCAST OF
STORM CELLS

To obtain results and validate PSA concept,
a statistical procedure has been devised,
which takes a deterministic nowcast as
input and provides an ensemble nowcast.
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Meteorological input

DETERMINISTIC NOWCAST (1)

Observation Storm identification Extrapolation (along time)

Domain TMA MUC 15.07.2012 1030 UTC_DWD radar composite
Rad-TRAM.21 RX > !

%
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Meteorological input

DETERMINISTIC NOWCAST (2)

* In this work, NowCastMIX-Aviation
(NCM-A) is considered as the
deterministic nowcast, which features:

* Based on DWD’s already existing
thunderstorm detection and tracking
algorithms.

e Spatial resolution: 1km x 1km.
e Time resolution: At = 5 min.
* Lead time: Tr = 60 min.

* Number of frames: M = 13.

e Update cycle: 5 min.

» Reflectivity threshold: 37 dBZ.

POLARA (TESTPRODUCT
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Meteorological input

ENSEMBLE NOWCAST
e What:

* A set of deterministic nowcasts (ensemble members).
* The information about the forecast uncertainty is in the spread.

* How:
 Randomly perturbing the position of the storm cells predicted by the

deterministic nowcast.
* Assumptions:
* The main source of uncertainty is the location of the individual storm cells.

* The displacement errors are independent Gaussian random variables, whose standard
deviations increase with the look-ahead time according to the empirical laws from

Sauer et al (SIDs 2014).
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PSA concept illustrated

DIVMET-P BLOCK DIAGRAM

DIVMET-P

Reference
Trajectory

Temperature

Calculate '
Risk !

Risk Field i
S Fie Field ;

:

Hazardous Compute Risk
Weather Field Isolines
Regions

| | Compute Hazardous
Weather Regions

Risk
Field

DIVMET

Isolines

Ensemble Risk
of Level
MNowcasts Value

<o

Engage

Probabilistic
Avoidance
Trajectory

e PSA concept flexibility:

Implementation can be based on
any deterministic storm
avoidance tool.

* The risk level is an adjustable

parameter intended to define
the avoidance strategy.

e The Probabilistic Storm

Avoidance Tool (DIVMET-P)
performs 4 steps.
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PSA concept illustrated
ILLUSTRATIVE EXAMPLE

2w 0 2 E 4 E 6 E B E 1WE 12 E 2w 0 2 E 4 E 6 E 8 E 1 E 12 E

Thunderstorm cells nowcasted at Tp (14:00, Joint picture of all the nowcast ensemble members
22/06/2017), and reference route of the flight (N =100) at Tp + 20 min.
considered.
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PSA concept illustrated
1) COMPUTATION OF THE HAZARDOUS WEATHER REGIONS

2 W 0 2 E 4 E 6 E 8 E 10 E 12 E

48" N ............. ............. ............. _ ............. ............. ............. .......

For each nowcast ensemble
member, and each nowcast
sampling time, the hazardous
weather regions are computed
by extending all the storm cells
with a safety margin.

47" N

46 N

45 N

Hazardous weather regions (yellow) for a 10 NM
safety margin. Ensemble member #50 at Tp + 20 min.
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PSA concept illustrated

2) COMPUTATION OF THE RISK FIELD

For each nowcast sampling time,
the risk field is computed as the
probability (percentage of
ensemble members) that a given
sldeg] location will be covered by a

12 hazardous weather region.

Risk [%]

42 10

6 8

2 9 A [deg]

Risk field at Tp + 20 min for a 10 NM safety margin.
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PSA concept illustrated
3) COMPUTATION OF THE RISK FIELD ISOLINES

2w i} 2 E 4 E 6 E 8 E ME 12E

For each nowcast sampling time,
the risk level value defines the
risk field isolines; they are taken
as no-fly zones.

¥

Time-evolving description of the
no-fly regions.

Risk field isolines at Tp + 20 min. Risk level values
10% (red), 50% (blue), and 90% (magenta).





PSA-MET — Probabilistic Weather Avoidance Routes for Medium-Term Storm Avoidance

PSA concept illustrated

4) APPLICATION OF THE DETERMINISTIC STORM AVOIDANCE TOOL

 The deterministic avoidance tool (DIVMET) is applied to
obtain the corresponding avoidance route, which

circumvents the no-fly regions and reattaches to the given
reference trajectory.

* This probabilistic avoidance route is a unique planned route to avoid the
storm cells for the given risk level value.

* The risk level value is expected to have an important effect on the
resulting avoidance route.

e With a suitable choice of the risk level one can obtain safer yet efficient intermediate

solutions between underreacting and overreacting to the uncertain information on
weather hazard.
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PSA concept illustrated

4) APPLICATION OF THE DETERMINISTIC STORM AVOIDANCE TOOL

Probabilistic avoidance route for a 50% risk level value. Probabilistic avoidance route for a 90% risk level value.
Reference trajectory (black), avoidance trajectory (blue), and Reference trajectory (black), avoidance trajectory (blue), and
risk isolines at Tp + 20 min (purple). risk isolines at Tp + 20 min (purple)
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Concept assessment

DEFINITION

* The objective of the concept assessment is twofold:

1. To study the effects of the risk level on the probabilistic weather avoidance

routes.

2. To evaluate the costs and benefits resulting from the aircraft followi
these avoidance routes.

* Performance areas: flight efficiency, safety, and workload.

Probabilistic

Reference Trajectory Avoidance Trajectory

Executed Executed
Reference Trajectory  Avoidance Trajectory

ng
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Concept assessment

SIMULATION SCENARIO

* Real heavy storm episode over 60° N
Germany on 29t June 2017.
Tp = 20:30.

» 988 synthetic flights generated so that
each reference trajectory is expected 45' N
to encounter a storm cell.

* Risk level values: 10%, 50%, and 90%.

Engage
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Concept assessment

INDICATORS & RESULTS

1. Percentage of avoidance trajectories different from the corresponding
reference trajectories.
» Severity of the scenario.
e Results: The smaller the risk level, the larger this indicator.

2. Average number of tactical deviations per flight and their magnitude:

e Safety and workload of pilots and ATCOs.

* Results (1): With medium to small risk levels, they can be reduced (e.g. 10%) as compared
to today’s practice.

* Results (2): Substantial reduction in the length of tactical detours (e.g. 60%) as compared to
today’s practice.

3. Difference in the arrival times between the executed avoidance trajectories
and the executed reference trajectories.
 Efficiency.
* Results: Small loss of efficiency (e.g. 0.7%) as compared to today’s practice.

Do g -

Engage





PSA-MET — Probabilistic Weather Avoidance Routes for Medium-Term Storm Avoidance

Conclusions

* PSA concept developed contributes to advancing the state of the art in storm
avoidance:

e Storm avoidance is based on deterministic nowcasting.
e Deviations and delays caused by storms are just tactically generated.

 Integrating the uncertainty in the storm-avoidance process improves situational
awareness and, therefore, enables anticipated and better-informed decision
making (weather-related deviations and delays are anticipated).

* Further improvements are needed to grant acceptability by pilots and ATCOs:
« Common airlines policies to avoid storms.

e Constraints in deviations so as not to enter into active airspace restrictions or
adjacent sectors.
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Next steps

PSA CONCEPT IN FMP-MET
* FMP-Met is a current SESAR-funded project (SESAR-ER4-05-2019):

* Provision of enhanced information to improve the FMP decision-making when subject to the
effects of convective weather.

* In FMP-Met, PSA concept is used as a key enabler for uncertainty integration in
trajectory prediction for short look-ahead times.

* Two main sources of uncertainty are considered:
* Meteorological uncertainty = Ensemble nowcast generated by AEMET.

» Operational uncertainty - Different avoidance strategies are captured by considering a set
of possible risk level values.
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Next steps

MEDIUM-TERM STORM AVOIDANCE (1)

* Development of a Medium-Term Storm Avoidance (MTSA) tool, based on PSA concept, that
would allow air traffic controllers to be involved with a more active role in the storm-avoidance

process.

* The MTSA tool will
* 1) detect flights predicted to go through locations affected by adverse weather (i.e., with a sufficiently
high risk value) in the next 20 minutes, and

e 2) warn the ATCOs and support them to determine an appropriate avoidance route for each flight (the
pilots will be offered this route).

 MTSA will offer the ATCO to either manually generate an avoidance route or choose between
three different computed routes:

* areactive avoidance route (large risk level value),
* a proactive avoidance route (small risk level value), and
* a balanced avoidance route (intermediate risk level value).
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Next steps

MEDIUM-TERM STORM AVOIDANCE (2)

* The avoidance route can be implemented by vectoring or direct routes (in
current ATM paradigm) or directly uploaded to the aircraft (in Trajectory-Based

Operations).

* The MTSA tool is intended to complement, not replace, the current practice in
which pilots evade the storm using the on-board weather radar.

* The pilot will still be allowed to perform tactical diversions when needed.

 MTSA tool is expected to balance workload of tactical and planning tasks in ATC,
enhancing sector team efficiency and providing a safer and better service to
airspace users.
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Next steps

MEDIUM-TERM STORM AVOIDANCE (3)

* MITSA concept, scheme of use, and expected benefits are further detailed in a
brochure delivered as a result of PSA-Met project.

e This brochure was presented to the stakeholders involved (pilots and air traffic
controllers) and they were asked for an external assessment of the MTSA tool

concept.

* The responses received provide very positive assessments, and show the
willingness to include this tool on daily operations once its effectivity is proven

through validation.
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Next steps

MEDIUM-TERM STORM AVOIDANCE (4)

* Main comments from pilots:
e Deviations proposed by ATC can be accepted.
* An assumable impact on fuel and time consumption is acceptable.

* Suggestions:
* Increasing pilot’s role in deciding the avoidance route.
Using Controller Pilot Data Link Communications (CPDLC) to send the avoidance routes to the aircraft.

* Main comments from ATCOs:
* The avoidance routes must not penetrate military areas or segregated airspaces.

e MTCD and MTSA should be completely independent.
* MTSA should consider the three-dimensionality of the storms.

« Recommendations:
* Representing the avoidance routes with distinguishable colours.

* Showing the weather information and risk field as optional layers on their displays.
* Waiting until more experience is gained before defining the number of proposed trajectories.
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Back-up Slides
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Concept assessment

RESULTS (1)

Risk level

NN QEE Ref. traj

20% _10% | 50% | 90% |
ey 906 853 722 0.67 087  1.02 0.99
Avoidance trajectories different from the corresponding Tactical deviations per flight

reference trajectories
e Quite demanding scenario. * High values of the risk level:

. As expected, the percentage Similar to today’s practice.

decreases as the risk level * Medium and small risk level values:
increases. Smaller than today’s practice.
>0 *
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Concept assessment

RESULTS (2)

. 10% | 50% | 90% | |
Average [s] 14 29 38 79
Std. Dev. [s] 61 77 81 116

Differences in arrival times between executed trajectories
and planned trajectories

* It is a measure of the magnitude of the tactical deviations
needed.

* Deciding to follow a probabilistic avoidance route
substantially reduces the magnitude of the tactical deviations

and its uncertainty.

» Safety of the flights and the workload of pilots and
controllers is improved (less and smaller tactical deviations).

<o

Engage

Risk level

10% 90%
Average [s] 48 24 13

Differences in arrival times between
executed avoidance trajectories and
executed reference trajectories

* There is a small loss of efficiency
for executing the probabilistic
avoidance trajectory (~0.4%).
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Quick Intro: ADS-B Security

ADS-B is shift from Air segment:
& GPS
Trusted ground-based - %ﬂ « ADS-B spoofing
surveillance to untrusted - ADS-B In
dependent positioning - ACAS X

010011...

Different talk, maybe next time! @y Ground segment:

e ADS-B spoofin
Harder-to-fake analog ’ °

. - Ghost targets
signals to unprotected - Denial of service

digital broadcast - Data modification
communication






There are many solutions, but...

Main enemies:

* Cost pressure

* Long life cycles of tech
— Backwards compatibility

Secure Location * “Need” for guarantees

Broadcast catio
Auth. Verification

ADS-B
Security

Retroactive
Key
Publication

Multi-
lateration

Traffic
Analysis

Data
Fusion

Kalman
Filtering

Distance
Bounding

Non-Crypto
Schemes

Public Key
Crypto

Group
Verification

Random.
Frequency
Hopping /
Spreading

Finger-

i * Strohmeier, Lenders, Martinovic: “On the Security of the Automatic
printing

Dependent Surveillance-Broadcast Protocol”, IEEE, 2014





Still possible to add security to ADS-B?

Minimum Operational Performance Standards
(MOPS) for 1090 MHz Extended Squitter
Automatic

(ADS-B)

(Corrigendum 1, Appendix W, integrated and highlighted)






1090ES ADS-B Signals 5

Pulse Position Modulation:
JLJ»\JM ﬂJ MMLJ UI Um

The Signal Phase:

I

— can be used to transmit additional information with each ADS-B signal!





ADS-B Phase Overlay 6

= Part of the current draft of next ADS-B version:

2.2.3.5 (Optional) Phase Overlay Capability

The optional Phase Overlay capability eonsists of phase modulating the pulses of a
standard 1090ES message. This phase modulation of the PPM signal is used to encode |
data in addition to the"data conveyed in the 112 bit 1090ES message. The following
sections define the encoding of the phase data and basic message structure.

" Transparent to legacy receivers (backwards compatible!)

= Phase overlay has (almost) no effect on PPM modulation

= Unigque opportunity:
Use PO to add security to ADS-B in a backwards compatible way!





Research Questions

Q1: What’s the net capacity that can be provided
with the phase overlay under realistic conditions?

Q2: How can we use this additional capacity to
provide security services to ADS-B users?
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What is the optimal PSK configuration?

Q Q Q Q
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More bits per symbol but also more prone to errors
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Net Capacity of Phase Overlay

Bit errors in a noisy (realistic) environment?

Example: Mode A/C Fruit
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Evaluation Setup

e generates reference signal

* can mix in noise from recordings 1090 MHz
* receives frames from GRX and > Dot Antenna
counts symbol/bit errors —> Signals

e optional real-time
noise injection

Ettus USRP X300

[ ® @

* 1090 MHz receiver
* provides 12 bit I/Q
data @ 12 MHz

awsOmesC @ @ @ @
o
GRX WSO S ¢ "
®

SeRo Systems GRX1090 * ADS-B transmitter (PPM + M-PSK)
* Noise/Interference transmitter

*®





Bit Error Rate vs. SNR
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Expected Performance in the Real World

= Assumptions:
" Transponder transmits at 56 dBm
" Free-space path loss over 250 NM

= Mixed in RF recording from FRA receiver (~200 aircraft)
= No carrier frequency offset / Doppler shift

Mode A/C noise DME noise
. Magnitude Squared
= ECC added for: & D 9 ,
oo | | |
ngDOOO- T T ]
95% successful reception g | m | |
o | Iy N
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Result

= Net capacity = log,(M) bits per PPM bit - ECC bits (RS coded)

218

200 -

150 -

Net Capacity (Bits per Transmission)

= =
'

2 4

= Very close to current draft of ADS-B v3: 204 data bits
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SECURITY






How to use these 218 bits?

Main enemies:

* Cost pressure

* Long life cycles of tech
— Backwards compatibility

Secure Location * “Need” for guarantees

Broadcast catio
Auth. Verification

ADS-B
Security

\

Retroactive
Key
Publication

Multi-
lateration

Traffic
Analysis

Data
Fusion

Kalman
Filtering

Distance
Bounding

Non-Crypto
Schemes

Public Key
Crypta

Group
Verification

Random.
Frequency
Hopping /
Spreading

Finger-

i * Strohmeier, Lenders, Martinovic: “On the Security of the Automatic
printing

Dependent Surveillance-Broadcast Protocol”, IEEE, 2014





Broadcast Authentication (and Integrity)

= Candidate protocol:

In CryptoBytes, 5:2, Summer/Fall 2002, pp. 2-13

The TESLA Broadcast Authentication Protocol®

Adrian Perrig Ran Canetti J. D. Tygar Dawn Song

= Requires:
" |ight time synchronization between transponder and receiver(s)
= pre-calculated chain of keys linked with secure(!) one-way function

= Several variants of TESLA for ADS-B proposed in the literature





Our Variant

Generate next key:
K_i-1 = HI{K_i)
i=il

|
|
|
|
|
|
|
|
|
|
|
|
i=M |
|
|
|
|
|
|
|
|
|
|
|
|
|

K1 is added to flight plan /
distributed to ANSPs

Start ADSB OUT }—

KNFKNIF FKIFKHF FKzF
O
I Key chain generated

- Start - Input: P
before flight 112-bit DF17 Repert M /““
¥
Input:
/FIightDurationD/ 4 ‘/
= 1+floor{current flight time / 0.5)
v C' = AES(K_i, M | 1000000000000000)
C = MSB(C', 90)
Init variables:
M= (D+X)/0.55
K_i = RND y

Output:
218-bit Overlay K_i-1 | C

Flight Finished no

0.5s key disclosure, 6h flight - 0.7 Mbyte keychain

Message authentication
codes (MAC) generated
using keys from the chain
according to key schedule

| Key of previous time

interval published with
every ADS-B message





Conclusion 19

" Expected net capacity gain through phase overlay is 218 bits
= actually 204 if implemented according to current ED-102B/D0O-206C draft

= Additional capacity can/should be used to improve security
= Backwards compatible ©
= But: update of transponder hardware required ®

= Would not solve all ADS-B security problems, but is giant leap forward
= Only authentication of origin of information

= Correctness of information itself not guaranteed
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airport-sCAle seveRe weather nowcastinG prOject

CARGO

Riccardo Biondi, Pierre-Yves Tournigand, Corrado Cimarelli, Eugenio Realini, Sebastian Kauczok
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Ganit diagram e (EGuszs, 2020  onie aumyaom
Month/Task I 23|14 |5 |86 |7 8 11 12
Eickoff mesting —

Instruments sefting The airport-sCAle seveRe weather nowcastinG project (CARGO)
Data selection =
Data analysis & & & ® &
Neural network &
development/optimization ® &
Algorithm test

Milestones EQ IPR | AGU D+EGU | FPR+FTR

TU2R19.9

Month/Task 1 2| 3|4|s5|6|7 8 9| 10 | i1 72 | 13 | 34 | 15| 16 17| 18 O L TSXTEER BV

Eickoff meeting & & ® & & ® & ® & &

Imstrionents sefting

Data selection * & Session:

Clouds and Precipitation

Dara analvsis

Presentation Time:

MNewral Refwork Toe. 29Sep 1550-1600 UTO
gdevelopment/optimization .

Algorithm test

Milestones Ko IPR EGU TG ARSS FPR+FTR
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VN Varese Laghi

VARESE 1 PIU VISTI
» Varese - In contromano in tangenziale a

Alberi abbattuti come un
domino dalla tempesta intorno e

y = & » Salute - Quando & efficace Il vaccino
icovid ificarlo. Ri deil
all’osservatorio del Campo dei s s

» Verona - Terremoto in provincia di

- -
I I o rl Verona, scossa avvertita anche nel Varesotto

» Le regole - Giorni rossi e arancioni, cosa si
pud fare (e non) durante le vacanze di

Articoli Foto Video

La Societa Astronomica G.V. Schiaparelli fa un primo punto della Natale
situazione dopo il sopralluogo reso possibile grazie all'aiuto del » Varese - E stata venduta la caserma dei
Comando Provinciale Vigili del Fuoco Varese cabinicadivarese

Gallerie Fotografiche WebTV  Blog Live
——

» campo dei fiori % centro geofisico prealpino

Comunita INVIA un contributo

Lettere al direttore Foto dei lettori
Matrimoni In viaggio
Auguri Nascite

VareseNews @
246.712 "Mi piace”
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Ground based info

Main objectives
To find the network optimal temporal and spatial resolution
and to understand the fundamental parametersinfluencing the
cell development (small spatial scale).

Lightning detector

Radar

Ground-based GNSS

Meteo station

Cell develomentor

Vertical info

=]
°
c
=
¥
NS
5.

T

Radiosonde

A4 "“ = I g intensification
' ',-' Output

Radio occultation

Input @ > .'.

Main product
A poligon identifying the cell
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Legend
L Lombardy region

5

e

400 600 km
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Malpensa black-out di un’ora

Colpita una centralina elettrica esterna allo scalo. Forti raffiche di vento hanno poi
impedito i decolli. Sea: «Ritardi ma nessun volo cancellato»

®© 0 9

di Andrea Camurani

(1)

Area of interest

Milano 11 May 2019
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Trasporto aereo passeggeri in Italia, 2018-2019

e . Traffico passeggeri Tvar% Quota%
o AP 2018 2019 20182019 2019
1 RomaFiumicino 42995119 43532573 1.3 25 Trasporto aereo cargo in Italia, 2018-2019
[2  Milano Malpensa__ 24.725.490  28.846.299 16,7 14.9] Traffico cargo (tons)  Twvar%  Quota %
3 Bergamo 12938572  13.857.257 7.1 7.2 Pos. Aeroporto 2018.2019 2019
2018 2019 :
4  Venezia 11.184.608  11.561.504 34 6.0
5. Napol 352009 10:060.060 33 5 [1___ Milano Malpensa 572.775 558.481 25 50.6
ol e Bomes e s 2 Roma Fiumicino 205879  194.527 55 176
i i i : : 3 Bergamo 123.032 118.964 33 10.8
8  Palermo 6628558  7.018.087 59 36 ; 3 e S g e
9 Milano Linate® 9233475  6.570.984 28,8 34 S . : i '
10  Roma Ciampino 5839737 5879496 07 30 3 Bologna 52.681 48.833 73 44
11 Ban 5 030.760 5 545 588 10.2 29 6 Brescia 23.768 30.695 291 238
12 Pisa 5463090 5387558 14 2.8 7 Roma Ciampino 18.259 18.448 1.0 1.7
13 Cagliari 4370014  4.747.806 8.6 25 8 Pisa 11.644 13.005 1.7 1.2
14 Torino 4084923 3952158 33 2.0 9 Napoli 11.691 11.750 05 1.1
15  Verona 3459.807  3.638.088 5.2 1.9 10  Taranto-Grottaglie 6.838 7.588 1.0 07
16 Treviso 3308955 3254731 1.6 1,7 "
17 Olbia 2999253 2978769 07 15 20 \Verona 3.943 1.155 -70,7 0,1
18 Lamezia Terme 2.756.211 2.978.110 8.1 15 21 Trieste 424 276 -34,7 00
19 Firenze 2719081 2874233 57 15
S i SeE i o i TOTALE 1.139.753  1.103.664 32 100,0
Fonte: elaborazioni Fondazione Think Tank Nord Est su dati Assaeroporti
23 Trieste 772.517 783.179 1,4 0.4
36 Bolzano 18.492 10.780 -41.7 0.0
TOTALE 185.681.351  193.102.660 40 100,0

Fonte: elaborazioni Fondazione Think Tank Nord Est su dati Assaeroporti. (*} Milano
Linate e stato chiuso dal 27 luglio al 25 oftobre 2019. con trasferimento a Milano

Malpensa dei voli. ? Q w@—o—
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PEET T T
CELL-INFO . 201004011055
NR-COORD-201004011055

LAT-CCORD 45.354174
LON-CCORD 8.8738878
BZC WO 1] L]
MZC WO o o

R R R R
CELL-INFO.-201004011100
NR-COORD -201004011100

LAT-CCORD 45.363001
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. BZC ‘WO 0 0
MZC NO 0 0
| ke
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" BZC -YES 2 1
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NR-COOCRD -201004011110
LAT-CCCRD 45.398637
LON-CCCRD §.9133483
BZC -NC a 1]
. . MZC -NC a 4]
Selected more than 600 extreme events (intensity e eoiiies
. h o _I NR-COCRD-201004011115
95 LAT-CCCRD 45.398637
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MZC -NO [+ o
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1] 0 1]

39.8687
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o
]

39.3847

45.300055
§.8852339
]

]

40.8409
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o
]

40.1087
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]
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Lightning Tracker

The world's most sophisticated lightning detection
network

time: date and time in UTC
type: "0" is CG (cloud to ground flash), "1" denotes IC (intra-cloud) or any lightning that
does not have a return stroke, "40" denotes a WWLLN (world wide lightning location
network) stroke/flash (generally CG)
latitude: latitude in decimal degrees
longitude: longitude in decimal degrees
| amplitude: peak current in Amps
y icHeight: the height of the IC lightning measured in meters; if it's a CG, it will read 0.0,
. obviously.
B I ra | BT D - 2 O O numSensors: the number of sensors used in locating this lightning.
eeMaj: the major axis of the error ellipse in meters
eeMinar: the minor axis of the error ellipse in meters
eeBearing: the bearing in degrees from clockwise (east) from north of the major axis.
Type Date and Time Latitude  Longitude Amplitude icHeight Sensor eeMaj eeMin eeBearing
. . . . 0 2018-01-09T00:21:24.777269840 45.492.170 8.569.180 -4364 0 5 110 0.86 123.20
e Lightning Detection Cloud-to-cloud, cloud-to-ground and intracloud ol 015 01 coToene Geseraase S senme w0 slom Tom [mw
’ 1 2018-01-09T00:30:44.504471064 45.533.160 8.628.620 -7248 13587 5 0.77 033 12560
. . . 0 2018-01-09T09:18:07.942303658 45.668.280 8.574.810 -3594 0 5016 013 103.10
I Ig ht n I n g d ISC h a rges 1 2018-01-09T11:22:45.668367386 45.721.730 8.607.410 2435 16148 5407 067 97.50
1 2018-03-17T00:37:28.222967625 45.629.070 8.689.860 14326 17878 7 041 035 9530
. ° ° ° 1 2018-03-17T00:37:28.234298468 45.657.680 8.694.630 5734 13380 5207 103 79.30
[ ] L I g ht n I n g d etect I O n r'a n ge 3 5 km (2 2 m I |eS) 40 2018-03-17T00:37:28.280967951 45.637.600 8.654.700 21275 0 5000 000 0.00
1 2018-03-17T00:39:59.423828125 43.594.450 8.687.240 -4933 19372 8141 095 11340
. 1 2018-03-17T00:46:14.638254642 45.596.750 8.665.120 -10243 14152 7 0.34 017 73.40
[ ] Ra n e res O | u t l O n 1 k m 1 2018-03-17T00:46:14.739767551 45.659.950 8.674.860 -14495 16103 13 041 040 123.50
g 40 2018-03-17T00:46:14.768413067 45.647.500 8.607.800 -1084 0 6 0.00 0.00 0.00
1 2018-03-17T00:57:25.353359222 45.659.720 8.565.480 7254 6934 5 3.09 098 9580
[ D t t H ff. H 9 5 0/ f H I | H h t H fl h 1 2018-03-17T00:58:21.986790419 45.648.340 8.701.160 3800 19208 5528 144 95.80
e ec I O n e I C I e n Cy 0 O r a S I n g e Ig n I n g a S 1 2018-03-17T01:07:09.273640871 45.620.720 8.661.110 8076 16552 9 076 062 29.10
0 2018-03-17T01:07:03.324131809 45.680.340 8.601.060 68695 0 8 058 025 79.50
° 9 9 0/ f H h 2 | H h H fl h 1 2018-03-17T01:07:09.332666159 45.687.580 8.606.530 7895 13912 10 0.55 044  29.10
0 O r St 0 r m Wlt Ig t n I n g a S es 1 2018-03-17T01:09:44.200291634 45.625.600 8.661.000 10962 14426 15 0.49 0.34  12.90
40 2018-03-17T01:12:46.633135080 45.603.300 8.619.300 19513 0 5 0.00 000 0.00
° 0 M M . 0 2018-03-17T01:21:50.430663824 45.638.490 8.661.000 16677 0 15 0.60 0.39 118.80
9 9 . 9 /0 fo r Sto r m Wlt h 3 | Ig h t n I n g fI a S h eS 0 2018-03-17T01:27:09.773797035 45.625.890 8.645.550 -64715 0 7 057 029 29.00
1 2018-03-17T01:27:09.781774759 45.605.190 8.563.170 -4034 18331 6 0.33 010 126.70
. . 0 2018-03-17T01:27.039.522641039 45.680.200 8.606.330 -10801 0 5 118 0.81 129.80
[ ] F O r fl a S h eS Wlt h I n 3 5 km 1 2018-03-17T01:54:21.498630605 45.676.520 8.557.990 -5429 14331 14 045 041 1740

* False alarmrate<2%
 Maximum flash rate 120 per minute

aan
* Maximum updaterate 2 seconds % o<&o
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Different kinds of receivers are available on the market, targeting different precision levels:

v’ Professional receivers - Millimeter precision - High cost

v'|Mass-market receivers| = Meter precision - Low cost v

tmmm e (‘.’\GE‘JG”"“‘U‘ e Millimeter precision
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RO 2016

GNSS Radio Occultation

RO 2017 RO 2018

RO 2014 RO 2015
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* Data analysis

P LU ,":‘
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s Y Weather Station
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Original concept by Shaji ¥, lapan Meteorological Agency
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# perform a backward pass (backpropagation)
loss.backward()

# Update the parameters
optimizer.step()

if epoch¥50@ == @:
print({‘epoch: ", epoch, 'less:’, round(loss.item(),4), "v_loss:', round(val_loss.item(),4))

del(val_loss_list[:50@])

# Saving model and loss functions

torch.save(model.state_dict(), 'D:/CARGD Valerio/dati/tentativo 1/tl "+str{loop)+'_m.pt')

pd.DataFrame({ train_loss':loss_list, 'valid_loss':val_loss_list}).to_csv('D:/CARGO_Valerio/dati/tentativo_1/t1 '+str(loop)+'_loss.txt"')
metadati = {"n_in':n_in,'n_h":n_h, 'n_layer':n_1, 'n_out':n_out,'lr’:learning_rate, 'n_ep':epoch, 'weights':pesi, 'input':variabile}
torch.save(metadati, 'D:/CARGO Valerio/dati/tentativo_1/tl1 "+str{loop)+_metadati.txt")

# Ending timing
et = time.time()
print('time: ', round((et-st)/68, 2), 'minuti’)

### HYPERPARAMETERS AND TRAIMIMNG ------ oo oo m oo oo oo oo oo oo e oo
# Definition of hyperparameters
n_in = input_train[8].size
n_out = 3

n_epochs = 1860868

threshold = ©.808081

input layers
output layers
number of epochs (expected to produce a good result)
early stopping threshold on walidation loss function

B

# Weight of each class, used in the cross-entropy loss computation

pesi = torch.Tensor([len(output_train)/(output_train==8).sum(),
len(output_train)/(output_train==1).sum(),
len(output_train)/(output_train==2).sum()])

lista_h = [5, 1@, 28, 38] # number of neurons
lista_layer = [1,2,3] # number of layers
lista_1r = [0.83, 0.81, ©.883, 8.801] # learning rates
loop = @

# Training
for n_h in lista_h:
for n_1 in lista layer:
for learning_rate in lista_lr:
print( \nLoop:",loop)
rete_neurale(loop)

e Vg Do
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Neural Networks

3 Legend

4 storm life cycle expressed as percentage

0 [middle]
0
0

=OONOUTS
o o

00 [end]

Precision: number of samples of one class that are predicted correctly,
divided by the total number of true elements of that class;

Recall: number of samples of one class that are predicted correctly,
divided by the total number of elements predicted in that class;
Accuracy (or “overall accuracy”): sum of the elements on the diagonal

of the confusion matrix, divided by the total number of elementsin the
matrix.

confusion matrix

Predicted

Predicted

+

Precision =
TP /(TP + FP)

Ground truth l
+
True positive False positive
(TP) (FP)
False negative True negative
(FN) (TN)

Recall =
TP /(TP + FN)

Accuracy =
(TP+TN)/
(TP + FP + TN + FN)

Ground truth ]
+ -
1000 100 Precision =
0,91
30 50 Precision =
0,62
Recall = Recall = Accuracy =
0,97 0,33 0,89
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. Legend

4 storm life cycle expressed as percentage

(1)0 [start]
o 2 RI'JE"E'HHT.' ROC Curve
= 40 =
: 28 [middle] #
= - = - L
. 58 = AuC = 100% e = = ROC Curve
= 90 & - = =
= 100 [end] = # = =
g T g 3
¥, £ e . i) L}
o L ="Chance "' line > =
= ; = Z
- < AuC = T5%
s ’
¢ s
FPR (1 - Specificity) FPR (1 - Specificity) FPR (1 - Specificity)
Exeellent Mo Separphality

Overlap = How well the model separates Negatives amd Positives

If the model does not distinguish between classes, it generates two
completely overlapping probability distributions and the AUROC is 0.5.
On the opposite, if the model perfectly separates the two classes, the
distributions do not overlap and the AUROC s 1. On thisscale, a result
is considered satisfyingifthe AUROC is at least over 0.6.
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NN results

6 GNSS receivers for all the events

< No 078 | 0,22 < No 0,62 0,38
5 event s event
= Event | 0,55 0,45 = Event | 0,38 0,62
No Event No Event
event event
Predicted Predicted
Before adjustment After adjustment
3 GNSS receivers for all the events
c No 08 | 0,16 < No 062 | 0,38
‘é event ‘é’ event
= Event | 0,63 0,37 = Event | 0,38 0,62
No Event No Event
event event
Predicted Predicted
Before adjustment After adjustment

# of events

Validation and test sets (2018-2019)
Nowcasting of events SW-NE
Survival curve

~&— 6 stations
—o— ] stations

0.3 0.4 0.5

Accuracy

percentage of steps predicted correctly in each event
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e Lead: number of timesteps in the future, i.e. the time interval between
the moment the prediction is performed an the instantin which the
prediction should occur;

* Lag: number of timestepsin the past used to make the prediction.

The time step is 10 minutes, by default lead=3 and lag=3

plLvarables 0,84 0,80 0,75 146067
plivarables 0,82 0,81 0,73 146067
e s 0,30 0,80 0,67 87175
o e 0,83 0,80 0,69 69820
fenit Lago 0,81 0,80 0,66 57435
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the sensors network where not set for this specific purpose, so the spatial distribution is not optimized and the temporal resolutions are
not homogeneous;

several different tests are required to optimized the algorithm and we did not have the time to run all the tests;
the customized lightning detector was not installed on time for the planned campaign;

we did not find the way to add vertical information from radio occultation to the algorithm since the temporal and spatial resolutionsare
too coarse in comparison to the other measurements;

we ran the algorithm for each single stationsbut we did not have time yet to make the software to create the final polygon which must be
compared to the Ground Weather Management System (GWMS) provided by Leonardo.
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Local characterization. A local characterization of the convection must be done before developingthe algorithm, since the atmospheric
characteristics of each single hotspot could be different and makingthe algorithm more complex;

Datasets choice. The choice of training, validation and test dataset could be crucial for the final results. In our experiments we have used
as validationand test all the events form a specific year (respectively 2018 and 2019), however, a single year would have sp ecific
atmosphericcharacteristics different than those of the trainingand a random choice would provide different results;

Significant dataset. We must reach a significant number of cases to train the neural network and this means that the threshold to define
the extreme must be tuned accordingto the objective of the work;

Definition of extreme. The definitionthat we gave to the “extreme”, could not be adequate for ATC purposes and this should be better
re-defined accordingto other parameters;

Completeness of datasets. When working with sensors/datasets coming from different networks, we must be aware that they have not

been deployed for this specific use (some were dismissed duringthe period of interest some new were installed, several technical issue

can happen ...)and this decreases the number of events that can be used for the analysis. It is importantto perform a strategy to fill the

gaps;

Network optimization. We have finally seen that the density instruments of each network allows to get different performancessoit is

important to understand whatisthe minimum number of sensors (weather stations, ground based GNSS, lightning detector) allowing

high performances of the nowcastingalgorithm and at the same time optimizing the costs. QQ "O_@'U‘
: Engage
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&

SINOPTICA

Collaboration with GReD

*
HOME  PARTNERS  DELIVERABLES PUBLICATIONS CONTACT NEWS SESAR

Satellite-Born&.d In Situ Assimilation of GNSSRO
Observations to Predigt the

Initiation of Convection for ATM

Ligthning detector

a project funded SESAR Joint Undertakig’(‘]

WP?2 is the real follow on of CARGO

> Accounting for all the lessons learnt

ot
r_.. %
e
MORE INFORMATION 4
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Background and Motivation





Demand Capacity before ATFM regulations

1001 Afternoon peak

80 1

60 -

Demand

40 1

20 1

» When demand exceeds the declared capacity of an airspace
sector or airport, the Network Manager (EUROCONTROL) issues
an ATFM regulation.





Demand Capacity after ATFM regulations

100 Ground Delays (ATFM slots)

Demand
h [s]
= [

e
o

s
=

» The regulation imposes ground delays to Airspace Users and
redistributes the flow maintaining the required safety levels
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Before COVID-19 crisis:
» 2018: fifth consecutive year that 80% -
punctuality fell
75%
> 2019: situation worsened
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» Demand is expected to
keep raising

» ATC capacity is constrained
by operational limits
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Cost of delay for AU

4

Cost of delay

»

Non-linear relation

on 1 flight \

Cost disruption due to:
,\ = Pax flow: connections, rotations,
compensations...
= Resources Mgt: crew constraints,
| | . pilots constraints, curfew...

Delay

AUs need more flexibility to adapt their operationsin situations of demand capacity
imbalances in order to decrease the cost of delay

» How can Airspace Users deal with delays to reduce cost?

Prioritisation mechanisms have been developed to provide AUs with tools to
reorganise their flights in a hotspot and reduce the cost of delay

e

SESAR User Driven Prioritization Process (UDPP)






Objectives and Approach





fName and Funding R

“Exploring Future UDPP Concepts through Computational Behavioural Economics”,
funded by SESAR Engage KTN Catalyst Funding under TC4 “Novel and more effective

\al/ocation markets in ATM )
~

& Goal

Evaluation of advanced flight prioritisation mechanisms in the context of demand
and capacityimbalances through Computational Behavioural Economics (CBE)

\ J
(Methodology )
1. Development of an adequate performance assessment framework (D1.1)
2. ldentification of tactical slot and trajectory prioritisation mechanisms (D2.1)
3. Development of an agent-based model following the CBE paradigm (D3.1)
4. Simulation experiments and analysis of results (D4.1
\_’ P y (D4.1) Y
4 A

Future Contributions

This work will be extended in SESAR-ER4 BEACON Project
\_ y,






Prioritisation Mechanisms





List of mechanisms

Baseline (FPFS + Slot Swapping)

UDPP Selective Flight Protection

UDPP Extended Selective Flight Protection

Slot Auction





Baseline - Current Concept of Operations

Hotspot (Baseline delay)

First Plan First Served: the flights are
sequenced according to their

Estimated Time Over (ETO) the Al |A2 C1 B1 A3 C B2 A X1 X3
specific sector or airport (Ration By Al A2 C1 Bl A3 C2 B2 A4 X1 X3
Schedule, RBE) 0 1 2 B EEEREEERE

Hotspot (Baseline delay)

Slot Swapping: Exchange ATFM
slots between flights of the same bl AL A2 C1 Bl A3 X3

2 B2 A4m X1
airlines affected by the same Al A2 c1 B1 C2 B2 X1 X3
3 3 3 3 3 1

regulation Delay 0 1 2

The implemented baseline scenario contains both components





Baseline - Current Concept of Operations

Hotspot (Baseline delay)

First Plan First Served: the flights are
sequenced according to their

Estimated Time Over (ETO) the Al |A2 C1 B1 A3 C B2 A X1 X3
specific sector or airport (Ration By Al A2 C1 Bl A3 C2 B2 A4 X1 X3
Schedule, RBE) 0 1 2 B EEEREEERE

Slot Swapping: Exchange ATFM

slots between flights of the same bl AL A2 C1 Bl A3 X3

C2 B2 A4 X1
airlines affected by the same Al A2 c1 B1 C2 B2 X1 X3
3 0 3 3 6 1

regulation. Delay 0 1 2

The implemented baseline scenario contains both components





UDPP Selective Flight Protection (SFP)

Concept based on the Ration by Effort (RBE) principle

Hotspot (Baseline delay)

Al |A2 c1 B1L DI C2 B2 A4 X1 X3
m Al A2 c1 BL DI C2 B2 - X1 X3
SUSPEND PROTECT
UDPP
automation

1) Swap A4 with A2

Al [aa] « Bl DI C2 B2 [A2 |x1 X3
2) Put A4 at the first slot at schedule

Al c1 B1 D1 - c2 B2 [A2 |x1 X3

Positive impact for C1, B1 and D1, A4 on time





Extended-SFP (ESFP)

* The concept is very similar to the SESAR Selective Flight Protection. It is

considered as an extension or a complementary mechanism to other
UDPP features

* The potential advantage of FCL is the ability to provide flexibility also to
AUs with a low number of flights involved in a regulation, thus increasing
the equity of the system

Use credits

in other
Hotspots

. Use credits .

Suspend . Earn

flight credits

Selective Flight Protection + Flexible Credits





* Primary Auction: process by which AUs compete for ATFM slots by
offering them up for bid to an honest broker (NM) which then sells each

item to the highest bidder.

Hotspot (Baseline delay)

Al |A2 C1 Bl A3 C2 B2 A4 X1 X3
Al X3

\ ATFM Slot: Airlines A,B,C and X compete for the slots

 Each ATFM slotis auctioned following the restrictions imposed by the
SOBT of the flights affected by the regulation, meaning that airlines
cannot bid for time slots whose new expected departure (EOBT) is earlier
than the original SOBT of the flight willing to take that position





Modelling Approach





- Scenarios
'Network
« Airports el

- | » Sectorization 0:8
| * Capacity

' Demand
: * Passenger Connectivity O
|« Flight Schedules Ba

/rMechanisms @

- | » Extended SFP
|+ Slot Auction

« Selective Flight Protection (SFP) - * Hyperbolic Discounting

Agent Based Model

' Agents .
* Network Manager B«
« Airlines -
Behaviour 7
Behavioural Economics: C_(

* Prospect Theory
* Bounded Rationality

-

Performance
Framework

KPAs &
+ Capacity |
* Predictability

Punctuality

» Cost Efficiency

* Flexibility

* Access and Equity
* Environment

* Robustness






[ 1) Flight trafficis checked by Network Managerin time windows of 15 min and
| with 2 hoursin advance

7

2) Only ground delays are permitted

.

-
3) A flight cannot occupy an ATFM slot if this creates a demand-capacity problem
with the flight in an already resolved time window

-
4) The resolution order of the identified hotspotsin the same time window, as

well as the order in which the airlines request prioritisations, are randomised
\

7

5) Flight cancellations are only considered due to airport curfew

.

[ 6) In the auction mechanism, the air navigation charges paid by the AUs are
_recalculated so that the totalamount of money paid by all AUs remains constant






Airports

* 5 Airports
* Mix of hubs and
secondary Airports

Aircraft

» 2 Aircraft types:
» Narrow-body
(Airbus A320)

» Wide-body
(Boeing 787)

Sectorisation

* 9 enroute sectors
e TMA around each
Airport






. Airport
O Waypoint

@ Entry/Exit Point

Airport type

Airport A Regional Airport
Airport B Regional Airport
Airport C Hub Airport
Airport D Hub Airport

Airport E Regional Airport






For every OD pair the airlines can choose between 3 different routes. The
decision is based on:

4 ) ( )
External Factors Internal Factors
»Total distance of the route (km) » Cost index of the Airline
»Sector charges (EUR) »Delay (Cost of delay)

. J \ J

Origin: Airport A Destination: Airport C





/Flight Schedule

Prior to the simulation execution a suitable flight
schedule is built: I

* Real flight data is extracted from a .so6 file U
* Datais filtered by five selected airports

Destination

Airport and sector capacities are scaled and
additional flights are included/deleted to generate

Qe desired demand-capacityrelation /

¥

Flights Flight Plans mam

* Flight data (O/D, aircraft, airline) * Horizontal Trajectory c

* Route * Temporal Profile Sy

* Connectivity =
J\ —






-

Passenger file m

To generate the passenger demand a passenger
file was built based on the following assumptions: c000000

Only flag carrier airlines have connections

Passengers have a maximum of one connectionin their journey

The waiting time for connecting flights lies between 45 and 120 minutes
Connections are only permitted between flights operated by the same airline
All flights departing from 18:00 onwards are direct flights

The total number of connecting passengersis computed as the 20% of the
passengersin that particular flight not coming from a previous flight






fAirIines
* Main agent of the simulation
* Functions:

o Compute cost of delay

\ o Make flight prioritisation decisions

/Network Manager
Agent in charge of the ATFM processes

Functions:
o Detect demand-capacity imbalances
o Apply prioritisation mechanism

o
=xc)






* Check affected flights for possible swaps, excludingthose that could be
performed by the slot swapping mechanism due to schedule reasons

* Computethe cost of delay of all the identified swaps

* Based on cost difference between all options, choose the best action

* Send request

‘ If a prioritisationis sent...

* Place the protected flight at the first possible slot at schedule

* Check no new hotspotiscreatedin a previously resolved time window

* Accept/ Reject prioritisation request (cannot modify already fixed slots!)

* Freeze used slots and update available slots for the next airline to choose






Computeall the possible ATFM slot combinations for the affected flights

Compute the cost of delay of each combination

Calculate the needed/earned credits for the combination

Based on its own credits value choose the best combination

Send request

‘ If a prioritisation request
is sent...

Check no new hotspotiscreatedin a previously resolved time window

Accept/Reject prioritisation request (cannot modify already fixed slots!)

Freeze used slots and update available slots for the next airline to choose






Computethe ATFM slotsincluded in the hotspot

e
[

Open theslot auction to the airlines which can bid for the ATFM slot
accordingto the model and schedule restrictions

Computetheflights’ cost of delay distribution across all the slot options

\_

Formulate the bid accordingto three levels of action:
o Optimistic: bids according to the 25 percentile of the cost distribution
o Neutral: bids according to the 50t percentile of the cost distribution
o Conservative: bids according to the 75 percentile of the cost distribution

Select the winner bid from all the bids received

Update the trafficdemand with the definitive delay of the winner flight






Cost of delay phase — at gate stable

Cost = Hard pax cost (delay) + Soft pax cost (delay) + (Maintenance cost + Crew cost) * delay

Cost of delay 4
on 1 flight

» Maintenance and crew costs are extracted

Non-linear relation from UoW’s document

» Passenger soft costs are associated with a
revenue loss or market value decrease. Data
extracted from UoW’s document

» Passenger hard costs due to such factors as
| | passenger rebooking, compensation and care
I I - are based on the Regulation EU261

Main Assumptions

At the momentin which the delay of a flight produces a delayin the next rotation, the slope
of the delay curve will be increased by multiplyingthe passenger soft costs by a factor

A weight factor has been introduced in the soft pax cost to random flights during certain
specific time ranges to simulate business-related waves

Sources

Regulation (EC) No 261/2004
“European airline delay cost reference values” UoW





Regarding the NM, we have applied the CASA algorithmto regulate demand-capacity
imbalances, which is based on the FPFS principle:

1. Identify allowed entrancesinto the sector: subtraction between
the capacityand the flights already crossing the sector

2. Divide the timestepin entrance slots: compute the associated
slots in which the time step will be divided

3. Slot assignment following the FPFS: @ k

the entering flights are assigned the y\ It
corresponding entrance slots according . h e
to the ETO the specific sector \\T,' Rl
N
4. Shift the extraflightsto the nexttime ))-‘:';r'- - AV
step: flights that cannot be assigned S~ .\7{; \\
to any slot due to their late ETO are AN N

1
shifted to the next time step R ! ~~o \@
]
1





Simulation scenarios





Simulation scenarios

Rerouting ON Rerouting OFF

: Bounded Hyperbolic Prospect : Bounded Hyperbolic Prospect
Rational : : : : Rational : : : :
Rationality Discounting Theory Rationality Discounting Theory
Baseline \/ \/

C X

v/ v/

Since the Auctions mechanism in this model does not allow re-routings, we’ve
run additional simulations without re-routing to conduct a fair comparison
between the Auctions mechanism and the rest






Airline behaviour bias

Applicability to the Mechanism Implementation
model where it

applies

Prospect Loss aversion =» outbid foraslot  Auction Increase the value of the slot bids
Theory
Bounded Limited available information =»  SFP, E-SFP, Auction Apply a random increase or
. . underestimate\overestimate the decrease of 15% to the final cost
Rationality value of a flight value of the delayed flights
. /e=deelle Laterreward = underestimate  E-SFP A 20% decrease in the monetary
the value of the credits value that each airline assigns to

Discounting

their own credits






Project Results





SESAR Performance Framework Thematic workshop

SESAR

JOINT UNDERTAKING

SESAR SOLUTIONS
CATALOGUE

Punctuality

Cost Efficiency
Equity and Access

Flight departure delay

Pax arrival delay

Per-flight cost of delay

Changein AU’s delay compared with other AUs

% of change in delayrelative to baseline delay

Minutes/Flight
Minutes/Flight
EUR/Flight

%

%





Flight departure delay (min/flight) Pax arrivaldelay (min/pax)

> 3.00 1.200
@) 2.95 1.000
o1} 2.90 0.800
= 2.85 0.600
= .
S 2.80 0.400
o 2.75 0.200
() 2.70 '
o 565 0.000
Baseline Credits Baseline Credits
Flight departure delay (min/flight) Pax arrival delay (min/pax)
LL
8 5.00 5.000
o0 4.00 4.000
= 3.00 3.000
= . .
g 2.00 2.000
S
Q 1.00 1.000
(a'd
0.00 0.000
Baseline Credits Auction Baseline Credits Auction
B Rational B Bounded Rationality | Hyperbolicdiscounting Prospect theory

The flight and pax delay is directly related to the flexibility provided by the mechanisms. However, it is
interesting and unexpected to see how the performance of the SFP mechanism, despite offering more

flexibility to airlines, worsens the performance of the baseline situation when thererouting option s
disabled

— Conclusion: network effects






Cost of delay (EUR/flight) Cost of delay (EUR/flight)

1
1
1
1
1
|
1
€450.00 ' €800.00
1
€430.00 :
' £600.00
€420.00 .
1
€410.00 1 €500.00
£400.00 | €400.00
1
€390.00 | €300.00
€380.00 !
| €200.00
€370.00 :
€360.00 1 €100.00
£350.00 i €-
Baseline Credits ! Baseline Credits Auction
1
. 1
Reroutmg ON ; Rerouting OFF
I Rational B Bounded Rationality Hyperbolicdiscounting Prospect theory

* Costofdelayisdirectly related to the flexibility provided by the mechanisms.

. The auction mechanism has the most cost efficient results.

— Conclusion:the usability of the networkis highly increased by not leaving empty slots with respect to the FPFS sequence.
It would be interestingto check if the good resultsare only due to thisfactor

* The auction mechanismresults at network level are not significantly affected by the behavioural biases
applied to the airlines (zero sum game?)

— Conclusion: no extreme situations modelled






Changein AU’s delay compared
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The airlines are not affected in the same way by the addition of the prioritisation mechanism.

—  Conclusion: The reduction in the total delay is not equally distributed across all airlines

For SFP scenarios any airline is negatively affected. However, the E-SFP and Auction scenarios, for some cases, end up with and
increase in delay for some airlines.

—  Conclusion: network effects caused by the larger modifications on the traffic as a result of the higher level of flexibility provided by the
mechanism

The introduction of the behavioural biases worsens the general performance of the mechanism, equity metrics show a more
unbalanced scenario between the airlines. Except from the Auction mechanism, which is hardly affected by the inclusion of the
‘irrationalities’ defined






Added value of Agent Based Model: emergent and contra intuitive
phenomena which would have been ignored otherwise, have been
identified for some scenarios.

Re-routing has proven to be the most frequent option chosen by airlines
in the model. It has a big impact on the selected KPIs

Network effects can be very relevant for the evaluation of the
prioritisation mechanisms: the use of a network model is required

Sensitivity of the results to some modelling assumptions (e.g., reroutings,
airline strategies and behaviours, implementation of the CASA algorithm)
needs further investigation
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Agents — NM CASA Algorithm

Previous time (Solved) Current Time
8:00 — 8:15 9:15 —9:30

\/8:06
SOBT  »)-

X 8:20
EOBT )~

¢ Do not change flights already departed. Flights can only be ground delayed.
¢ Do not create any hotspot before the current time, i.e., for time windows
previously checked and (if needed) solved






Agents — NM CASA Algorithm

If the NM detects any sector demand-capacityimbalance it applies a regulation using
the CASA algorithm, based on the FPFS principle:

1. Identify allowed entrancesinto the sector: Subtraction between
the capacityand the flights already crossing the sector.

Time Interval:
 09:00-09:15

Sector Capacity:

e 4 flights per timestep

Sector occupation:
* Flightsalreadyinside: 1

* Allowed new entrances: 3






Agents — NM CASA Algorithm

2. Dividethetimestepin entrance slots: Compute the associated
slots in which the time step will be divided.

W Second Slot | Third Slot

9:00-9:05 9:05-9:10 9:10-9:15 ’!

Time Interval:
 09:00-09:15

Sector Capacity:

e 4 flights per timestep

Sector occupation:
* Flightsalreadyinside: 1

* Allowed new entrances: 3






Agents — NM CASA Algorithm

3. Slot assignment following the FPFS: The entering flights are assigned the
corresponding entranceslots accordingto the ETO the specific sector.

4

L)

* Do not change flights already departed. Flights can only be ground delayed.
* Do not create any hotspot before the current time

(R

L)

L)

))- ETO=9:02 |
))- ETO=9:04 |

9:00-9:05 9:05-9:10 9:10-9:15
))- Delay: 0 min ))- Delay: 1 min ))- Delay: 3 min





4. Shift the extraflights to the nexttime step: Flights that cannot be
assigned to any slot due to their late ETO, are shifted to the next

time step.

] | Next Time Interval = 9:15-9:30
I - Q- | >
i ) ) ET0 =9:12 i Preliminary delay =3 min

e
I ///
Next Time Interval: .~ 'l .
 09:15— 09:30 N ! /&
S s
Sector Capacity: e L
* 4 flights per timestep ))__- —_—— _,/__*_\_\_____)).
- ~ /'/ \\ N
Sector occupation : =~ N’ﬁ' ay\
* Flightsalreadyinside: 2 /,’/ L —— s
s ] = S
 Allowed new entrances: 2 ': \\\NF(
1

*»* The final delay for these flights will be assigned at the next time step
iteration accordingto the steps 1 to 3.





Rerouting ON

Rerouting OFF

Flexibility KPA
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B Rational [ BoundedRationality | Hyperbolicdiscounting | Prospect theory





Rerouting ON

Rerouting OFF

Equity and Access

Number of flights advantaged relative to Number of flights disadvantaged relative to

baseline baseline
25 30
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20
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15
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10 o
> 5
. Hm
0
SFP E-SFP SFP E-SFP
Number of flights advantaged relative to Number of flights disadvantaged relative to
baseline baseline
35 60
30 .
* 40
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10
5 I . I I I
0 0
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E-SFP Auction SFP E-SFP Auction





Equity and Access - SFP

Change in AU’s delay compared with other AUs
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Change in AU’s cost compared with other AUs
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Equity and Access - E-SFP

Change in AU’s delay compared with other AUs Change in AU’s cost compared with other AUs
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Equity and Access - Auction
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METSAFE

MET enhanced ATFCM
ENGAGE#1

A contact@metsafeatm.com

Weather Impact Prediction for ATM
ENGAGE#2

ﬁ www.metsafeatm.com

HIS PROJECT HAS RECEIVED FUNDING FROM THE SESAR JOINT UNDERTAKING UNDER

HE EUROPEAN UNION'S HORIZON 2020 RESEARCH & INNOVATION PROGRAMME, GRANT
AGREEMENT N°783287






oy

Plan METSAFE

* The overall program: VigiAero

ENGAGE #1: Met Enhanced ATFCM - Results

ENGAGE #2: Weather Impact Prediction for ATM
(WIPA) - Status

 Beyond ENGAGE






ATFCM and MET : User needs ﬁ

 Weather impact on ATM is widely documented (SESAR1 WP11)
* Capacity hugely affected by convective weather (= Thunderstorms)

* Automated tool needed to support weather related decision for ATFCM

ol CRNA-Est METSAFE Engage

Partnership to kickstart R&D and OPS validation in 2019: SESAR ENGAGE






[J9 How weather impact a single flight? &/

METSAFE

- SWIM Dataprep o007 © New ~
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Inspiration: General population weather warning MIETSAFE

Actugliser  Imprimer  Mentions légales  Droits de reproductions 3

(’] .- L PEE -

= Vigilance météorologique

FRANCE

e | s |G [wee| WD | el | STom

Diffusion : le dimanche 26 avril 2020 & 26h00
Validité : usqu'au lundi 27 avril 2020 & 1600

Vigilance météorologique
La cane 3

au moins 2 fois par jour, SEnaie6h cooafien

‘\

est acrualisée

ATCO/pilot is not a meteorologist !
MET to be translated into ATM impact
+ Full Automation needed
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The big picture: VigiAero in a nutshell METSAFE

Weather impact
on ATM operation

SWIM Webservice
for easy customer integration

Per sector, per hour for the
next +24h,

Updated very 5 minutes






VigiAero: High Level Architecture

THUNDERSTORMS
PREDICTION AT +6H

Financed by
Weather SESAR ENGAGE

Hazards

THUNDERSTORMS
LIGHTNING TURBULENCE
SIGMET

Third party data Vlg iAero
providers Weather Impact

NM B2B Prediction

for ATM
AlM ADS-B

2

VIGIAERO: FROM WEATHER
HAZARDS FORECAST TO ATM
IMPACT

HAPPY CUSTOMERS
Provide operational validation

>

DELIVERED AS '
WEBSERVICE CRNA-Est

Easy integration into
existing systems

>

METSAFE
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VigiAero: High Level Architecture METSAFE

VIGIAERO: FROM WEATHER
BackGround e A HAZARDS FORECAST TO ATM
Weather EESZCF;E%I%AGE I M P ACT

Hazards

- Provide operational validation
SIGMET

>

DELIVERED AS '
WEBSERVICE CRNA-Est

Easy integration into
existing systems

Third party data VigiAero
providers Weather Impact
NM B2B Prediction

ADS-B

| Copernlcus .
E i 0 B DSNA Internal

developement

>






A Complementary Team METSAFE

*Operational validation
*Trials in Summer 202x

I >
S CRNA-Est

N\
Gy

Program management e ‘\y Algorithm and

Validation activities FRANCE

AVIATION CIVILE

webservice

METSAFE






MET Enhanced ATFCM: Objectives and planning ﬁ

=» Development of a multi parameters/ multi models
convection forecast product (Goal: +6H)

=» Includes a Confidence Index

=» Delivered as a SWIM webservice

=» Validation within Reims ACC through DSNA 4ME HMI

May 2019 Dec. 2019

Step 1 - Operational context definition

Step 2 - Model-based convection product definition gty June 2020

Step 3 - Algorithm and SWIM webservice design

Nov. 2019 Step 4 - Technical and operational validation






MET Enhanced ATFCM: Multi model Convection forecast ﬁ

Assimilation Pre Process Regrid \_\ Threshold - Compute ﬁgé&? 4*»
) \V\ nmEE | \ \
SRR Y
& & /_/ TTT I N ] /f
z L} r’ 0

Multi model convection Geographical Scope: Europe
Forecast Real time Numerical Weather Models: GFS, ICON, COSMO, AROME

O Convection probability area

Confidence index 1/5
GFS CAPE

Confidence index 2/5
ICON Significant Weather

‘ Q\ < ——— Confidence index 3/5
K AROME IR
confirmation by observation

Confidence index 5/5

A

Confidence Index






[[J9 Convection Forecast versus Obs &/

METSAFE

_onvection forecast @ 0Z

N
?7
I

™
»

A D

il‘l:@nC Sep 19 2020 I12:()0?00 uTc Sep 19 2020 |13:00:00 uTc Sep 19 2020 I‘MtOO:OO uTc Sep 19 2020 |15:00100 uTc Sep 19 2020 I‘l6100:00 uTc Sep 19 2020 I17t0|):()0 uTc Sep 19 2020
A | L L . 1 | P 1 [






MET Enhanced ATFCM: SWIM webservice + IHV &’

METSAFE

.
MetSafe Cloud infrastructure A N S P
OCOJ/ —\'\“@ Wi ——) Operational System

{é} Example: DSNA dedicated IHM

R/ y
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MET Enhanced ATFCM: Operational validation VILTSAEL

@ Provision of accurate and up-to-date convection Operational ﬁEéAGR ¥
\\// information to FMPs with a 6 hours time-horizon concept

Validation

objectives

From May 18 to 30 June 2020 o
Qualitative

« 8reference days questlznnalre 2 validation -> Technical
. components -
* Focuson: operational feedbacks P -> Operational

Weather situational awareness

Quality and accuracy of provided information

FMP activities and ability to define ATFCM measures
Interest for NM CBT Cross Border Trials






MET enhanced ATFCM: Results and areas for improvement &/

METSAFE

v,
How was the quality and accuracy of the provided o
Did you receive the information you were looking for? SE S AR 44

information? JOINT UNDERTAKING

Medium

20%

Providing accurate and up-to-date convection information for ATFCM purposes

Increasing situational weather awareness

LK

Inputs for improving ATFCM measures by anticipation of convective activity

* Importance of the HMI for the display and use of the information by the ATCOs

Unforeseen result: Forecast instability

>>I * False alarm / Non-detection events: which level of acceptation?

* For better ATFCM processes, further synergies to be investigated with NM CBT actors
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Operational alert Products for ATM via SWIM (‘OPAS’)

Hugues Brenot, Nicolas Theys (BIRA)
Scott Wilson (Eurocontrol)

LLLLL

consultent: Rory Clarkson (Rolls-Royce) FR{

Engage TC3 3" workshop
SESARIJU, 27Jan. 2022 x
SESAR

JOINT UNDERTAKING





Outline oo SESAR ¥

Motivations and objectives

Early warnings of Volcanic SO, height
Registry of OPAS SWIM service

Conclusions and future developments

OPAS —Engage KTN grantagreement number 783287 2





= Credit: astronauts @NASA

Sarychevvolcano eruptionin June 2009 Raikoke eruptionin June 2019

OPAS —Engage KTN grantagreement number 783287 3





Motivations &S SESAR 44’

Engoge JOINT UNDERTAKING

Hazard of volcanic emission to aviation

World Airways DC-10 after ash plume

encounter—1991 Pinatubo eruption

OPAS —Engage KTN grantagreement number 783287





Motivations Do SESAR

Engage JOINT UNDERTAKING

World areas Wlth ---- Route network of one operator @ Other operators
occasional and frequent < FHrctic Ocean
volcanic emissions

ﬁ?;rt
;ﬁfénﬁc
Ocean

The eruption of e L
Eyjafjallajokull (Iceland)

Frequent ash/sulphur producing eruptions
Occasional ash/sulphur producing eruptions

. 14 April — 25 May, 2010.

e Air trafficceased in 23 European countries: 107,000 flights cancelled, affect. 10M passengers.
. Financial loss estimate: €5 bn.

. Human loss: none

Etienne De Malglaive/Getty Images

A volcanic plume from Iceland's Eyjafjallajokull
crater duringit's 2010 eruption.

OPAS —Engage KTN grantagreement number 783287





L . *
Motivations & SESAR

s Type 1
mix of Type 1 and 2 ool

- Molten Na,SO,

Level of Damage
(arbitrary unit)

-
-
-
-
-
-

600 700 800 900 ..
Temperature (°C) N

Type ‘4’ Corrosion- Type 2
Fatigue Sulphidation

500

CI- and SO,* implicated Na,SO, and CaSO,
in a corrosion-fatigue - solid diffusion process

mechanism

The sulphidation mechanisms appear to be a function of:
* the sequence of contamination exposure: Na/Ca, then SO,/S0,% and potentially CI-

*  Chronicversus acute SO, exposure

OPAS —Engage KTN grantagreement number 783287





Objectives T SESAR iy
Observation of SO, height from TROPOMI & IASI

—— S0, mass detection limit (tkm?)

10°
36 N|

102
‘ 07.07.2018

44 N z TN . -
o, \ [ S
MROP_O = 3
Sy = E

5 10'
40N E’
[0
©
{ =
£
=
©
o
©
(]
£
[}
>
N
®)
%)

107!

32 N}
102

Pixel area (km?)

Theys et al., 2019

12°E 16 E 20 E 24'E
= Improvement of the detection limit O Broad band imagers
® R hyperspectral sensors

@® UV-vis hyperspectral sensors

OPAS —Engage KTN grantagreement number 783287





Obijectives Lo SESAR Ny
Observation of SO, height from TROPOMI & IASI

Operational alert 2 =50, mass delection it (tkm?)
Products for

ATM via

SWIM L0

 sx OPAS

SO Early @

height warnings @ @ e 2

A

OPAS — Engage KTN [grantn® 783287]

=
o
-

&
SO2 vertical column detection limit (DU)
=)
o

107!
1072

=>» Creation of a SWIM Yellow Profile service, Theys et al., 2019
so called OPAS, with the aim of providing
early warnings of volcanic SO, height from
hyperspectral sensors on-board polar orbiting
sat. (TROPOMI, IASI onboard MetOp-A & -B) ' IR hyperspectral sensors
with an accuracy of 1-2 km

Pixel area (km?)

O Broad band imagers

N . @® UV-vis hyperspectral sensors
=>» FL contamination of volcanic SO, cloud

OPAS —Engage KTN grantagreement number 783287



https://engagektn.com/wp-content/uploads/2019/12/C6-OPAS.pdf



Objectives >0 SESAR 1

Engoge JOINT UNDERTAKING

Contribution of new alerts (SO, height with flight level — FL contamination)
to an existing Early Warning System — EWS (SACS/EUNADICS-AV)

http://sacs.aeronomie.be http://www.eunadics.eu

Brenot et al., 2014 sacs \
2
EUNADlCS AV

Combine and harmonise data from satellite earth observation, ground-

based and airborne platforms Consortium: 21 partners (from 12
Development of a prototype multi-hazard monitoring & EWS EU countries) induding Met

. . . services (EUMETNET), research and
Integrate data into state-of-the art data assimilation and analysis systems L .

safety institutions, private
Make data and data analysis products available to all stakeholders (VAACs, companies
National Met Services, Airlines, Pilots) through existing channels 2016/10 =» 2019/09
EUNADICS-AV Horizon 2020 project [Grant agreementno. 723986])
DUST SMOKE VOLCANO ' -

B ot e :
e dele Ricerche VDR fir tuft- und Raumfahrt i

UNIVERSITAT :
SALZBURG c“ CSECMWF

- OSTUK e
&

ok

-

A

: isin charge of SACS/EUNADICS-AV EWS

v

OPAS —Engage KTN grantagreement number 783287 9





Volcanic SO, height

Overview of the algorithm concept
toretrieve SO, LH (layer height) from TROPOMI

Joint SO, height and SO, VCD (vertical column density) are
retrieved to match observation of spectral radiance with
simulations (from radiative transfer model)

useof look-up tables

|::> iterative SO, optical depth (~ absorbance) fitting procedure

use of converge criteria

PRO: *SO, LH retrievalis veryfast
*accuracyof1-2 km

. lity fl
quatityriag IASI algorithm (Clarisse et al., 2014)

CONS: =SO, >25DU
~highashloadingcan degrade
SO, LH (underestimation)

PRO: =SO, LH retrieval is veryfast
+accuracy of 1-2 km
=good results for low SO,

CONS: +results between 5 and 18 km
*low performancefor heavily
saturated plumes

OPAS —Engage KTN grantagreement number 783287

Height (km)

oD SESAR 44’

Engoge JOINT UNDERTAKING

Synthetic validation of our algorithm

Input
SO, V(CD: 5 -1000 DU
SO;LH: 2.5, 6.5, 13.5 km

Results
Mean + std retrieved SO: LH
for 100 noisy spectra (SNR: 1000)

Findings
Good precision and accuracy (of a few
hundred meters) for all conditions with

SO, VCD > 25 DU

................ T ; o
L] l = - =
. :
+ ¥ w o - - }.‘
-
- &
% -
10' 10° 10°

SO, column (DU)






Early warnings of volcanic SO, heigh

Nishinoshima eruption (June-July 2020)

@ Email notification (essential information)
-> links to images and alert products

W
NRT images via SACS web interface

Name dat

OPAS —Engage KTN grantagreement number 783287

<sacs@aeronomie.be>
S02 height— TROPOMI - 2020/07/04 10:43-region 211

SACS mul|

Process
Process
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TROPOMIslert = 2020 = OF =
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- SACS home = MNotifications =

Notifica

S0ZLH notificstion TROPOMI

NOTIFICATIONS

5032 NOTIFIC

Engage

PRODUCTS

t oo SESAR

A

JOINT UNDERTAKING
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Early warnings of volcanic SO, height =%~ sEsAr .

Engage

4 Reply | #yReply All v | = Forward & Archive @ Junk © Delete ‘

fror <sacs@aeronomie.be>
‘ubject SO2 height—TROPOMI - 2020/07/04 10:43-region 211

SACS mul
Process “_ """ - .
Process ~ 4TS home e 0 HODFView 2.10.1 <@kronos > Qe ®
@ Email notification (essential information) Instrume Eile MWindow Tools Help
-> links to images and alert products tif =2 ] €
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S02 plum - € LINKS S = N )
Notifica 70140 5.2 = Tailored products
120 135 150 165 180 ry Volcano ¢ @so2 ,g 41 : g lert pixels SO
Cloud da o G SACS_regions_alens 70143 4 5 = - alert pixels JUs
7 ::A & B s02.ve0 70144 |52 - 80; column, 50, height
- ; ne da T T AT . .
% s B 502_vCD_error 'm 502.VCD.improved... & - 50, contamination of the flight level
i R ) Tavte [l - level of severity (LOW, HIGH)
% ® €502 vco precision 0-based xtended pl of hazard
BR s02_vCD_trueness [ | - extended piume of haza
% " Bl 502 _alert_level - mass loading (improved), area
i 502 _area I - grided data
e o @)502_contours (3) ggggggg : 1 - contours (surface, mean, max, mass)
20 oS &R 502 _gridding =]
- 917249 | [= i i
2 502 _heighe oasal 1o : info. Sou;tce (link propertry volcano of GVP)
#8502 _height_error B® 502_mass_improved... & - SACS region concerned (max values)
o
y hS ik 502 _height_mean Table h},ﬂ - traceability of event (START = END)
£ 502 _height_quality l - fEhssed - links image alert and SACS notification
1o ot o B502.mass ! - links images other instruments
qu contlammat‘wn of/leSO 5 502_mass_improved T g
135° 150° 165" B s502_max I Q 161636135 r|
go?_helg"l (50950440, 2) |
32-bi floating-point, 160650
Number of anributes = 6
DIMENSION.LST = 1-50948277
JFillalue = -999.0
coordinates = |atitude longitude
long_name = 502 laver height © for the 502 VCD): product of OPAS Engage-KTH project (hitps: Jfengagektn com,/cf-summaries)
standard_name = 502 LH (layer height)
units = km
Log Info_ | Metadata
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Volcanic plumerising from Raikoke

\ on June 21, 2019

VAN
A ¢ B | X

Vast plume from Raikoke volcano in June 2019
(Kuril Islands, Kamchatka).

- huge ash cloud b 52 e Sad
> gigantic amount of SO, (mass of 1500 kt) B R
height up to ~15 km ‘ .

Most important eruption affecting long lines
air traffic (Pacific) since Sarychev eruption (2009).
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e IASL Met

Op-8/:
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o

22 June 2019
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|
3 4 5 [5] 7 8 9 10 11 12 13 14 15 16 17 18 >18
SO, height
(km)
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Vast plume from Raikoke volcano
inJune 2019 (Kuril Islands, Kamchatka).

Q, search . Map view (default)
] P

3

SEOUL
VST LT 47

ANC
oo iy
SCHEDULD 23125 scuowcn 1315

2318 ESTINATED

é AMRCEACT IVPE (Bres)

Boeing 747-885(F)
REGISTRATION COUNTRY OF REG.
HLTS39 .

SERIAL NUMBET [WSN) AGE QU1 2096
37653 2 years

B Recent 753 tights

M CAUBRATED ALTTUDE
T 31,000t 0fpm
GPRALTIINOR
NIA

Courtesy Klaus Sievers
- SO2-rich eruption

- ash cloud (due to aggregation or dispersion) disappeared quite quickly from the satellite observation systems.
- No ash detection was observed by SACS afterthe 25" of June
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Vast plume from Raikoke volcano
inJune 2019 (Kuril Islands, Kamchatka).

N 2 2%

Engoge JOINT UNDERTAKING

Ash Index 24 June 2019 Ash Index 24 June 2019

1Sl — ULB/BIRA-IASB/CNES/EUMETSAT  [MetOp-B] Night 1AS| — ULB/BIRA-IASB/CNES/EUMETSAT  [MetOp-B]
130 140 150 180170 180 170 -

130 110 150 160 170 180 470

2 oa & 2 i H
B & g &
70 80 ) 70 ) BT

Ash: levels of confidence Ash: levels of confidence
] ] = ] ] =a mm
unknown low  medium  high unknown low  medium  high
‘502 vertical column [DU] 24 June 2019 8§02 vertical column [DU] 25 June 2019
TROPOMI — BIRA-IASB/DLR/ESA/EU TROPOMI — BIRAHASB/DLR/ESA/EV

130 140 150 180 170 180 470 180 150 140 130 130 130 150 160 170 180 470 180 450 140 130

e

170 _ _ -180 _ -170
= -
o 1 2 5 10 20 >50 ° 1 2 5 10 20 >50

SO2-rich eruption
ash cloud (due to aggregation or dispersion) disappeared quite quickly from the satellite observation systems.
No ash detection was observed by SACS afterthe 25" of June

The advisory sent by Anchorage and Tokyo VAACs only concerned the ash cloud, and no information about
possible SO, contamination was provided.
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Vast plume from Raikoke volcano
inJune 2019 (Kuril Islands, Kamchatka).

Flight GLST 1822UTC (56N 176 5W) T+6HR 24/2045Z
flight level: FL 470 ~ 14300 m

GO°N

SFC/FL380

e ~11600m

>
™

45°N

Forecast+ 6h

VOLCANIC ASH ADVISORY
\ ‘ DTG: 20190624/
VAAC: ANCHORAGE
VOLCANO: RAIKOKE
165°E 180° 165°W 150°W

Courtesy Klaus Sievers

The flight GLT5 in direction of Anchorage airport was flying at FL470 (~ 14300 m) on 24 June 2019.
Following, the VAA from Anchorage VAAC, this flight could fly over the ash plume from Raikoke.

OPAS —Engage KTN grantagreement number 783287
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130 110 15 160 170 180 170 160 150 0 130 1507 1807 -150"

TROPOMI 24June 2019

P A N A S S Y

SOz contamination of FL470

Vast plume from Raikoke volcano
inJune 2019 (Kuril Islands, Kamchatka).

So- - z

: / ' : N g <
o s | = —
y . Do | R4 .

o/

< flight GL5 : L | o
: b __OPAS | .|/ fightGIs OPAS |
[ e ommmaaw 180"
uknewn 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 »18
SO, height (km) . .

2r TROPOM\SE} he\ghl e
27 | TROPOMI SO, “olumn
2
25

Altitude (km)

14+ 'T'
13F

:
a g'; - 60
exposure ( S > b or ﬂﬂ
. 23| S0, dosing) S -2~ S of flight GL5T,
The route of flight GL5T crossed gl T 'g

SO, column [DU]

Raikoke SO, & ash cloud. TN nf [
R Y B~ o
g ﬂieht-'ﬁ}%w’“”‘ o : EUNADICS-av [¢ % 21hs
: i __w . - B - g - dosing
3 1 2 5 10 20 =50 it : T : ; o
Soz column (DU) 175 180 200 205 210

Lonqnlude a\onq the trajectory of |I;qht GLST (East degrees)
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Services Documents Contact

& Scott Wilson ~

Home / Services

OpasSo2lhDatasetNotification [X X} 7S5 O

| Abstract
/ \ The OPAS SO2LH notification service allows subscribed users to receive information about the
height of volcanic plume (emission of sulphur dioxide - SO2 - from an erupting volcano) and the
associated contamination of FL. This user recveives email notifications that provide access to
datasets of SO2 layer height (SO2LH) from 3 satellite instruments (via https connection). These
Ye"ow Profile notification se r\[ice \ datasets are characterised based on metadata.
- ,

Definition aligned with the ATM Information

i Operation Date |
DEFINITION
Reference Model (AIRM) =
BIRA [Royal Belgian Institute for Space Aeronomy]
| Business Activity Type | [ Provider Type
INFORMATION_MANAGEMENT PROVIDER_OF_DATA_SERVICES
 support]
P I . AERONAUTICAL_INFORMATION_SERVICE_PROVIDER
rot O CO e . REGULATED_METEOROLOGICAL_SERVICE_PROVIDER
—_—
- Show Less
Hugues Brenot
Information Exchange Category OPAS project coordinator

i

* subscription is by email. Notifications of SO, e st
alerts with SO, layer height (SO2LH) are sent =
to subscribers.

-

ugues.Brenot@oma.be

[

* an Internet Protocol (IP) address has to be
provided, giving access right to BIRA https ye— prm——— R o
Server. OPASprod

The interface allows getting access to OPAS alert datasets. The service is based on the single provided interface to access to SO2LH products
from the OPAS database. The service i JSON by i ion email and the access to OPAS database follows the HyperText
Transfer Protocol Secure (HTTPS) protocol.

. PROVIDER_SIDE_INTERFACE =~ SWIM_TI_YP_1_0_WS_SOAP No Ne f SYNCHRONOUS_REQUEST_RESPONSE
=>» Contact: sacs@aeronomie.be
Operations getSO21LH operation
e The getSO2LH operation can provide the access to OPAS database and the download of OPAS
alert datasets for a specific day (e.g. 20200330 instruction for the 30th of March 2020). The
Interface Binding ipti ion returns a ion of the validity of the provided SO2LH datasets taking into account
Overview these business rules: Not accepting requests for date before the 9th of May 2018 (i.e. 20180509

instruction); Not accepting requests for day with no creation of SO2LH alert datasets.
Interface Binding
Configurations

Behaviour

OPAS —Engage KTN grantagreement number 783287
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e Algorithm development and the operational run of TROPOMI SO, LH product

e Implementation of TROPOMI SO, LH and upgrade of IASI-A & -B SO, LH alert products,
with information about the FL SO, contamination

e Definition of the OPAS notification service, with the creation of an information
model, the design of the service and the service description in SWIM terms.

e Registry of OPAS SWIM notifications service

OPAS —Engage KTN grantagreement number 783287
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=

C_-g

= B A\
EUNADICS-AV

Sat. platform / Instrument

Flight ‘evel
Coverage AL
coi tamir ation

Time delivery /

Time resolution

Type of

detection

Potential level of
Source alert . .
operationality

MetOp-A & -B /IASI SO, /SO, height 2h [ 2(20)per day Selective Volcano NRT
AQUA / AIRS SO, “h [ 2(20)per day Selective Volcano NRT
MetOp-A& B / GOME-2 SO, 2h [/ 1(10)per day Selective Volcano NRT
AURA / OMI SO, 2h [ 1(10)per day Selective Volcano NRT
Suomi-NPP/ OMPS SO, Global Not planed “h [/ 1(10)per day Selective Volcano NRT
Sentinel 5p / TROPOMI SO, / SO, height Global 2h/6h [ 1(10)perday Selective Volcano NRT
MetOp-A & -B /IASI Ash index Global Not planed 2h [ 1(10)per day Selective Volcano NRT
AQUA / AIRS Ashindex Global Not planed “h [ 2(20)per day Selective Volcano NRT
Sentinel 3-A & -B /SLSTR Ash index / Ash height Global Applicable 2h [ 1(10)per day Selective Volcano NRT
MSG-10 / SEVIRI (geostationary) Ash / Ash height EU Applicable A5min [ every15min Selective Volcano NRT
MetOp-A&-B/IASI Aerosol Optical Depth Global Not planed 120 /2daily Selective Dust Daily
Tesrl:aoifﬂgsf\%ggls Flr?;::::;z:;c;‘;ver Global Non-applicable “h [ 4(40)per day Selective Smoke NRT
Suomi-NPP/OMPS Aerosolsindex Global Not planed 2h [ 1(10)per day Triggered  Dust / Smoke NRT
Terra & Aqua / MODIS Aerosol Optical Depth global Not planed “h [ 1(10)per day Triggered Smoke NRT

OPAS —Engage KTN grantagreement number 783287





Future developments @ SESAR 1

Engoge JOINT UNDERTAKING

=» APl (Application

IASI MetOp-B _
Programming Interface) =

..................................

Recent eruption startingon 28 November 2020in Indonesia = WR— “* -

Lewotolo volcano
Lesser Sunda Islands

TROPOMI SSP

30 November 2020
SO, [DU] SO, height  (km) IASI MetOp-A
S e meses > 2 seassss o N

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 =18

OPAS —Engage KTN grantagreement number 783287






Future developments o SESAR ¥

=» APl (Application

Programming Interface) —

..................................

10 { SFC/FL180 { - L {168
118 MOV NW 10KT ~* \ s
AT I O o o s o Al 3 |

| SFC/FLS00
MOV SE 30KT

Interest of combining

forecasts

with

NRT warnings
VOLCANIC ASH ADVISORY
DTG: 2020112911052  ADVISORY NR: 202014 30 November 2020
VAAC: DARWIN INFO SOURCE: HIMAWARI-8, CVGHM X
VOLCANO:  LEWOTOLO 264230 AVIATION COLOUR CODE: RED SO, height (km) IASI MetOp-A
PSN: SOB16E12330  ERUPTIONDETALS:  MULTILEVEL ERUPTION TO FL1BD MOV NW AND FL500 MOV SE
AREA: INDONESIA AMK: VA DISCERMNIBLE ON SAT IMAGERY AT 29/1050Z NN | DN . |
SUMMIT 1423M WITH VA TO FL500 MOV SE AND VA TO FL1B0 MOV NW. 3 4 5 & J 8 9 10 11 12 13 14 15 16 17 18 =18
ELEV: NXT ADVISORY: NO LATER THAN 20201129/1205Z

OPAS —Engage KTN grantagreement number 783287
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Lewotolo volcano
Lesser Sunda Islands

Complementary use of geostationary and polar orbiting sensors

ash RGB:composite
EUMETSAT

TROPOMI Himawari 8 07:30 UTé 29 Nov. : IASI MetOp-B
SO, height (km) SO, height (km)

3 4 5 ] 7 8 9 10 11 12 13 14 15 16 17 18 =18 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 =18
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https://alarm-project.eu

Nov. 2020 = May 2023
SESAR H2020 grant n°891467

Space weather Environ

Volcano / dust /smoke

AN

T

. ol B ucadm

,:2 ¢;0 .;K.f;{‘(‘ t

= S

;i: UNIVERSITA Universidad S /\T/\V | /\ SymOp @

o DEGLI STUDI Carlos |‘|| MAKING AVIATION SMARTER DLR
DI PADOVA de Madrid
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The Drone Identity

https://droneidentity.eu

EPSRC

More than 760 flights cancelled during 19-21 Dec 2018 at Gatwick Airport, affecting
150,000 passengers and having cost at least £50m, because of an unidentified drone.

It is urgent to investigate such drone-related incidents for the future of travel.

SE Challenges

e Design “forensic-ready” infrastructure for incident investigations,
at the national and European scale

* Analyse the artefacts and flight logs to identify the root causes

* Self-regulate the flight data recorders-against dynamic safety and privacy constraints

Engineering and Physical Sciences
Research Council

oD o
Engage

INATS

SESAR +'
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Airprox reports involving drones and other objects to September 2017

No. of incidents

® Unknown
® Balloon
® Model| Aircraft
®Drone
Total
& 5
|13 % mm |






NATS/CAA Specify No-fly Zones:

Milton Keynes

= High Risk

Newport
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Milton Keynes
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with TfL, we analysed UAVs use cases

[0}
nes.l'a “ Areas of innovationv  About v Our work v Help me innovate Q

In Futurescoping._ Innovation policy

Flying High

This project started in December 2017 and is ongoing

Shaping the future of drones in UK cities.





Use Cases






Drone Delivery (Amazon, Google Wings, etc.)






Forensic Readiness Requirements for UTM

Integrity Confidentiality Availability Safety
Requirements Requirements Requirements Requirements

Layer O
NERL Layer 1 »
@
) : -
1} A ' 1] ' 7' l )
4R TR N 5
R L L B R ! £
Regulated and '5"5"?"3"%||g' =
competitive ) | £1 {§1 (51 {15! 121 Loyers |B
UTM/U-space (@ 5 8 81 8, | E y -
. /| x | £l 12 1Al @ | 3 | ©
services %3|.§|,g|,§||gl v
| - | | £ | | = | | | 10 | | | @
- S ! -
Identity Management \ | | =N I I | I
Requirements —
Layer 3






It is now 10:00am in busy London. The kidney transplant
department in St Thomas’ Hospital (Hospital A) has been
informed that a matching kidney of a patient in Guy’s Hospital
(Hospital B) is now available for its patient waiting for
surgery. The organ transplant department of both hospitals
contact the SOSDronePayload company and make all the nec-
essary arrangements for the organ to be transferred by drone
from Hospital B to Hospital A. Drone_DRI1235 is selected by
SOSDronePayload to deliver the organ through its flying corri-
dor, over the River Thames, to avoid land traffic. At a certain
point during the journey the battery of Drone_DRI235 re-
duces dramatically and when it reaches 10%, Drone_DRI1235
attempts to land before reaching its final destination (Hospital
A). However, at this point, Drone_DR1235 was only 2 km away
from Hospital A and, given the favourable wind conditions at
the time, Drone_DRI1235 could have reached Hospital A with
its 10% battery capacity and delivered the critical organ.

Use Case: Deliver Organ/blood between two hospitals
In a Flight Corridor over the Thames River.





_Design System of Systems for Exceptional Scenarios
RQ: Can drones be repurposed when flying over water?

[t < ds 85&'

T z ;z;:,%_-.I 510l
h 4 l h 4 [be==1 && b>10] ,\
-

Return to ‘

Take Off —»{ Check Status [—— Home |

dt==0] v E

( ——»| Landing |—»| ShutDown | !

[b==10] :
e O » Safe Landing [«-i-- -,

' [onWater==true && A

! (strongWind==false || dt>2)] r=====~====== ,

ettt », Move aside ;

[: Predefined scenaro § [Gt<=2 &2 ‘: ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ e .

P ' VAL Y = 3 3 =

I + Exceptional scenario . strongWind==truej __ .).: Keep Flying - -
_________ [db<1m] ___ {CalRescue; ____

Boat

Maia, Paulo; Vieira, Lucas; Chagas, Matheus; Yu, Yijun; Zisman, Andrea and Nuseibeh, Bashar. Cautious Adaptation of
Defiant Components. In: The 34th IEEE/ACM International Conference on Automated Software Engineering (ASE 2019)
(Lawall, Julia and Marinov, Darko eds.), 11-15 Nov 2019, San Diego, California, USA.
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Drone[0] Start
River = Hospital Antenna Drone Drone[0] Take Off

Drone[0] Current baterry : 100.0%
Drone[0] Current baterry : 98.0%

. A X Drone[1)] Current baterry : 11.0%
. EHE ¥ Battery consumption per seconds: 1.0 Drone[1) Current baterry : 10.0%
Drone[1)] Move Aside
Strong Wind:.  Yes No @ Random initial Battery 100.C Drone[2] Current baterry : 68.0%
Drone(2] Current baterry : 66.0%
(3) Target: [ 1.+ Drone[2) Current baterry : 64.0%
Delete Clean Drone(2] Current baterry : 62.0%
(1) Drone(3) Current baterry ;: 11.0%
Wrapper: None v Save Drone[3] Keep Flying
Drone[ 3] Current baterry : 10.0%

Battery consumption per block: 10

Maia, Paulo; Vieira, Lucas; Chagas, Matheus; Yu, Yijun; Zisman, Andrea and Nuseibeh, Bashar (2019). Dragonfly: a
Tool for Simulating Self-Adaptive Drone Behaviours. In: SEAMS '19 Proceedings of the 14th International
Symposium on Software Engineering for Adaptive and Self-Managing Systems, IEEE pp. 107-113.
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_ Verification of Evidence in Cyber Physical Space
RQ: How frequent reporting evidence is sufficiently accurate?

.

0

vi ( 9 0 A _wvg — ;ﬁﬁ 7999 w : %? 0o PR
A | |

)
o

f

\{
® . >
{ ' ’-I ’J





bandwidth in total digits

0000
e PO’!-X‘)D': o

0000
w— i M DB Mg e

0000

L0000

12 3 45 67 8 % WIINNINIRISWHITIEIN20212223282352627283930313233383536373839

Y. Yu, D. Barthaud, B. A. Price, A. K. Bandara, A. Zisman and B. Nuseibeh, “LiveBox: A Self-Adaptive Forensic-Ready
Service for Drones,” in IEEE Access. doi:10.1109/ACCESS.2019.2942033
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_Requirements of AUS

RQ: How to make tradeoffs amongst Safety, Security, Privacy, and Forensic goals?

Autonomous Unmanned System

— inital state
Autonomous Controller —
Situation A““’"““"’“ o Behavior
— safe stop
iew p) \ ‘
V‘e“ L Environment NV v System
\:,1 Monitoring Feed-forward S : J —
*
Controlled 4™
_ System
> —p
+ energy-eflicient [
cost-cffective ¥
Interaction ) e ( ]
Sensing C (e Execuling
it e e e e e bt Sl A A S |
' _ * * N 3
S | (|||
o pl— *  maultiple
|
- [Y [E [? ' 1,11 Logical constraints
Vigssziuid Environment B s

° Physical objects

Luo, Yixing; Yu, Yijun; Jin, Zhi and Zhao, Haiyan (2019). Environment-Centric Safety Requirements for Autonomous Unmanned
Systems. In: 27th IEEE International Requirements Engineering Conference (RE'19), 23-27 Sep 2019, Jeju, Korea, IEEE.
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Example 1:
cause

Ether's"can
Lk

RINKEBY (CLIQUE) TESTNET

is key to forensic-readiness. However, it may
problems in real world uses.

HOME BLOCKCHAIN KEN ART Mi
B Contract Address Hom )
Contract Overview 3 Misc More Options E’,z
ETH Balance 0 Ether Contract Creator at txn OxOn
No Of Transactions 3 txns
Code  Events
IF Latest 3 bons
TxHash Block Age From To Value
22 secs ago a Bl  ®0xf5af00a98714b61b.. 0 Ether
1 min ago [ N | (3) 0xf5af00a08714b61b 0 Ether
5 mins ago m [#) 0xf5af00a08714b61b 0 Ether
28 mins ago [N | Contract Creation 0 Ether





Example 2. Motion Planning for Privacy Risk aware
UAVs in real world flights

Self-Configuration based Motion Planning
for Privacy Risk Aware Flight of UAVs

Experiment Results in 20 grid scale





Safe drone fllght

Assuring telemetry data integrity in U-Spac

/ NATS





Research Challenge NATS

How can we trust safety-critical data over insecure systems?

Conventionally, telemetry data from aircraft is generated, processed and transmitted using safety-assured,
secure flight surveillance systems from the point of creation to ingestion into an ANSP.

Conventional surveillance systems are unsuitable for drones, so how can we assure that incoming data has a
highly level of integrity when sent over insecure systems and from sources with unknown trust levels?

Data source Alternative surveillance
trust level? system trust level?

(5 )

/l \\ ________________________ . Ingest

k\ /5 Telemetry data safety-
e critical

downlink

Drone NSR






Project Purpose NATS

Enhance security of future CNS/ATM system
& support efforts to enable BVLOS drone operations

Ascertain requirements on telemetry data and transmission systems
for safe drone flights in U-Space & investigate solutions

For each U-Space volume (X, Y, Z) and phase (U1-U4), determine the
integrity requirements on real-time drone telemetry data and
transmission systems to enable provision of safety-related and
safety-critical U-Space services to mitigate hazards.

Research potential technical surveillance solutions which comply
with the integrity requirements set and establish a high level of
digital trust






Progress NATS

Use Cases & Scenarios

‘Completed: 6 U-Space use cases involving real-time drone telemetry data
*Completed: Nominal and non-nominal scenarios for each use case

Telemetry Data

‘\'f" *Completed: Breakdown telemetry data into its parameters
*Completed: Map which parameters are required for each U-Space service

Hazard Assessment
< 2 *In progress: Finalise a safety hazard assessment, mapping U-Space services against the hazards
e they mitigate

> *In progress: Set failure condition classifications for each U-Space service in X, Y and Z volumes

Integrity Requirements
C

*In progress: Define the allowable continuity and integrity failure probabilities

Technical Solutions

oo *To be started: Research potential solutions with high levels of digital trust and data integrity
*To be started: Analyse alternative surveillance solutions e.g. prototype demonstrator from ‘The Drone
Identity project






SEAD: Software Engineering And Design group [VA.I- S

Software in The World

We investigate and develop systematic
approaches for engineering secure, adaptive
and usable software systems in a complex
and changing socio-technical World.
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Imitating Trajectories
in Aviation

Outlook of presentation

* Motivation
* Background knowledge
* Problem specification
* ILTP Framework
* Generative Adversarial Imitation Learning (GAIL)
and Apprenticeship Learning (AppLearn) algorithms
* Evaluation Results
* Conclusions & future work





Motivation

* Imitate experts shaping the flown trajectories, by learning models
that incorporate their preferences, strategies in an aggregated way
(i.e. their joint policy).

* Do this with (a small number of) historical trajectories in a data-
driven way, and with no transformation of trajectories.

* Advance predictions at the pre-tactical and tactical phases.

* This paves the way
* To detect important stakeholders’ features that affect trajectory evolution

 Compare alternative models based on assumptions on stakeholders’ (e.g.
airlines) "whims”

* Detect and distinguish “latent” features that determine modes of behaviour





Background knowledge

. Trajec tory (enriche d) | An enriched trajec.tory state or enrich‘ed trajectory point of a tra-
jectory of length |T|, is defined to be a triplet s, j=<p;, t;, v;>, where
where p; is a point in the 3D space, v; is a vector consisting of
categorical and/or numerical variables and ¢; is a timestamp, with

i € [0,|T| —1]. An enriched trajectory T is defined to be a sequence
of enriched states s, j=<pj, tj,0;>,i € [0, |T| — 1].

* Data-driven Trajectory prediction

Assuming a set Tp = {Tg;|i = 1,2,3,...} of historical, demon-
strated enriched trajectories, the trajectory prediction problem can
be defined as follows: Given Tg and a cost function c, the objective
is to predict a trajectory T+, generated by a policy

7" =argmin E;[c({p,t,0),a)] (1)





Background knowledge

* Imitation Learning

Imitation learning studies the problem of learning to perform a specific task
in a setting, where the learner has access to expert demonstrations
(trajectories).

* Behavioral Cloning : solves a regression problem minimizing the error between the

actions demonstrated and the policy actions, over the states of the historical
trajectories.

* |Inverse Reinforcement Learning: Two-steps process.

(a) derive a cost function c that assigns minimal cost to trajectories demonstrated by
experts and maximal cost to trajectories generated by other policies and

(b) find a policy that minimizes the expected cumulative cost using the cost function.





Background knowledge

* Imitation Learning
Inverse Reinforcement Learning:

Apprenticeship learning: Assumes that the cost function is a
linear combination of basis functions, which result to feature vectors
over states and actions.

Generative adversarial imitation learning (GAIL): Does not apply
restrictive assumptions on the cost function and scales to large,
continuous state-action spaces.





Background knowledge

* Imitation Learning
Inverse Reinforcement Learning
Generative adversarial imitation learning (GAIL)

GAIL directly learns the optimal policy from expert demonstrations, quite
efficiently, aiming to bring the distribution of the state-action pairs of the
imitator as close as possible to the trajectories demonstrated by the

expert.

Discriminator: Maximizes Discriminator: ... and
GAIL objectlve: the cost of non-expert minimizes the cost of
trajectories expert trajectories

min max . E;[logD(s,a)| +Ex.[log(1—-D(s,a))| — AgH ()
JT DE(O,I)SxA

while maximizing the

entropy of the policy






Problem specification (trajectory prediction)

Given a set of expert (demonstrated) trajectories: Tz

Consider:
* Time step:At
* Actions (continuous): (41, Af, Ah)

Data Driven Aircraft Trajectory Given a set Tg= {Tg;,i = 1,...N} of historical aircraft trajectories,

Prediction Problem: and a time step At, we need to determine a policy 7 € II which
optimizes the GAIL objective.

This policy, given the initial state of aircraft sg, determines the

evolution of the trajectory at any time instant t = ¢y + (At * i),

i = 1,2,3.... Specifically, it determines 7 (als, At), i.e. the action

to be performed for the evolution of the aircraft position at state

s =(p,t,0).






Problem specification (trajectory prediction

e But... there are multiple modes of behavior...
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Problem specification

Given a set of expert (demonstrated) trajectories: T«

Consider:
* Time step: At
Actions (continuous): (41, Af. An)

K classes of trajectories Cki

A set S/ of “landmark” states with forecast time and values of features Sﬁmr = ((lfiz, [fizs Priz); t!, vl

A set of forecast features T/ of the future trajectory (as a whole):
E.g. aircraft type, time/day, estimated TOW, average FIR en-route charges, etc.

Data Driven Aircraft Trajectory Determine

Prediction Problem: (a) the specific class Cg , € Tg of expert trajectories that most probably the future
trajectory (i.e the trajectory with forecasted features T/ crossing the points in S/)
belongs, and
(b) a policy T, € N, which optimizes the GAIL objective, and which specifies the
evolution of the trajectory at any time instant t0 + (At * i),i=1, 2, 3...





mitation Learning for Trajectory Prediction
LTP Framework

Demonstrated
Trajectories

Stage 1:Clustering

Clustering
Demonstrated
Trajectories

Preprocessing of
Demonstrated
Trajectories

Clusters of
Demonstrated
Trajectories

Stage 3:
Classification

Stage 2: Feature Selection

Selection of
Important

Training of
Features

Classifier

Stage 4:
Imitation
Learning

Imitation
Learning
(per cluster)

FO recaSted Classification
Features Model

Deep
Reinforcement
Learning
Policies

Trajectory Prediction

Predicted
Trajectory






Imitating trajectories: GAIL

GAIL employs
* a generative trajectory model Go that models the policy

* a discriminative classifier Dw that distinguishes between the distribution of

gata (i.e. state action pairs) generated by the policy and the demonstrated
ata

* GAIL alternates between an Adam gradient step on w to increase the GAIL
objective with respect to D, and

* a step on using the Trust Region Policy Optimization (TRPO) Deep RL
akgorlthm to improve the policy by tuning 6 so as to decrease the GAIL
objective

A.Bastas, T.Kravaris, G.A.Vouros “Data Driven Aircraft Trajectory Prediction with Deep Imitation Learning”, In arXiv cs.LG, 2020.





Imitating trajectories: ApplLearn

Applearn assumes a linear model of the reward function:

T
 R(s)=wg(s) |
where ¢ are basis functions representing features of states (spatial and
weather features).

ApplLearn follows the 2 step process, iteratively:

e determine the proper weight vector in order to shape the expert’s
behaviour (solving a quadratic programming problem)

* Use

* DQN exploiting the estimated reward function to determine a policy in 2D
* A regression NN for predicting the altitude at each state.

C.Spatharis, K.Blekas, G.A.Vouros “Apprenticeship learning of flight trajectories prediction with inverse reinforcement learning”, In Proc of SETN 2020.





Experiments: Cases

Short (single FIR) trajectories
 BCN-MAD (April 2016)

* 528 trajectories

» 2 clusters of 250 and 278 trajectories
Long (multi FIR) trajectories

e LHR-FCO (Jan & Jul 2019)
218 & 242 trajectories
» 2 clusters of 23 and 195 trajectories & 3 clusters of 4, 19 and 219 trajectories

e HEL-LIS (Jan & Jul 2019)
* 49 & 55 trajectories
* 3 clusters of 4,3 and 42 trajectories & 3 clusters of 2, 9 and 44 trajectories

Trajectories have been enriched with 4 meteo-features (temperature, geopotential height,
u-componentof wind, v-component of wind) and the aircraft type.





Experiments: Measures

RMSE: computing trajectories corresponding points using DTW

1D

RMSE (var) = \/ 1

* 3D

RMSEsp = \

N
i=1 (Uarpred — 0drgctual

)2

1

Dim -
N \/Z (varyg ored vary

actual

2

Dim





Experiments: Measures

Track Errors : computing trajectories corresponding points using timestamps

Y ATE = AX sin Wp+AY cos Wp

predt O »O predt+1

: CTE = AX cos Wp-AY sin Wp

actt

X

Along track (ATE) and cross track (CTE) errors w.r.t.
the predicted trajectory’s points at times t and t + 1, denoted
by pred; and pred;;1, and the actual trajectory’s point act; at
time t. AX = X, — X, is the difference between the X coor-
dinate (longitude) of pred; (X,) and the X coordinate of act;
(Xa). AY =Y, — Y, is the difference between the Y coordinate
(latitude) of pred; (Y, ) and the y coordinate of act; (Y,). ¥p
denotes the course, in our case the bearing (i.e. the angle be-
tween the direction of the trajectory and the North), of the
predicted trajectory.





Experiments: Results

* One vs Multiple Policies — GAIL vs AppLearn

GAIL BCN-MAD (April 2016) Applearn

OnePolicy MultPolicies OnePolicy | MultPolicies
Long | Lat Alt 3D Long | Lat Alt 3D Long Lat Alt 3D Long Lat Alt { 3D
0| 14350 | 8347 | 457 | 17279 | 10932 | 5577 | 333 | 12652 0 | 23822.7 | 10547.6 | 5217.5 | 26902.9 || 14693.9 | 5695.9 | 344.4 | 15975.2
02| 13780 | 8311 | 550 | 16825 | 10252 | 5477 | 402 | 12048 20 | 16722.4 | 12775.6 | 5585.5 | 22257.5 || 13178.4 | 7020.0 | 285.1 | 14996.5
05| 9726 | 8847 | 427 | 14066 | 7490 | 6679 | 324 | 10565 50 | 15213.1 | 12336.1 | 3971.2 | 20310.6 || 10753.4 | 4066.9 | 302.7 | 11548.9
e e Y e 70 | 12709.9 | 13438.7 | 2161.4 | 18893.1 || 11211.4 | 3893.9 | 265.0 | 11911.4

”””””””””””” OnePolicy MultPolicies OnePolicy Mnie one
ATE CTE \Y ETA ATE CTE \Y e .. ATE CTE \' ETA ATE CTE \'} ETA
8 e 0 6/0  JAnoel s |50 )38 DUl ) 0| -45105 566.6 41829 | 6209 || 31112 2816.6 | -26.2 1989.3
02 | 994 | 8085 | 1213 | 28865 | 4545 | 3918 | 57.6 | 268.70 20 ea3po [ 153c] | abe5a | Jas s |l 55070 | g 55.1 | 185.6
05 9349 [ foe/1 | 1156 9ga]l 9ign | BEE | Jgc 1EEA 50 | -5072.6 350.1 31617 | 1554 || aeac: | 133 141.3 | 88.4
0.7 | 851.5 1540.7 25.8 460.56 1065.0 | 1133.0 5.1 369.03 70 -4886.3 136.2 -1738.8 93.1 -3063.8 -341.7 44.4 74.9






Experiments: Results

* GAIL vs AppLearn

GAIL (for the larger cluster)

LHR-FCO (July 2019)

AppLearn (for all clusters)

Long Lat Alt 3D
22140.9 | 31579.4 | 3909.1 | 38873.4
14266.2 | 19281.8 | 624.3 | 24001.2
16242.0 | 19984.4 | 770.3 | 25789.5
14789.7 | 15939.0 | 374.3 | 21878.
ATE | CTE v ETA
-12852.2 | 636.7 | -1843.1 | 20789.4
93740 | 7684 | 209.3 1356.0
110384.2 | 1866.8 | 400.2 305.0
-6355.7 | -359.1 | 415 162.3

M | Long Lat Alt 3D GAIL (for all clusters)
0 23371.12 | 20888.65 | 37233 | 18351.99 ] = Alt 3D
0.2 | 24427.65 | 20568.25 | 359.35 18733.01 ong -
0.5 | 20274.53 18497.25 | 370.98 16209.15 14586 | 13797 | 213 | 20583
0.7 | 14313.57 | 14444.13 | 539.25 12126.93 20618 | 19412 | 316 | 29228
17644 | 17261 @ 273 | 25584
ATE CTE VE ETA
18689.42 17874.3 636.2 457.1 18011 | 16576 | 497 | 25535
19273.79 19362.4 621.78 | 615.12
15758.31 16399.46 | 629.06 | 791.83 .
13205.18 11294.95 659.35 910.28 ATE | CTE Vv ETA
1541.5 -926.5 7.6 1064.0
1177.4 -757.8 717 1196.8
7454.3 -2785.5 83.8 16714
8735.7 -2924.9 213.7 1859.8






Experiments: Results

HEL-LIS (July 2019)

* GAIL vs AppLearn

GAIL (for the larger cluster)

GAIL (for all clusters)

AppLearn (for all clusters)

| July 2019
M Long Lat Alt 3D T T =
0 88448.14 95173.02 1096.41 75950.75 24828 | 23020 | 333 | 34585
0.2 91184.7 100957.56 | 1062.17 79921.51 37886 | 39584 | 324 | 56449
0.5 90334.3 92006.24 1090.32 76575.08 49978 | 50816 | 353 | 73469.5
0.7 77587.38 76998.23 1966.88 64771.15 50456 | 51543 | 598 | 74556
ATE CTE VE ETA ATE CTE v ETA
77341.27 59731.61 1074.71 801.44
1837.0 -3712.4 78.5 715.9
81309.09 52941.16 1052.04 978.19 12646.4 33525 764 16152
81468.87 49669.47 1252.01 | 1080.75 24161.9 4984.9 835 2344.4
81990.64 46206.48 1691.44 | 1113.12
31294.1 1871.5 87.2 2852.2

Long Lat Alt 3D
32667.9 | 38158.7 | 5394.5 | 50605.5
37394.2 | 50782.1 166.4 63084.2
40214.2 | 49522.0 236.0 638212
39418.1 | 49193.3 352.7 63052|5
ATE CTE Vv ETA
-11732.2 203.6 -2776.5 19499.0
-27355.4 686.6 13.1 262.0
-29390.1 -555.5 -10.7 1027.0
-24991.9 -1396.9 -135.8 430






Conclusions

* Imitation Learning potential:

Effectiveness: High (in accuracy) but not in stages with large variations (landing phase)
Efficiency: Large number of training episodes but with low-sampling efficiency

Tradeoff between arbitrary and linear cost function: It seems that a linear cost function is not appropriate.
However, ApplLearn scores better in landing phases compared to GAIL.

* Imitation learning provides a

I)I

“natural” (in terms of inherently dealing with trajectories),
simple (not requiring feature engineering),

unconstrained (without considering flight plans as constraints or fitting trajectories into a specific spatio-
temporal resolution),

continuous (in terms of state and actions’ features considered) and
generic (in terms of being able to apply to different types of trajectories and at any flight phase) approach,

Pure data-driven (not requiring any model-based mechanistic prediction method -although it would be
interesting to investigate interactions)

TP approach





Future work

(a) verifying the effectiveness of the methods for different origin-
destination airports, while being trained using larger training

datasets

(b) exploiting flight plans to constrain the prediction pipeline, and
detecting deviations from intended routes

(c) extending the method to deal inherently with different modes of
trajectory evolution, and

(d) generalizing beyond specific origin-destination pairs to deal with
predictions at large scale.
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Introduction: ATM Context & motivation & SESAR x*
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INTERFACING objectives w5 SESAR 1

Engage  JOINTUNDERTAKING
— GOAL |

To enhance Demand Capacity Balancing with a digitalization tool to gain a better
understanding of mitigation measures efficiency, such as regulation

A formal probabilistic framework

e To detect and characterize at network level the flight
interactions and their interdependencies by considering TP
uncertainty.

New interaction metrics

e To pave the way for the design of mitigation measures for a
smooth fine tuning of traffic demand at micro level while
considering the effects at macro level in order to improve the

network performance.

INTERFACING. EUROCONTROL — TC2 3 WS 4736 M w






O1: To identify Interaction Zones

Do SESAR 44’
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Spatiotemporal interactions: identification of airspace volumes in which
more than one aircraft could co-exist
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Analysis of the spatiotemporal interdependencies among the Interaction Zones
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INTERFACING objectives w0 SESAR 5\

Engage JOINT UNDERTAKING

O1: To identify Interaction Zones

0O2: Identify Interaction Zones interdependencies

03: Local and Distributed Interaction Metric

e sector entry and occupancy metrics to be enhanced with the new
interaction metrics that provide a spatio-temporal characterization
of the Interaction Zones

et O4: Efficient Regulation support

e by enhancing Demand Capacity Balance with a supporting tool
aimed to predict the positive and negative impact of
upstream/downstream Interaction Zones dynamics

INTERFACING. EUROCONTROL — TC2 34 WS 7/34 ° w
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INTERFACING concept ~@o SESAR 1
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Probabilistic framework

e Characterization of the interaction zones that may appear,

e Existence Probability, the probability that the detected
interactions zones will finally take place,

e Complexity of each interaction zone,
e Interdependencies between interaction zones.

A Demonstration suite

e A library of functional blocks that works as a pipeline to facilitate

the federation of the developed features with existing tools (e.g.
RNEST)

e AsloEarth, a visualization tool to graphically show the results and

metrics produced by the interaction zone analysis.

INTERFACING. EUROCONTROL — TC2 34 WS 9/34 ° w





Dealing with uncertainty ~@o SESAR 1

Engage JOINT UNDERTAKING
In Space and tlme < Analysis interval )
A A

The Detection Window is the time Furtsre lacation .
interval in which INTERFACING e v B
analyses the aircraft position N >
uncertainty and |OOkS for |ZS Timeline *P-é—

Current time Start End

Known performed Predicted trajectory
~ trajectory 7 from t,
INTERFACING uses the last ,
known trajectory data B P
(periodically ingested and /—t- —
updated) P
(P§t°+10)(t)

Sliding time window prediction and analysis
for better adaptation to the ATCFM temporal
phases

to+10
® Valuesofp,°

® Values of p1t°
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Pairwise Interaction Zone ~@o SESAR 1+

Engage JOINT UNDERTAKING

Spatial Characterization > Spatio-temporal Characterization
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Pairwise Interaction Zone DT SESAR
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Probabilistic Characterization — Existence Probability
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Generalized Interaction Zone o0 SESAR ¥4>
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Spatial Characterization L JIll Spatio-temporal Characterization
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Interaction Zone Graph @ SESAR 1
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Spatio-temporal Characterization L 3 Intrinsic structure (Nodes)
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Interaction Zone Graph ~EDo SESAR 1
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Graph nodes > Interaction Zone Interdependencies
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Interaction Zone Graph =@ SESAR 4

Engage

- . ‘A le

I Toshy e

2 wear B bpor B8 ves Duusath
i N = = - RAl
4

* WA Vet 15 sele 2000 yewe 5.0
* B rsreceg Awinh !
r BB Geoerdd Lever
« Ba on
’ .‘ wrawpsdrares
N s bt
S s
LRl
l,.;‘
Vst -t
s~ IR EILY
S ~E T TR |
. .‘ Waaan Com g m Linws
4 .‘ln»un.n (e
» B vomoce Cameod Lywe

-

Y

20380629 w00 -3 - 10199628
cocccs o813y 55 | MeALeRIE T onoco

-

INTERFACING. EUROCONTROL — TC2 3 WS 19/34 O Ixvge





Hotspot: Interaction Zone aggregation™ %™~ SESAR al
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Interaction Zone Metrics & SESAR

Engage JOINT UNDERTAKING

e IName Descipton

M1  Spatio-temporal time interval when an IZ occurs and the airspace location where it
characterization happens

M2  Existence the probability of an /Z to actually occur
probability

M3  Involved Aircrafts  number of aircrafts that are interacting ina IZ

M4  Complexity Calculated from the intrinsic structure (graph nodes) at the I1Z

be analysed with the aggregated
information of all the /Zs it contains.

airspace volumes.
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Interaction Zone Metrics 5o SESAR
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Interaction Zone Interdependencies = SESAR
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Hotspot Metrics @ SESAR 1

Engage

e Name Descipton

M5  Elapsed time time calculated as the difference between first IZ start and last IZ
end

M6  Time separation Time separation between hotspots that are related because of
sharing aircrafts

M7  Shared Aircrafts Which and how many aircraft are shared amongst hotspots

M8  Persistence Areas where a number of hotspots tend to happen recurrently

analyse the downstream effect of require specific measures on the

mitigation measures. involved aircrafts
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Hotspot Metrics
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Project objectives vs @ SESAR 1

proposed metrics

“objeetve e

O1 To identify Interaction Zones M1, M2, M3, M4
02 Identify Interaction Zones interdependencies M5, M6, M7
O3 Local and Distributed Interaction Metric M2, M3, M4, M8

= 04: Efficient Regulation support

e The proposed metrics can provide a measure of
the positive and negative impact of upstream
and downstream Interaction Zones dynamics
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Outline T SESAR g

Validation and Results
Conclusions and next steps
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INTERFACING algorithm workflow

sob trajectory data
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Event Detection
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Cem)
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oo SESAR v
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Real scenarios, quantitative and DT SESAR Ny
qualitative validation

Approach: analyse how indicators based on INTERFACING metrics react to changes in
the traffic density.

Case study: m1 version of June 2019 SOG6 files from DDR2 repository. Time filters are
applied to focus on peak periods (high traffic concentration)

Quantitative analysis: variations of the Spatial Discretization (minimum voxel side
length) and the Time Discretization tuning parameters. Changing these parameters
will modify the results of the algorithm and its execution time performance.

Goal: trade-off analysis between algorithm speed and result’s accuracy.
Benchmark: default setup with a minimum voxel side of 300 meters and a time
discretization of 3 seconds.

Qualitative analysis: Assess the behaviour of metrics in front of various traffic
densities and clustering parameters (hotspots).

Goal: analyse how metrics behave in front of traffic density variation.
Assessment: obtain sound and explainable trends in the results.
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Demonstration suite
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AsloEarth is a visualization tool that serves to
graphically show the results and metrics Interfacing is
handling with. For example, animated trajectories,
interaction zones and hot spots.
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Working on R-NEST integration
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Conclusions and next steps
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Conclusions and next steps DT SESAR

Engage

Expected impact from interaction zones and metrics

e Enhancement of the DCB for the sake of ATC Minimum
Intervention
e Improve transparency and efficiency of DCB network services

Main contributions to the TC-2 topics

e Development of tools for the identification of ‘hotspots’ and
the evaluation of different ATFCM measures

e Bridging the gaps between the temporal phases of ATFCM
e Optimising and integrating local planning activities with a view
to assess, contain and communicate their network effects
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Conclusions and next steps @ SESAR 1

Engqge JOINT UNDERTAI
mam  NEXT steps

» Analysis and assessment activities. INTERFACING algorithms
operate at trajectory level, to take benefit of the TBO concept and
also of the most advanced avionic enablers (EPP, what-if EPP):

* Assess the performance of interaction management at Network
level

* Enrich Network Performance Indicators
e Learn from data

* Supporting tools to ATCo for mid and short-term conflict
detection

» Support Sectorless ATM concept.
» Automated tools for supporting decision making
* Trajectory-based DCB measures at the ATM network level

* Empower the Integrated Network Management and the
Extended ATC Planning function

 Conflict Resolution support.
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DIAPasON Project D APasON oD SESAR x
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DIAPasON: A Data-driven approach for Dynamic and Adaptative trajectory
PredictiON

Objective: Methodology for TP and traffic forecasting in pre-tactical phase
= Data-driven: Outcomes based on data analysis and interpretation
= Dynamic: Adjusted to different planning horizons
= Adaptative: Enhanced iteratively with new tactical data

Validated in a Use Case (DCB) — Combined trajectories, more than individual






DIAPasON Consortium oo SESAR x

CRIDA — Operational, Data Management
Deep Blue — Scenario Definition, Validation

ZenaByte — Models, Machine Learning (Spin off University of Genova)

‘CRIDA 0 deepblue

[Ze?iZ”Bmyte]
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SESAR ER COPTRA
Combining Probable Trajectories - Uncertainty Management

SESAR ER DART
Individual/Multiple TP (with optimisation)

Traj.Clusters: fram BARCELONA/EL PRAT (LEBL) ta ADOLFO SUAREZ MADRID/BARAJAS (LEMD)

H2020 Datacron
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o, e

30 sl
Weather forecasts

predictability comes from initial = : e
atmospheric conditions g 200 RV
Sub-seasonal forecasts =
predictability comes from monitoring the =
Madden-Julian Oscillation, land surface <L

data, and other sources 100 e

Seasonal forecasts
predictability comes primarily from

excellent
3 sea-surface temperature data i]
o | accuracy dependent on ENSO state 414
Z g
w
-
2 fair ®
O \
o poor
[V

zero

0O 10 20730 40 50 "40 70 80 90 100 110 120

FORECAST LEAD TIME (days)






. x.
Operational Context: TBO Do SESAR x
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TBO (Trajectory-Based Operations) approach 4D trajectories (TTO/TTA)

From tactical to strategical

= ATCOs progressively assuming a monitoring role, instead of a tactical CDR role
Overall traffic predictability improvement as key driver for improvements in:

= Enhanced Safety due to reduction in controller workload

= |ncreased airspace capacity due to a reduction in buffers

= Cost reduction (fuel/time)

= Reduction of Environmental impact (fuel, emissions, noise)

= Better service provided

With this as final goal, TP can already bring benefits in this direction by managing
uncertainty and putting in place suitable models and techniques (Engage TC2)
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Uncertainty effects on Traffic Do SESAR x
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Forecast vs reality (from NOP; any given day... in old normality)

Expected Actual

Are these patterns predictable?





Data Characterization
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Identification of patterns in data from different perspectives
Operational data from Spanish ATC Platform (SACTA/IiTEC)
Flight Plan updates in all phases (including pretactical)
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Planning Phase Tactical Phase/ATC
I
|
FPO FP1 | FPn | FPn+1 FPfinal
i >
t0 I
AOBEOBT

* Is FPO reliable enough to be used?

* If not, when?

* Which/How much is the difference between FPO and FPn in path, and time?
* |Is FPO early enough to be used for planning purposes?

* How can we use this information to enhance demand forecasting?
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Dissimilarity metric

common
d=1-( —_

here:
max(wp) ), where

e common wp: number of waypoints appearing in both the first and the last
Flight Plan (intended as last before EOBT);

e max wp: maximum between the number of waypoints appearing in the first
Flight Plan and the number of waypoints appearing in the last Flight Plan
before EOBT
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0.8-

More than 70% of FP instances do
not show difference in path

Mt Only 10% of FP share less than

JAN

w 50% of waypoints between first
and last record before OB
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Percentage of the total
o
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Most differences are thereby
temporal
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DeltaT= Difference between EOBT of a FP record and timestamp of its corresponding first
FP (anticipation)

e Dissimilarity seems independent
than Delta T (similar behaviour
in terms of path change even if

mmm first FP issued quite early)

000 025 050 075 1.00 * Weather phenomena (at least

335 linked to Airport data of
weather-related regulations)
don’t seem to directly impact

dissimilarity

e o o o
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Data Characterization

* Percentile-80 used as representative
value for airline representation in
terms of dissimilarity

* Variability between individual Airlines,

Analysis per Airlines
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Data Characterization

Analysis per Airline: Reliability
= Average time at which issued FP becomes identical to the last FP before
departure (includes a Confidence Interval based on variance and sample

size)
European Legac
s o Low Cost
Iberia Airlines i 17012 : =
Turkish Airiines Pof 1289 Ryanair [} 33467
Swiftair b w15 Vueling Airlines o 24996
European Air Transport e 204 Wizz Air Hungary {72
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Predictive Model A A

Prediction at different time horizons (diff to EOBT): 8h, 4h, 2h, 1h

For each time horizon:

1. the current flight plan (the one in force) is compared with all the historical flight plans of
the same flight at the same At, selecting all the past flights whose planned trajectories
coincide with the current one.

2. if the current flight plan is not the first one recorded that day, also the previous flight plans
are compared with the corresponding past ones, discarding from the previously selected
single flights all the ones that do not match.

3. for all the selected single flights, the last-before-off-block-time planned trajectory is
retrieved.

4. the predicted trajectory is taken as the most frequent one in this set.
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Accuracy compared with using the FP in force (noted as default)
Default VS Prediction accuracy
/\
SPRING J TRNE: 1h
average default accuracy ( 76% 75% ) 82% 86% )
average prediction accuracy QZ% 82% // 85% 87%

SUMMER 8h TR 1h e
average default accuracy 88% 76% \ 83% 88%
average prediction accuracy\\ 92% 85% // 87% 90%

\/ 0-

0.00 025 0.50 0.75 1.00
Accuracy

Particularly useful for “very unpredictable” flights
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Predictive Model fgage.

European Legacy

European Low Cost

Air Nostrum

Norwegian Air International Vueling Airlines
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o y————————————————————————=—- _—
T Arines | e, Euronings |
T Por | ———————————————————————
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Average prediction accuracy Average prediction accuracy

e In most of the airlines the prediction accuracy increases as At decreases.
e The prediction reaches a similar level of accuracy in for all the airlines, apparently without any bias.
e The level of accuracy is, on average, over 80% for the great majority of airlines.
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Predictive Model AR

Unpredictability of most airline is “systematic enough” to become predictable

It is possible to estimate the probability of change for every flight (and apply them in
demand forecasting or a value for confidence of the forecast mix)

The percentage of airline’s callsigns
which have on average 0 probability of

Lufthansa change (i.e., are never predicted to
ousm] | T change in the data considered) and are
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e Differences in occupancy counts per sectors between the real data in the planning phase
and the output provided by an application of the predictive framework described

* Assumption: Vertical profile estimated to consider a 4D trajectory, en-route phase
* 6 days tested, from summer and winter season 2018 (June & November, respectively)
e 2 different en-route sectors (LECMTLL and LECMASU)

 8hand 4h before operation
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: DCB Use case

Application

The forecast normally captures the trend of the occupancy counts, better in one sector

(upper) than the other (lower, possibly due to flights in evolution)

LECMTLL

LECMASU
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Application to be further refined
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Interviews on application on such capabilities

e Giovanni Lenti, EUROCONTROL, Head of Network Operations Services.
e Debora Palombi, ENAV, Head of Network Manager Unit.
e Patricia Ruiz-Martino, ENAIRE, ATCO and former Head of En-route Operations Unit

Airline submits FP Demand Expected
predictions demand
—| canbe from FPs
How DIAPasON predictions comtpared
. . 0
could be integrated in the Diapason computes
Strategic planning process best gr?gict:cr on
an individual basis
at NM level?
Capacity
Predictions about many threshold
flights is combined to
predict demand in time
slots of 15’
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Same as for flight #3229078 LEMD — LEMH.
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JOINT UNDERTAKING
Engage

The project has obtained a Trajectory Prediction framework considered to be data-driven,
dynamic, adaptive, and Airspace User oriented.

* Data-driven characterization of demand in pre-tactical phase demonstrates the potential
for trajectory prediction application of the repetitive features of traffic within ATM domain
— availability of data in this stage is an enabling factor for this

* Especially using pre-tactical data brings additional benefits

* Airlines show different behaviours, that the presented framework is able to capture and
update in a tactical manner for this application.

 The model significantly enhances the prediction accuracy for “very variable” flights, while
for very regular flights the default choice and the prediction are usually the same.

* Refinement for specific applications would be necessary in order to obtain the maximum
benefit of the predictive features of demand. In particular, extension to vertical profile
information in the considered application
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