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DART

DATA DRIVEN AIRCRAFT TRAJECTORY PREDICTION RESEARCH

This document is part of a project that has received funding from the SESAR Joint Undertaking under
Grant Agreement No 699299 under European Union’s Horizon 2020 research and innovation
programme.

Abstract

This document summarizes the process designed and implemented to generate a synthetically
enriched trajectory dataset from surveillance data. The document exposes the required steps to
compute additional state variables not included in the radar tracks used as inputs, and how to obtain
a more information-rich description of the flown trajectory by increasing the data sampling rate.!

1 The opinions expressed herein reflect the author’s view 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 Purpose and Scope

The main purpose of this document is to provide with details about the process used to generate a
synthetically enriched trajectory dataset (i.e., enhanced aircraft state vector including new kinetic and
kinematic variables with a higher sampling rate).

The document is structured as follows:

e Section 1 includes, in addition to the document’s purpose and scope, a reference to the intended
audience and the list of acronyms.

e Section 22 provides details about the Synthetic Trajectory Reconstruction process used to obtain
an enriched and enhanced trajectory datasets based on the use of raw surveillance data. This
section also describes the main outputs of the Synthetic Trajectory process itself, and the
associated Aircraft Intent (i.e., formal and univocal representation of a trajectory).

e Section 3 describes the dataset available after running the synthetic trajectory reconstruction
process.

e Section 4 collects the main conclusions and remarks of the document.

1.2 Intended readership

This document is intended to be used by DART members and SJU Officers.
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1.3 Acronyms and Terminology

Term Definition

Al Aircraft Intent

AIDL Aircraft Intent Description Language

APM Aircraft Performance Model

ATM Air Traffic Management

BADA Base of Aircraft Data

BR&T-E Boeing Research & Technology — Europe

CAS Calibrated Airspeed

CRIDA Centro de Referencia de Investigacién, Desarrollo e Innovacion
DART Data-driven AiRcraft Trajectory prediction research
DDS DART Data Store

DTP Data Transaction Pipeline

EUROCONTROL European Organisation for the Safety of Air Navigation
FC Fuel Consumption

FL Flight Level

FMS Flight Management System

FP Flight Plan

FRHF Fraunhofer-Gesellschaft zur Forderung der angewandten Forschung
h Geodetic altitude

HA Hold Altitude

HS Hold Speed

HHL Hold High Lift devices

HL High Lift devices

HLG Hold Landing Gear

Hp Pressure altitude

HS Hold Speed

HSB Hold Speed Breaks
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IFS
LG

MSL
SB
SESAR
SJU
ROC
TAS
TL
TLP
TPE
UPRC

Surveillance data source

Landing Gear

Mach Number

mass

Mean Sea Level

Speed Breaks

Single European Sky ATM Research Programme
SESAR Joint Undertaking (Agency of the European Commission)
Rate of Climb

True Airspeed

Throttle Law

Track Lateral Path

Trajectory Predictor Engine

University of Piraeus Research Center

Ground Speed

Work Package

1°* wind component

2" wind component

3 wind component

Table 1: Acronyms and Terminology

10 Copyright 2018 DART

Founding Members

This document has been produced within the scope of the DART project. -
The utilisation and release of this document is subject to the conditions s g
of the Grant Agreement n0.699299 within the H2020 Framework e ~—

Programme, and the Consortium Agreement signed by partners. EUROPEAN UNION  EUROCONTROL



D1.4 SYNTHETIC DATA PACKAGE

®  SESAR

DART JOINT UNDERTAKING

2 Synthetic generation of trajectory data

2.1 Introduction

This section aims at providing details about the processes designed and developed to obtain an
enriched trajectory dataset, synthetically computed from surveillance data. The process requires
different models that enable the addition of a wide range of kinetic and kinematic state variables to
the variables available within the surveillance tracks.

2.2 Raw surveillance data

The input to the systematic reconstruction of a trajectory is a surveillance track that usually includes
pure kinematic data. In the case of DART, radar tracks (IFS) are the datasets used to represent the
surveillance recorded flight information. This type of tracks are merged with Flight Plans (FP) leading
to a more detailed description of the trajectory that includes the following fields:

T Flight key, unique reference to the flight.

I Callsign, unique identifiers to aircraft.

I Origin, aerodrome of departure.

{ Destination, aerodrome of destination.

9 Aircraft type and wake vortex category.

I Date of operation.

I Time: time stamps at every reported surveillance point.

9 Longitude, referred to the Geodetic Reference System (GRS).

{ Latitude, referred to the GRS.

I Pressure altitude, equivalent to the atmosphere pressure level with respect to the Mean Sea
Level referred to a standard atmosphere model representing the actual atmosphere
conditions.

Ground speed, module of the horizontal projection of the absolute speed referred to the GRS.
Heading, referred to the North of the GRS.
3 absolute speed components (v, vy and v;) referred to the GRS.
Founding Members © - 2018 — DART Consortium. 11
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The objective of the synthetic reconstruction process is to enhance the available information by
computing additional aircraft state variables that may range from aircraft mass and airspeeds to
aircraft intent? information.

2.3 Synthetic trajectory reconstruction process

The main drawback of the raw surveillance data from the perspective of a data-driven trajectory
prediction infrastructure is the lack of information about some relevant aircraft state variables, and
during some time intervals during which there is no information at all (data gaps). The intention of the
synthetic reconstruction process is twofold:

I Populate the trajectory dataset with additional information with a higher sampling. This will
increase the available data providing an enriched aircraft state vector.

I Enhance the aircraft state vector by the addition of supplementary kinematic (e.g., airspeeds)
and kinetic (e.g., fuel rate) variables.

Surveillance Data

A=-2.06°
@ =41.08°
h=2737m
t=797s
M=0.59

CAS =229 mps
TAS = 348 mps

TRJ

ADS-B Reconstruction
Radar Tracks &

Longitude (A) Al Inference

Latitude (@)
Altitude (h)
Time ()

II APM Meto

VG =419 mps
| y=76°

| y=-001°
FC=0.48 kg/s
, Wx=-36 mps
Wy =78mps
OAT =-44°C

Geoetic Alttuda m]
- 13 u

Figure 1 — Synthetic Trajectory Reconstruction

Depending on the input datasets, the synthetic trajectory reconstruction process will require to run
different process. However, in all cases, this process will rely on the definition of two models (Figure
1):

2The aircraftintent represents basic command and control inputs that the pilot or the Flight Management System
(FMS) issue to steer the aircraft as planned executing the corresponding reference trajectory.
12 Copyright 2018 DART
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1 Aircraft performance model (APM), which represent the performance of the aircraft (i.e.,
combination airframe and power plant). Such models basically provide with a representation
of the drag, fuel consumption, thrust and kinetic, kinematic and environmental limitations.

Weather model (WM), which represent a model of the weather conditions of the day of
operation along the executed trajectory. Usually such model provides a description of the
atmosphere conditions (mainly temperature, pressure and density) and the wind (i.e., it three
components referred to the GRS).

The trajectory reconstruction process has been designed in three stages as shown in Figure 2:

 Kinematic reconstruction. Based on the raw surveillance data and making use of a WM
representing the actual weather conditions, it is possible to those state variables that do not
depend on the aircraft mass, for instance, True Airspeed (TAS), Mach Number (M), Calibrated
Airspeed (CAS), rate of climb (ROC), bearing and heading.

I Kinetic reconstruction. This stage basically focuses on the computation of the initial aircraft
mass that best fits the actually flown trajectory. To run this process, a combination of an APM,
which characterizes the actual performance of the aircraft, and a WM will be necessary to
obtain the most likely initial aircraft mass.

I Aircraft Intent inference. Although this stage have been shown separately from the previous
one, in fact, they are coupled. The estimation of the initial mass and the associated fuel
consumption rate is strongly linked with the inference of the aircraft intent that best
represents the flown trajectory. This process will return a representation of how the aircraft
has been operated to fly the actual trajectory represented by the raw surveillance data [1][2].

Once the three stages are completed, it is possible to compute a synthetically reconstructed trajectory
by running the computation engine with the following inputs:

T WM, model of the wind and atmosphere conditions for the day of operations.

T APM, model of the performance of the considered aircraft.

f Initial conditions, aircraft position, speed, time and mass at the beginning of the trajectory.
1

Description of the Aircraft Intent, model representing the motion constraints that determine
a flyable aircraft trajectory.

The outcome of the process is an enriched aircraft vector, which includes all possible kinematic and
kinetic state variables, with a user-defined sampling rate. The synthetic reconstructed trajectory will
provide additional information that might strongly help the machine learning algorithms to predict a
trajectory based on data.

Founding Members © - 2018 — DART Consortium. 13
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Figure 2 — Synthetic Trajectory Reconstruction Infrastructure

2.4 Synthetic reconstructed trajectory

The synthetic reconstructed trajectory dataset, in addition to those surveillance data provided by the
IFS datasets, includes other kinematic and kinetic variables that enrich and enhance the original
dataset. The aircraft state variables that compose the synthetic trajectory predictions are collected in
following Table 2:

Aircraft State Variable Nomenclature

Indicated pressure altitude Hi
Geodetic altitude H
Geometric altitude h
Horizontal distance r
Mass m
Geocentric distance d
1st 14artesian coordinate x1
2nd 14artesian coordinate X2
3rd 14artesian coordinate x3
Mach number M

True airspeed TAS

Calibrated airspeed CAS

Equivalent airspeed EAS
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Absolute speed \Y
Ground speed Vg
Temperature deviation at MSL ne
Pressure deviation at MSL nLl
Absolute bearing
Absolute magnetic bearing =
Absolute path angle 1
Absolute bank angle >
Aerodynamic bearing ]
Aerodynamic magnetic bearing {-nay
Aerodynamic path angle Sala
Aerodynamic bank angle >0l a
Lift coefficient CL
Drag coefficient CD
Thrust coefficient CT
Fuel consumption coefficient CF
Weight coefficient CW
Lift force
Drag force D
Thrust force
Fuel consumption FC
Weight force w
High lift devices parameter nil
Landing gear parameter n[ D
Speed brakes parameter n{
Throttle parameter L ¢
Energy share factor ESF
Acceleration factor AF
Atmospheric temperature T
Atmospheric pressure p
Atmospheric density
Speed of sound a

Temperature ratio
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Pressure ratio 1
Density ratio
Hp differential with time RCO
15t wind component wl
2" wind component w2
34 wind component w3
Wind speed Vw
Cost index coefficient CCl
Flight Phase -

Table 2 List of Synthetically Reconstructed State Variables

The evolution of such state variables with the time conforms a representation of a synthetic
reconstructed trajectory.

2.5 Aircraft Intent description

A highly valuable outcome of the Synthetic Trajectory Reconstruction process is a description of the
Aircraft Intent that best represents the flown trajectory (i.e., that best matches the raw surveillance
data).

Aircraft Intent, also known as trajectory script, is defined as the structured set of instructions that are
provided as input to a trajectory prediction engine (TPE) in order to unambiguously specify how the
aircraft is to be operated during the time interval for which a computed trajectory is required. The TPE
is responsible for carrying out the trajectory computation process, which consists of generating the
trajectory that results from a given aircraft intent. In general, a computed trajectory consists of a series
of discrete states describing the time evolution of different aspects of the aircraft motion. The
trajectory computation process is based on the integration of a set of equations describing the aircraft
motion. The TPE relies on a series of resolution strategies and numerical recipes to integrate those
equations into a trajectory. In addition, a set of underlying models are also required to support the
integration, such as the aircraft performance and earth models.

In general, instructions capture basic commands and guidance modes at the disposal of the pilot or
FMS to direct the operation of the aircraft. They can be seen as the minimal indivisible pieces of
information regarding the operation of the aircraft that are meaningful to the TPE. The instruction
must have a mathematical definition that is compatible with the equations of motion employed by the
TPE.

An instance of Aircraft Intent is given by a set of instructions combined in the appropriate manner so
that the operation of the aircraft is unambiguously defined. Given an instance of Aircraft Intent as
input, the TPE computes a unique aircraft trajectory. In other words, the result of integrating the
equations of motion used by the TPE in conjunction with the mathematical formulation of the
instructions contained in the instance of Aircraft Intent at hand is a unique aircraft trajectory.

The Aircraft Intent Description Language (AIDL) is a formal language developed by Boeing intended to
express aircraft intent in a univocal, rigorous, and standardized manner [3]. As a formal language, the

16 Copyright 2018 DART
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AIDL is defined over the finite set of instructions that can be executed by a certain TPE. The instructions
belonging to that set, which comprise the AIDL alphabet, are said to be executable by the TPE in
question. In addition to being the alphabet symbols, the AIDL instructions also have certain features
employed by the language grammar.

The AIDL grammar comprises the set of rules according to which the instructions (or alphabet symbols)
can be combined into valid instances of Aircraft Intent (or language strings). It contains rules governing
how to combine instructions both sequentially (instructions with contiguous, non-overlapping
execution intervals) and simultaneously (instructions with overlapping action intervals). The AIDL rules
are based on the instructions features, and are necessary to ensure that the resulting aircraft intent
defines the trajectory to be computed in an unambiguous manner and according to the model of the
aircraft motion upon which the TPE relies.

Figure 3 contains a summary of all instructions and the grammar and syntactical rules that govern how
to combine them to generate a well-formed Al instance.

Motion Profiles Configuration Profiles

LPG He) (sBc

- SPA ~ST —SBA ~SHL |[-SSB -SLG
Law/Track ~SL ~HSL —EL FVSL PAL AL LTVP —TL FBAL [CL LTLP ~HLL |-SBL

Hold _HS “HHS —HE “HVS |-HPA “HA —HT —HBA LHC “HHL HSB LHLG
orenicopin: I > ~oLs8
Keywond | Instruction Target # | Keyword | Instruction Target
Anitide Law 25 Hold Course Yus
Hold Alitude B 2 Track Horizontal Path i
Track Vertical Path 2oh 7 SHL Seth High Lift devices
ST Set Throttle F] HLL High Lift devices Law .
L Throttle Law E) HHL Hold High Lift devices
HT Hold Thromtie & a0 | ssB Set Speed Brakes
OLT | OpenLoop Throule a1 | sBL Speed Brakes Law
SBA Set Bank Angle E) HSB Hokd Speed Brakes b
BAL Bank Angle Law E-] oLSB OpenLoop Speed Brakes
HBA | Hold Bank Angle Homns = SetLanding Gear
OLBA | OpenLoopBank Angle % Hokd Landing Gear S
cL Course Law Fus
AIDL Lexicon AIDL Syntax
= Ginstructions, each froma differentgroup = Lateralinstructi only be by lateralinstructions
= Of the 6, 3 must belongto the motion profiles and 3 to the configuration profiles = Instruct the ig group: ly be
« The3motion instructi gto differentmotion profiles by instructions from group
y = Of the 3 motion instructions, 1 must come from the lateral profile * ::':“ . byins Inn;ﬁals:) £ ﬂ:e ﬂlo;e prrolies profiles can only

Figure 3 — AIDL alphabet and grammar rules

The synthetic trajectory reconstruction process generates an instance of Aircraft Intent encoded
following the rules of the AIDL. This dataset includes very rich information about how the aircraft has
been commanded, which represents a highly valuable source of information for sophisticated machine
learning algorithms.
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3 Available Datasets in the DART repository

Once the synthetic trajectory reconstruction process has been executed over the available surveillance
datasets (IFS), which comprise 1-year traffic within the Spanish airspace (i.e., within the lberian
Peninsula excluding Portugal), the following datasets are available to the DART Consortium:

I Synthetic reconstructed trajectories. The evolution of the referred surveillance and state
variables in previous Section 2 for each individual trajectory will be stored in a CSV file. The
trajectories will be classified in different folders by months. Only the information regarding
the Aircraft Intent will be provided in a separate file due to its nature and complexity.

I Aircraft Intent Description. As mentioned above, the Al information is encoded following the
AIDL rules that basically establish how to define a grammatically and syntactically well-formed
instance. For every single trajectory, the associated Al description is stored in an XML file
containing the chronologically ordered sequence of instructions along the 6 AIDL threads that
univocally describe the trajectory.

According to the DART Data Transaction Pipeline (DTP) [4], the datasets mentioned above have been
stored respectively at the following folders in the DART Data Store (DDS):

I ~/1-Datasets/Reconstructed-TRJ
T ~/1-Datasets/Inferred-Al
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4 Conclusions and Remarks

This document presents a description of the synthetic trajectory reconstructing process that enables
the enrichment and enhancement of raw surveillance datasets. The main advantage of this process is
that the generated dataset provides with additional information (originally not included in the
surveillance datasets) that can be used for advance machine learning processes. The reconstruction
process not only is capable of computing additional kinetic and kinematic state variables, but also
provides a description of the aircraft intent that best represent the flown trajectory. The exploitation
of such additional dataset might enable very sophisticated methods to predict an aircraft trajectory
based on historical data more accurately.

Founding Members © — 2018 — DART Consortium. 19
** o
* *

All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.

* *
* K

O

EUROPEAN UNION  EUROCONTROL



D1.4 SYNTHETIC DATA PACKAGE EDITION [01.00.00]

References

[1] La Civita, Marco. "Using aircraft trajectory data to infer aircraft intent." U.S. Patent No.
8,977,484. 10 Mar. 2015.

[2] Luis, P. D., and Marco La Civita. "Method and system for estimating aircraft course." U.S.
Patent Application No. 14/331,088.

[3] Lopez-Leones, Javier, et al. "The aircraft intent description language: a key enabler for air-
ground synchronization in trajectory-based operations." 2007 IEEE/AIAA 26th Digital Avionics
Systems Conference. IEEE, 2007.

[4] DART Deliverable D 1.2, Data Transaction Pipeline Description.

20 Copyright 2018 DART

Founding Members

This document has been produced within the scope of the DART project. -
The utilisation and release of this document is subject to the conditions s g
of the Grant Agreement n0.699299 within the H2020 Framework e ~—

Programme, and the Consortium Agreement signed by partners. EUROPEAN UNION  EUROCONTROL



