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{ SUMMARY )

Purpose &
Contents

O Final purpose : To develop an aircraft sequencing model based on machine
learning techniques and to use the model as a decision support tool on real
air traffic control operations

O Particular Purpose

— To make the computer learn the sequencing technique for itself so that it
can predict the actual arrival sequence with more than 80 percent accuracy

— To develop an air traffic control real-time simulator, and to validate the
sequencing model with it

Results

O Development of the sequencing model based on machine learning techniques
— Development of the sequencing model based on Pairwise Preference Learning
— Accuracy validation through arriving aircraft at ICN
— SCI journal paper: 1 (IEEE Transaction on Intelligent Transportation System)

- Conference presentation: 1 (selected as an outstanding paper)

Patent application: 1

O Development of an air traffic control real-time simulator

— Development of an air traffic control real-time simulator based on Bazier
method and BADA

— Conducting an simulation experiment using the simlulator

- Journal paper: 1 (Registered on the Korea Navigation Institute)

- Conference presentation: 1 (Selected as an outstanding paper)

— Software Registration: 1

- Additional paper: 1 (Conducted an additional experiment after the project
period and preparing to submit the paper now)

Expected
Contribution

— Utilization for a practical decision support tool

— Application to AMAN/DMAN and simulation softwares to make them better
reflect the actual sequencing operations

— Reduction of air traffic controllers’ workload, reduction of airborne delay and
efficient use of the airspace

— Other contributions on the economic, industrial and social aspects

Keywords

Machine Aircraft Air Traffic Real-time Air Traffic
Learning Seqguencing Control Simulator Management
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O Pairwise preference learning 718 & 2o S&0l E2ct= nlie &2 &3J|0 Ue HAF=A
DAY CIOIE CHEt sfES Sail HAE = U= AIZY BHE Jhgd
O nEHSlI 2210 Cist AIRAE 0I=ctE M2 &2, multi-class classification 2MEZ M2gh =
USMH, &2J| U= S RE 9 feature @tE0| HEZoHA Blges SAZ2 JHE
O Metd E= &0 =20l Jisgt otkte global ANEA BEE 2EE= 2001 S "1, 0l of
20t)| /ol 2 HRNAME pairwise JIEHE MOt o2,
O 2 HF0AM Hetote 830 AMRA LE2 24, & U 3710 st AIZA 24d=1E 238
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| £ S
= 0I5 ALSoi ntHel &3J1001 TSk global AIRAS Fote 2822 24E. [O85

O HMete 282 24, 2F &8J19 pairwise 8585, & PREF &+=E U1 HOIHE Sdi stsot
OF &. PREF= ACIt AcOl Blotol da= 85, 5, 2HAMIL ACGE ACET BN HSAZ

S ES UEWHDO Logistic regressionS AFZoH Ofel (&11)1F 20| R&.

Bo+Bixa -+ Bixe

PREF(AC,AC) = P(AC; > AC)|X) = ————5———  —=—=—=—=—=————————————— (411)
e H1X1 kXk

O GIIIOIA X=[z,2, 2] = SEHSXSOIW, B=[5,0,~ ]S SHHS| HESS UEH
O D8O SYH+2 B AFGHS 2001 SR80, 2XE0 010 Het HPE AFHO2 2512
DI, XtMISH LIRS OfaH Ligt US.
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Training

Aircraft

Training data

RO

trajectory data :l cata
Learning algorithm
Prediction + : .
lata: Pairwise Fairwise Fairwise
IE‘Pl't data: Preference preference preference
aircraft state model maodel | 77 maoclel
information
(Routet- Route) (R1-Rn) (Rra-Rnay
P{AC1=ACz)y| | P{ACT>ACT) | P{ACH-1 > AC M)
r L '|l PiAC =ALC))
Preference combining algonthm
lS(ore(ACij
Outpurt:
Generating total secuence I Total
seqJuence
[DE5]MeteE &30 AIEA 28 RECS(B30D28 [1])

O Binary classification 2&0l= Support Vector MachineE HIRol Ct&st 201 EME. 0l =
logistic regression=2 20l CHet SHHE 24 S0 UHM HES XN CHee 2010 2H S0t
2EEN 23.

O olol met 2 A7l M= Logistic RegressionE pairwise 83& B2 Z AIESIU2L, 2 HF0
N Hotot= ge 8 72 classification 282 AFEE MIStoX & S.

O 3719 pairwise 8= AHJ| Aol & &30 (e BAS Soff E22 M0 YK
SX0l Tet gctXi 2. Oetd 2 HR0AsE S0 =&ots &ZJ10F SUE = J=s HA X
STE2E gIH9 pairwise ZEE #5¥E.

-0E S0 UESECE HFote &)= T 402 HA(REBIT, OLMEN, GUKDO, KARBU)E
SNl S HEE 5 UM, 0l 2R B 10M(,0,+4=10)H2 pairwise 22 =00t &.
[D&6]




O WHO CIOIHE OlSol ==HEXE pairwise 20| Sf&&EH, 22 ntiel &3I101 et ==
T=NE Ofclie 22 -2 27
O =24, 2t &3J12 d5% FH=(Score)E &EGHEM, 2 &3] Ac 2l 85 &= & &3
AC(j=1..n,j=i) 2210l QOO AC IOt H= pairwise 8STE 2F SAtGH0 AHEGHH, (412)
U 20l ¥
Score (AC;) = Y JPREF (AC;,AC;) ~  ——=————————————————————— = (A12)

VEK

& oz 2SI et M5& B+E FotH, 84355 E=IF HE =2 =HNU
2 CE=ANE HHEE. ESH, [DE7]2 & 4019 sZ2D|10l tHoll, pairwise 85 H#LE &
&St =, global AIRAE Hole HEE 2010 U2
PREF J ; :
(ACi, AG) 7 5 3 y Score(i) Seq(ACi)
1 0 0.6 0.2 03 1.1 4
) 2 04 0 03 09 1.6 2
i
3 0.8 0.7 0 0.25 1.75 1
4 0.7 0.1 0.75 0 1.55 3
AC2

4C1 < [ “os o
. | -
07 B 70.75
h . |‘ ///
J:
AC4

[OE7]40H2 &3D] Uidh global AIRAE Fot= 28 WA(ED2E [1])

O OIIM =2lolior & B2 2 &3712 Score === 1 270t & A
JHXIE 20l OfLIB(AXZ [28 7]0AM 2= Hib 20 g
°I0l THaloll 2 &80 2

O HotE 8- 2, pairwise &&& &=IF ST DPSSPOH, global /\I Y A9 B (2 dFAE
Het: XEZ (A3)0 JA= Spearman’s rank coefficient(p)E AIEE)E zIUISH ol= global Al
AAZE HBE.

B 6.D(Seq — Seq)
n(n2 -1)

—0IIUAN D(Sed —Seq)= HZE AMBA(Seqd )2t AH AMBA(Sq)2 XOIE 20IGH=0, 0l= CHAI

D(Seq'—Seq):Z[Seq’(AC})—Seq(AC})}E AoHE. HIIM Seqd(AC)= WSS AL LHOIAM i

i=1

SZ010t JHNlE =AME 20Iot, Seq(AC)E AR AIEA WHOIA BIM &3210t JHXl=s =ME
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HaE ol0/g,

I
HotH, (A2)0 2IcH global AIRAS Hote E<, O

0

°I0Ig. n2 &3
]

E ?’:15’007’6(1’)2 = Z :‘:1Score(AS”eq(_/‘lC'i))2 yields,

n

Y {i— Seore(Seq(AC)) (A2)

i=1

:yi(i—Score(i))2

+2 Ez . Score Zz . Score(Seq(AC))

Since Y7 i« Score(Seq(AC;)) is maximal when Seq(AC)=i, the second term of

right—-hand side of (A2) is always positive, which proves the lemma.

the

O Z£2 o 3&3 & =& ARA AX AR
A 2FS] Xt0l, = Spearman’s rank coefficientdt €2 A& T (risk)E XA S ot= AIZ2A Z2UE
HBE. 2 AZ20AMsE olo Us SHES Ofel <EY1>0 LIEFL Biet 201 HAIE.

<EY 1. 02 [1]>

Lemma 1 Let P(+|A) be a probability distribution over S,. Moreover, let

Score (i) = n— Score (i)
=n— Y, PREF(AC;,AC))
VK
with
PREF(AC,AC)) = D P(SeqlA).
Seq: Seq(AC;) < Seq(ACH)
Then, Scorel(i E&q (SeqlA) « Seq(AC;).
Proof.
Score(i) =n— ZPREF(ACNAC]-)
j#i
=1+ Y PREF(AC, AC;)
VEE)
=1+ by P(Seq| A)
= i5q: 5q(AC) < Seq(AC)
=1+, P(SeqlA) Z[&ch )> 8q(AC)
Seq VEK
=1+, P(SeqlA) « (Seq(AC)—1)
Seq
:EP(Seq|A) o Seq(AC;).
Seq
Lemma 2 Let 0 < Score(1) < Secore(2) < ... < Score(n). Then, for all sequences Seqe S,
E(z*Score Z Z*SCO?“Q Seq(AC))) (A1)
i=1 i=1
Proof. Expanding the right—hand side of (A1) and exploiting that

- 15 -



whenever

(Seq (AC;) — Score(i))? and the

Seq (AQ) < Seq (AC])

n

Thus, we obtain E(D(Seq,Seq)|A) = c+ Y’

(A3)
such that

Seq’

choosing

by
Score(i) < Score(j), or equivalently, Seq (AC;) < Seq (AC;) whenever Score (i) = Score(j).

The expected rank distance
:ED(Seq'7Seq) o P(SeqlA)

minimal

E(D(Seq ,Seq)|A)

E(D(Seq ,Seq)| A)
theorem can be proved using Lemma 2.

depend on Seq .

We can observe that the first term of the right—hand side is a constant since it does not

Proof. Expanding the right—hand side of (A3) and exploiting Lemma 1 vyields,

Theorem 1
becomes
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OIMAMBE 15L/R H&eZ T Rol= 32X & & 5700042 &8I F&oIUS. 15L/R L&
oz HEG= &0 AIZ5IF 1D, £ A2 TMAZ RUotsE EHAJ HESHH 2= &3]
Or AtEZst ZHHE 3EX = 5700012 &&2D]8F AIZ0HH ZIUS
ars8J)| & REBITE2 Sol dYsS ax3Jl= 167001, OLMEN=S Sol &es s&#x3Jl= 210004
GUKDOE Soff &gst &x3Jl= 17500, KARBUE SEoll st &=J]= 1800HY.
F=EE 30100 Oiol, [O& 8]0 LIEFL iR 220], 2 A X80 UolM &30 #2 =8¢
=, st AIZUHMe 2 S3012 /X, 1 S AHEEE M&EW OoIeHAZ 24HE. 0l
22 HHOZ F 320,0000H2] pairwise HIOIEHHE M4oI[ 20, 0|E 0lEol pairwise 85% 2
= 5ol 3.
2SS SISE e = UOoIEE dHESHH 102 Lhke & 0] & 9/10=2 S50 AtEotd, LIHHA
1/102 Z2E2o HETE AEotl=U AMEdITS
— AC List
REBIT AC OLMEN AC GUKDO AC KARBU AC
R0O001 00001 G0001 K0001
R0002 00002 G0002 K0002
Pairing
— Paired AC List ¥
REBIT-REBIT Pair OLMEN-GUKDO Pair KARBU-KARBU Pair
R0001-R002 L __00001-G0001 __ . K0001-K0002
R0001-R003 IL 00001-G0002 i K0001-K0003
Extracted Training Data for OLMEN-GUKDO Model from 00001-G0002 Pair
00001 Trajectory
G0002 Trajectory
'O\
.. GUKDO
A
ce A FEID2E [1])
O Pairwise 2% 2S52Z 1 KARBU-KARBUZE HI
2|t LIEHE
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00
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00
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BA
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R0

ol
%0

Ho
00
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00
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i
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110
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ol
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i

Rl
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S
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= 20l= bt

o 42t

O otXl2t SPD10I

Jiel £&&= el It

St
S

i

®r

St
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HIAEE

-
, &

&

a0
H

ol
<

1

o)

1

o)
!

0

A 733t(normalized)dH M AF=Z3dI2

=
=

OLMEN-OLMEN.

REBIT-KARBU .

REBIT-OLMEN . REBIT-GUKDO .

REBIT-REBIT .

Variable.

0.00 (1.000).
-1.47 (0.000).
-3.82 (0.000).
-0.72 (0.000).
147 (0.000).
3.82 [0.000).
0.72 (0.000) -

4.65 (0.000).
-3.90 (0.000).
-3.82 (0.000).
0.00 (0.546).
3.64 (0.000).
426 (0.000).
2.02 (0.000).

1.79 (0.000).
0.00 (0.532).
-1.97 (0.000).
0.00 (0.795).
0.47 (0.000).
2.30 (0.000).
0.32 (0.000).

1.61 (0.000).
-0.57 (0.000).
-1.88 (0.000).
0.11 (0.007).

1.20 (0.000).
222 (0.000).
0.00 (0.056)-

0.00 (1.000).
-1.12 (0.000).
-1.54 (0.000).
-0.36 (0.000).
1.12 (0.000).
1.54 (0.000).
0.36 (0.000).

DISTI .
ALTY .
SPDI -
DIST2.
ALT2.
SPD2.

(constani) .

P
B
Bs.
[
Bs.
Bs.

95.6% . 92.3% - 92.1% - 99.9%. 97.6% -

Accuracy «

KARBU-KARBU.

O-KARBU.

GU

0.

GUKDO-GU

OLMEN-KARBU .

OLMEN-GUKDO .

Variable

0.00 (1.000)
0.00 (0.297).
0.00 (0.185).
(.00 (0.892).
0.00 (0.297).
0.00 (0.185).
0.00 (0.892)-

-1.66 (0.000).
-0.92 (0.000)-
-4.48 (0.000).
0.00 (0.152).
1.16 (0.005).
4.14 (0.000).
-0.59 (0.000).

0.00 (1.000).
-1.95 (0.000).
-3.93 (0.000).
-0.33 (0.000).
1.95 (0.000).
3.93 (0.000).
0.33 (0.000).

0.55 (0.000).
-0.82 [0.000).
-2.85 (0.000).
0.82 (0.000).
0.84 (0.000).
2.28 (0.000).
0.69 (0.000).

1.13 (0.000).
-0.78 (0.000).
-3.27 (0.000).
0.13 (0.000).
1.65 (0.000).
2.88 (0.000).
0.25 (0.000).

DISTI .
ALTY .
SPD] .
DIST2.
ALT2.
SPD2.

(constenm) -

B
[}

£
Bi.
P
B
B

50.4% -

94.9%

97.4%.

88.0% -

93.59% -

Accuracy -

Ko

or
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o

[OQ&9] Pairwise
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@ Sch (2& AAE)

® Plan (HI& H =)

© Cont (Control Panel)

@ Data (Aircraft performance data)

® Proc (HI& ZEX)

® Command 2& &

DEBIAH YES U ESI1E Control & £ US.

- A2dI0l@ Mo EH

/pause, /hold : pause simulation

/stop, /end, /exit : stop simulation

/start, /play, /run : start simulation

/update [TIME] : set update time to [TIME] (sec)

/timer [TIME] : set timer to [TIME] (sec)

/simtime [TIME] : set simulation time to [TIME] (sec)

/fasttime, /ftm : fast-time mode — no timer

/realtime, /rtm : real-time mode - set timer & update time to 1 sec
/slow : slow mode

- 827 Mo HE
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The effective sequencing of arriving flights is the primary goal of air traffic
management. Although various automated tools have been developed to support
air traffic controllers, these tools do not accommodate the cognitive processes
of the human controllers, which are necessary for application to actual
operations. This paper proposes a new framework for predicting arrival
sequences based on a preference learning approach that emulates the
sequencing strategies of human controllers by learning from historical data. The
proposed algorithm works in two stages: it first learns the pairwise preference
functions between arrivals using a binomial logistic regression, and then it
induces the total sequence for a new set of arrivals by comparing the score of
each aircraft, which sums the pairwise preference probabilities. The proposed
model is validated using historical traffic data at Incheon International Airport,
and its performance is evaluated using Spearman’s rank correlation and a
dynamic simulation analysis.
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A Data-Driven Air Traffic Sequencing Model Based
on Pairwise Preference Learning

Soyeon Jung, Sungkweon Hong, and Keumjin Lee™ , Member, IEEE

Abstract— The effective sequencing of arriving flights is the
primary goal of air traffic management. Although varions sato-
mated tools have been developed to support air traffic controllers,
these tools do not sccommaodate the cognitive processes of the
human controllers, which are necessary for application to actual
operations. This paper proposes a new framework for predicting
arrival sequences based on a preference learning approach that
emmlates the sequencing sirategics of human controllers by
learning from historical dats. The proposed algorithm works
in two stages: it first learns the pairwise preference functions
between arrivals osing a binomial legistic regression, and then
it imduces the toial sequence for a new set of arrivals by
comparing the score of each aircrafi, which sums the pairwise
preference probabilities. The proposed model is validated using
historical traffic data at Incheon International Airport, and its
performance is evalusied wsing Spearman’s rank correlation and
a dynamic simulation analysis.

Index Termy—Alr traffic seqoencing, preference Jeaming.
data-driven. pairwise preference. logkstic regression, ohject rank-
ing, sir traffic management

1. INTRODUCTION

QDAY ever-increasing air braffic demand has reached the
capacity of current air traffic control svsiems, especially
in the airspace of major hub airports. This leads o several
problems, such as ground and airbome delays, excessive work-
loud for both pilots and air traffic controllers, and consequen-
lial environmental pollation. To address these problems, more
efficient and seamless management of air traffic s reguired.
One of the essential pans of air waffic management is ©
expeditiously handle amiving flights and thereby minimize
girborne delays. Armival sequencing, which is one of the most
pivotal tasks in arrival traffic meanagement, is the action of
generating a landing sequence for two or more wrriving flights
approaching the same runway or merging point from diverse
afr routes. Arrival -manager (AMAN) (Fig. 1) is a tool that
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wink was supporizd by the Ministry of Land, Infrastracture, and Trnsport.
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Keumjin Lee )

5. Junp and K. Lee are with the Depariment of Air Trnsporstion ned
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soyerdLC. jung & gmail.com; keumiinbee &k ac krk

5. Hong is with the CN5/ATM Team, Korea Aerospace Research Institute,
TDraejeon 34133, Somhb Korea fe-mail’ senglwecesi5046 gmail com).
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Fig. 1.

AMAN wser interfoce (DPTAMOS) 1]

supponts- human air raffic controllers in sequencing arrival
traffic into airports [1]. AMAN first predicts the estimaled time
of arrival (ETA) for the armiving aircraft based on their current
states and fight plans. Then, based on thizs prediction. the tool
compuies the most efficient landing sequence that maximizes
girport throughputs or minimizes fMight delays.

A wide wariety of research efforts have focused on
developing airceafl sequencing models for AMAN [2]-[17].
Many studies have proposed an optimization-based sequencing
model, where an objective function (e.z., flighl ime or runway
theoughput) is maximized while maintaining the minimum
separation requirement belween successive aireraft. In one
study, sequencing and scheduling landings al an girpori was
defined 45 a mixed integer linear programming (MILF} prob-
lem [2]. In this work, the optimal seqoence of arriving
fighis and their landing times were determined lor both
single and multiple runway configurations. Although this work
soccessfully considered various operational constraints with
its MILP formulation, computational results showed that it
is nol applicable in real lime, even for modest air traffic
volume, because of its high computational cost. Building on
previous research, Ghoniem ¢f al. [3] enhanced the MILP for-
mulation with a preprocessing and reformulation-linearization
lechmique. This enhanced model reduced the computation
time significantly. Taking a different approach, Eun ¢f al. [4]
proposed sequence and scheduling algorithms using discrete

T524-0050 @ 2018 IEEE. Persoaal use 15 peomitted. bat repablicationfredistribution . requires TEEE permission.
Sew hitpitarwwciese org/publications_ standwrds/publications/rights index.bimd for more information.
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airbome delays to provide advisonies adequate for corrent air
traffic comtrol systems. The Lagrongian dual-decomposition
mathod was applied using the branch and bound algorithm,
thus reduecing computation time.

Béecause Anding the optimal solution Tor ammival saquencing
is apn NP-hard problem. numercus researchers have adopled
heuristic approaches to find a2 near-optimal sequence. In some
studies, the gepetic alporithm (GA) was employed (o find
feasible and efficient sequences for arriving fights [3147]
while in others. improved algorithms for landing schedules
were based on combinations of existing heuristics [E], [9].
In one case, a problem of space search hewristic was developed
by combining 2 simple constructive heuristic with a GA [&].
Another study proposed a hybrid method that combines GAs
and ant colony oplimization [9].

(Mher  researchers have emploved arrival-scheduling
algorithms based on dynamic programming [10], [I1].
Prarafiis [10] proposed a dynamic programming approach for
aircrafi landing schedules thal minimizes the woial processing
cost. The proposed algorithm was computationally efficient
but unable to include cerain practical constraints soch as
arrival Ome windows. Finally, multi-objective formolation
for amrival scheduling using dvnamic programming and local
search hewristics methods was proposed [11].

Although these algorithms provide mathematically optimal
or near-oplimal solutions, they are not applicable in practice
unless they can sccommodate the decision-making processes
of air traffic controflers or the practical issues that affect
actual operations [12]. To this end, a number of decision
meathodologies have been proposed. Several researchers have
introduced constrained position shifting (CPS), where land-
ing Aights can be re-seguenced within a maximum number
of position shifts from their first-come-first-served (FCFS)
order | 10], [13], [14]. Some researchers focused on isspes anis-
ing from the dynamic environment near the terminal airspace.
Some studies solved the aircrafl sequencing, problem using
the displucement problem or the receding horizon control
algorithm, where new information from dynamic environments
is reflected in the model [15]. [16]. Others have presented an
optimal scheduling algorithm thal works within a hierarchical
sequencing structure [17].

An alternative approach allowing for the air traffic con-
trollers” decision-making processes in aircrafl sequencing
includes inlegrating machine learning algorithms, Though few
researchers have applied machine learning to aircrafit sequenc-
ing, a number of studigs have wsed it o solve other issues
in air traffic management (ATM) [18]-[23]. Some [ocused
on pradicting aircraft trajectories using learning lechniqoes
including artificial newral networks, the generalized linear
maodel, or funclional regression [18]-[21]. Others stempled
to model the behaviors of human air traffic controllers. In one
case, the vectoring patterns applied to armiving flights by con-
troflers were predicted using a hierarchical clustering method
and regression models [22]. In another study, controlles’
selections of airport ruaway configurations were modeled
using a nested logit model [23].

Unlike these other challenges, the aircrafi-saquencing
problem is complicated to model using machine learning

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTIMS

algorithms. First, the inputs and outputs of the model cannot
be well defined because the number of aircrafl requiring
sequencing continuously changes. In addition, maltiple models
might be peeded for various traffic conditions caused by
Lhe complex geographical and procedural structures involved.
In ope study, 4 probabilistic finite-stale machine and GA were
adopted to solve the aircraft landing sequence problem [12].
Although it showed that the aircrafi-sequencing strategies of
human controllers could be learned by decision support lools,
thiz work lacks practicability because it used simulated aircraft
data.

This paper aims to develop a data-driven sequencing pre-
diction model for amival traffic based on historical trajectory
data. To thal end, we define aircraft sequencing as o preference
leaming problem. Preference learning is a subfield of machine
leaming that predicis the priority or ranking of a sel of items
by learning from observed preference information. Preference
leaming can be classified into three catepories depending on
the type of preference information observed: label ranking,
object ranking. and instance ranking. Label and instance
ranking problems are wsed to build moedels that predict the
ranking of & set of labels for a given instance of an object
Object ranking predicts a total ranking of n objects based on
given preference information for the objects [24]. In this paper;
we consider alr traffic sequencing as an object ranking problem
and propose a sequence prediction model based on historical
pairwise preference data. To the best of our Knowledge, this is
the first attemnpt o develop a data-driven airerali sequencing
model basad on preference learning. This study is impactiul
because it demonstrales, using real lrajectory data, that the
aircrafl-sequencing tasks performed by human controllers can
be successfully leamed and prediclted by this compotational
midel.

The remainder of this paper is oreanized as follows:
Section II describes the problem set-up and the airspace
concerned in this smdy. Section 111 proposes the analytical
framework to learn the pairwise preference modeds and predict
the sequence for new sets of amiving aircrafl. In Section TV,
the performance of the model is evaluated vsing practical
traffic datn and the results are discussed. In Section W,
the applicability of the proposed method is demonstrated by
suegesting a hybrid arrival-sequencing algorithm based on the
combination of a proposed sequence prediction model and on
oplimization technigue with CPS. Finully. the paper ends with
conclusions and future works in Section VL

II. PROBLEM STATEMENT

A. Incheon International Airport and Arcival Flight Flows

Fig. 2 shows Seoul ferminal maneuvering area (TMA)
and the area navigation (BENAY) slandord terminal arrival
routes (STARs) to Incheon International Airport (ICN) under
lhe Runway 15/16 confizuration. Seoul ThA is bordered by
pther TMAs and ares control center (ACC) sectors. Seoul
TMA spans 60 navtical miles (NM) west, 70 NM east, 25 NM
north, and 55 NM south from ICN.

Each aircrufl schedoled (o amive al ICN enters Seoul
TMA through one of four entry wavpoints (REBIT, OLMEN,
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Fig. 2. Seoal TMA and BMNAY STARS inte Ranway E5/16 of Incheon Airpor

GUKDO and KARBL), The flights passing through REBIT
come from China and Europe while those passing through
OLMEN usually come from Southeast Asiz and Jeju. The
flights entering throwgh GUKDO gsually Ay from Japan and
Oceania, while those through KARBL are mosily from MNorth
America.

Omce passing the entry fix, each aircrafl is handed off
from ACC sector coptrollers to approach controblers of Seoul
TMA. Then the aircrafl follows its dezignated STAR procedure
toward the initinl approach fix, DANAN, where it is handed
off to ICN Control Tower.

B. Problem Statement

This paper predicts the landing sequence of two Oor more
aircrafl approaching an identical airpont from different doival
procedores. For the prediction, the state information of each
aircraft (e.g., longitude, latitude, altitude, speed) is used.

This paper considers both a stalic and a dynamic setting for
the arrival-sequencing problem. For the static case, the model
predicts the landing sequence for a fixed number of aircraft at
the moment the Iast aircraft enters Seoul TMA. In the dynamic
case, on the other hand, the sequence prediction repeatedly
occurs in real time and considers all of the fights inside the
TMA at each moment. In the dynamic case, the number of
flights constanily changes over ime.

I1. METHODOLOGY

AL Chverview

This paper predicts the amrival sequence of g aircrafi
approaching an identical destination from different directions
based on a preference learning lechnique. Because the number
of features in an aircraft sequencing problem can vary {e.g., the
number of aircraft changes dynamically over time), it can
be computationally difficult 1o learn the sequencing behavior
of air traffic controllers in all possible conditions of arrival
traffic at once, To address this challenge, we suegest o treat
the aircrafi-sequencing problem as an object ranking problem,
where the total ranking of a objacts is inferred from learning
either individual utilities or pairwise préfercnces [24}-[271
In ohject ranking with pairwize preference learning. the prob-
lem of ranking # objects can be decomposed into a sed of
pairwise ranking problems. where the number of objects is

Tisaing ) £
s e g
b v F !
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i i : ]
avad Saiverise Srahe
I'-P"":N Eoalnginie iwdtain e
s s |— pi e ki
a4 Rk o
| e N ] e | |
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Fig. 3. Schematic dingram of the proposed armival-sequencing  algorithm

bassed o 3 pasrwise preforemce learning spproach.

fixed al two, Therefore, the proposed approach based on
object ranking provides enough fexibility (o address an aircenft
sequencing problem with varying numbers of objects {alrcraft).

Ranking by learning utility funcions—which map each
object 1o an absolule degree of utility and soris those wtil-
ities 1o find the total rank—could be more straightforward.
However, in most ranking problems, it is difficult to estimate
the degree of utility for all objects. Although recent stodies
have attempted Lo leamn score functions in more indirect ways
using classification algorithms and pairwise preferences as
constraints [28], this approach is not applicable to muliple
calegories of preference relationships [29]. Ranking by pair-
wise comparisons refates each pair of objects to a degree of
preference [24], [25]. [30]. This fmmework requires bwo stages
to predict otal rank: first, preferences betwesn every pair of
objects are estimated; then. a total rank that most agrees with
the pairwise preferences 1s computed,

This paper uses ranking by pairwise comparisons for pre-
dicting aircrafl sequence, A sequencing algorthm based on
pairwise preference learning is compatible with the cognitive
processes of air traffic contrellers. Evidence supports the
explanation that controllers sequence arriving Mights based
on pairwise comparisons of their state information [31], [32].
This methodology can be computationalty efficient and easily
extendad to complicated problem settings. Because the number
of fights continuously changes, and the preference relationship
of aircraft depends on the combindtion of eniry waypoints,
fexibility is critical for an gircraft sequencing prediction
model.

Based on the palrwise preference learning approach, the
proposed sequencing method involves two stages: the training
stage and the prediction stage. In the troining siage, the pair-
wise preference models, PREF, for every combination of two
arrival routes are learned using a training dataset. In the predic-
Lion stage, siven a new s&l of raffic data, the probabilistic pair-
wise preferences between each pair of aircrafl are estimated
based on the leamed pairwise models. The total sequence is
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determined by comparing each aircrafi's score, Scoreii ), which
is the sum of its pairwise preference probabilities over the
other aircraft. A schematic of the proposed glgorthm is shown
in Fig. 3.

B. Pairwise Preference Learming

Az the first step, 4 probabilistic pairwise preference functlion
FPREF of a pair of aircraft [AC;, AC;|i # f] is learned using
the training data. The output of this funclion represenls the
probability or the measure of confidence thit AC; is prelemred
to (Le., is sequenced before) AC;,

PREF(ACG;, AC;) = P(AC; > AC;))

= | — PREF(AC;,AC) (1)

where the ineguality indicates the preference relationship
between two o aircrafi. The closer the output wvalue of
PREF{AC;, AC;) gets Lo one, the more likely AC; is o
be preferred over AC; in the landing sequence.

C. Binary Logistic Regression

Among variogs binary classification algorithms, this paper
adopt= the logistic regression model o estimate pairwise pref-
erepces [33], [34]. Binomial logistic regression is a statistical
method frequently applied to classification problems where
only two outcomes, usually coded as “1" or ‘0" are possible.
Mote that other types of binary clazsification algorithms are not
gxcluded in the proposad method, although logistic regression
has the advantage of providing variows statistical data (e.o. the
statistical significance of each variable).

In this paper, the dependent variable in the logistic Tunc-
tion represents whether the pairwise sequence is AC =
AC; or AC; = AC;, while the independent variables repre-
sent various state information about the aircrafl. The logistic
function, which returns the probabifity that AC: = AC; is
true, can be defined as follows:

g At fimd— e

.
1+ ePuthint 2

P{AC; > ACj[X) =

where X = [1p 12 ---x¢] is a vector of £ independent
variables, and B = [fa B --- ] is the coefficienl vector
estimated from the training data. Mote thal in our problem,
the preference relalicnship between a pair of aircrafl is depen-
dent on the combination of their arrival routes. Therefore.
a total of O +m pairwise models should be constrocted.
where m is the number of amival routes,

D Creneraling a Tinal Sequence

To predict the total sequence of a set of n aircrafl, the pref-
erence probability for every poir of aircraft {AC;, AC;|1 <
i = j = n} is firsd estimated depending on their amrival routes
based on the pairwise models. Then, the tolal sequence that
hest ngrees with the pairwise preferences is delermined. As the
number of objects gets larger, the possible cases of Lhe total
sequence increase exponentially and the problem can become
computationally intractable [25], [35], [36].

Az o solution o this problem, this paper proposes an
aleorithm that is simpler but still has a faidy high accu-
racy. Knowing all the preference probabililty scores from the
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Fig- 4 Example of idducing the ioiol sequence of Toar sircraft (n = 4) using
pairwise prefemnce probabifities (adopred from [260,

pairwize preference lunctions. the scores of an individoal
aircraft AC; is derived by agcgresating every score obtained
from a pairwise comparison with other wireraft AC;(j =
1, o om, J#I)

Score(i) = PREF(AC:, AC))
Ji

The o] sequence TS_S'E is determined in o way thal an
aircraft with a higher score comes before one with a lower
score. Note that the score function (3) provides a -mean o
measure und compare the preference of an wircrali over olhers
but does not give the probability of the aircraft landing before

all of the other aircrafl.

(3

Scorell) = Score(j) = AC; = ACj
Wi, Jelli-oml i#&] 4)

The proposed algorithm is described in o fable and a
graph in Fig. 4, which provides an example of pairwise
preference probabilities among four aircraft and their total
sequence. In Fig. 4, every node of the graph corresponds to
an sircraft AC:. and each pair [AC:, AC;] is connected to
an edge directed from the aircrafl with a higher preference
probability to the one with a lower preference probability. The
Lable illustrates how the tofal score and the sequence of each
aircraft are evaluated.

The proposed algorithm based on the score function (3) may
seem arbitrary initially, However, the overall sequence derived
by the algorithm can minimize the risk of incorrect estimation
with respect o Spearman’s rank correlution [30], [37] [38].
MNote that a different score function may be used for another
type of similarity measure such as Kendall mank correlation.
Spearman’s rank comrelation coefficient is a -statistic widely
used 10 measure the degree of similanity between two rankings
uwnd is given as follows:

el Seq’, Seq)

=== )
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where [NSeq', Seq) = 30 [(Seg'(ACH — Seg(ACH]® s
the rank distance hetween the sctual sequence Seg und the
esimated sequence Seg”’; Seg(AC;) is the sequence of ACG
in Seg. and n is the number of aircrafl. This coefficient can
have a value between — | (when the estimated sequence is the
imverse of the actual sequence) and +1 (when the estimatad
and actual sequences are identical),

Assuming that the pairwise preference functions defined in
(1) provide the correct estimalions of preference pmbnhiill_igs
between a pair of aircrafl, the estimated total sequence Snf
using (4) vields the prediction that minimizes the expected
rank distance D(Seg’, Seq) over Seq (and hence maximizes
the Spearmen’s rank correlation) as follows:

> DiSeq’, Seq)- P{Seg|A)
Segs iy

E'_E'E = arg  min {6}

Seuy'cSa

where A is a set of aircraft and S, is the set of every sequence
permutation of A. This property was proven for the label
ranking problem by Hullermeier ef al, [30], and the proof for
the aircrafl sequencing problem is presented in the Appendix.

IV. EMPIRICAL RESULTS

The propesed algorithm was applied 1o real trajectory data
to evaluate its performance. First, the pairwise preference
models were constructed using the training dataset. Then,
the validity of each pairwise model and the performance of the
proposed sequence prediction model were assessad using the
test dataset. The performance of the algorithm was evaluated
through a static and a dynamic analysis.

Using three months of historical radar surveillance data,
2 subset of 3700 trajectories of arrivals at ICN wsing moway
15L/R was extracted. From this, 3200 were used for building
4 training &1, and 300 were used at the evaluation stage as a
test sel. Only a small portion of three months of data could be
used, becsuse we had to be able to clearly determine which
enlry fixes were passed by each aircrafl. Sorting by entry fix.
1670 flights entered Seoul TMA through REBIT, 2108 through
OLMEN, 1730 through GUED, and 180 through KARBU.
The traffic volume from KARBU was considerably lower than
the others becanse it is used only Rights from North America.

Using trafiic data. we first extracted every pair of aircraft
simultaneously flving inside Seoul TMA al any given time.
Then, For each aircrafl pair, every poinl on a rajectory was
paired with the point with the same lime stamp on Lhe other
trajectory, as illostrated in Fig. 5. In total, 320000 pairwise
data were collected to train 10 differsnt pairwise models. For
the stitic analysis, 140 armival sequences were used [0 test
the  prediction accuracy of the proposed model. Each case
consisted of four amvals o ICN that successively entered
Seoul TMA within 1200 seconds, and the sequence was
predictad al the moment when the [ast aircrafl passed its entry
waypoint For the dynamic analysis, the sequencing algorithm
was applied to a ten-minute real traffic scenario and the results
were compared with the actual landing sequence, The number
of aircraft and the state information from each aircrafl were
continuously updated with time, and the estimated sequence
was also modified in real-time.
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Frg. 5. Pmocess of duaset construction from hstorical trajectory data

Ao Explanatory Variables

It 1= crucial to identify an appropriate set of explanatory vari-
ables in pairwise preference models. To that end, the opinions
of professional air traffic controllers were collected through
interviews, and the literature was also combined [39]-[42]
towards identifying factors that affect controller's decizsions
about amival landing sequencing,

In todal, five air traffic controllers with at least three yeirs
of professional experience in approach control at Seoul TMA
participated in the interviews. Various Factors that affect their
decisions on aircraft sequencing were identified through a
series of informal discossions, and each patticipant’s opinions
were reviewed by the others to ascenain whether those factors
are commoaly agreed upon of nol. The factors surveyed from
published stodies were also discossed during the interview o
verify their aptness.

Maost air traffic controllers reported that the distance remain-
ing between an aircraft’s current posilion and the runway
along its assigned route has the most impact on the aircraft's
landing sequence. However, an aircralt is frequently vectored
off from the assigned rowte inside the TMA (0 maintain safe
separations from other aircrafl. In this case, the distance should
be measured glong the trajectory pattern the controflers apply
Lo the aircrafl based on their control strategies. Unforunately,
the remaining flight distance slong the complete pattern of
the vectored irajectory o the runway cannot be measured in
real time. Therefore, a direct distance between an aircraft’s
currenl position and the ronway is vsed as an independeat
variable in the proposed model. In future research, @ more
accurate reflection of controlled trajectory patiern should be
established.
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Air traffic controllers reported that the ground speed and
altitude are also important factors affecting the landing
sequence. The aircraft with the greatest ground speed will
arrive earlier when {wo flights have the same disiance remain-
ing. Similarly, the aircraft at the lowest altitode has a higher
probability of being sequenced before the other

Other factors could impact linding sequence bul are nod
applicd at Sepul TMA. Faimess between arriving fights
through different entry fixes is also considered by air traffic
controllers when deciding on landing sequence [0}, [40]
However, interviews revealed thal air traffic confrollers at
Seoul TMA give greater prionty 10 flow management effi-
ciency than fairness. When the airpor is busy, a gate assigned
lo an arriving gircraft could be occupied by another aircraft.
In this case, the air traffic controller might defer the sequence
of the affected aircrafi. However, gate availability information
at ICN is not available in real-time, so it cannot be considered
by arrival comtrollers ot Seoul TMA. The assizgned or requestad
runway also plays a role in air traffic controllers” decisions on
landing sequence. However, ICN has three parallel runways
dependent on each other. Therefore, mnway assignment has no
impact on arrival sequence becauss these dependent parallel
rumways are considered as a single monway with reduced
separation requirements [41].

Another Mctor affecting arrival sequence is aircrafl type.
Descent speed and altitude profiles depend on aircraft perfor-
mance and this varies with aircrafl type. Therafore, air traffic
controllers consider aircrafi tvpe when delermining armival
sequence based on projected trajectories. Furthermore, various
separation standards are applied depending on the types of
leading and following Oights and air traffic controllers might
coensider this when maximizing runway capacity. However,
the landing sequence into ICMN is nol currently optimized
based on separation standards and aircraft type was considerad
irrelevant for the purpose of this study.

Traffic distribution across amival procedures is another
deciding factor in landing sequemce. Alr traffic controllers
reporied that sometimes a group of nircrafi is sequenced
collectively within a certain armival procedure 1o simplify their
cognitive processes when managing a complex high-density
traffic situation [42]. They also reporied that the sequence
of a cerlain aircrafl is sometimes deferred because of nearbry
departures. Several traffic complexity Factors, such as traffic
density along each arrival, have already been investigated [43],
but further analysis is reguired to effectively incorporute these
factors and sccurately reflect (he flow manugemeant strategies
used by air traffic controllers in the model.

Finally, six features were found o be candidate independent
variables: the BEuclidean distance from the cument position of
aircrafl o the mnway. the current alfitude, and speed infor-
mation for both aircraft (D8TY, ALTY, and SPDY for ACL and
D&T2, ALT2, and SPD2 for AC2). While the significance of
these variables will be verified using various techniques in the
subsequent section, other features could aiso be incorporated.
Especially, different variables may be considered for other
airspaces of airports with different characteristics, and the
proposed method does not exclude other types of independent
variahles.

[HIE TRAMSACTIONS ON INTILLIGENT TRANSPORTATION SYSTEMS

Although various possible factors that can affect aircrafi
sequencing have been examined through discussions with
professional air traffic controllers, finding the best set of
features is siill challenging. A more exhaustive lisi of fea-
tures could be senersted, and various technigues for feabure
selection and extraction could be applied. Although several
comparisons with different sets of variables dre siven in the
subsequent section, further investigations cn feature peneration
and selection shoold be includad in foture research. The focus
of this paper, however, is on presenting a new framework o
predict the Innding seqoence determined by human controllers.

B. Constriction of Pairwise Models

A pairwise preference model for each combination of anrival
traffic flows was constructed using o binomial logistic regres-
siof. Since ICN has four arrival procedores, as shown in Fig. 2,
ten pairwise models were built For each, we trained the state
information of two aircraft (AC] and AC2) fiving inside Seoul
TMA al the same time and their landing sequences.

In the models where different eniry fixes were used
(e.g., REBIT-DLMEN), ACI represents the aircraft from the
first entry point (REBIT) and AC2? represents the one from
the second eatry poinl (OLMEN). In models where both
eotry fixes were the same (e.g., REBIT-REBIT), ACI and
AC2 correspond (o the preceding aircrall and the following
mircraft, espectively.

After standardizing the scales of all the independent vari-
ables, a Wald test was performed for every model [0 examine
the univariate associations between each variable and the
pairwise sequence. The Wald test is o hypothesis test based
pn the oull hypothesis that an independent variable is
nol statistically significant [34]. Al a significance level of
w = 0035, all bul one or two festures were stafistically
significant in most modelzs. In the KARBU-KARBU model,
no leatures were significant. This could have resulted from
the lack of training data because the amount of fraffic from
KARBL was remarkably low and two aircrafl from this entry
point simultaneously flving inside the TMA was rare. As a
result, only statistically significant features were selected as
independent variables for each pairwise model.

To further verify potential dependencies belwean variables,
viriance influence factors (VIFs) were computed. These valoes
measure the degree of mulicolinearity in regression analy-
sis [44], [45], and independent variablezs showing VIFs less
than ten are usually considered to provide sufficient variability
that cannol be explained by other variables, Mo significant
multicollinearity was found in our model because every inde-
pendent varable showed a VIF of less than five.

It is imporiant to note that the probability of the KARBU
aircraft being sequenced prior fo other aircrafl is nol neces-
sarily low, despite the fact that the traffic volome throogh
KARBU is much less than those of the other fixes. For
example, amonag Lhe 75 pairs of aircrafl for OLMEN-KEARBU,
the proporion of KAREBU aircrafl landing before an OLMEN
aircraft is 454%. Therefore, the training datn was not considered
o be imbalanced.

The estimated coefficients of each variable (fa, -- - , fi5) are
given in Table I and the p-values are indicated in parentheses.
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TABLE ]
Tre Esnimaren CORFFRCIENTS AND THE ACCURACIES OF PainwisE Prerennsce Mopees

Variahle REBIT-REBIT RERIT-0LMEN RERIT-GUKID RERIT-KARBL OLMEN-OLMEN
10 feanstingl 200 (1000} Led {iomy) L9 {0.008] L85 (oo .00 (1o
bl DISTI -L1Z [ioma) 5T [0.000) ooe fo.5352) =300 (00 ~LAT (00T}
b ALTH L5 [0.000) -LBE [0.000} 1.97 [0.000; ~1A2 [aees) <LEE (0000}
.1 ] -3 (100 017 fonery Hog [0.795) 800 [0.546) -0.72 (M)
A FETR 112 fioa) 120 fo.oea) 47 foom Aed (0000) 147 (0]
M -ilf-i"! L5 oo 222 (0.000} 230 (.00 A28 (L0 282 [0
s SPD2 26 0.000; &0 fO.056) 037 [(0.0m0) 202 (0000} .72 {00
Avewrdcy L1 22.3% B20% 99,90 U7
Varlable OLMEN-GUKDO OLMEN-KARBU GUEBO-GUKDND GUEDNO-KARBL KARBU-KAREBL
By dconsinty 113 o) .55 (0006 000 (1006 SLB6 (00w G.00 (L0807
B [HSTI MLTR [0 BT [D0a) 1.95 (0.090) 0.92 [0.000) a0 (7971
B ALT? 127 (0.000] -5 (000 -3 (IO} AR [0 a.00 (i185]
. ] sRO 613 [o.000) B2 foomg) {33 U008 I g [oas
kT T2 LaF (O] gd fooea) 195 Lo} Tag {Qes] GO0 (0.297)
B ALz 2B 0000} 228 (0000} 193 f.om} A4 (0080 400 (185}
s SRR 025 [0.008) HET [0.005) G433 foo0me) 159 (0005 g (oE9z)
Aceuracy F3.5% HE0% G745 4 9% 5 4%

Features not selected as independent variables are shaded.
In logistic models, a positive (negative) coefficient indicates
that the corresponding variable has a positive {negative) effect
on the outcome. Furthermore, the larger the absolule value
of the coefficient, the stroneer the correlation between the
corresponding variable and the oulcome.

Results showed that aircrafi closer 1o the airport and
those with lower altitudes have higher landing priorities,
Every coefficient for DISTT and ALTT variables was negative
(8, B2 = 0) and every one for DIST? and ALT2 was positive
{4, fs = 0). It is reasonable that an air traffic controller woukd
handle an approaching aircrafi fiving closer to the airport at a
lower altibsde first.

In the models for sume fixes {e.z., REBIT-REBIT}, SPD/
had pegative coefficients (f3 <= 0) and SPP2 had posi-
tive coeflicients (fs = 0) In general, an aircraft that is
closer to the airport at a lower alfitude is more likely to
ke fAying at a lower speed dnd this aircrafl would thus
et higher linding priorty. In the models for different fixes
(e.g., OLMEN-GUKDRO), all SPD variables had positive coel-
ficienis excepl for one. The positive coefficients of SPD2
seem Lo follow the same teadency as the models lor same
fixes. But, at the same lime, the positive coefficienis of
SPD] imply that faster aircraft pet higher landing priori-
lies. We can assume that the speed itsell does nol have
a-greal effect on -arrival sequencing, but it is considered
along with overall traffic conditions (e.g., aircraft location and
altitude).

It is notable that all ALT coefficients have lareer absolute
values than those of the corresponding SPD variables (| f82) =
|83l 18] = |Hel). This can be explained by approaching
aircrafl inside the TMA pradually lowering their altitude
from entry to landing, whereas ils speed cannot be as read-
ily adjusted at any time given speed restrictions. Therefore,

altitode has a grester influence on air traffic controllers’
decizsions than spead.

To evaluate the performance of each pairwise model, a ten-
fold cross-validation was conducled. The eatire datasel was
randomly partitioned into ten egual-sized subseis. Then, the
training and wvalldalion processes were repeated ten fimes,
and during each trial a different subset of data wis used o
test performance. As a resull, all trained models, excepl for
KARBL-KARBU, were found to have at least 88% accuracy
and the average was 94.6%, us shown in Table L

C. Siatic Case

1) Prediction of Toval Seguence: On the basis of the pair-
wise preference models, the landing sequences for 140 sels
of 4 successive amivals were penerated. For each sel. 6 pairs
of probability estimates were compuied from the pairwise
models. Then, the todal segoence was determined by caloo-
lating the scores of individual flights and ranking them in a
descending order, as illustrated in (3) and (4).

The prediction accuracy of the proposed model was assessed
using Spearman’s rank correlation. The correlation between
the estimated and actual sequences for every set of amivals
was evaluated and the average was calcolited. The average
Spearman’s rank cormelation coefficient (qogp) is defined as
follows:

£
dngp =%Ep, (7
Fo]

where & = 140 i3 the number of sels and g, i& the Spearmun’s
rank correlation of the s-th sel which is defined in (5).
The averige Spearman’s rank correlation coefficient of the
proposed model was 08571,

To analyze the sensitivity of results to the selection of
features, we have built two baseline models with the same
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Fig. 6. Example of a fnlse prediction resuliing from traffic fow management

algorithm but with different sets of variables. These models
were applied to the same datsset as the current model for
evaluation. Firsl, we used only the distance variable. Results
showed an average Spearman’s rank comelation of 07971
This implies that although the remaining distance is the most
decisive factor in amival sequencing, other factors can also
affect on the decisions of human controllers.

Next. we used the latitude/longitude of an aircraft’s corrent
position instead of the distance to the runway, with the
other variables remaining the same as the corrent model.
The average accuracy of the pairwise models was 93.4%,
which is-almost the same as that of the comrent model with
the distance variable. On the other hand, the accuracy for
the total sequence of multiple Gights was slightly inferior o the
cumreat model showing an average Spearman’s rank correlalion
of (L3086 which is 2.4% lower in-a scale of [—1, +1L

2} Discussion; While the propesed moedel performs well in
terms of Spearman’s rank correlation, it remains necessary o
condoct additional analyses on the resulling data to Tenther
investigate the sequencing strategies of homan controllers.
When a number of aircrafi approsch an sirporl, air traffic
controllers often employ traffic flow management strategies
in compliance with arrival procedures and traffic conditions in
the surrounding airspace. Although the proposed model can
reftect controliers” general preferences between aircraft along
different procedures, this was insufficient for predicting the
particalar flow manapemend strategies applied under specific
traffic conditions.

As shown in Fig. 2, the REBIT procedure has a short track
length making ardval speed and rate of descent greater than
for flights on other routes al the same distance from ICN. Also,
because arrivals from REBIT come from the west while those
from other eptry fixes come from the edsl. controfiers are likely
to experience difficulies in merging aircraft from REBRIT into
the traffic Aow into the mnway. For these structural reasons,
flights from REBIT have refatively poor control Aexibility and
air traffic controllers tend to give different prionties 1o these
flights when undertaking traffic Aow management. Because our
model cannot reflect these factors, it could fail in predicling
the sequences involving arrivals from REBIT. For instance, in
Fig. &, our pairwise preference models predicted that ACE]
would land afler ACES based on their remaining distances,
altitudes and speeds, However, in actual operation, ACH] was
the first in the sequence and followed by a series of aircraft

Fix. 7 Example of a fakse prediction due io an abnormal vecinring operation.

as part of traffic flow mansrement Fig. 6 shows, for each
arrival, its position, aircraft index, altitude (in feet), speed
(in knofs), predicted sequence (Pred: [-]). actual sequence
(Act: [-1b, and actual trajectory at the moment the last airceaft
of the sequencing set (i.e.. ACEI3) entered Seoul TMA.

The proposed model can also fail to predict the sequence
when an abnormal vecloring operaticn or unexpected sep-
aration failure occwrs. In one such case (Fig. 7), the air
traffic controller detoured ACE9D fo separate it from the
preceding aircraft {ie. ACHI6). With time, ACEOD seemed
to be vectored farther than the controller intended due to
its limited control flexibility. Because of this vnusoal vector-
ing operation, the controller sequenced ACHDO after ACETY,
although ACE99 had a higher landing prionty over ACET? due
Lo its closer distance to ICN, lower altitude, and higher speed
al the moment of prediction. Similarly, among the pairwise
models in Table 1, the prediction performance of the RERIT-
RERIT model was 95.6% inferior to other models for same
entry fixes (97.6% and 97.4%).

Various studies have recognized that tasks in complex and
dynamic environments require human operators o change their
behavior patterns in responsa (o operational constraints such
a5 fime or respurce availability [46]. The same phenomenon
appears o occur in the aircrafi-sequencing task as well.
Further research o describe the changes in conlrol stratesies
by air traffic controtlers showld be performed using varous
non-computstional approaches including a contextual control
model [46], [47]. More direct involvement of air traffic con-
trollers in the model-building process might also be desirable.
Various interactive techniques between humans and machines
could also be incorporated [43], [49].

0. Dvnamic Case

1) Scenaricy; A dynamic simulation model was constructed
1o examine how amival sequence change with new information.
In' this case, the number of arfving fights considered in
the proposed model and their real-lime state information are
continuously updated as the Lraffic situation inside the TMA
changes over lime. Accordingly, the arrival sequence estimated
by the proposed model! is also updated in real Gme.

Fig. # shows snapshots of a len-minule traffic scenano at
Seoul TMA! real-fime sequencing advisories are indicated in
square brackels. For illustrative purposes, altitudes and spesds
are pot displayed. Within the specified time period, seven
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Fig. 9. Scoee of individun! sircrafi chenging over lime in the above sconanio in Fig. 8

arriving flights enlered Seoul TMA, and two of them weres (0 be between 0 and 1 by dividing it by (n-13, where a is the
removed from the sequencing queps as they landed at ICN  varying number of aircraft.
{[Scenes 4-5] and [Scenses 7-B] in Fig. 8). 2) Resalts  and  Discassion: The scenario stars with
Fig. 9 shows how the score of each aircraft, Scoreii), Sceng | in Fip. 8 where ACEFS has entered Scoul TMA
changed over time. The scale of the scores varies according  through GUEDO and is continuing along its route, while
o the number of aircrafi beine considered, For example, AC#4 approaches from the opposite direction along the REBIT
in Scene 1, each of the five aircraft can have a maximom score  procedure. Also, ACH#IL is Aying from GUKDO and fol-
of four. In contrast, in Scene 2, each of the six aircraft can  Jowing ACHEE. while there are two aircraft from OLMEN
have a maximum score of five, Thus, each score waz adjusted  (Le. ACRI0 and AC#16) in a series. Based on the remaining
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distance from 1CN, altitude, and speed, the proposed sequenc-
ing model predicled ACES woold arrive at ICN first and
followed by ACES and the remaining traffic. In Scenes 2-4, it is
nodable that the controller did not lead ACEE directly to the
imitial fix. DANAN, but started vecloring it toward the REBIT
procedure and brought it in afier AC#. The controller might
have executed this vecloring operation because of the poor
fexibility of REBIT fraffic, as explained in Section I'V-C-2 and
Fig. 6. The proposed model fails (o reflect the controller's
imitial intention (Scene 33, but as ACRS gets closer to DANAN
and a5 ACEE continued to move west, the model recognized
and updated the landing sequence (Scene 4). In the meantime.
the proposed model predicted ACEM would land pricr to
ACE] L While these two had nearly equal remaining distances,
it was more likely that the controller would handle ACEE and
ACE in a row as a part of traffic fow management.

As ACH4 was handed off to Incheon tower, it was removed
from the arrival gueve, and the remaining fights moved up
in the guewe. For instance, in Scene 5. the landing sequence
of ACER and ACHFI) was opdated from 2™ and 3™ to 1%
and 2", compared 1o Scene 4. In Scenes 3-9, the con-
troller detoured ACE30 w0 the west so that ACEIL could
be put between ACRI0 and ACELS while ensuring mini-
mum separation. During this process, as shown in Scene 7,
the sequences of ACE20 and ACE| | were temporarily reversed
te 3 and 270, respectively. before returning to the original
sequence (1* and 2™ in Scene 8). This phenomenon might
have occurred at the moment when ACH]1 became closer Lo
ICN than ACH30.

Fig. @ can explain how the anding priogities of these aircrafi
changed over time. It appears that the score of an aircrafi starts
from near zero when the sircraft enters into the TMA and
increases throughout its approach to the airpor towards one.
Also, the enlries or exits of an aircraft are found to increase the
seores of the remaining tmffic in the gueos. As the first aircraft
in the sequence lnds ot the sirpot and is removed from
the queue, its high score is distributed among the remaining
traffic. causing their scores to nse sharply. For example.
when ACE4 disappeared rom the queue al about 300 seconds
in Fig. 9, all the remaining scores areatly increased. Likewise,
when a new aircraft entered the TMA (e.e., ACEIY near
1202 seconds), the enlire scale of the scores expanded. The
proposed model performs  pairwise comparisons including
new traffic, and the scores of each aircraft are redistributed.
Becanse the probahility that incoming tmffic will have landing
priodity (=Scoreimew)) is near zego, the redistribution process
increases the scores of existing flights. Similarly, redistribution
occurs when ACHS entered the TMA near 420 seconds.

Changes in the scores of involved aircraft during the detour
of ACEE and the emporary reversal of ACHE) and ACEL]
(Scenes 2-4 and Scenes 6-8 in Fig. &) are-also seen in Fig. 9.
As ACER started detouring to the west mt around 200 seconds,
its score {red-dotted line) dropped sharply below thal of ACES
(green solid line). Also, ol a later stage of the scenario, the
score for ACEI0 was oulstripped by that for ACE1 1 for several
seconds al amund 320 seconds, and then overlakes it

3) Approximate Entry Fix: In the proposed method, differ-
ent pairwise models are used depending on the entry fixes of

TEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS
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Fig. 10  Time history of the average Spearman’s rank comelation between
estimaied and notual sequences for arrival wraffics with approvimade ealry @x

wircraft. In real situations, however, the position through which
an pircrafl enters the TMA is often far from the geographic
focations of entry fixes, and the accuracy of the proposed
method could be reduced by airceaft with approximate entry
fixes. To test how the proposed method can handle an gircrafl
with approximale entry fix. an additional simulation was
conducted.

12 sets of six successive arrivals were collected as test
data. To examine the robusiness of the proposed method to
approximate fix tagging. the entry fix of the last-aircraft was
assumed to be GUKDO though its actual trajectory passed
closely through OLMEN, The landing sequence of each sel
was estimated using the proposed model and the average
Spearman’s rank correlalion was computed. The estimated
landing sequence was updated every two minutes with new
state information as the aircrafl proceeded o the airporl

As shown in Fig. 10, the average Spearman’s rank correla-
tion was initially low due to incomect fix tageing but quickly
recovered. The proposed method could successfully handle
aircraft with approximate entry fixes because the current
state information is continuwously reflected in the model and
new dats becomes dominant over older data as the akrcrafi
procesds, though a more thorough investigation with a wider
range of scenanios is necessary in future research.

¥. APPLICATION: ARRIVAL SEQUENCING

A Motivation

The optimized aircraf sequence that minimizes or maxi-
mizes a certain performance index is often different from that
determined by human air traffic controllers. Fig. 11 shows an
example from historical data where a considerable difference
iz found between the two sequences. When aircraft from both
the mediom and heavy weight categories need 1o land al
ICN through different entry fixes, the optimal saquence that
minimizes the total delay based on the minimum separation
requirement in Table II differs from the actoal sequence
determined by air traffic controllers. As shown in the Fig. 1.
twior thirds of the flights landed in different posilions between
the actual and cptimal saquences and & maximum of three
position shifts was seen for the fAight throogh KARBU.

- 68 -



Thizarticie has besn arcepied for tncheson in @ e isaue of this journal. Centent i final 2s presestsd, with the sxception of pagpmation,

JUNG of al- DATA-DRIVEN AIR TRAFIC SECQUENCING MODEL

Erdry Fixes

=] 1560
]

Fig. |I. Exnmple of an optimol sequence that devistes from the actual
soquence. Mediom-weight sircrufi (Blee cirches) and hesvy-weight nirorfi
ired ¥'s) enter the Seoul TMA through the entry Gres shoam. The optimal
sequence winikd land medivm-weight aircrafi esdier than tey actually landed.

TARLE Il
Murimum SEPARATION REQUIREMINTS (15 SnODNDS]

m Small Medium Heavy
Smiall i i i
Medium 130 120 120
Heawy 150 150 120

Because the airspace near airports is highly dynamic and
complex, it is often impractical wo ask air traffic controllers to
apply an optimal landing sequence (hat deviates from their
delermination. The oplimal sequence based on CPS couold
alleviate this problem but the limitation from wsing the FCFS
sequence as a reference for position shifting is nol elimi-
nated. The FCFS saquence cannot Tully reflect the air traffic
controllers” cognitive processes and, therefore, considerable
differences remain between the CPS sequences based on the
FCFS and human controllers” decisions.

B. Hvbrid Arrival-Sequencing Algorithm

A hybrid amival-seqoencing  algorithm based on the
sequence prediction model suggesied in Section I together
with optimization using CPS was evaluated. Fig. |2 shows
4 schematic diagram of the proposed sequencing algorithm.
Each step of the algodithm is explained as Tollows.

1) Reference  Sequence Generdlion by e Propased
Sequence Prediction Model: A reference arrival sequence
for CPS is peneraled. Unlike the convemlional methods with
CPS [13], [ 14]. the reference ammival sequence Tor the proposed
hybrid amival-sequencing algorithm is based on the sequence
prediction model proposed in Section 1. Compared to the
FCFS sequence. the reference sequence from (he sequence pre-
diction model is more suitable for human perception because it
learns human controllers’ preferences from the historical data.

2} Sequence Opfimization With CPS. The optimal sequance
of amiving Aights under the CPS constrainl is genecated
based on ETAs and the reference sequence compuoted in
previous steps. The maximum position shifting (MPS) number
should be predetermined. Then, given a performance index and
various constraints including CPS, an opimal sequence that

Airceadt Real-time
Mate Inempticn Preposed Sequence
Prediction Mol
[ n J
Trajeciary Rnfrmrce Sanupnce [
Prechcten Generation
Estimated Time of Snguence Relecting
AT Contradlies” Pislisnce
%% based Saguence Dptimizason

Optimal Saguence Compkam
with Huma= Parcephon

Fig. 12 Schematic of the proposed hybrid serival-sequencing alponithm based
on sequence. prediction ond the constramed position shifieng (CPS ) method.

deviates by oo more than the MPS number is computed from
the reference sequence.

Various objectives can be applied, but average delay min-
imization and rumway throughpit maximization are most
widely wsed. Constraints include the minimum separation
requirements betwesn successive aircrafl and other types of
consiraints from variows operational procedures.

C. Numerical Exampies

The proposed hyvbrid arival-sequencing algorithm  was
assessed using real traffic data, The same dataset described
in Section I'V was uzed and each test sample consisted of six
successive arrfivals to consider situations with a higher traffic
density. The performance of the proposed algorithm was com-
pared 1o those with purely optimal sequences (i.e., optimized
sequences without the CPS censtraint). The performance index
for optimization was average delay and the separation require-
ments belween successive aircraft were applied (Table 1T

Among a wide range of trajectory prediction technigoes,
a multiple linear regression model was applied as proposed
in [200-[22], to compule the ETAs of arriving aircrafl. In the
regression model, the altitude and ground speed at the entry
fix were incloded as independent variables, bul other types of
trajectory prediction methods with different variables are not
excluded in the proposed algorthm.

Table 111 shows the sverage delays and gverage Spearmin’s
rank correfation coefficients for the proposed and comparative
metheds. Spearman’s rank comelation is used to represent the
acceplability of the generated sequence as a decision advisory
for human controllers. Sequences with hizgher Spearman’s rank
carrelations are considered (0 be more acceptable by human
controllers because they are more similar to those actually
determined by humans,

Eesults show the trade-offs between average delay and
correlation coefiicient. The proposed hybrid arrival-sequencing
aleorithm could increase comrelation by 5.2% (from D.6817 o
0.7174) at the cost of increasing average delay by 35.6%
comparad 1o the optimal sequence. For an additional com-
parizon, the correlation coefficient of the reference sequence is
0.8029_ 17.8% higher than that found for the optimal sequence.
Allhough an additional study incloding human controllers'
evaluations is still required, results demonstrate that the
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TABLE Il

Perrormance CoMmrakisos Bimween Prorosen
AND Compararive METHODS

Avg. delay
Method Fauel avgs
Reference sequence by
proposed prodiction model 2 2.8023
Optima! sequence R340 L6817
Hyhrid sequencing 1§39 07174

algorithm (MP5=1)

proposed algorithm could provide a more balanced decision
advisory to human operators in terms of delay minimization
and acceplability to human controlless,

The currenl level of performance of the hybrd amival-
sequencing algorithm might oot vet be great enough to
present an immediate benefit for practical air traffic operations.
However, the purpose of this study was (o show a possible
application of the proposed data-driven seqoence prediction
model] to provide decision support Tor armival sequencing, while
lhe commelation coefficient of the hybrid sequencing algorithm
could be improved by careful adjustment of position shift-
ing. Another possible application of the proposed sequencing
prediction model is it wse a5 an indicator of the exient to
which air traffic controllers can agree with the sequences
generated by an automated sequencing tool. A conflicl between
the judgments of human operators and decision support tools
would be problematic in real operations [49] and the proposed
method could alleviate this problem.

¥1. CONCLUSIONS

Various decision support systems that help human air traffic
controllérs have been developed. In order for these sysiems
to foifll their intended roles, the interaction between the
systems and human controllers muost be understood. Improper
consideration of these inleractions often resulis in solutions
from the system that cannot be accepted by the human
operators. This paper preseénts a new compulational model
1o predict landing sequence determined by human controlless
using a preferance learning method. This research contributes
1o increasing our understanding of human controller strategies
on aircraft sequencing problems and to the development of
better decizsion support systems in the long term,

The pairwise models learned the probabilistic preferences
between each pair of armiving aircrafi. A different pairwise
sequencing model was constnucted for each combination of
amrival routes using binomial logistic regression. The overall
sequence for a new sel of aircraft was then delermined by
combining the pairwise probabililies.

Using this methodology, hoth static and dynamic simulation
studies were performed. The static model predicts the amival
sequence of a given number of aircrafl at o particular point
in time. The dvoamic model continuously updates sequence
predictions over time as the number of arriving flights and
their positions change in real lime. Both models proved that
the proposed algorithm is kighly accorate, computationally

TEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS

efficient, and scalable. A possible application for the proposed
methed in decision support [or arrival sequencing was also
suggrested.

In loture works, it will be necessary to elaborate on Lhe
proposed sequencing model. First, addilional features such
a5 wind and other weather conditions should be considesed
as independent variables, The nonlinear effects of existing
festures on seguencing could also be examined. Addition-
ally, other preference learning algorithms {e.g.. collabora-
tive filtering) should be funther examined. Finally, various
non-computstional approzches should be developed throogh
in-depth analyses of the cognitive processes of air traffic con-
trofiers and be incorporated into the proposed method. More
exhaustive simulation studies with various traffic conditions
will alzo be performed.

APPENDIX

Lemma 1 Let Pi-]A) be a probability distribution over Sa.
Moreover, lel

Scoreli} = 0 — Scorell)
=8 -9 PREF(AG;, AC;)

i
with
PREF(AC;, ACj) = Z P(Seq|A).
Seg: FeqlAC) <Seq{ AC})
Then, Scoreli) = th P(Seq|A) - SeglAC;).
Progf:
Teore(i) = n — » PREF(AC;, AC;)
i
=14+ PREF(AC, AC;)
i
=14 z P{SeglA)

J o Seg: Segl AL < Seql ALY
142 P(SeqlA) D Tiseqiacys segAcy)]

Seg 1]
= 14+ PiSeqlA)- (Seg(ACi) — 1)
Seg
= 3 PiSeq|A)- Seq(AC;) -
Seg
| |
Lemma 2 Let 0 =< 3toreil) = Beore(2) = -- =

Score(n), Then, for all sequences Seq € &,

n n
D (i —Seoreli)y" = »_ (i — Srore(Seqg(ACH)” (A1)
i1 i=1
Proof: Expanding the right-hand side of (A1) and exploit-
ing that 3%, Srore(i)® = 0, Score(SeqiAC:))? vields,

n
3 i — Seore(SeqiACH)))

=l
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= > (i —Seoreli)y*

=]

n n
37 [‘Z i -Seore(i) — > i - Score(Seq(A c’,—n].
i1 il
(AZ)

Since 30,7 - Score{Seq(AC:)) s maximal when
Seq(AC;) = i, the second term of the right-hand side of (A2)
is alwavs positive, which proves the lemma.

Theorem 1 The expected rank distance

E(D{Seq’, Seq)|A)

= > D(Seq', Seq)- P(SeglA)
Jeg

L4

= P(Seq|A) ) (Seq'(AC:) — SeqiAC))?
Seg
becomes minimal by choosing Seg” such that Seg'{AC) =
Seg'(AC;) whenever Troreli) = Scoret ), or equivalently,

Seq'(AC;) = Seq'(AC;) whenever Scere(i) = Score(f).
Proofs Expanding the right-hand side of ( A3) and exploit-

ing Lemma | vields,

E{D{Seq’, Seq)lA)

= E E PiSeq|A) - (Storeli) — SeqiACH*

=1 Seg

(A3)

il

+ 3 (Seq'(AC;) — Scoreii))’

I==]

We can observe that the first term of the right-hand side is a
constanl since it does not depend on Seg’. Thus, we oblain
E(D(Seq’, Seqi|A) = ¢ + 21 (Seg'(AC;) — Scoreii))®
and the theorem can be proved using Lemma 2. |
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Sequencing the arrival flights is one of the most significant tasks of the air traffic flow
management. This paper proposes a new framework to predict the arrival sequences based on
2= a preference learning approach, where we learn the historical sequence data operated by human

controllers. Our model works in two stages: it first learns the pair-wise preferences between
arrivals, and then it predicts the total sequence of a new set of 7 aircraft by estimating
and comparing the preference probabilities of all the pairs.
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o]d =rlg Auslich 4715 732 BADAS A AFa= ¥37] 4% A5} Total Energy Model 4! #]7]¢] 342 &8l
=57 2% 2.5, CTA (cutrolled tme of arival) % $2& 71E 2.2 she T 717 437] Ale) #4 & Adksbaich A g 14 45t
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[Abstract]

This paper presents ar traffic control simmlation model for generating 4D trajectory, and arcraft dynanme model based on 4D
trajectory mformation. With ameraft parameters from BADA and Total Energy Model. the trajectory 15 defined through modified
Bezer aurve and the smmilation supperts two aicraft control methods based on controlled fime of amval (CTA) or arspeed The
simuilation results shown that flight fme and path were almost identical to the defined trajectory, and derived the differences of
each control methods according to wmd conditions. Based on the smmlation model developed in this study, it is expectsd to be
applied fo vanous air traffic management researches. Fubme studies wall focus on applymg optmuzaton techmaues m order to
mimmize the difference between generated trajectories and actual fhight rowtes. This work will mcrease utilization of developed
sinmilation fithermore.

Key word : Air traffic control simulation, 4D trajectory modeling, Air traffic management, Point-mass aircraft model, Base of
aircraft data.
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Fig. 9. Simulation result: longitude, latitude, altitude,
heading, TAS, ROCD, longitudinal and vertical
acceleration, thrust, mass and fuel used.
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FAA has developed Aviation Environmental Design Tool (AEDT), which models fleet-wide
impacts from aviation activities. AEDT has been used for national and global

environmental
policy making processes including ICAO CAEP’ s NOx, noise, and C02 standards. This research

conducted sensitivity studies, Monte Carlo simulation, and Global Sensitivity Analysis for

the purposes of identifying and quantifying major contributors to output uncertainties as
functionality and areas for further development. A

well as identifying gaps in the tools’
fol low-on research investigates how the aircraft weight, takeoff trust, and departure

procedures in AEDT can be improved to better match the reality.

The Georgia Institute of Technology
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