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Abstract—This paper proposes a novel approach to understand
and characterise the sequencing of arrivals. The pposed
approach, essentially data driven, relies on the atysis of the
spacing evolution over time between consecutive amaft. As a
case study, it was applied to different sequencintgchniques (a
baseline and two new ones) in the same approach @anment,
using track data from human in the loop simulations The
analysis conducted enables to characterise how thgpacing
evolves in time, and reveals differences among théhree
techniques in terms of convergence speed. The spagideviation
containment decreases faster with the new technigagsuggesting
that the sequencing is anticipated and performed eker. Typical
sequencing patterns have been identified that alseveal the early
sequencing. Future work will involve considering diferent
environments and extending the horizon of analysiso capture
the complete arrival process.

Keywords: arrival sequencing, aircraft spacing, approach
control, data analysis.

. INTRODUCTION

This paper proposes a novel approach to underssatd
characterise the sequencing of arrivals. The pexpapproach,
essentially data driven and solely based on trat, delies on
the analysis of the spacing evolution over timeween
consecutive aircraft, investigating aspects sucboasergence
speed and monotony. The underlying motivation iddwelop
a method to characterise different operating mettrodte
structures or environments, in view of identifyingpod
properties to facilitate the sequencing.

As a case study, the analysis will be applied tedldifferent
sequencing techniques on the same approach endrdnm
using track data from human in the loop simulatiomsducted
at the EUROCONTROL Experimental Centre as parthef t
European SESAR programme.

The paper is organised as follows: after a reviéwetated
studies and a brief description of the three segjogn
techniques, it will introduce the methodology inrtaular the
computation of minimum time and additional time. eTh
analysis of spacing on the case study will therplesented,
followed by the identification of typical sequengipatterns,
based on a statistical method of clustering.

[Il.  STATE OF THE ART

A comprehensive framework has been developed by the
Performance Review Unit (PRU) of EUROCONTROL to
characterise the performances of the arrival manage
process [1][2][4]. Two key elements introduced o notions

of unimpeded time and additional time in the Artiva
Sequencing and Metering Area, an area of 40NM (ebde to
100NM in some analyses) from the airport. The umidgu
time is the transit time in the area in non-conggbstonditions.
The additional time is the difference between ttiial transit
time and the unimpeded time. It represents theaetiine
generated by the arrival management and “is a pfoxyhe
level of inefficiency (holding, sequencing) of thebound
traffic flow during times when the airport is costed.” This
indicator is used (together with other indicatouels as the
flow management delay) in particular to compare the
performance of the main airports in Europe anchanW.S.A.

[3].

The work presented here builds on these notionsioipeded
time and additional time in an area around theoaiy@and aims
at characterising further how the sequencing isopmed.
Similar types of indicators were also used at theell of
individual flights, such as terminal area transitidime
deviation, to detect any potential perturbationd assess the
resilience of scheduled Performance-Based Navigatioival
operations [5]. Analyses focusing on the spacindimal have
been also conducted [6].

When assessing the impact of new concepts in aalatith
sequencing, detailed analyses have been develaf&i[q].
They consider different dimensions such as humetorfge.g.
workload, radio communications, instructions), Hilig
efficiency (e.g. distance and time flown) and etifeamess (e.g.
achieved spacing on final) using simulation datar(an in the
loop or model based). To highlight the geographichhsed
nature of the sequencing activity, we introduced
geographically based analysis of instructions ayedfixations
consisting of displaying these data as a functiothe distance
from the final point [9]. This enabled to show iarficular
effect such as late or early sequencing actions.



All these studies aimed at assessing the impaca ofew
concept, and considered the observable actiorseffuencing.
Although they informed on the sequencing activitly tbe
controller, the evolution of the spacing is not sidered as an
element of the analysis. Furthermore, the needofmrators
related data, in particular instructions, makes aggethe
analysis of current (live) operations. From a cointheory
perspective, the spacing variable is the key elétiat should
enable the understanding of the human behavioue, ke are
not aiming at building a mathematical model of toatroller,
but as stated in [10], “control theory is a goodrfdation for

developing the intuition and judgment needed forasm

cognitive systems engineering”.

Numerous analysis of the spacing have been pertbiméne
context of the “airborne spacing” concept when gl the
performances of different algorithms or of the Hligcrews
[11][12][13]. Typical analyses involved in partienl the
relation between spacing accuracy (control errad aumber
of speed changes/variations (control effort) ad aethe effect
of the resulting speed profile on the rest on terc of aircraft.
In all these cases however, the situation was s$hah the
spacing could be defined: both aircraft followedkn paths.

The issue being that, in the general case, thergpaariable is
hard to formally define and measure, or even do¢exist. In

vectoring for instance, while it is straightforwatal measure
the spacing at a final common point, it is uncleaw to define
the spacing between two aircraft being vectoredifierent

paths but whose resume paths to common point dogoum

in advance. In this case, the spacing is part efdbgnitive
process of the approach controller and is not adudes

The method developed here aims at proposing a maifo
spacing for the general case, as an initial attetopbetter
understand controller sequencing strategy. The idedo
estimate a-posteriori the spacing from flown tragk®m
simulations or live operations). The method is thasentially
data driven and does not rely on local operati@natviedge or
modelling of controller behaviours.

Ill.  OPERATIONAL CONTEXT

The operational environment is the Paris-Orly apphoarea as
simulated in cooperation with DSNA (France) as pmdrthe

European SESAR programme [14][15][16]. The arrivaiway

is fed by two main flows (South-West and South-Fasd a

minority flow (North-East). Sequencing is achieveday by

standard vectoring onto ILS axis (Figure 1). Thimgtitutes

the baseline (denoted Vectoring).

The two new sequencing techniques considered aimaply
at improving the final part, in particular securitige ILS
interception and reducing noise nuisances even ruhitga
traffic conditions, as well as optimising descenegucing
workload and communications.

The techniques consist of sequencing on a commargeme
point (typically 5 to 10NM from final approach fixpen, from
this point, letting the aircraft flying a single afectory
connecting to ILS. The path stretching prior jomirthe
common merge point may be achieved by vectoringr{dpop
followed by closed loop instructions, denoted Intediate
Point Merge or Intermediate, Figure 2) or by predsf arcs
(full closed loop instructions, denoted Point Mergigure 3).

Figure 1. Vectoring onto ILS (Baseline).

Figure 2. Vectoring and final segment to ILS (Intediate Point Merge).

Figure 3. Arcs and final segment to ILS (Point Mgrg



The technique with arcs has been developed oves yahe
EUROCONTROL Experimental Centre [17][18] with
controllers and pilots, and supported by partneosalsly
DSNA (France), Avinor (Norway) and IAA (Ireland} ik in
operations in different places (Oslo, Dublin, PaA€C,
Seoul, Kuala Lumpur, ...). The technique with veactgri
although not bringing full benefits, was developetbre
recently to facilitate controller acceptability angs tested in
live trials at Paris-Orly.

IV. METHOD

The notions of unimpeded time and additional timeoduced
by the PRU are defined for an area e.g. 40NM orNMO
around the airport. These notions can be genedaliseany
point within the area. Assuming a set of represameta
trajectories per flow of traffic (e.g. downwind abdse), the
unimpeded time (denoted minimum time in the follogyi at a
given point can be obtained by taking the minimumet
(shortest trajectory as a proxy) of all the trajeieis passing
through this point (Figure 4). In practice, we vdtinsider the
trajectories passing in a close vicinity of thermoiThis will
lead to a discretisation of the area in the forma afap of cells,
each containing the minimum time from this cellthe final
approach fix (see section V.B “Minimum time”).

final approach fix

shortest trajectory passing through point P
other trajectory passing through point P
trajectory not considered (not passing through P)

Figure 4. Example of shortest trajectories fronivem point
for downwind and base.

The additional time for a given trajectory will theée obtained
using the minimum time. Precisely, let us define time to

absorb at a time t, as the difference betweenithe to final

(along the actual trajectory) and the minimum thodnal:

time to absorb (t) = time to final (t) — min timzfinal P(t)

The additional time at a time t, is then definedhesdifference
between the maximum time to absorb (i.e. the titad that
will be absorbed within the area) and the (remahiime to
absorb:

additional time (t) = max time to absorb#) — time to absorb (t)

The spacing in time will also be obtained using thi@imum
time. Precisely, the spacing between a pair of ecuts/e
landing aircraft i and j at time t can be simplyfided as the
difference between their respective minimum tinresnf their
positions P at time t:

spacing; (t) = min time to final P(t) — min time to final Rt)

As an example, let us consider the case of tworadiron
downwind, the first one flying the shortest tragggtand the
second flying a longer trajectory (Figure 5, tope additional
time for the first remains equal to zero until fipaint, while it
increases for the second one between A and B. paeirg
remains constant along the common segment anduisl ¢g|
the initial spacing; then it increases between A &nuntil

reaching the final spacing, and remains constatit final

point (Figure 5, bottom).

trajectory of aircraft 1
— trajectory of aircraft 2

time from entry to final

B

] o
time to final

max additional time
additional time of aircraft 1

= additional time of aircraft 2
spacing between aircraft1 and 2

Figure 5. Example of a variation of additional tiaved spacing.



V. RESULTS

A. Data preparation

The case study is applied on a dataset from remné ti
simulations assessing three different sequenciegniques
(Vectoring, Intermediate and Point-Merge), as dedaiin

section lll. The experimental conditions were desi) to

ensure that the three scenarios can be comparednivitmum

bias. The traffic samples were close to the runwayacity

(around 36 arrivals per hour).

The geographical focus of the study is the managuyerea,
within 40NM from the Final Approach Fix (FAF). This
corresponds to a shortest trajectory duration afol®
minutes, from the area entry to the FAF. To take account
additional flying time due to sequencing (up to Bues), we
selected flight trajectory data starting at 15 rtesufrom the
FAF and checked that we captured all of the trajézs in the
selected area.

The dataset consists of 907 flights with their 4Bsifions
(longitude, latitude, altitude, time), updated gvérseconds.
The sample size distribution among the three sané 303
flights for Vectoring, 354 for Intermediate and 20 Point-
Merge. These sample sizes are considered sufficilemye to
be representative. The sample size differencesxqiained by
the number of measured exercises for each scenario.

We are interested in typical arrival flights thaitex and exit
the focus area. In particular, this excludes gaxado aircraft
not flying over the FAF and flights with exceptidigashort
flying time.

A data preparation step ensures the selection eofréfevant
flight data: typical flights within the chosen geaghical
scope. At the end of this preparation, 680 flights% of the
full dataset) are used for the analysis: 212 (7Y ectoring,
304 (86%) for Intermediate and 164 (66%) for Paitgrge.

B. Minimum time

As presented in section IV, minimum times are cotegin all

the cells of a 2D mesh covering the focus areaherbasis of
recorded data. For the case study, the minimum-tinfmal is

computed per flow and scenatrio.

Depending on the considered analysis and amourdatd
available, other discriminant items like runwayemitation, low
visibility procedures, altitudes, aircraft typesc.etmay be
considered.

The selected cells size shall not be too large Itmwafor
accurate trajectory deviations assessment. It stwmillbe too
small, as the number of flights per cell will besuifficient to
ensure reliable estimates (as a rule of thumbliglt$ per cell
can be considered as a minimum).

For this case study, cells are 1/3NM squares, spording to
an average flying time per cell of 5 seconds @&a update
value). This was considered to be the minimum nesisie size
to pick.

The result of this computation is shown on Figurewi@h
colors depicting the minimum durations, from re8 (dinutes)
to blue (lower than 1 minute).
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Figure 6.Cells of minimum time-to-final, all scenarios, Sofibws.

C. Additional time

Flight additional time is defined in section IV the difference
between the maximum time to absorb and the rengitiine

to absorb. It is estimated for each flight, at gveadar data
update.

The following graph (Figure 7) presents additiotiele vs.
actual time-to-final per scenario with a smoothedve for
every flight (smoothing is applied to reduce thiasihg effect
of cells).



Flight additional time, 90% containment

Vectoring Intermediate

Point-Merge

4 From TMA entry to FAF

Flight additional time (minute)

15 0 5 10 15 0 5 10 15
Time to Final Approach Fix (minute)

Figure 7 Flights additional time curves per scenario.

Flat parts on a curve occur when the flight isdaihg its
minimum path while steep rates appear when thetiaddi
time is increasing quickly (i.e. the delay is cuithg
implemented).

The containment area covers the 5% to 95% addititime
guantiles values. It can be seen that the evolafdhe curves
shows some differences in the sequencing workqesrasio.

In particular, for Point-Merge, a regular pattefnfast delay
absorption (large additional time increase ovemalkperiod
of time) is observed from 7.5 to 10 minutes beftire final,
followed by a plateau; for Vectoring, it seems thfatre is
progressive delay absorption with no marked platead a
greater spread of the curves. The Intermediateasicenaurves
seem to be less homogeneous.

To facilitate the scenarios additional time comgami Figure 8
shows the median additional time curve per scenaib
different colors.

Flight median additional time per scenario

20-

From TMA entry to FAF

o

Flight median additional time (minute)
o N
o o

0 5 10 15
Time to Final Approach Fix (minute)
SimulationScenario = Vectoring = Intermediate = Point-Merge

Figure 8.Flight median additional time curves per scenario.

The three median curves all end with a similar toltal time
close to 2 minutes at FAF: the same amount of ihdik time
is applied on average for all the three scenarios.

However, the curves shapes differ, as detailedvwpedtarting
from TMA entry (15 minutes look-ahead time) to FAF.

In the 7.5-10 minutes x-range, for Point-Merge, itaical
times increases by 55s (from 35s at 10 minutesO® A 7.5
minutes), while for Vectoring, it is 20s (from 3&555s). The
Intermediate scenario falls between these two cagdsa 35s
increase (from 45s to 80s).

This illustrates that additional time is absorbadroa more
concentrated area in Point-Merge than for the oseenarios.
This can also be seen by the flight curves dersitthe 7.5
minutes time-to-final area. The 7.5 minutes timeegponds to
the minimum time to fly direct from the Point-Mergecs to
the FAF.

In the 2.5-7 minutes range, for Point-Merge anérimediate,
there is a plateau, where little additional timeaissorbed,
whereas for Vectoring it continues to be absorbedai
continuous fashion.

In the 0-2.5 minutes range, the Intermediate so@rsows a
higher rate of delay absorption (about 20s remgitinabsorb,
from 95s to 115s at 2.5 minutes from FAF), while tvo other
scenarios have to absorb a lower delay within ridwage (about
10s for Point-Merge and 15s for Vectoring).

Actual time absorption areas are identified by rogag the
maximum (among the flights) additional time evabutirate
per cell. This is presented on the next figure ((Fég9): red
cells correspond to the highest rates, where addititime
increased sharply (at least for some flights), avtilue cells
match areas where nearly all flights follow theimnimum
trajectory.

As expected, the arcs on Point-Merge are highladyhtéth
red/orange cells, while we see more yellow and geaareas
for Vectoring and Intermediate where greater paitehing is
applied. It can be observed also some yellow-goedis on the
final approach to the FAF, linked to speed reduchelow the
speed of the faster aircraft in the sample, fos@dinarios.
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Figure 9.Map of additional time derivative 90% quantile valper 2D cell,
flow and scenario.

D. Spacing

The spacing between two successive landing airceaftl j at
time t, is defined in section IV as the differefmween their
respective minimum times to final at time t. Thasillustrated
on Figure 5.

The spacing deviation is defined as the spacingstetjl for the
actual spacing at FAF: a zero value correspondhedfinal
spacing, whereas negative (resp. positive) valoggsgpond to
an actual spacing lower (resp. higher) than fipealcgng over
FAF requiring, for example, path stretching (resportening).

This adjustment for final spacing allows for mowradable
graphs and to correct for the different spacinguiregnents
related to wake-vortex categories.

The following graph (Figure 10) illustrates the apg
deviation curves (smoothed to reduce cells aliasifiect) for
all pair of aircraft per scenafiolt also shows a 90%
containment area (from 5% to 95%) of the spacirgesa

! Flight pairs with a final spacing greater than 2@@onds are
discarded: it is assumed that no typical spacingkweas
needed in this case.

Spacing deviation per scenario, 90% containment
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Figure 10.Spacing deviation curves per scenario, with 90%t@oment.

It is clear that the containment of the three sdeadliffer in
shapes: nearly symmetric for Vectoring, with a dine
convergence to zero; strong reduction of the uppatainment
curve for Point-Merge, from 7 to 10 minutes of tioefinal,
before a plateau until 2 minutes where the spaging is
resumed. The Intermediate scenario containmentdbléoth
vectoring and Point-Merge characteristics.

In order to complement the containment comparisgmve, the
span of the containment curves (max-min) at eank 8tep is
presented on the figure below (Figure 11). It iHates the
global progress of the spacing toward the finatsgabetween
aircraft pairs.

Spacing curves containment span

w

Spacing containment span (minute)
N

From TMA entry to FAF

Figure 11.Spacing deviation containment span per scenario.



The vectoring curve is above both other curvesfmediate
and Point-Merge) and is nearly linear from O toifiutes from
the FAF: this suggests that spacing is establiphegressively,
at a regular rate.

The Point-Merge curve is below both other curveallaimes,
with an inflexion point around 7 minutes (highengergence

speed before 7 and lower after), correspondinbeatcs area:

spacing is established in two phases, the firstppaeiding the
greater part of the convergence toward the tanoetisg, the
second one providing the remaining adjustments kingpat
the Figure 10 it can be observed that the higheistergence
speed is on the upper part of the containment,esgmting
aircraft pairs with a need for spacing reduction.

As seen before, the Intermediate scenario blenaisicteristics
of Vectoring and Point-Merge, with a curve betwdlea two

others: closer to Point-Merge in the 7 to 12 misutenge and
then, getting closer to Vectoring, notably in theo®} minutes
range. It can also be observed that, for a giventaboment
span, it is obtained at different look ahead times.

For example, a 3 minutes spacing span is reachmeha@r9
minutes before the final for Point-Merge, 8 minutés

Spacing deviation per scenario, 90% containment
Vectoring Intermediate Point-Merge
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Figure 12 Typical sequencing patterns per scenario, with 3@#tainment.

Intermediate and about 7 minutes for Vectoring. sThi Comparing the “already-on-target” patterns, Vecigrshows

difference is even more marked (2.5 minutes) f@r rainutes
spacing span, with 7.5, 5.5 and 5 minutes of grdian
respectively for Point-Merge, Intermediate and \gaag. This
suggests a greater anticipation/convergence spaedhe
sequencing with Point-Merge.

These high-level metrics can be refined by thetifleation of
typical spacing patterns throughout time accordmgcenario.
This is done by clustering the spacing curves Kajure 10)

into k number of groups. We selected a robust krwmea

clustering technique (Partitioning Around MedoiB&M [19],
calculations performed using GNU R [20] and thestdu
package [21]): it aims to partition all the airdrphirs spacing
curves into k clusters in which each curve beldngbe cluster
with the nearest mean, serving as a prototypeeoflilster.

A number of three (selected empirically) distinttisters is
devised per scenario. On Figure 12, the typicaltepat
associated to each cluster is represented byladbliored line.

Three typical patterns are observed for all scesarthe
“already-on-target” patterns, starting and stayitage to zero
(middle curves for all scenarios); the “extra-spgtiupper
patterns, starting above zero; the “need more gspadower
patterns (or flights sequence swap cases).

the more stable, monotonous evolution. Point-Mesgel
Intermediate have a bump, breaking the curve maowyotthe
target spacing is reached (around 6 minutes béfier&AF for
Point-Merge) and then the spacing deviation in@sa® a
maximum of 15s above the target before convergigaina
This increase usually occurs when the trailing raftcturns
towards the merge-point.

On the “extra-spacing” patterns, Vectoring has arlyeflat

part from 12 to 9 minutes, where the spacing d®riatoes not
evolve; then it starts to decrease toward the tdrga linear
fashion until 3 minutes, where only fine-tuning oz Point-
Merge starts to have a very high decreasing spaigngtion

from 10 to 8 minutes, reaching the target spaciefpre the
bump already described in the previous case. |eteiate have
a spacing deviation decreasing rate between Vaegtosind
Point-Merge in the 10 to 8 minutes range, thereépgs a lower
constant decreasing rate (no bump) until the FA§ .iditial

spacing deviation value is above the ones obsefvedhe

other cases by about 30s.

Comparing the “need more spacing” patterns, Veatpshows
a symmetrical shape as its “extra spacing” ond e target
spacing obtained 2 minutes before the FAF. Pointgele
spacing deviation starts to evolve around 9 minuteaching
the target at 6 minutes and then follows the buratiem

described before. Intermediate spacing deviatioaresh the
Point-Merge characteristics, with a lower spacingl@tion

rate, reaching the target at 5 minutes before tA& Bnd

following a small bump pattern.



VI.  CONCLUSION AND PERSPECTIVES

The approach introduced that focused on the asalgsi
spacing over time was applied to three sequeneicigniques:
a baseline (vectoring), a new one (full closed Joapd an
intermediate (open and closed loop). It used tralzka from

human in the loop simulations on the same approach

environment.

The analysis enables to characterise how the spasialves
in time, and reveals differences among the threhnigues.
Starting from a similar initial spacing situatiothe spacing
converges at different speeds. While the spacingatien

containment decreases in a linear way in basetidecreases
faster with the new technique. For instance, a 2smgan is
obtained approximately 2.5min earlier, and a 1npansabout
2min earlier. This suggests that the sequenciranigipated
and performed earlier. Typical sequencing pattéange been
identified (using a statistical method of clustgjinthat also
reveal the early sequencing. The new techniquesehemw
contain cases of non-monotonous spacing variatithad

should be further investigated.

The approach introduced, which is essentially daaen,
takes advantage of data now easily available throwgious
sources and providers, and does not require detdeal
operational knowledge. Future work will involve satering
other environments with similar sequencing techaiqu
(vectoring) and/or with new one. It will also invel extending
the horizon of analysis to capture the completwarprocess,
e.g. from top of descent and further out.
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