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A performancedriven air traffic managemergystem is recogniseas a Performance Scheme defines a set of Key Performance
critical element for the sustainalyprdicidry (Ktpjs) fo¥ 'edchedt sthea KPAS ! THekediedists ai r

sectors. This system requires performance indicators representing which are obtained through air trafiielated data
stakeholder needslhe current standaréhdicator used to measure flight

efficiency is the @ h oweasorkstha horizontal g[ ]115](1;1@1{]17]6 IFJ‘ILOVZ\\I_FeyaIuaﬂ.ng the aggregatgd performance
excess eimoute distance compared to the geodesic distance. This view ofol the Urqp_ea” ) M_ services and _the” !mpact Ads
efficiency is very limited since it does not take into account othercss of ~ Without explicitly taking into account their requiremefg].

inefficiencies, namely meteorological conditions or the vertical profile of the . . .
flight, and it does not address key aspects forAinspace Users (AUS) This set of KPIs is not thought out to be static. New

business strategies such as fuel consumption or costs. indicators a_nd techniques are being _thUUst researched as
) o o means to improve the understanding of the ATM system.
This document addresse this issue and explores new efficiency Following this trend, EUROCONTROL, on behalf of the

indicators that encapsulate fuel consumption, schedule adherence, routﬁ ropean Union (EU). invests on researches that will allo
charges and overall cost efficiency of flights. A key difference between these urop : (EV), inv Wi w

new efficiency indicators acuationt oddtherdsmproygment,andhe system megsureri@fd]; Ip this 5 |
requires the generation of ugmeferred trajectories, i.e. fuel and cost direction the SESAR 2020 Performance Framewo39] was
optimal trajectories, considering the impact of weather conditions andrecently establishedn addition, the EU publishes reports with
without the need of confidential information frorAUs. This study analysis and recommendations for the ATM system on a
demonstrate that flight inefficiercy in terms of costs is not necessarily particular year[5]. Joint reports with the Federal Aviation
_allg_ned with inefficiency in terms of honzo_ntal _dl'ffere_znce, and that the new Administration (FAA) are also published to compare both
indicators can better capture these tmted inefficiencies. . . . R
systems and to identify best practices for the optimization of
This studyalso proposeadditionalindicators to measure how fairly the  the ATM performancé6]. Being able to better understand how

inefficiencies in the system are distributed amongAtis. These indicators these new practices are really addressing theAréasinderests
can serve to quantify the differences in the inefficiencies experienced by thqS essential

AUs in a given area.

Fmall)_/ t_hestu@yd_evelop_sa methpdology base(_j g data to_calculate I OBJECTIVES
the new #iciency indicators in real timedemastratingthe benefits for the
resolution of shorterm traffic imbalances. AURORA (Advanced Usecentric efficiency metRics for air
Centro de Referencia 1+D+i ATM (CRIDA), Boeing Research & traffic perfORmanc;e Analyncs.www.a.u_roraer.eu)explores
Technology Europe (BR&TE), Centre for Ajpd Data Analytics NeWw performance indicatofer flight efficiency andequity as
(CeADAR) and Flightadae4 (FR24) joined together with the expert well asinnovative methodologies to calculate rthel he goal
assessment of Iberia, Air Europa, KLMurkish Airlines and Novairas of thisdocumenis to present the maimutcomesof AURORA
members of the AURORAdosconductths peseareh Ulsag cah b& sumimrarized in:
under the AURORA project (Grant 699340) supported by SESAR Joint
Undertaking under European Uni ondsY Hbfficienoynangl@quity indieatoks that addess diffesanat i «
program. factors impactingflight efficiency such as the vertical
component of the flight, the fuel consumption and the cost
of the flight. These indicators take into consideration the
AUs & v i e wapecadngolidated thrdughnaiterative
. INTRODUCTION process withthe me mb er s of the AURO|
User group

Keyword®d AUs; ANSP; Flight Efficiency; KPI; Air Traffic
Management; SESAR; ADB.

The Single European Sky (SES) Performance Scheme
[1][2] is designed to drive and steer the continuoug Methodologies to compute tmewindicators by means of

improvement of European Air Traffic ManagementT{A) the generation of usgrreferred trajectories such as fuel
performance. This Performance Scheme establishes a and cosbptimal trajectories. These methodologies allow
Performance Framework that setg&pearlJnion-wide targets obtaining the overall efficiency of a flight from origin to

for four Key Performance Areas (KPAs): Safety, Cost degination and also assessing efficiency in the context of
Efficiency, Capacity and Environment. These overall targets, the portion of the flight managed by a singhsr
which are reviewed and upeat periodically in the different Navigation Service ProvideANSP);

Reference Periods (RR are transposed into binding ) . ) )
national/FAB (Functional Airspace Block) targets that arel Aserwceor!en'_ced architecture thgt en_ables the_calculatlon
incorporated into national/FAB performance plans. The of the new indicators based on historical surveillance data
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such as Automatic Dependent Surveillan@roadcast to construct an enhanced fligtfieiency indicator that better
(ADS-B) or radar data, as well as a strebased data captures the fuel consumpti20].
model that allows calculatinifpe indicators in real time by

means of techniques borrowed from the data science arBiI Schperer\égtﬁidsgrgdleSdggg ng? ffmat Ct:etu(:;(l?ﬂggo At\icmh:fr\rgegr
information management fields for the collection and 9y y cap P

aggregation of data more efficient trajgctqries, which areornerstone for. thg
calculations These findings open a new way for investigation
on optimum trajectories, considering factors such as fuel
1. BACKGROUND consumption, flight time costs or schedule adherence.

Flight efficiency is a generic term that can refer toAURORA study takes as starting point the previous research

different concepts and definitions. Nevertheless, flight o over come the gaps of t he

efficiency is always considereas a relevant area under study efficiency indicator

due to the direct economic and environmental impacts it has

according to wetknown studies[3][4][10][11][12][13][14]. IV." METHODOLOGY

Consequentl vy, efficiency ingi t,grsd monjitoring is growi
allow for a better understanding of the drivers of ATM flight g‘ I\/ﬁatﬁodocfogysbased oR Ristorica ata

efficiency. The evaluation of flight efficiency indicators requires the

) o o . definition of several types of trajectories, each of them
Flight efficiency indicators are currently monitor@thd  5ccounting for a loss of efficiency due to different factors. The
reported by the SES Performance Schésifd] as part of the  gefinitions below follow the nomenclature and framework

Environmental KPA defined bythe International Civil yseqd in[20][27] and are the final set séference trajectoriés
Aviation OrganizationICAQ) [1][2]. This monitoring is done gglected in AURORA:

both in the U.S. and Europ][6][7] as well as in other
countries such as Australia. 1 Optimal Distance Trajectory (ODT)his is the shortest

. distance trajectory, the one that follows the Great Circle
Todayodos mandat ory SEKPPerfanansee d Ry oiidinftPdestination. The ODT does not consider the

Scheme is the fithiociiemayal THijghKEGIR othet Fakid 6 from any airspace structure
the calculation of flight efficiency to the horizontal component restrictions. This trajectory is aligned with how efficiency

of the flight, and considers the geodesic route as the most g currently measured by SES Performance Scheme
efficient reference. through the Achieved Distance methodplp as

explained in[15][17][20], with the only difference that
. ___‘_‘_f'_'_'ﬂ_'__T\_':ieC'ﬂ'-“U ODT is computed from origin to destination instead of
point (4)_y " _ origin ASMA exit to destination ASMA entry

b \ e == T Optimal Cost Trajectory 1 (OCT1)This trajectory
origin(o] | : T8at Cirega **5~4e}:r;;,'r' N b representsa possible futuristic free flight from origin to
 ©Xit Point (gy*~point () destinationwhere theAU can freely minimise costs of
— ) fuel and flight time (using the concept of Cost Index) as if
it was flying alone. It does not take into consideration any
Figurel. Flight length compared with Great Circle Distance airspace or ATC restricti@nand represents the theoretical
minimum cost incurred by thAU to operatefrom origin
to destination Although air navigation fees are not
consideredas a parameter to be optimizdd the
generation of this trajectory, theyare taken into
consideratiorin the costbased indicatorésee formulas in
SectionC). The Cost Index used MURORA is a mean
value for each aircraft extracted from publicly available
doauments published by aircraft manufacturgg4] [35]

The method to calcate this indicator is named the
Achieved Distance methodologjl5]. This metlmdology
calculates the average -evute additional distance with
respect to the Achieved Distance, which is an apportionment
of the most direct route bgeen two airports (betweeme
Arrival Sequencing and Metering AreASMA) exit point of
the departure airport and the ASMA entry point of the arrival
airport), named the Great Circle DistarfseeFigurel).

[36].
Some studies performed by EUROCONTRQ@6] [17] . . .
[39] have shown that this approach for the calculation of flightﬂ fOprtTl]maI ch’_}_ Tiralectofrv 2th((?(;T2IrheinCt)CT2n digferrsti N
efficiency does notc apt ure the dAopti mu mg° dEher %A ]e 'atpfo?cé/ a\»}t’ageﬁ 0 cons rueael: ?
consideringmet eor ol ogi cal factors (.I> S 6 Z%F €

. A%J $:0 poapceer at ti 'q;lo‘lpl .
objectives. Tkse studiehaveallowed EUROCONTROL to path given In the flight plan.” IT répresents the minimum
come up with a vertical indicator whose introduction in

cost possible following the current route structure but

: o neglectin nyélﬁrtiﬁaarfesgi ion or minimum separation.
SESAR RP3 was studi¢d0]. F A A0 s researchers.l_ He%vgea .

o ; ; ; he flight plan provided by thAUs is thought to be the
the_possmlhty of mtroducmg_the wind as a parameter for the optima? hgrizorF:nI path t;lking into congideration the
Eﬁ?(%tr; trzjﬁgtl(o);y ;?IeCUIE;ISOOrﬂi]r'W%n ';(r;e i?;g?gvganfﬁ e airspace structure and air navigation fees since it comes
representativeness of flight efficiency indicators. As an frl(; r: tﬁg\ily?(r)fljjtleﬂzli?:z:ji?]larggl?hgeiiot()):;irl::g sti?/a;[g“ﬁessto
example, NATS has developed the 3Di metric that may P 9 9
provide a good measure of the ATM influence on fuel

1 o . . . .
fficien 191. BR&TE an RIDA hav xplorin n Addl_tlonal reference trajectories were also_ calculated in previous steps
efficiency [19] & and C ave exploring a of the project33] such as the Optimal Fuel Trajectory (OFT) i.e. trajectory

Innovative direction in a collaborative study using realia miimizes fuel consumption in free route, among oth&ks prioritized
operation data. As a result, a new methodplagsproposed  those included in this document
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1 Flight Plan Trajectory (FPT)This trajectory corresponds flight intent information and initial conditions. Flight intént

to the last filed flight plan and contains all proceduralinformation condenses all the restrictions and objectives that

constraints. The aircraft wouldyfthis trajectory if no affect a particular flight that have a direct impact on the

ATC tactical interventions took place resulting trajectory. For the same origin andstdetion,

, . ) depending if the final trajectory needs to comply with the

T Actual Flown Trajectory (A'_:T') This trajectory. operational flight plani.e. FPT,or should follow an optimal
corres'ponds to the' true  trajectory flown obeylngprofile, i.e. OCT1 or OCTdifferentAIDL instancs of AIDL
objectives specified in the filed flight plan, but also 5o created. The complete explanation of the processes of
considering tactical ATC interventions and weather pqiactory Reconstruction and Generation, including the

diversions. All these factors contribute to the actual ﬂownoptimization process used for the creation of the optimal
trajectory being different to what was planned (the FPT). profiles, are explained in detail [81].

AFT is calculated from surveillance information (AIBS To improve performance and allofuture access to the

track data) usingBR&TEO s  Af Intent mference and 4 processes, thegre set up in the three different services
Trajectory Reconstruction  (INTRAC service. National  menioned before. INTRACT and INCEPT rely on a samba

Oceanic and Atmospheric Administration (NOAA) weathergp, ehased file exchange mechanism where the usersdace
forecasts is used as the weather model and Base of Aircrq\gquest fle. INTRACT can proces the Trajectory

DAta (BADA) is used as aircraft performance model {24] Reconstruction request file and output a reply file with the

This pracess, which is namedTrajectory Reconstruction  actal Flown Trajectory These files are JSON files and are
enables the acquisition of the full state vector of the a'rcraﬁprocessed one at a time taking approximately 1 second to

including variables that are not explicitly included in the . mpute each trajectory. In order to use INCEPT the user
surveillance data and are needed to analyse the efficiency Qleqs 1o place all input files (initial conditions and flight

the flight, such ashe initial mass of the flight or fuel burnt. intent) in the file structure and then upload a request file
This reconstructed initial mass will then be used as the initia(l 6batchd file) containing the

mass in all theet ofreference trajectories. output files. This service computes the trajectories in parallel

ODT and FPT are calculated for each flight using theusingall available threads. Typical calculation times may vary
Aircraft Intent Generation and Trajectory $iyesis INCEPT) between 10 and 30 seconds, having this service adtimef 3
service and finally, OCT1 and OCT2 are calculated in théninutes in case a trajectory fails to compute in that time.
Intentbased Trajectory Optimization (INTRGervice The  Finally, INTRO runs in a different machine. To use it, the user
process of calculating these trajectories is callegiectory Places all input files inside that machine and sahe service
Generationsince these are synthetic trajectories never flowreXpressing the path to the input files and the type of optimal
by the aircraft but used as references for comparison purposé@jectories to be calculated (OCT1 or OCT2). This service
The cornerstone of this process is the initial mass extracte@@lculatesthe trajectories one by one and typligaakes 2
from the reconstruction process. minutes ©® compute onérajectory.

Trajectory Reconstruction and Trajectory GenerationEach indicator is then obtained by selecting and comparing the
processeswere carried out using PERCEPT (PredictiveProper variables of AFT with those of the selected reference
assEssment of the impact of new aiR traffiC concEpts offajectory. The process followed in the calculation of

current oPeraTions), which is a flexible air traffic mthg A URORAGs ef ficiency i fFglrex at or
tool proprietary of BR&TH20][21]. In PERCEPT, Trajecty
Reconstruction and Generation processes rely on a commor— : : :

rajectories generation ‘ Indicators generation

Trajectory Computation Infrastructure (TCI) that produces a
trajectory using as input the initial conditions (latitude,

Aircraft
performance

Fuel costs

longitude, altitude, mass, time and speed) of the flight and an
aircraft inenf expressed using the Aircraft Intent Description
Language (AIDL). Details on AIDL and TCI can be found in

[21][22][23][25][26].

The main idea behind the concept of Trajectory|
Reconstruction is to find an instance of AIDL that fits the
ADS-B track and therio feed the resultingircraft intent to
the TCI that integrates the full trajectory. In the Trajectory
Generation process, the AIDL instance tfesdsinto the TCI
to obtain the trajectory is created depending onréfierence

Full state vector
of the aircraft

Process
2

Initial mass

vy
Generatio
oo ]

—

Meteorological
information

\/\ Cost Model <>

~» including fuel

including fuel
burnt

Full state vector
of the aircraft

burnt

ANSPfees
Cost Model

Indicators
calculation
process

trajectory that is sought after. The AlDhstance comes from

2 The services used to generate all the trajectories that were used in
AURORA can equally use BADA 3.X or BADA 4.X. The results presented in
this documentwere obtained using BADA 3.10 to maximize the number of
flights analysed in the traffic samples since BADA 3.10 currently has higher
aircraft type coverage for the ECAC area than BADA 4.2.

3 Aircraft intent is the information that describes how tircraftis to be
operated within a certain time interval. An instance of aircraft intent defines
the aircraft behavior that has an impact on the aircraft trajectory.
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Surveillance
data

Figure2: Serviceoriented approach for the calculation of new efficiency

Hficiency
indicators
A

indicators based on historical surveillance data

4 Flight intent can be seen as a generalization of the concept of flight
plan. Detailson the flight intent can be found [B5].
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In conclusion,Trajectory Reconstruction and Generation
processes allow obtaining high detailed trajectories by
modeling aircraft configurations (high lift devices, landing
gear and spoilers) and weather information (wind, pressure
and temperature) withdusing sensitive information from the
AUs since all data used is publicly available.

The availability of all surveillance data from origin to 6
destination increases the feasibility and accuracy of the
Trajectory Reconstruction and Generation processess, Thu
ADS-B data was identified aa relevant source to enable the
calculation of the whole trajectory for flights departing or
arriving outside of the European Airspace (where radar data of
the whole trajectory are not necessadlailable) oracross 7
multiple airspacesvith different ANSPs '

B. Methodology based on dime data

Figure3 illustrates the architecture of the online efficiency
indicator system. The main components in this architecture are
an input ADSB surveillance data streanthe Trajectory
Reconstrgtion service which can generate a reconstructed
trajectory (including initial mass estimategjven a sequence
of surveillance points; the stream processor that calculates
efficiency indicators based on surveillance data; a store of
generated referenceajectories calculated once flight plan g
data becomes available; and a persistent store in which the
calculated efficiency indicators are stored. The key
technologies used in the implementation of the system are
Apache Spark Streamijg7] and Apache Kafk§38].

[ ADSB / 1
[ Surveillance '/
\ DataSream \ N

‘/ On-line
\ indicators

Figure3: The architecture of the online system

message transmission with no duplication, no data loss,
and no oubf-sequence messagesthe Trajectory
Generation service creates the reference trajestavhich

are stored in databas@/e use the estimated initial mass
from the output of Trajectory Reconstruction, which lead
to a periodically updated Trajectory Generation service.
The Stream Processor, which is implemented using
Apache Spark Streaminf87], pulls the reconstructed
trajectory streaming data every 30 seconds to aggregate a
micro-batch Then itcomputes thgarameters needed to
calculate theefficiency indicatorsthat correspond to all
new reconstructed trajectory points, such as travelled
distance, consumed fuel, and overall cost.

This stream processor also retrieves the relevant optimum
value using nearest point search from -joeded in
memory generated trajectories data, then calculates
required flight efficiency indicators with the actual value
from reconstructed trajectory point. Thbroadcast
mechanism in Spark is used for goading generated
trajectory data to avoid sending copies dth worker
machines every time a new midpatch is formed. The
calculation so far is defined with a set of stateful
transformations (rather than actions) to avoid generating
large intermediate datasets.

The stream processor outputhe calculaed online
indicator results ai PostGISfor subsequent complex
queries. For example, the air traffic network manager can
check the evolution of an indicatém one sector(or a
specific area) for aeriod

C. Definition of Efficiency Indicators

Tablel1 presents the final list of indicators consolidated in
AURORA. This list differs from the indicators defined[B2]
and evaluateth [33] due to the iterative process to consolidate
the indicators with thé&Us.

AURORAGs i
which progressively increase the representativeness of the
indicators to address the overall flight efficiency (from only
horizontal distance intanore complexindicators addressing

ndi cat orseverabsubsets st r

Key points in the data flow of this architecture are labellecc0sts). These subsets are:

with digits 1 to 8. These aexplained as follows: q
1. The ADSB surveillance data stream is sent to a buffer to
adapt to the receiving rate and the subsequent processing
rate. 1
The contents of this buffer are then cleared and append%fj
on the accumulated ADB data store Wich is partitiored
by flight identification We use thecallsign combined ¢
with departure timéo uniquely identify a flight.
3. The Trajectory Rconstruction service is triggered
periodically, for example everyme there is an update of

N

Indicators to improve the anaig of the horizontal
component of the flight;

Indicators to address the vertical component of the flight;
Indicators which are focused on the fuel consumption;

Indicators which are focused on tAé&Jsb c ost s

with flight time, fuel consumption andxes.

The first indicator, KEA, is equivalent to the one currently

radar of ADS-B tracks i.e. evens seconds, to derive used b_y the PRl(Performance_ R_eview Unit their efficiency_
extra states (i.e. mass) for all updated actual trajectorgnalysis and reports and it is calculated for comparison

points. To avoid a performance bottleneck,
reconstruction service is called in methireaded manner,
with the unit of parallelism as each unique flight

thistPUur poses.
four letters the first letter is for the variables being compared

(K for distance, F for fuel, C for cost, V, for viedl); second

For t he rest,

4. These reconstructed trajectories are sent on to an Apaclfiter (E) means fiiciency; third letter means the trajectory
Kafka [38] buffer. This reliable buffer can ingest data that is assessed, in all cases A for the Actual Flown Trajectory

with high throughput and low latency for more (AFT); finally the fourth, separated by underscore, identify the

complicated processing tasks afterwards.

trajectory used as reference (P for FPT, C1 for OCT1 and C2

5. The Kafka stream producer reads reconstructed trajectof§’ OCT2)- As an example, CEA_C1 means Cost Efficiency
streams from the buffer and sends them to the streafpdicator of the Actual Flyn Trajectory versus the Optimal

processor. This stream producer guarantees reliabfgOSt Trajectony.

V6

Paged

d €

AUROF



Ref.

Set

Traj. Description

Difference of the horizontal distance «

OPT  theAFT with theODT.
I pp7  Difference of the horizontal distanas
s the AFT with the FPT.
N
= Difference of the horizontal distance ¢
o
NSnel £ OCTL e AFT with theOCTL.
Difference of the horizontal distance ¢
Mo OCT2 " ihe AFT with theDCT2.
Difference of theaverage emoute flight
YEA _ el level of the AFT with the FPT.
.S Difference of theaverage emoute flight
VEA_C1 E OCTL  Jevel of the AFT with the OCT1.
Difference of theaverage emoute flight
VEA_C2 OCT2Z  |evel of the AFT with the OCT2.
Extrafuel consumption of AFT in
FEA_P FDT comparison with the FPT.
K} Extrafuel consumption of AFT in
SERCL T OCT1 comparison with the OCT1.
Extrafuel consumption of the AFT ir
FEA_C2 OCT2 comparison with the OCT2.
Extracosts of the AFT in compariso
CEA_P FDT  with the FPT.
‘g‘ Extracosts of the AFT in compariso
WS S OCTL  ith the OCTI.
Extracosts of the AFT in compariso
CEA_C2 OCT2  yjth the OCT2.

Tablel: AURORA’s indicators

Ki
It is relevant to remarkhat all the indicators are calculated

Where# is the total coStof AFT and# is the total
cost ofFPT,OCT1or OCT2both given by 4).
#  wa 60Y¥% n Yo (4

Withé "0 6 ¢ G QWb "Q&@RQ is the
average fuel priceas given in[28], w & is the fuel
consumption andY 6 are the route chargescalculated
using the formula given by EUROCONTROL[20][30].

VEA_P, VEA_C1 and VEA_C2

1 0&,
1 O&,
Where! O&, and! O&, are the average
flight levelsof the AFT andhe specific reference trajectory
in the cruise phase (from TOC to TQD)

6 %8

Table 2 shows theAUs qualitative assessment of the
indicators fiunderstanding represents if it is easy to
understand the indicator, what it means, and
frepresentativenedsymbolizesif it is representative enough
of their view of flight efficiency These criteria were chess in
line with the SESARmethodologyto assesthe new indicators
which could be incorporated tbe SESAR 2020 Performance
Frameworl{39].

AUs ASSESSMENT
Understanding Representativeness

EA High Low

- o ey X KEA P High High
from qugmdestlnauoﬁ. Th|§ implies thgt the calculatlon of VEA P High Medium
KEA dlffers _from the curremnplementatlonNhgre the portion W VEA 1 Medium High
of the flight in an area of 40NM around the airports (ASMA) |s Low Low/Medium
excluded from the computation [15][17][20]. The AUs e i . -

. . . o igh Medium/High

involved in the stug mentioned their interest to understand the Low High

efficiency of their flights by considering the whole trajectory, — iah

including the ASMA Low Hig

! : High Medium/High
Besides, the formulas for the different indicators areffS= WM  Low/Medium High

explained: CEA C2 Low/Medium High

1 KEA_P,KEA_C1 and KEA_C2:

+%8 — pb (1)

Where,
i.e. AFT horizontal distance, and

Table2: AUs™ assessment e@ffficiencyindicators.

Although indicators of higher comglity are more
representative forAUs, they are also more difficult to
understand Costbased indicatorare identified asthe most

is the horizontal distance flown by the aircraft, relevant onesrd vertical, horizontal and fuddased indicators
is the horizontal

are considered agomplementary. In addition, the indicators

distance of the reference trajectory, i.e. FPT, OCT1 andomparing the actual trajectory versus the flight plaRT

OCT2 horizontal distance.

f FEA_P,FEA_Cland FEA C2
& 2)
Where& isthe fuel consumptionf AFT and&  is the
fuel consumption of FPTOCT1or OCT2.
 CEA_P, CEA_C1and CEA_C2
#
#%8 — pb ©)

® With the exception of the vertical indicators toaly takes into account
the portion of the trajectory frorfiop of Climb (TOC) to Top of Descend

(TOD), in line with theAUsOsuggestions

V6

versuskFPT) areseenas a way tauantify current inefficiencies
while indicators comparing the actual trajectory versus the
costoptimal trajectory in freeaute (AFT versus OCT1lare
perceived agey indicatosto assesthe futureATM system.

% The costs considered in thstudyare thoseorresponding to fuel, time
and air navigation fees. The cost of tilseonly considered through the Cost
Index, which is extraetl from publicly available documenf84][35][36].
This implies that the cost of delay is not explictthken into consideration

"It is relevant to remark that the calculation of route charges for the
different trajectories is not based on the route charges of the flight plan
(current way to calculate navigation fees), but the route charges of the actual
trajectory (calculated using the geodesic distance between the entry and exit
point to each airspace whichasossed by the trajectory).

8 KEA_C1 and KEA_C2areremoved as no added valigseen with
respect to KEA and KEA_P respectively as it is explainesettionV.B.
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D. Definition of Equityindicators

Equity indicatorstend to capture how the inefficiencies of
the systemare distributed between alAUs within a certain
context such as thdéuropean Civil Aviation Conference
(ECAQ) region, an airport, city pair or airspace crossed.
Severalequity indicatorsaredefinedard evaluated i§32] and
[33], and they are iteratively refined with tA&Js.

The final list of equity indicatorscan bestructured intwo
subset@sshownTable3.
Ref.
Traj.
FDT

Set

Description

EQ_FL_P Differences betweeAUs in terms

N 7
With 6 —p (0
W 11
N (y
0
Where6 ando are the cost of the AFT and OCT1

respectively, as expressed #),(n is the total number of
flights in the context under study and N is the total number
of AUs in the context.

As in the case of the efficiency indicatoesjuityindicators

=S 5S  ocmp  Of percentage of flights reaching the - 8re evaluated bythe AUsin terms offi Wderstanding and
RS T enrouteflight level of thereference fi Bpresentativeneds This evaluation is summarised in the
EQ FL_C2 OCT2 trajectory. Table4.
EQ CEAP For [ ausvew
§2) Differences betweeAUs in terms AUS_ VIEW -
EQ_CEA C1 W OCT1  of costs of thectual flown [0 | Understanding
O o . .
trajectoryversusthereference EQ FL_P High Medium
EQ_CEA C2 OCT2 g = —
Q_CEAC trajectory. EQ FL C1 Medium Medium
Table3: A U R O R &duisyindicators. EQ_FL C2 Medium Medium
EQ _CEA P High Medium
EQ FL P and EQ_CEA Chre used as examples to Q CEA 2 . :
| '_th — R —.d t_h f las for th indicat EQ_CEA C1 Medium Medium/High
e?pdaltn ! Zapproac esides, the formulas for these indicators EQ CEA C2 NS Medium/High
aredetaile Table4. AUsb6assessmemf equityindicators.
1 EQ_FL_P indicates the standard deviation of the mean

ratio between theflights belonging to eachAU that
achieve the Requested Flighevel (RFL)’. Below, the
expression for calculation of tl&Q_FL_P indicator:

(6)
w
a & ,0 -
€ p
) B] N
With —b (7)
&, pEIBAG# 2 &,
B nmQ®odws6 0Y 00
)

®
v

Whered & w 6idithe maximum clearance level, n is the

number ofAUs and RFL isthe referencdlight level from
last filed flight plan.

=

ratio between theost differences of all flights belonging
to eachAU (actual costs versusoptimal costsin free
routd. Below, the expression for calculation of the
EQ_CEA_C1 indicator:

©)
Ol # %W p

©

9 RFL of the last filed flight plaiis assumed as the optimum for #ig.
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Similar to what happened to Efency indicators; cost
basedequityindicatorsareidentified ashe most representative
for the AUs EQ_FL_P are also positively assesseds it
provides information about up to which point the requested
flight level of the flight plan is respected.

E. Scenario Description

This studyis based on the analysis efctual ADSB
equipped flights whose whole track remains insEEAC
area.To apply the proposed methodoloyDS-B data are
needed in time intervals of less than 5 seconds. Traffic
samples with the required granularése generated starting at
the beginning of 2017. Thredifferent scenariosre selected
for theanalysis for the amlysis of the efficiency indicatorse
select two days of full ECAC traffic without major
disruptions, i.e. without abnormal ATC regulations or delays,
andone month of traffic between thr&iropearcity pairs for
the analysis ogéquityindicators.

The selected day$o studyefficiency indicatos (for both
the offline and the online experimentse February 20 and
February 2% 2017. February 2% hashigher magnitude and

EQ_CEA_Clindicates the standard deviation of the meandifferent predominant wind direction than February”‘.ZO

Constraints in time processing tiie reference trajectories
made necessary to focus thdata sets. The study considers
flights departing from 12:00 to 14:00TC as these are the
main peak hours of the selected days. Additionally, all flights
operating several city pairs along the 24 hours of the two days
arealso included in the data sets. These city pairs are: London
Gatwick [LGW] 1 Madrid BarajagMAD], London Gatwick
[LGW] 1 Barcelona [BCN], Frankfurt [FRA] i Madrid
Barajas[MAD], Paris Orly[ORY] 1 Toulouse[TLS], Paris
Orly [ORY] 1 Lisbon [LIS], Istanbul [IST] T Amsterdam
[AMS], Roma Fiumicino[FCO] i Amsterdam[AMS] and
Barcelona[BCN] i Brussels[BRU]. This adds up to 1,583
trajectories for the Zband 1,692 trajectories for the24



To perform thestudyon equityindicators itis necessary to
extend the number of flightso one month. We sett all
flights during the time period fromune 22" 2017 to July 19
2017 for the following city pairs: London Gatwi¢gkGW] i
BarcelonaBCN], Frankfurt[FRA] i Madrid BarajagMAD]
and Istanbul[IST] 7 Amsterdam[AMS]. This addsup to
1,537 flights.

Several exercisesare performed with the objective of
verifying the feasibility of the proposed methods (bothlio#é
and online) to obtain the indicators andalidating the
applicability of the approachn the real ATM environment.
These exercises are summarizied Figure 4 and can be
divided into: verification of theoff-line processes to generate
trajectories, validation ofthe added value of thewew
indicatorsin the current systemverification of he online
processes to calculate the indicatarsl added value faeal
time decision making

Validation of new

Verification of trajectories

generation processes

» Feasibility of the process
» Accuracy vs real data

+ Operational view

indicators

Verification of the

On-line process
» Feasibility of the process

+ Added value » Accuracy vs off-line

EFFICIENCY —
Sufficient performance

Processed flight plans and
ADS-B for over 30000 flights

Compared ADS-B messages
to radar tracks and initial
mass and fuel consumption to
Airline data (OFP and QAR)

Indicators for TWO DAYS OF
OPERATION in Europe
EQUITY

Indicators for ONE MONTH
between several European
city pairs

for ATM purposes

Comparison of real-ime
indicators with off-line indicators

Applicability for réaie
decision makingSmAM
measures

Sensitivity analysis of the
indicators to initial mass
deviations

Global vs. Local,
Futuristic free route vs.
Actual airspace structure

Figured4. Verification and Validation experiments

The goal of the first exercigeto assesshe data, tools and
methodology followed to calculate the trajectories used for th
computatiorof indicators based on historical data.

The goal of the second exerciseto assess thaadded
value of the newly introduceefficiency and equjt indicators
for monitoring and reporting efficiency and equity
performances.

The third exerciseis focused on calculatinghe ime
evolution of the indicators, comparinthe values of the
indicators calculated offne with those calculated in real
time, andmeasuring the performance of thteeambased data
modelto make sure it fulfilled the needs of the ATM system.
Additionally, the operational benefits of using the-loe
calculation for decision makingrealso studied.

V. RESULTS

A. VERIFICATION OFTRAJECETORIES GENERATION
PROCESSES

ADS-B data and flight plans for more than 30,000 flights

per AU in the AURORA s Ai r s pgaoapas sdlestedr s
and the values of mass and lfe@nsunption are compared
with the information included in the Operational Fligharis
(OFPs)providedby the AUs. The results (irFigure5) show
that the Rconstruction process underestimatesekaluesby
17%. These results amaproved to 9% when comparing with
Quick Access Recorder (QAR) data since e able to
pinpoint he initial and final points of the flight. The reasons
for this deviationsarethought to bethe representativeness of
the aircraft model used (since BADA provides a model for
aircrafts as they are when leaving thetdag, engine and
systems wear aneot considered and therefore BADA models
always underestimagethe fuel consumption)the use of a
weather forecast instead of the actual weattand the
sensibility of the Rconstruction algorithm to the initial guess
of mass estimation.

01Ff
+
ol +
L E
n -0.1r | o
= | |
52
-
i)
> 0.2 F E
v 0.
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|
031
-0.4
+

Fuel deviations TOW deviations

e Figure5. Differences in mass estimation.

We verify that these mass dédfences dmot extremely
affect the indicators since this initial mass is the same for the
reference and thectual trajectoriesThis is achieved by
running a set of B00 flights with different values of initial
mas (the mass extracted from theed®nstruction process,
decreasing the mass by 5% untib% of that reference mass,
and increasing the mass by 5% until +15% of thatreefee
mass).

Figure 6 shows the percentage of flights in which the
indicator value changeé more than a certain numbédor
different deviationsof the estimatednitial mass In dark blue
we have the peentage of flightswhose indictor changes
more than 3 pointsvithout exceeding the 5 point difference
andin cyan we have the percentage of flightsose indicator
changesmore than 5 pointsThe total grcentage of flights
that variegheir indicator value over 3 points is the sum of all
the heights of the differemplour bars.The figure shows that
no deviation in the value of the indiors is identifiedn the
case of +/ 5% variationof the initial massestimation In

are processed with a success rate higher than 95% fajonclusion, e resultsshowthat only in few cases the change
reconstructed trajectories and higher than 70% dibrthe  in the indicatoiis significant.

generated trajectories (94% for ODT, 80% for FDT, 91% for

OCT1 and 73% for OCT2). Thus, the process to calculate the

new trajectoriess proven as technically feasible.

For a limited set of samples, resulting reconstructed
trajectoriesare compaed to real. We analysef initial mass
andfuel consumption given by theeRonstruction processe
close to the real values used by #ids. A set of 40 flights
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B.1Flight Plan Trajectory (FPT)as reference

Focusing on the indicators with the flight plan as reference
trajectory (KEA_P, VEA_P, FEA_P and CEA_P)ve can
identify that, in terms of horizontal deviation, actual
trajectoriesare more efficient than the flights plans (KEA_P
negative). This means thélight plans are usually shortcut
AUs stated that thegre forced to plan a route that is fiotvn
due to often shortcuts, but they cannot plan the route with the
shortcut in advance.

By contrastthe trend change$ we look at the indicator
that measures costs (CEA. Ph both days the average vadue
indicate that theactual trajectoryis more inefficient than the
flight plan trajectory One of the reasons is that fuel
consumption of the actual trajectoriesigherthan the fuel of
the plannedrajectoriesas it can be seen by the average values

-15%  -10% 5%  +5%  +10%  +15% of FEA_P.
Deviations of the estimated initial mass

Percentage of flights

Figure 7 shows an example ofhe flight AEA1029
Figure6. Indicatod s  wdaviatiorein function of estimated initial mass (February 26)- In blue wecan see the flight plan whilehe

deviation. flown trajectoryis represented in red
AEA1029- MAD-ORY
B. FLIGHT EFFICIENCY HORIZONTAL PROFILE VERTICAL PROFILE
Table 5 summarizesthe mean values, the standard| s 4x10
deviation and the cdfié&cient of correlationfor the twoselected 50 e 35
ECAC traffic samples.lt is relevant to mentionthat by o ?
T .. . . . . . 46 —
definition positive higher values of all indicators imply higher| . g2s
. . . . £ 2
inefficiencies. 42 £,
40 i
Linear Correl. 38
Ind. '\\/Aaelﬁg St:v with Horizontal % o5
' Indicator *° -10 5 0 5 % 1000 2000 3000 4000 5000 6000
Flight Time [s]
KEA 9.3% 6.6% SPEED PROFILE FUEL CONSUMPTION
10.0% 6.6% s
-1.1% 5.0% 0.8 3500
KEA P -1.5% 5.6% NIA - /i \ \ 53000
06 i
5.1% 3.M% 0.04 3 B 2500
0.5 £
VEAP 2.9% 3.4% 0.00 ) ) 32000
1.6% 6.3% 0.51 8oz © 1500
FEA P 1.8% 6.6% 0.37 e & 1000,
1.7% 5.0% 0.75 » |
CEA_P 1.4% 2.9% 063 0 1000 20%%%?:%?{?‘”:?00 5000 6000 % 1000 20%%9"?%?2‘“:?00 TR
KEA_C1 1%520;3 2-22;2 N/A Figure7: FPTas referenc&ajectory AFT in blue, FPT irred)
20/02/2017 8.0% 5.0% 0.01 AEA1029receivesvarious shortcutsyhat it is translated in
24/02/2017 [N 9 2% 5 2% 0.00 a KEA_P of-1.9% (he actual trajectory is more efficient in
1.7% 7.2% 0.40 terms @ horizontal distance than the flightap). However, this
FEA C1 2.0% 6.7% 0.25 improvement on the horizontal distance is not translatiedain
= @il 8.7% 6.1% 0.65 benefit in terms of fuetonsumption:FEA_P is 5.3% which
- 9.1% 6.0% 0.59 means thathe actual trajectory is a 5% more inefficientrtha
-1.2% 5.2% the flight plan bottomright picture)due to the two periods in
KEA_C2 ) . N/A i . ) :
-1.3% 5.3% which the aircraft is stopped the descend phase. Vertically,
7.5% 4.9% 0.04 the actual trajectory is moieefficientthan the flight plan due
VEA_C2 8.6% 2% 0.00 Pt ing i ;
070 AL : to theinitial level capping in the cruise pha@éEA P equals
| 0, . .
FEA C2 ggo/" 2;2" 8-29 0.849%3Y). Finally 2.1% forCEA_P means the actual trajectory
4'5;’ 5'7;’ 0';: is more inefficient in tems of cost than the flight plaand this
o 0 o 0 . - - - . .
is mainly due to the impact of fuel consumption which cannot
CEA C2 5.0% 5.5% 0.55 y P P

- T o be balanced with the reduction of flight time or taxes.
Table5: Statistical values and relationships between indicators.

Previous results and example show tK&A P, FEA P,
VEA_P and CEA_P allowguantifying the deviations of the
actual trajectories with respt to the planned trajectories, and

" Negative value of VEA indicatdmplies that the mean value of the-en
% |inear correlation with the horizontal indicator that has the sameroute flight level of the actual trajectory is lower than the one of the flight
reference trajectory e.g. CEA_C2 is correlatgéth KEA_C2. plan.
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that hese deviations are not necessarily aligned with
differences in the horizontal distance between actual
planned trajectories

the Figure 10 shows the consequences of this correlation
antthrough a representative exampRYR62HJ hasa KEA of
6.1%, while its value for CEA_C1 KlL.7%. This means that
terms of cost the inefficiecy is almostduplicated This is due

to the fact that, lthough there is a high correlation between the
horizontal distance and the costhere are other parameters
which are impacting costhat are notepresentedy KEA.
The cost offuel (FEA_C1 equals 7.98Yo0the vertical profile
(VEA_C1 equals-9.77%) together with the cost of the time

This implies that an eadp-obtain indicator such as KEA and the taxesallow increasng the representativeness of
could be representative enough to estimate KEA_C1 and thef¢=A_C1. RYR62HJdo not reachits optimal flight level and
is no need of defining indicators thaeanore complex (due to e duration of thecostoptimal tajectory is almost 2000

a more complex reference trajectory). This high correlation i§€cond shortewhich implies also lesfiel consumption.

explaired because,for European short and meditimaul We calculatethe average weights of the different factors
flights, weather is not causing major horizontal deviations othat contributeto the overall cost of a fligt (considering the
the costoptimal trajectories in free routeith repect to the costoptimal trajectories in free royte The main factor
geodesic.Figure 8 shows a representative example of theimpacting costs is the fuel (42% of the total costs) but a strong
horizontal path of OCT1, OCT2 and FPT trajectories versus thfluence of the time also exist84% of the total cost).The last

B.2 Optimal Cost Trajectory 1 (OCT1) as reference

Focusing now on the indicators withstoptimal trajectory
in free route as reference it is relevant to mention that
KEA _C1 hasvery strong positive relationshigvith KEA
according taPearson scalgtl] (0.99 in both traffic samples).

AFT and ODT trajectories for flight EZY64QN from BCN to
LGW (February 20).

EZY64QN - BCN-LGW

:
H =—— AFT
51 |- EPT:

50 ) ook

99—

48t

47

46

451

HORIZONTAL PROFILE

place is for the taxes with 24%.

RYR2HJ(FAGBHX
CEA_C1=11.7% KEA =6.1%
VERTICAL PROFILE
x10°

60 4.57

55
50

45

Height [ft]

40

0 2000 4000 6000 8000 10000
Flight Time [s]

44t S

43+

42‘_@,\1 N q Zo, %4000
“r ¢ ; i i ; i . E02 % 3000
5 4 Z 0 2 4 6 20-4_ S
Figure8. Horizontal differences of OCT1, OCT2, FPT, AFT and ODT | 203 32000
. . . . 0:2 1000
In spite of this, KEA is not properlepresenting how good| o
i i 1 i 0 06 2000 4000 6000 8000 10000
the actual trajectory with respect to the eystimal trajectory ool AN, Fad_ 00T AR00n Hioht e s]
is. The linear correlation between KEA and CEA_C1 is around

FUEL CONSUMPTION
6000

5000

0.70 which is identified as a&trong positive relationship
according to Pearson sc§del]. This correlation can be seen in
Figure9.

45
L]
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L
35 ¢
L]
L]
30 o % .
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° R?=0.7007
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L]
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CEA_C1
Figure9: Scatter of CEA_C1 values for February 2@fth respect to
KEA
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Figure10: OCT1as reference (AFT in blue, OCT1 in red)

Additionally, CEA_C1 can also change the global picture
of local inefficienciesFigurell represents the inefficiencies in
the ECAC area for February ®0For examplethe wide
majority of flights in Germany, Austria and Czech Republic
have CEA_Cl1values in the range from 10% #5%, while
severalKEA values are in the range fro8% to 10% (colder
colours in the figure). Thus, flights crossing these areas are
more efficienthorizontally than in terms of costs.

2 In AURORA only time, fuel and taxes are consider@ther factors
which are impadng the cost of a flighsuchas delayr cost of connections
are not taken into consideration.
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KEA-ECAG OCT1 benefits from the tail wind, reducing flight time and

: maintaining the fuel consumption in comparison with
IBEO4VM OCTL. In conclusion, IBE481 is less efficient in
terms of costs than IBE0O4VM as it is seen in the difference in
CEA_C1 values.

IBE481 IBEO4VM

CEA_C1=30.2% CEA_C1=13.7%
HORIZONTAL PROFILE

46 46
44 44
42 \\ 1 42 \
40 40
38 38

w— CEA-C1 <5 36 3%
CEA-C1-ECAC w5 < CEA-C1 < 10
34 34

VERTICAL PROFILE

4x10° B 4x10°
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©
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- oN oW
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Figurell. Costbased and Distandedicators comparison. 07 m 07 H
C06 T06
In conclusionFEA_C1, VEA_C1 and CEA_C1, coulsk £05 £o0s

Z04 Z04
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usedto evaluateup to which pointAUs can fly their optimum §os fos

trajectoriedn the future In terms of representativeness, the one ~o: 02
that provide a more complete view of the Aliiefficiencies is °; °;
the CEA_C]_ 0 500 1000F|I gﬁogmgo[gf 2500 3000 0 500 100th ;riogmgo[g? 2500 3000
FUEICONSUMPTION
B.3 Optimal Cost Trajectory 2 (OCT2) as reference | *® 2000

Indicators with OCT2 aeeference areraintermediatestep
between havingas the referencéhe flight planor the cost
optimal trajectory in free routeActual trajectories in the
ECAC are more efficient than expected when comparing w
the best possibleostoptimal trajectoryfollowing the flight
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planhorizontally i.e. OCT2, as it can be seen in the difference % sw 10001500 2000 2500 3000 °o'/ SO0 1000 1500 2000 2500 3000
between CEA_C2 and KEA mean value_:s. In fact, KEA a 9 Figure12. Impact of wind in cosbased efficiency indicators (AFT in
CEA_C1 mean values are around 50% higher than CEA_C2 in blue, OCT1 in red)

the two traffic samples. This indicates that half of the ECA

inefficiencies in terms of costs are due to the constraints of the B.6 Local decompositioof the indicators

route design. The newefficiency indicatorgrovide the efficiency of the

_ . whole flight from origin to destinationHowever, there is a
B.4 Weather impaoon the indicators need to decompose the total values into locaisto identify in
Regarding the weather, wind is identified as a factokhich portion of the flight these inefficiencies are produced
causing changes in the vertical profile, flight time and speed of _ L
the costoptimal trajectories both OCT1 and OCT2, with the  1he current appach to isolate locainefficiencies is
subsequent impact on totabsts of theflight. This effect, ~Cconsistent witihe Achieved Distance methodolog¥5] which
which is not captured by the current efficiency indicater, 'S €xclusively based on geographical consideratangsonly
impacting the new indicators in particular CEA_C1 and takes into aCCO‘_J_”‘me horizontal profile (dlst_ance)l.e. onl_y
CEA_C2 Figure12 shows an example of two flightsBE481 KEA decomposmo_ncan be calculatedor tis reasontr_n_s
and IBEO4VM, operang the same aircraft type (A319). studypropqse_sadlffe_reraipproacho allow the decomposition
IBE481 is flying with tail wind from Oviedo to Madrid in the of glpba_l '”d'catofs into local \{alues W.'thOUt. the need of
afternoon (8:00 PM). IBEO4VM flies from Madrid to Oviedo considering exclusively geographical considerations.
in the morning (7:00 AM) with head wind. Both AFTs havethe The main difference with theAchieved Distance
same flight duration because IBE481 AFTrewmses the speed methodology is that the new approach is applicable for
to keep the same ground speed undexadwind and different reference trajectoriend consequently for different
consequently consumes more fuel. On the contrary, IBE48dfficiency indicators. The approach is based on the generation
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of a set of complementaryreferencetrajectories from each set. After testing different data aggregations (whole ECAC
entry point to a region, to destination dfiéd in green in FIR/UIR airspace, citpair, etc) and traffic samples
Figure13). We identify the first transition point (O1) from one characteristics, we focusour analyse on relevant citpairs
region to the next over thictual Flown Trajectory(AFT), and  along one month

project this point over the reference trajectngm origin to : . . o .
destnaon'(010) ' T 01 aetmadioo e (9,10 ATETN b e Sour 1 s o by
calculation of the indicatoin this region. The process is ?or each F():it air .while the second one takes the flights in thg
subsequently repeated i.e. for the calculation of efficiency in;: typair, e e g .
; : different directions the citpair may take. In addition to this,
the second region, the new reference trajectory from O1 to D Ko of the defined indicators are to be analyfarcbeing the
obtained, then we odin the new transition point O2 and 9

finally 02 is projected int (5“05{ rﬁp‘geseﬂt%tn\;\(/a forr tgengsr %Qﬁ-':cl‘ep apdrEg-j-Cg'%hg:]ti ry
Starting with the analysis peity-pair, Table6 summarize

the results achieved for the comparison of the threepaiiys

selected: MABFRA, LGW-BCN and AMSIST. It is relevant

to remark thatby definition, positive higher values of all

g D indicators imply higher inefficienciesOn te other hand,
Rome although the equity indicators are defined by the standard
Madrid deviation of the traffic sample, the mean values are also shown

as a way of analysing the situation of each AU in comparison
Reforanca-tré) g totherestofthenth e fAMeano r ows sdnow
— I jectory O-D . ~
Reference trajectory Entry point-D |_ among t he AUs , whil e t he iVval
. A of the e%uity indicator. .
Figurel3: AURORAG6s approach (referenc trajectories).
Indicator MAD -FRA LGW-BCN AMS-IST

w= Actual flown trajectory

The new approach was tested by comparing KEZ

decompositionobtained by implementing\chieved Distance EQ_FL_P Mean 73.%6 73.%6 83.0%
methodology and the new proposaler 5 flights with origin EQ_FL_PVa|ue 20.9% 15.1% 21.4%
and destination in Europé&airly similar resultsare obtained
. N ; . EQ_FL_C1M 7.3% 34.3% 34.3%
with both methodologieswith a 0.90 of linear correlation 0 0 0
according to Pearson scf€]. Moreover,the newapproachs EQ_FL_C1 Value 7.™% 25.6% 14.76
implementedfor the local decompos_itic_)n oCEA_C1 values EQ_FL_C2 Mean 7.3% 31.9% 34.9%
KEA and CEA_C1 valuesshow similar trendsover the == ey Y 16.7%
different regions, ase can observin the illustrative example Q_FL_C2Value 7 0 6.7
of Figure 14. This is consistent with thestrong linear 1.5% 4.5% 1.5%
correlation between KEA and CEA _C1 for the whole 1.5% 0.% 1.2%
trajectorieq0.70 as shown ifrigure9), which imply that local
values should also follow similar trend. = 120 B
EQ_CEA_C1Value 0.7% 1.1% 0.6%
HROAT RS e 406 s 396
o 20 / EQ_CEA_C2Value 1.1% 0.9% 0.4%
=]
S 40 N o . I
5 A Table6. Equityindicators distribution for different citpairs
g 20 1 eili=CEA-C1 The MAD- FRA and LGWBCN have the same associated
£ 0 mean while having different EQ_FL_P values. This implies

LE LF u that the mean among tiAdJs is equal (thus, pure efficiendy
_ . o the same for both citpairg but that the inefficiencies are not
Figurel4. Local cosiand horizontaé f f i ci ency by AUR Qdiléwsshgrgd) Bectvge%rl‘]] theifigure 15 shows the different
In conclusion the preliminary analysishowsthat the new means associated to each AU inteaity-pair for this indicator
approach seems to be suitable for the local decomposition wfich is ndependent of the number of flighper AU. In
the new efficiency indicators, being possible to obtain thé’/AD-FRA city-pair, the inefficiencies associateal AU1 and
overall cost and fuel of each portion of the fligkin the AU3 are very dissimilar and thus theguity indicator gets
contrary, it needs more time toompute because it is higher (this is indeed worsaguity). On the other hand, LGW
necessary to generate multiple reference trajectories from eaB¢N city-pair inefficiencies are more balanced and thus its
entry point into a region. equity indicator is lower (bettegquity).

C. EQUITY

The following section deals whitthe results achieved for
the equityindicators defined iHV.D, as well as the analysis
performed for them.

Theequitydef i ni ti onés nature requires that its computation
encompagss different AUs. For this reason, individual flights
cannot be assessedisolationand a new framework has to be

3 Further results on these traffic samples are inclim¢2B].
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mAU1 MAU2 mAU3 mAU4 mAUS However, EQ_CEA_C1 distribution is invedsewith
respect tahe one of EQ_FL_P. As shown ifable6, LGW-
100.0 100.0 BCN has the better EQ_FL_P value between-giys, but it

727 741 i %00 has the worst EQ_CEA_C1 value. This may be seen as another
' : 66.7
I“ISI I I Ism

589 point of view of inefficiency. While EQ_FL_P maprovide
: Aibado r esul eqgeity EQQ CEA eCi meflect oy
MAD-FRA LGW-BCN AMS-IST

cost inefficiencies are distributed without taking a specific look
at the flight levels but the whole flight, as these cost
inefficiencies are not always due to lower flight levels where
more fuel is consumed.

Regarding the results achieved by flovgble 7shows the

Figurel5. EQ_FL_P mean values for differefit)s . !
equity values of each flow and also tleguity value of the
On the other hand, the MABRA and AMSIST have whole dty-pairs.

fairly similar EQ_FL P values while having different
associated mean. This implies that the inefficiencies are equa Flow SeLAL Pl Se g il
shared between themutbin the case of AMSST the AUs 28.9% 1.2%

have better associated mean. This means that more flights fr(eer=rem=sywyyy:; 19.9% 0.5%
AMS-IST achievd the requested flight level than the flights _ — —
4/0 (70

. . . Flow LGW-BCN 22.6% 0.7%

An operational examplen the behaviour of different AUs 0 0

in AMS-IST can be seen iRigure 16. In red, flights reaching Flow BCN-LGW 9.3% 2.0%
15.1% 1.1%

their RFL are shownandin blue flights not reaching their
RFL. Different behavios of both AUs can be appreciated as

one AU always reaches their RFL (100%) and the other doe 19.%% 0.7

not even get 60% (58.9%). This may be due to ATC 25.3% 0.5%
con_st_ralnts, but_llt is more CP AMSIST O oime o oew o ff
strategies in the treatment of their flight plans and the|__ o - o

execution. These differencés behavior and strategiesre Table7. Equityindicatorsvalues divided by flow and cityair
impactingthe equity indicators as seenfiable6. Table 7 shows a huge difference between flows in LGW
BCN city-pair. From this issue, it may be infedr that the

LGW-BCN flow hasa worse distribution of inequities than the
BCN-LGW flow.

e

Analysingthe reasosfor that difference, it can be observed
in Figure 17 the differences between flows by AU associated
mean. All AUs have better associated mean in B@W
flow. Also, AU3 and AU5 have a great improvement, getting
an associated mean near the othids. For that reason, BGN
LGW route is more equitably distributed than L&CN, due
to the differences between associated means being smaller than
the other routeThese improvements are mainly due to AUs
One of the analyses that muagnessstrategext t he reader és atten
the sensitivity of the indicator to the number of AUs in the-city
pair. The differences can be seen in both LGN and
AMS-IST city-pairs, with 5 and 3 AUs respectively. In both
cases, onéAU looks far below the rest, and the indicator
reflects this sensitiviBgN (.

Pk in L
and 2 in the AMSST). The values of the indicators (15.1% 82.1
and 21.4%, respectively) are then a combination of the isst 9.1
reported previously (dispaids between AUs) and this
sensitivity to the number of AUs in a cipair. . H

In the case of EQ_CEA_C1 indicatdrable 6 shows the
same trend in terms of the assodiateean with respect to Lew-Ben BN-LGW
EQ_FL_P. MAD-FRA and LGWBCN have the same Figurel7. EQ_FL_P meanalues for LGWBCN city-pair per flow
associated mean, while AMST has the best associated mean
among the three. Tis, flights from AMSIST has better CEA D. VERIFICATION OF THE ON.INE PROCESES
C1 indicator and consequently costs of the AFT trajectories are In this experimentve first analysahe calculated values of

closer to those of the OCT1 trajectotfes the newly proposed indicators and how they evolve over time.
To assess the accuracy of the online indicators calculated by

Figure16. ADS-B tracks of AU1 and AB in city-pair AMSIST

HMAU1l WAU2 WAU3 mAU4 mAUS

4 EQ_FL_P mean value is better in higher results, as it considersmean compares deviations to optimum, which makes 0% the best possible
percentage of flights reaching the RFL. On the other hand, EQ_CEA_Cautcome.
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the advanced performance data modet compare the errors. The accuracy of our proposed -tme indicator
indicator value calculated offline for each full trajgtto the  calculation method ismeasuredin absolute error between
online indicators calculated kthe online modelat the final  offline (accurate) and online (approximate) indicator valass.
point of each trajectory. To demonstrate tatine modelcan  the oftline indicator results have only one value for each flight
operate in near redime we evaluate its performance in terms(indicators are calculated only when the flight is completed),
of throughput and latenc¥inally, a use case is denstrated we choose the last dime indicator value for each flight to
for using the output of eline mode| to facilitatereattime  compare. As shown iRigure 19, most of the o#ine indicator
STAM decision making values are very close to the accurateliof value The reason
Some assumptions wenaade to performihis experiment. Why the absolute errpis different among indicators is th(_—}
Firstly, the live Trajectory Reconstruction andGeneration various reference trajectories u_sed for indicator calculation.
’ The general trends thatthe indicators that use th®@CT2

E(E):E\/I‘I;tees v\\zlt?]relvaOtenuosL?;h allztecnucr)r/e?; ;Tgfoﬁ]temgt'?g; g? tﬁg jectory have t_he highest absolute errting indicators that_
Use theFPT trajectoryhave the lowest absolute error. This
means to detect any cost deviations from flight planliran
pre.computed reconstructed trajectory dam outputin our calcu_lation is very close to exigting diifie calculat'ion. One.
. possible reason to account for is that the last point of various

simulaton, _we .S|mulate the latency O.f. Trajectory reference trajectories per flight might not be perfectly matched
Reconstruction using a randomly selected positive value, from

a normal distribution with meavalue of 1.0 and standard with actual reconstructed trajectory
deviation of 0.1.Secondly,the full data cleaing processof 35

ADS-B messagesvas not integratedinto the streanbased

model as the process should fit all potential requirements ¢ 3o

TrajectoryRecorstruction service input whictverenot clearly

defined so far, except for "no duplicated dedad "no owof- 25

sequence data".

model. Thuswe simulatecalls tothe TrajectoryReconstruction
servicewith reasonable time delays for these proceardause

20

D.1 Online Flight Efficiency Indicators

The indicator values for each time stamp over a flight
duration can bebtainedusing the advanced performance dat: ,,

15 —

absolute error (%)
IEEER T
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model As an example, foa flight that departs from Dublin 1 -

[DUBJ to London[LGW] on the day of Februagd" 2017, the os I T
evolution of tee of theflight efficiency indicators is plotted in EI E E 1 Q Q

Figure 19. The figureillustratesthe trendafter removing the 00 L B= .
first 200 trajectory points (roughly the takjoff stage, about 2 demp leact eaz feap et ek ceepceact ceacd
12 m'r,IUte_s)' These points are removed .due to the fact tha Figure19: The distribution of absolute errors betweenlifé and on
inefficienciesare at very extreme (either high or low) value at line indicators valu¢ECAC trafficsanple, Februargd" 2017)
the beginning of a flight, then they converged to some stable

value and fluctuates within much smaller randdter the D.2 System Performance

indicators value converges adbps gradually to their lowest
point, then it finallyincreases slightly during the landing phase
of a flight. One thing worth of noting: thbugh some
oscillations occur which are dueddfering resolution between
the actual trajectory and th@enerated trajectoriesthe
aforementioned general trend in shoindicators is clear

We define throughput as the number of data recadres
number of messagegrocessed byortline model per 10
minutes from the ADSB surveillance data source. The
throughput taken in the whole system is shown The peak
traffic is equivalent to about 345 records per second.
Considering a lot of subsequent spatial computations (e.g. great

enough. circle distance calculation, nearepbint search, poiAnh-
“ KEA - ceacl » CEA-C2 polygon query), which are more computationally expensive
g [ than typical map and reduce operations in most big data
» = / applications, this throughput can still be considered heavy.
8 |
2 2
10 0 5

-} -2 =}
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
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Figure19. Evolution of flight efficiency indicators

Efficiency indicators calculated dine and offline may
deviate slightly due to some approximations made to accelerate
online computationand the fact that theff-line results are
based on verified flight trajectory data, while thelioe results
use reatime data directly which inevitably contains some
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This use case is tested by means of a real operational
scenario. A hotspot is identified in the Spanish airspace the day
July 2" of 2017 at 11:30. This hotspot, identified in the sector
DOMINGO UPPER, requires thamplementation of STAM
measures to 2 flights in order to comply with the Occupancy
level of the sector i.e. the maximum number of aircraft that can
be within the sector at the same time. The STAM measure
actually applied to the 2 flightseretwo levd-capping, which
are included in the total sample of 13 flights that are eligible
for applying STAM of any type. A total amount of 264
solutions are available to be selected, including the real
operational solution applied. Each solution is assessednis ter
of the different efficiency indicators, by calculating the mean
of the indicators of the flights comprising that solution. An
optimum solution in terms of each efficiency indicator can be
obtained.

250000

200000 -

150000

100000

number of messages per 10 minutes

50000 +

hour of a day

_ The results show that, compared to the STAM measure
Figure20: System throughput acually implemented, other solutions may improve the overall
Under such throughput, the latency thdte online  efficiency of the hotspot from a mean CEA_C1 of 8.36 to a
performance data modethieves is shown iRigure 21 This mean 7.99. This implies a reduction of around 5% on the
latency accounts for the timgpentfrom when a surveillance indicator; while in total fuel consumption of the flights, the
trajectory point is received bgr-line mode] to the moment reduction rises uptalmost 250 kilograms just by applying the
when a corresponding updated sétefficiency indicators is  optimum solution.
written in sink datalt is worth noting that the latency in this
study contains the 5 seconds batch interval for the buffer VI. CONCLUSIONS
betwea ADSB dgta SHEAMSSources and Trajc_ectory The processes to calculate the new indicators based on
Reconstruction service, the delay when reconstructing th%

trajectory, and the 15 seconds batch interval for Spar istorical data, i.e. surveillance and flight plan data, are
Streaming[41][42]. AURORAGS Al r grpus has 1 chnically feasibleThe proposed servieariented approach

> agaffolve obtaining the full state vector of the aircraft for the
recently set an update frequency (and so maximum allowe%ctual trajectories, and also generatisgveral optimal

latency) target on efficiency indicator calculation of 5 minutes, . . o . "
The resultshow performance much better than this target. Thgajectorlescon&denng the impact of weather conditions and

. X Wwithout the need of confidential information from thes.

mean latency for messages processeordine modelis 16.48

secondswhile the maximum latency observed for a message in  The experimentshow that the proposed indicators can

our current dataset is just 35.79 seconds. better capture the different sources of flight inefficienties
the currentii h o r i Zightnef il c if \Gericalyaad. speed
profiles together with the impact of weather conditiare
identified as relevant factors to be taken on board when
quantifyingthe efficiency of a flight.

Indicators computing the deviations of actual trajectories
versus optimakostoptimal trajectoriesn free routeare the
ones to drive the ECA@wardsthe future system in which
AUs could fly their optimum flight profiles in a free route
environment. CEA_C1 indicatas selected by the AUs as the
mostrelevant one, r&d the others are complemented it in order
to better understand the sources of thestbased
inefficiencies

Indicators computing the deviations of actual trajectories
versus cosbptimal trajectories following horizontally the
flight plan represent the improvements on efficiency that could

Figure21: System latency be reached taking into consideration the currenteralesign
The resultshaveshowed that half of the current inefficiencies
D.3 STAM using thewtput of online model in terms of costs are due to the constraints in the route design.
One of the motivatiors of building the streanbased data The approachto decompose the efficiency of the whole

model for monitoring flight efficiency orline is to enable flight from origin to destination into local valuésapplicable
better planning of STAM measures, which the air trafficfor the different efficiency indicators.Conversely, this
controller (ATC) can use for seuting or levelcapping t0  approach needs more time to compute than the current
alleviate any detected epiots (i.e. in a certain airape sector Achieved Distance ethodology because it is necessary to
the aircraft counts during a time intenial beyond its upper generate multiple optimal trajectories from each entry point
limit) in tactical stage (i.e. day of operations), rather than preinto each regioerossed by the flight.

tactical or strategistages
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