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SUMMARY

. Title

Development of Air Traffic Control Procedure Prediction Model

. Objective and Necessity

With increasing air traffic demand, the problems such as air traffic

congestion, delay and inefficient flight have become more serious.

To address these problems, many countries of the world carrying out
research on future air traffic management systems and the Trajectory Based

Operation (TBO) is one of the most important part of the research.

Among various technologies, mid to long term trajectory prediction has
become more important in order to manage air traffic more strategically

and accurately.

However, traditional trajectory prediction schemes are mainly based on the
fixed air route procedures, which cannot consider air traffic controller’s

tactical instructions.

As an effort to predict mid to long term trajectory more accurately, this

study aim at development of air traffic control procedure prediction model.

In addition, this study aim at improving the nation’s research status by
conducting leading study of air traffic management as well as training

concerned experts.
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. Scope and Contents

A wide range of research and technical reports about trajectory prediction

were extensively reviewed.

As the first step of the prediction model development, the air traffic
pattern identification method was developed. At this step, the aircraft
trajectory was modeled by mathematical techniques and clustering technique

was applied to modeled trajectories for trajectory pattern identification.

Various air traffic control procedure prediction models were developed. One
of the model is based on the air traffic complexity factors and the
classification method. Another is based on the relationship between

subsequent aircraft trajectory pattern.

The aircraft arrival time prediction model was developed using air traffic

pattern identification method and air traffic pattern prediction model.

Each developed model was verified using real operational aircraft data. This
study focused on the Seoul terminal airspace. Especially, the models were

applied to arrival traffic into Incheon International airport.

. Results

Aircraft trajectory classification accuracy improved about 46%
Air traffic pattern prediction error less than about 30%
Aircraft arrival time prediction error reduced about 20.5%
Presented 7 papers on domestic and international conferences
Published 3 papers on domestic journal

Submitted 1 paper on international journal (SCI)

Filed 1 patent
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. Utilization

The application of the developed prediction model for arrival management

system is being considered.

The developed prediction model 1is applicable for future departure

management system.
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T 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

s 371,308 | 368,130 | 390,815 | 452,177 | 459,936 | 455,287 | 485,288 | 513,922 | 551,744 | 585,016

A | 345,204 | 346,604 | 371,259 | 427,556 | 432,918 | 421,667 | 450,703 | 480,334 | 519,149 | 551,393

gl 2| 317,955 | 317,700 | 341,039 | 390,133 | 394,798 | 386,721 | 413,742 | 443,153 | 480,716 | 514,377

3| 27249 | 28904 | 30,220 | 37,306 | 38,077 | 34,912 | 36,962 | 37,056 | 38,433 | 37,016

4 26,104 | 21,526 | 19,556 | 24,621 | 27,018 | 33,620 | 34,585 | 33,588 | 32,595 | 33,623

ol A 1,017 1,009 1,071 1,239 1,260 1,247 1,330 1,408 1,507 1,603
SaE

) 2.83 -0.86 6.16 15.69 1.72 -1.01 6.59 5.90 7.36 6.03
A2 - FEWESA 52l (hitp://stat.molit.go.kr)
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Table 1 Research and Development Roadmap of ENRI
Short Term Middle Term Long Term
2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
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for Bottieneck Identification| ATM Performance Evaluation & Analysis F‘erfonn.:nwc: Anah’its t:_rh;rrajectmy
and Efficiency agement (TM) |
Improvement Air Traffic Controlier Workload Analysis Techniques for Reducing Human Errors | Safety Assurance taking into account HF
Evaluation Method for Terminal Airspace Functional Terminal Airspace Design Strategic & Integrated Airspace Design &
Oceanic Airspace Operational Procedures |  Promoting Dynamic Routes Operation Operations
Functional Airspace g it & Imp 1ent of Safety for
o 3 : BNAY Route Safety Assessment Development of Safety Analysis Tools Total Flight Phase
} Operational Efficiency Improvement by TM
IDevelopment of Trajectory Model / v Tm;;&og Prediction in High Density Arspace
Traffic information (Info.) Exchange by cing Applications of Airbome Supplement of Trajectory Management
Airbome Surveillance Surveilance (TM) by Airbome Surveillance
Information and Dev. of Surveillance Data Link for ATCo t Infi —_ 4 = A
mm Agronautical Tele-communications Network A% "o— 7| :II'-II x—l 0“ = 7| = VIM
Evaluation of Air-ground High-speed Data HF O] ©
mmngm I..Jrﬁ{ Memum‘g P Developme 7 H = *l =) -g- ns Techniques
| Methods of Surveillance Information Processing (Sensor fusion, Integration of associated Info. and TM)
Radio Environments & Interferences Issues (subjects common to each domain)
Advanced operations of | Impl. of Multiateration for ATC Applications Advanced Airport Operation by TM
Airport/ Airport surface Impl. of ASMGC Dev. of Airport Surface Navigation
Aciual Use of CAT-| GBAS Use of CAT-WINl GBAS Hie. of AT MIe GBS
Highly accurate, refiable, | Requirement Review for GNSS =
and flet Curved Approach GBAS Dynamic Approach Paths Provision for TM
Performance Improvement of MSAS & Its
Use for Precision Approach Advanced ABAS Use of CAT-1 ABAS

ATCo: Air Traffic Controller
RNAV: Area Navigation
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1) Principal Component Analysis(PCA) % Density-Based Spatial
Clustering of Applications with Noise(DBSCAN)< ©] &3 #H &
SRk

o AAINY BF71He A WA WHOZN PCA 3 DBSCANS ©]&3 4
= T Hoks

o o] W O #HAAH AMEH(Trajectory sampling), @ HZ AR 73}
(Trajectory information augmentation), 3 2t <4x(Dimension reduction),
@ S 2H % (Clustering)®] A2 FPHH, 247 th3oA AW E

7h A& A& (Trajectory sampling)

R ogwelA mE 38719 A9e FUR AFEe nAd Holg 4
EE2 eneld. 337 ARS 27 A2 B Ase dol dold
MEE o] Fojx glormz olE 9a] EIHH(interpolation)s 53l #AZ&S
WEY HAE

- FF7] ARS FASE HolH ERJIEY A n2 Ao A Y&
Auel %ol we HEY, ARHoR doln HolHE: A%, A%
15 ARE 2Fst3 Qoruz 33 HARE 153

) A& AR ZF3(Trajectory information augmentation)

- Ao BEHOoR BFHY AN 74 Aol B A PRI
%ol Ansh ol m3E o] glolok 3 wekd AH B s vl

J
He AHe FAsE HolE A F4H Ang EFerd 4UL

S7HAZ
- 2 AAY HolH ZRIEd = 7€ 3Ad AR (HE, A%, 1E) o]
o =3 Z2 JHRSo] FUHE
o TV WA B ARRl(sine) #k
o 37| WAHEL] FARI(cosine) Ak
c 39 FAHoE FEH Ad
o Y 9F Fdo IYAFHOoE FEHY A
o &7 Z}9] X (angular position)e] AF<l(sine) #k
o FF7] A9 X|(angular position)®] FAFRI(cosine) &



ot ZE AREo] FIHEY st HolH ERJAEE F e ARE
THAA =, shue] AlFHLS px9fe] ARZ Yehfo] F

= X

h 2 S 4 (Dimension reduction)

A AR FsE B3 st AL pxofe] ARE FHE. 837 9

Mol UutAQl dolE LT ©, o) w2 A9,
dolee] Aol wom AFE Ao HFE LA AL A 5 oI

7HA EAA 0] EASIER pxoAtd ] HolEHE &) Ao HolHE
Sadhs Aol BastH, o PCA WS T +34

PCAE 7]Ee] 129l dolE e A dE T 7|=2 ARE A
BEIE e () HolEE WA= WHozn dHolH (US
%‘?—i/\lﬂt—rﬂ A ASEHE T

px9xtd el &7 A PCAS &3t 7+ 37 AL &5 7 2
o] delHE vehd F Slg B dTelAE 3249 HolEZ 37
A& Udehilen o=

Clustered three principal components of trajectories
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PC2 6 -8
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g}) &l ¥ P (Clustering)

- 7 7] Ade 33 HelHE YEhd §F, DBSCAN 23 2B &al
YE= AHEste] AAdE S TR S
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DBSCANS 574 ®bY  golfel 54 7i

£
iy
v
o
o,
N
g
ol

s,
45 Qe AH U
)

olake] Aol %ma@

cluster® YHE7] AZSH W cluster el ZF Ao ZHE o]y E
m7 o2 Ho] EAA &S w7tA] l% SAst= WA 0 2 cluster
= YA

T A= (19 2-5] B [1" 2-6]0l ERY dF
2

2515 FUS FH2EA &3 $37) AL e AL Ushya
Z A 11’—L’|j

o
o

= Al

tlo O
o
H
[m
aich
N
K=
rlo
4=
ll
)
b
o
lo
of
JES
8’
=
3
&
Ll
i
o
=
X0

ol
-

Clustered trajectories

38

latitude

B

15 | | i I I

[38 2-5] PCA ¥ DBSCANS 0|28 HHIH 2R/7IH UIE HHIHH EFR



Centroids of Clusters
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A Trajectory 1-b
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2) Dynamic Time Warping(DTW) ¥ AZA ZZH2HHY PHE o] &3
AR BF

o PCA B! DBSCAN= °l&stut AXuE E/71HLE 9A A3 npe} o]
AA e BEE AT ARl deu=, ojyF EAKS fAsr] A%

18-S Mg

o B WS DIW B AF3 F22EA 7S o83t AZAMds F&3
H, O A48 AME"(Trajectory sampling), @ #HA It AZ A 4H(Trajectory
distance computation), @ & & 2¥ g (Clustering)®| A& FP=HH, 247}
< H=ollA 2 d

7h) A=A A1E" (Trajectory sampling)
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Zt A8 A4} (Trajectory distance computation)
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o gF AFHoZRE 58 ool OLMEN H2E &3 AYd
T (81 3)

o o F AHOZRE 58 o|Ue] BULLS Hx& &3l Yt
o4 (82 4)
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o|FAE HAF38H7] 918t Pearson 7holAls ZHAEAA o=
- Pearson 7}olAly SHAEARE S w8 flsted 24 Warol sk
£5E olF /Y A4d9dde] EEEE AL o [ 2-2]%
El [ 2-5]° UEhd &
Level
PW Low Low-Medium | Medium-High High Sum
1 10.0% 80.0% 6.7% 3.3% 1.4%
2 30.9% 63.2% 5.9% 0.0% 3.2%
3 41.0% 49.6% 6.8% 2.6% 5.5%
4 30.8% 55.4% 13.8% 0.0% 3.1%
5 50.0% 32.0% 16.0% 2.0% 2.4%
6 63.1% 28.2% 8.0% 0.8% 48.7%
7 80.0% 20.0% 0.0% 0.0% 1.2%
8 63.7% 28.1% 8.2% 0.0% 14.5%
9 75.1% 19.4% 5.5% 0.0% 20.0%
Sum 61.5% 30.3% 7.6% 0.6% 100.0%
[£ 2-2] 29l 13} HHHo st 2=
Level
Piattern(#) Low Low-Medium | Medium-High High Sum
1 63.3% 26.7% 6.7% 3.3% 1.4%
2 95.6% 4.4% 0.0% 0.0% 3.2%
3 88.0% 9.4% 0.9% 1.7% 5.5%
4 81.5% 15.4% 3.1% 0.0% 3.1%
5 94.0% 6.0% 0.0% 0.0% 2.4%
6 91.2% 6.9% 1.3% 0.7% 48.7%
7 100.0% 0.0% 0.0% 0.0% 1.2%
8 97.1% 2.3% 0.7% 0.0% 14.5%
9 99.1% 0.7% 0.2% 0.0% 20.0%
Sum 93.0% 5.5% 1.0% 0.5% 100.0%
[£ 2-3] 2¢ 22} HHIYEH st 2=




Pattengf)Vd Low Low-Medium | Medium-High High Sum
1 63.3% 23.3% 13.3% 0.0% 1.4%
2 60.3% 30.9% 5.9% 2.9% 3.2%
3 76.9% 21.4% 0.9% 0.9% 5.5%
4 80.0% 16.9% 1.5% 1.5% 3.1%
5 52.0% 26.0% 14.0% 8.0% 2.4%
6 80.0% 14.4% 3.0% 2.6% 48.7%
7 64.0% 16.0% 16.0% 4.0% 1.2%
8 68.0% 16.3% 10.5% 5.2% 14.5%
9 75.4% 14.5% 6.4% 3.8% 20.0%
Sum 75.4% 16.1% 5.3% 3.2% 100.0%
[£ 2-4] 29l 33 HHuYHo fst 2=
Level
Pm Low Low-Medium | Medium-High High Sum
1 80.0% 16.7% 3.3% 0.0% 1.4%
2 94.1% 2.9% 1.5% 1.5% 3.2%
3 91.5% 6.8% 1.7% 0.0% 5.5%
4 73.8% 16.9% 7.7% 1.5% 3.1%
5 96.0% 2.0% 0.0% 2.0% 2.4%
6 90.2% 7.5% 1.8% 0.5% 48.7%
7 92.0% 4.0% 4.0% 0.0% 1.2%
8 95.1% 3.6% 1.3% 0.0% 14.5%
9 97.6% 1.7% 0.7% 0.0% 20.0%
Sum 92.1% 5.8% 1.7% 0.4% 100.0%
[£ 2-5] 29I 42} HHujEo Cfst 2=
- [ 22]%E [® 251149 ERRE Folo] AXAET 4 nE EF 8
Qlo] E@Holeks ARl Sol Al Pearson 7HolAF EPHAH S 53
92
- [3 2-6]dde 4 wF T 8l dig FrolAF FAEFH p-valueZt Y
Bl 9low, pvalueE T3l & F Uxo] e ade AFNHESL SA
Hom FEAYS AT + A=



nE EF ad 7kl Al w A p-value
1 184.6 <0.001
2 106.5 <0.001
3 91.8 <0.001
4 77.7 <0.001

[E 2-6] BS T2 ¥ JOINZ SHL ¥ p-value

W) A48 &7 (Probabilistic classifier)
- A EF E¥EL SHHs@E &3 a7t FoRe W R
7)ol olw g MFA AN &3t AE FEHOE FH T 53
REoEH, & AFoA= O b5 EALYH IJARLFEH @ Bayesian

O v EA2YH IHAEF (Multinomial logistic regression)
« OF 2A2Y JAEFPNA nF 3 8<lo] AFFHAe W MAA T
3717F A A E S e gES eI 2 Aol o) Atd

PZ:—B forj:].,2,,<]_1 (2)

©ATIA e M GV WA wE A 2 e A A
del piA wE B Aol U A Ao B ARG A Ke
5 B3 2”19 A% g velolz Ageln miA A dw

& TS HBL 1-3 78 B4 ANE

T EA2H ﬂﬂlﬂﬁi/l ATELS O e 3 82 + 3
dl, & A5 A = Newton-Raphson H'H<S 5

29 os =2A2"Y IARFYS FaHA [2FH 23]
OLMEN ¥ =0 =2elgls o AZdds o=
[23 2-10]¢] AFEH A A W e w
HAoH, 71 =2 5L YEHUE AFHE S
3=
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o] -8} A=

o [Z¥ 2-13]9lE nthe A%H FFINAC-AC-.-AC)F B3 A FIFow
Hlgstal Qe A¥el UElY g o7|A v HFEle HIRATY H
AE UeNY 37 7P SA7E FE7IERE SAUYE BT 29

=]
=]

TMA
boundary

»X Destination
\ / airport

Entry fix

(Target aircraft)

[08 2-13] 2% HLE

o o W R ozmyel we Gyt 4 AHNEL 4E FEL gy 2

2E o el (=1,2,...N) PO,)=1/N2 A& 7|H 0, = M A3
P S et N2 F AR E e e



- AC'o] 0.5 WE 3EL Bayes P2 ol wet b3 o] A4tE

0,w'
PY6,)=— L) PU(QZ.) fori=1,2,...N
” (4)
Z 9|w P60
j=1
A Wl = {ul bl e ACS BEE AH FolE] wl = [o 4] =

AC'e] A AR BA 9R; LOfw')s w'ell e ACe] ei% g

- ACT} 0,8 wE FES AC A ks FF7IU ACTe] 6,5
GE FES AN ERZ At Thedt o] A4y

L(OJu")
PHo,) = P9, fori=1,2,...,N

N
Z (0 ,Ju") P 0,)
=

D AR of = {uh ek e ACYY BER AF HlolE; of = [of o] &

ACke] A AR FA YR LO)E wdl B2 ACY) 6,5 e ¢

6,8 e BB ACH AAA HHAEE FEIUA ACT 0,8 4E G
E< ol g3t Thew o] ALg

P0,)=P"Y9,) fori=1,2,...N (6)

K3



9 FAL EI HAAIYHLS g=3r] YsixEeE  Fd2rie AFA
w={w, wy, wy,..}7F FARE W S5 LOw)E ANT 5+ Jde FEUS
U CECES

FEUETTE FHse tole OFd WHol A8E F Aoy B o=
2o A= kernel density estimation ¥'H< Af

Kernel density estimatione SEWEFTY 2FH

ps|
WO,) ={W6,), W;(6,), W;6,), ..}o1  AAAE gl £} AR

3

Fwle,) = M| 7 2 ZK — W;(6,)) (7)
A7 Me AFIHE 6.0 &3 AAY Mg He SELEETSTY HEA
2 #-$3t= bandwidth 3 E; k(+ )= kernel 5. B dEZm oA He=
Scott ruledl] Wz} AXFEEY o™ kernel T4E thi# A RIS AL
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Pattern Pattern of preceding AC

Total
of AC 1 2 3 4 5 6 7 8 9

|| 375% | 00% | 125% | 125% | 00% | 333% | 0.0% | 00% | 42% |
137) | (09 | (1.7) | 26) | (0.7) | (1.6) | (06) | (21) | (1.9 | "

o | 27% | 405% | 135% | 27% | 27% | 297% | 00% | 00% | 81% | .
05) | (138) | (24) | (02) | ©03) | (24) | (08) | (26) | (1.7) | "

5 | A9% | T15% | 3L1% | 66% | 33% | 27.9% | 00% | 115% | 33% |
20) | @1) | 96 | (15 | 07) | (34) | (1.0) | 09 | (32 | "

o | 121% | 00% | 61% | 182% | 0.0% | 485% | 00% | 152% | 00% | _,
47) | (-1.0) | (03) | 49) | (-08) | (-0.1) | (0.7) | (0.0) | (28) | ~

s | 00% | 30% | 30% | 00% | 21.2% | 273% | 0.0% | 152% | 303% | .
(-0.8) | (0.0) | (05 | (-1.1) | @9 | (26) | (0.7 | (00) | @7 |~

o | 07% | 14% | 36% | 32% | 03% | 697% | 05% | 117% | 88% |
(2.6) | (:31) | (22) | 0.0) | (4.0) | (138) | (2.7) | (33) | (88) | "

S| 00% | 63% | 0.0% | 00% | 00% | 125% | 37.5% | 188% | 250% |
(-05) | (08) | (09) | (0.7) | (0.6) | (3.0) | (121) | 04) | ©6 | 7

g | 00% | 05% | 36% | 21% | 26% | 339% | 21% |349% | 203% | _
(-2.0) | (21) | (-1.0) | (-1.0) | 0.6) | (-46) | (08) | (82) | (0.5 o

o | 00% | 12% | 6% | 12% | 32% | 27.6% | 20% | 132% | 500% |
(23) | (-1.8) | (28) | (20) | (1.5) | (7.6) | (08) | (-1.0) | 139) | 7"

100.0
Total | 1.7% 29% | 5.0% 32% | 2.0% | 492% | 1.5% | 153% | 19.1%
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Training data
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Aircraft
Trajectory data

Meteorological
data

Clustering
algorithm
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Training data Training data Training data
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Pattern 1 Pattern 2 Pattern N
v v v
Learning algorithm
Trajectory Prediction
Learning model Learning model Learning model
Input data [ of trajectory of trajectory oo of trajectory
pattern 1 pattern 2 pattern N
4R R T P(6;)
v
Trajectory Output with Output with Output with
pattern learning model learning model | .| learning model 0
prediction of trajectory of trajectory of trajectory utput
pattern 1 pattern 2 pattern N
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RMSE of RMSE of
Pattern (#) proposed method comparative Reduced RMS (%)
sec method (sec

1 224.2 254.0 11.7%
2 147.5 171.5 14.0%
3 82.2 119.2 31.0%
4 123.1 217.2 43.3%
5 68.0 71.3 4.7%
e T O S
6 107.0 131.3 18.5%
g | oe [ [ e
7 129.3 149.5 13.5%
8 73.1 86.2 15.2%
9 98.4 119.0 17.3%
Total 106.8 134.3 20.5%

[£ 2-9] Xl © of|S=2% RMS H|2
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(Trajectory Prediction via Modeling Vectored Area
Navigation Arrivals)

24 HAmE ZEE ot 20| dAIZE oS0 o
- (Aircraft Arrival Time Prediction via Modeling
Vectored Area Navigation Arrivals)

38 M E=S O|8ct a7 =23fAZE oS ¥z 2

BHH  (Apparatus and Method for Aircraft Arrival
Time Prediction Using Trajectory Pattern)

44 2= MZ240| Ciet &
Her (Probabilistic Model for Air Traffic
Controller Sequencing Strategy)




Ay Euee R AdAE/Y 97
(Trajectory Prediction via Modeling Vectored

Area Navigation Arrivals)
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Real-time air traffic
surveillance data

!

Historical _ _ ... | Pattern Identification |ke—— Aeronautical

Traffic Data Tasetol Information, Weather data

| trajectory pattern
v J Y pi

--#| Regression Analysis

Probabilities of plausible
trajectory patterns
Y

Trajectory Prediction
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o & A= ted 2ol =4l 2 I SN F 2 dEHA=
- Hong, S, and Lee, K., “Trajectory Prediction via Modeling Vectored
Area Navigation Arrivals,” AIAA Aviation Technology, Integration, and
Operations (ATIO) Conference, AIAA 2013-4237, Los Angeles, CA, 2013.
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(Aircraft Arrival Time Prediction via Modeling

Vectored Area Navigation Arrivals)

AT A9
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25 At s
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Trajectory Clustering:
identify major trajectory patterns

:L-,'n : set of trajectory patterns
Pl 1
b

Regression models;
Construct regression models relating
complexity factors and arrival time for
each trajectory pattern

Likelihood construction:
cormpute the probabilities of having
different complexity values

for each trajectory pattern

Tid,.z)

Pz ia)

g/ 2

On-line traffic >
complexity data

Trajectory pattern prediction:
Compute probabilities of possible
trajectory patterns

y

l

Elemental arrival time prediction:
predict the arrival time with linear
regression model trained
for trajectory pattern 1

L ]

Elemental arrival time prediction:
predict the arrival time with linear
regression model trained
for trajectory pattern N

Irm:_;l

i(w_., Z)

|

Arrival time prediction:
compute weighted sum of
elemental arrival times
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