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Objective

* The objective of this project is to present algorithms for data-driven
imitation of flown trajectories, following deep reinforcement learning
techniques towards enhancing trajectory planning abilities.

* Treat historical data as data provided by “experts” that a machine
learning algorithm should exploit.

* Imitate experts without going further on optimizing during the
learning process.
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Operational Goals

* Approaching the trajectory planning problem as an imitation
problem, using models learnt from historical data.

* |dentify the features relevant to airspace users while planning,
towards learning stakeholders’ reward models.

* Increase enhanced trajectory prediction and planning abilities, by
means of learning models of trajectories planned and flown by
alrspace users.

* Improved operations productivity by contributing to improved
trajectory planning.
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Data Sources (1/2) in Aviation

o0 SESAR

e Surveillance data

* Flightradar24: historical trajectories for January, April, July 2019 above all
Spanish Sectors

January April July

BCN-MAD 746 704 626

MAD-BCN 740 693 618
ALL 154278 202552 242173
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Data Sources (2/2) frintion

OO SESAR

* Flight plan data
 DDR ALLFT+: historical flight plans for January 2019 above all Spanish Sectors

BCN-MAD MAD-BCN ALL
778 779 20374

 Sector configuration data: Sectorization and active Sector
Configurations

 \Weather data
- NOAA
« METAR
. TAF
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Problem Formulation

* Origin and Destination pair of Airports

* A set of historical trajectories
* A trajectory is defined as a series of 4 dimensional points in the airspace
* Samples every 5 seconds, achieved with interpolation
» State parameters: longitude, latitude, altitude and timestamp
* Actions: A State in spatial dimensions i.e. Alongitude, Alatitude, Aaltitude

* Every trajectory is further enriched with additional relevant data such
as weather conditions, flight plans, air traffic information

 Surface pressure, humidity, temperature, gust wind speed, u-component and
v-component of wind
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Clustering

* k-means is a simple partitioning clustering algorithm, it groups similar
objects in the same cluster and it minimizes an objective error
function.

* Agglomerative clustering is a bottom-up (hierarchical) strategy for
drawing the structure of data.

* Two types of distance functions have been studied to measure the
dissimilarity between two multivariate trajectories.
* DTW
* RMSE

* Silhouette coefficient is an evaluation criterion that is based on the
intra-class and inter-class distances of each object pair.
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Behavioral Cloning

o507 SESAR

e Standard supervised learning techniques
e Bound to make mistakes
e Often used as a baseline

input layer

hidden layer
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Experimental Settings (1/2)

 Surveillance with Spatiotemporal & Weather data

* Spatial Coverage:
* Origin Airport: Barcelona
e Destination Airport: Madrid

 Temporal Coverage:
 April 15t— April 24th 2016
* Flights:
 Total Flights: 530 flights
* Training Set: 480 flights
e Test Set: 50 flights
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Training set

o507 SESAR

® il - Em Aragor Em o=a - =H =3 ®
Mequiner =R A = Barcelona
Calatayud Carifiena, Muntanyes
Aragor: Sasla e Pra
veda Alhama = o Belchite Séstago cEm de Prades Bn -
wia Rioza . de Aragén . alis &=
talojas Aragér 2
Cantaloja = Caspe
i Arcos de Jaln ek s st =a
La Pinila Y, o Villafeliche écera
o Medinaceli
Valverde de

jos Arroyos Maella
| = Méra 2

Alcafiiz

Gallocanta
Andorra

Calamocha

La Yunta

Molina de
Aragén

oo

Parc Natural
de la Tinenga

Guadalaj More de Benifassa Sant Carles
& \a Rapite
Aldveta Cast de la Rapita
Cantavieja =3
Alcala de La Iglesuela
Henares 9 el Cid Vinatds
Cella, Aragon
: . SUge; Vilafranca
ladrid Albarraci Benicarlé
Alcals de i
Sel niscola
Tragacete Teruel ingeh Culla
tafe
Parque Natural PR
/llalbade dela Serrania ﬁu“t":_ d Alcossebra
3 aSera  de Cuenca R 1
[423] Rubielos
Libros deMox
Sarmion
m Valdemoro-Sierra
Cuenca Caete. Montanejos Benicdss
Aranjuez Torcas de j;' o enicassim
¥ i Palancares y prce Barraques
Tarancén arraques 1
) Santa Cruz Uclée Arcas Tierra Muerta fic Castellon ®
fla rem dela Zarza it Onda de la Plana



Imitating Trajectories
in Aviation

Clusters identified in the training set

TEDTSESAR +
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Experimental Settings (2/2) in Aviation

oo SESAR

Behavioral Cloning | Spatiotemporal (ST) | Spatiotemporal w/ | Spatiotemporal + | Spatiotemporal +
(BC) Clustering (ST_CL) Weather (W) Weather w/ Clustering
(W_CL)
GAIfO Spatiotemporal (ST) | Spatiotemporal w/ | Spatiotemporal + | Spatiotemporal +
Clustering(ST_CL) Weather (W) Weather w/ Clustering
(W_CL)
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Preliminary Experimental Results: DTW £4v2ten

o0 SESAR

Method State DTW Mean DTW Std
BC Spatiotemporal (ST) 30.67 19.50
GAIfO Spatiotemporal (ST) 13.01 10.55
BC Spatiotemporal + Weather (W) 20.06 14.04
GAIfO Spatiotemporal + Weather (W) 12.55 11.28
Method State DTW Mean DTW Std
BC Spatiotemporal (ST_CL) 6.88 5.98
GAIfO Spatiotemporal (ST_CL) 4.84 1.288
BC Spatiotemporal + Weather (W_CL) | 27.53 19.75
GAIfO Spatiotemporal + Weather (W_CL) | 5.45 2.27
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Preliminary Experimental Results: RMSE 44"

o0 SESAR

Method State RMSE Mean RMSE Std
BC Spatiotemporal (ST) 0.35 0.14
GAIfO Spatiotemporal (ST) 0.18 0.13
BC Spatiotemporal + Weather (W) 0.29 0.17
GAIfO Spatiotemporal + Weather (W) 0.18 0.15
Method State RMSE Mean RMSE Std
BC Spatiotemporal (ST_CL) 0.13 0.11
GAIfO Spatiotemporal (ST_CL) 0.08 0.02
BC Spatiotemporal + Weather (W_CL) | 0.36 0.18
GAIfO Spatiotemporal + Weather (W_CL) | 0.08 0.03
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Preliminary Experimental Results: 4, Aviabion
Visualization BC vs GAITO W CL e
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Preliminary Experimental Results: I Avistdon
Horizontal Deviation GAIfO W_CL S il
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Preliminary Experimental Results: i Aviation
Vertical Deviation GAITO W CL T e

Vertical Deviation (feet)
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Preliminary Experimental Results: £ Aviation
Worst Case GAITO W CL
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Best Case
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Preliminary Experimental Results: £, Aviation
More Training
Method State DTW Mean DTW Std

GAIfO 1.5k Spatiotemporal (ST_CL) 4.84 1.288

GAIfO 3k Spatiotemporal (ST_CL) 4.10 1.31

GAIfO 1.5k Spatiotemporal + Weather (W_CL) 5.45 2.27

GAIfO 3k Spatiotemporal + Weather (W_CL) 5.08 1.85

Method State RMSE Mean RMSE Std

GAIfO 1.5k Spatiotemporal (ST_CL) 0.08 0.02

GAIfO 3k Spatiotemporal (ST_CL) 0.06 0.02

GAIfO 1.5k Spatiotemporal + Weather (W_CL) 0.08 0.03

GAIfO 3k Spatiotemporal + Weather (W_CL) 0.08 0.02
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Future Work - Ajf?jf“

* Further experiments and fine tuning, more origin/destinations

* Further trajectory enrichment
* Weather conditions of the origin/destination airports
* Bigger “line of sight” of the aircraft
* Flight plans
* Air traffic

e Utilizing Clustering’s promising results for unknown trajectories
* Recovering the experts’ cost function
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Thank you
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Preliminary Experimental Results: 4, Aviabion
Visualization BC vs GAIfO SP

® (234 e} o240 = BB Em (523} ®
Mequinenza =n o =1 Barcelona
Calatayud Muntanyes
Belchite S =m de Prades
Riaza ) Sant o o Valls Castelldef,
= Cantalojas ¥ EEl sitges
a Pinilla

Atienza Calafell

Siglenza

Parc Natural
de la Tinenga
de Benifassa

Guadalajara

Alovera

Vinaros

Benicarlé

Per

cola
Teruel

Alcossebre

m 901
Aranjuez

(]
e

Montanejos

Benicassim

= Barraques

Castellon
Onda de la Plana [




