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While most researches attempt to solve flight operation irregularity with mathematieal model
or network flow theory, but only few researches have applied Q-Leaming method which can be
beneficial to this particular case since it offers solution at real-time. This thesis aims at applying
Q-Learning to solve flight rescheduling problem for domestic operation. The experiment suggested
that the performance of Q-Learning is comparable to that of branch-and-bound in term of results.

Furthermore, it was able to offer the solution at real-time.
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S, aircraft -14.275+0.7(-10+0.3(-14.358)-(-14.275)) = -14.298

sy, aircraft _ -14.358+0.7(-10+0.3(-14.701)-(-14.358)) = -14.395

Sysaircraft

o 4)
o( 3)
o( 3)
O 4) =-14.701+0.7(-10+0.3(-15.95)-(-14.701)) = - 14.76
Q(s5 ,aircraft 4)
o( 4)
Q( 3)
o 4)
o( 3)

-15.95+0.7(-10+0.3(-20.156)-(-15.95)) = -16.018

S¢.aircraft _ -20.156+0.7(-10+0.3(-34.076)-(-20.156)) = -20.203

s,.aircraft _ -34.076+0.7(-10+0.3(-80.345)-(-34.076)) = -34.095

Sg»aircraft -80.345+0.7(-10+0.3(-335)-(-80.345)) = -80.349

Sq,aircraft -335+0.7(-335+0.3(0)-(-335)) =-335
Tag  s,A0 /0,0,0,0,0,0 0,0,

0,0,0,00000

0,0,0,0,0,000

0,0,0,0,0,000,
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0,0, 0, 0, aircraft 3, 10.00, 60]

5,A0 /3, aircraft 4, 6.05, 225, 0, 0, 0, 0,

2

T i

S5 ﬂﬂ /3, azrcraft 4 6 5.225. 4, airc 3,6.15, 165,

s6ﬂ€l [3 ai craft 4, 6.05, 225, 4, aircraft 3, 6.15, 165,

ﬂuﬂﬁ%wﬁwm N9

0,0,00000,0,
0, 0,0, 0, aircraft 3, ]‘00 60]

RTRNT AR R), ANYIAY

8, aircraft 3, 11.
15, aircraft 4, 14.35, 150, 17, aircraft 4, 17.05, 205,

0,0000000,
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0,0, 0, 0, aircraft_3, 10.00, 60]

s, A0 /3, aircraft 4, 6.05, 225, 4, aircraft 3, 6.15, 165,
8, aircraft 3, 11.00, 200, 10, aircraft 4, 10.40, 185,
15, aircraft 4, 14.35, 150, 17, aircraft 4, 17.05, 205,
21, aircraft_3, 17.05, 170, 0, 0, 0,0,
0, 0, 0, 0, aircraft 3, 10.00, 60]

s, /3, aircraft 4, 6.05, 225, 4, aircraft 3, 6.15, 165,
8, aircraft 3, 11.00, 200, 10, aircrafi_4, 10.40, 185,
15, aireraft 4, 14.35, 150, 17, aircraft 4, 17.05, 205,
21, aircraft 3, 17.05, 170, 23, aircraft 4, 20.30, 155,
0, 0,0, 0, aircraft 3, 10.00, 60]

Y
A A o

TumsnaaesiiishmsuaasnisUfudyem  O(s,a) Iuaouzaig sTufioigiiing
v Y 9
Usuilgean O(s,a) anilsddu - Alademduivaunsa 5oy 1895 wazannsafuiusm
18lundazanuy ez ldhmuaamnnmdaoundelilugli 14 lumsneassiiiy
~a \ ! A 9o e £ 9 o a oy
isadngosvosaauzmily il lanwineavesilymannisnaasail Fadnihnsisous
k4 v ' E4 4 v

anzsisnuafidlu ) 1dnndamfinadulumsnaassisy nuiidwavaanuzidull

v ' s A o 9 Jd = ya o & & o 9 =
lawnunuazvinaluguin aaiumsnzilimsilszgnanissouiaiduianatinidosd

A sntselumsdumaausFzusnanlumsnaaoidall

a13199 4 O(s, @) lannmsdsuilyesmluudazsou

anue O(s,a)

soUfi 1 | 500 20500 3 | 50U 4 | s0udi 5 |50 6 | s0ufi 7 | s0uii 8 | S0 9 | sUdiI0
& ¥ -11.4 | -12.814 | -13.535 | -13.902"|  -14.09 | -14.186 | -14.235 | -14.261 | -14.276
L =7 =114 | -12.814 | -13:535 | =13.902 | -14.09 | -14:186 | -14.239 | -14.275 | -14.298
s, -7 -11.4 | -12.814 | -13.535 | -13.902 | -14.09 | -14.205 | -14.303 | -14.358 | -14.395
S, -7 -11.4 | -12.814 | -13.535 |.-13.902 | . -14.18 | -14.483 | -14.606 | -14.701 -14.76
S5 U -11.4 | -12.814 | -13.535 | -14.337 | -15.045 | -15.529 | -15.807 | -15.95] -16.018
S -7 -11.4| -12.814 | -15.605 | -17.832 | -19.12 | -19.754 | -20.037 | -20.156 | -20.203
s, -7 -11.4 | -22.673 | -29.29 | -32.24| -33.42 | -33.862 | -34.021 | -34.076 | -34.095
S -7 | -58.345 | -73.749 | -78.369 | -79.756 | -80.17 | -80.296 | -80.334 | -80.345 | -80.349
s, -234.5 | -304.85 | -325.95 | -334.99 -335 -335 -335 -335 -335 -335
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30 - 1 -

= b — — -RMS error -

RIS error
b
(]
T
|

Mumber of trials

317 14 51nfMdedeunagannInaasdi 4.2

4.3 MINAAVIN PN
A 8 9 19 Y J o =~ Ja
mMInaaeunathauilamagqunlaglsgnsenansmsdisalunmsGeuing  uaz
o ' J a y [ [l
annsrhmsgn 115 lumsdsggnamsGangaaiionnilyninisdsomsanar ldedi
Y
gndog

9

nnit lanamlumsneassneuriiianiaig 19z iinsiseudaniuziamuaiy
& 3 W gind o ¥ an o g v & oy
onn  wieunuazdulllilame  Auiusisdesnasmaienine: laumsmsiGous
] ] £ ]
anuznunigalae linew lomeniuguuenng  wazamnsanIgunsiGous la 50
o w Sy Yy v A ] ' ) 4 ° v !
mnzgadimsumgran lananunae  msldmsgleslsgnseaasnisdrsraaiennuiing

I 9 o 1 a 4
W g 2] vaz lFuTewelums@onmsnszi luuaazaniugauilenui (8) Ao

random a ;with « probability 3
”(S): argmaxQ(s,a) swith.  probability 1- [

y . 3 . .
lunisnasesiivgiimanaaesneanunsgin dassziainisasnr gusedunridan 1uazim
miaﬂam%ﬂqﬂ%az 0.005 AW ININNTANAN o LAz ¥ Tagvssiiniasian o 13 0.7
wazat v 137 03, i o« 137 0.3 nazar y 137 0.7, i 130 0.3 wazah ¢ 137 0.3, 61 o 13
fi 0.7 uazdr y 137 0.7 ilonfSeuisnanuamnsalumsgihuesusaznsdiiofaziih 4

9
Tumsnaassdalyl Tagdimisanen sldluamduaeudtmsiGeuian Taslunmsnaase:
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o =2 :JI 3 Y A ) Aq Y1 o w d dd A o
mmsAnaeunIuaauaswdndeniwan lmsiniiasaeunasi ﬁﬂllﬂ, FLIWBNINIT

Q

hnmnaimes i 1dnaaniga U1 luninaassdaly

rﬂﬂ.?“ﬂrﬁ&:
vabe 03 checound rade 0T

0.3 dhpcound rale 0.3
v 0.7 chscount rale 0T

2

™

[ - I ;
N o

B TN

=

1S emmar

=3
=

grnée 0.7 discount rate 0.3
= = leerning rafe 0.3 degount rete 0.7 |

ber of inals
15.2
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T T T T T T T T T
ledring rade 0.7 descount rade 0.
== = jarirg rale 0.5 dscoat e 0.7
lerirg rale 0.5 descoant rale 0.3
== < jaqwrirg v 0 7 clescound rde 0.7

RMS emor
y B8 B
T g
e
1 1

k! -
i

| 1l i
1 1l ;11

0 .‘- e "

o Il\l] e I I I ] I | i

1] 1] 40 B B 100 10 140 160 180 x
Mumber of rnals
15.3

317 15 s1nMiasdeunasnnIsNAapIn 4.3

d ~ ya d' a
4.4 minaaeslszgnamsiseudallumsaanngdiiv
A o 9 Yo a a ~ a 9
mManaasuiomaNuElansundymaaunalna luaisnannerduaien1s
~ ya ° Yy ¥ ~ 9 Yo ] A ad Ao
Fouina wazenunsathaaugnlannnsious Wlsnunsunilamanuralnadus nda
lild5eusla
dy o 9 [ d' a [
Tumisnaasstivginnisnaassniyminsdsumssnanineiiv g Tasny
Aa Asq Y o 9 d? ~ a AAn Yo 9
Aalnanlylunisnaastazinmsainvuinluasanarneidudnan laniinsnaumu 13
9 a a 9 A qszl 1 = M &
pazadnanuratnd liFudwusna 6.00 u. audanat 20.00 1. Tunng aeeiaTug Feez
9 a qu.: o @ [l a A 9 dg‘ dyd o Y A a d‘
Taanuralnanavuadiau 56 §10619 anuAadafnasvuiiTirai 1inT ot un 04
' [ Y
nAanEalnd liango 15u ldsunsgnsanuiadn@dugaas  lumsnaaesaziinis
1IAIBE19EONNITIUIN 50 Mod1aie lHimsdeunssening nazimaedn 6 dod1als
1 Y
ethmsnadoudszaninmuesmiBeuialuminaacsdall  Taseziimsaean o g
A 9y g yya ° A & o e v '
Fudualan ez tinisanassesnassaz 0.00001 Tageesiinisaem '@ 199 0.7 waze y
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YDINITNAADING 10 AT

] 9 ] ]
M15190 5 Seuioun TOTAL DEAY TIME vinasei ldnanisnaaesaige

= v

PR TOTAL DELAY TIME (W)
namInaaenanga | AundsainmInaass
laircraft 1, 6.00, 60] 695 733.5
[aircraft 1,8.00, 60] 695 729
laircraft_1,10.00, 60] 385 387.5
[aircraft _1,12.00, 60] 320 352
lairerafi 1, 14.00,/60] 460 516
[aircraft 1, 18.00, 60] 85 99.5
[aircraft 1, 20.00, 60] 85 88
laircraft 2, 6.00, 60] 157 1596.5
laircraft 2, 8.00, 60] 1550 1596.5
[aircraft 2, 10.00, 60] 695 700
laircraft 2, 12.00, 60] 185 201.5
laircraft 2, 16.00, 60] 0 36.5
lairerafi 2, 18.00, 60] 85 100.5
[aireraft 2, 20.00, 60] 0 5
[aircraft 3, 6.00, 60] 1475 1506.5
[aircraft 3, 8.00, 60] 1430 1482.5
[aircraft 3, 10.00, 60] 430 434
laircrafi 3,'12.00, 601 355 359
Caircraft 3, 14:00, 60] 235 290
[aircraft 3, 16.00, 60] 360 381.5
[aircraft 3,.18.00,60] 85 102.5
[aircraft 3, 20.00, 60] 0 30
[aircraft 4, 6.00, 60] 795 802
[aircraft 4, 8.00, 60] 795 821

Mmaunun
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[aircraft 4, 10.00, 60] 605 638
[aircraft 4, 12.00, 60] 605 648
[aircraft 4, 14.00, 60] 190 214.5
laircraft 4, 16.00, 60] 65 98.5
[aircraft 4, 20.00, 60] 0 8
[aircraft 5, 6.00, 60] 0 32
[aircrafi. 5, 8.00, 60] 695 730.5
[aircraft 5, 10.00, 60] 695 734
[aircraft 5, 12.00, 60] 430 464
[aircraft 5, 14.00, 60] 535 543
[aircraft 5, 16.00, 60] 0 35
[aircraft 5, 20.00, 60] 85 101.5
[aircraft 6, 6.00, 60] 0 0
laircraft 6, 8.00, 60] 0 0
[aircraft 6, 14.00, 60] 390 434
[aircraft 6, 16.00, 60] 75 107.5
[aircraft 6, 18.00, 60] 0 0
laircraft 6, 20.00, 60] 0 0
laireraft 7, 6.00, 60] 0 0
[aircraft 7, 8.00, 60] 0 0
[aircraft 7, 10.00, 60] 0 0
[aircraft 7, 12.00, 60] 225 266
[aircraft 7, 14.00, 60] 640 655
[aircraft 7, 16.00, 60] 1%5 218
[aircraft 7, 18.00, 60] 85 95.5
[aircraft 7,20.00,60] 85 95

40
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A a A 1 1 = = v am o w 9 9 1 ~
LiJ@‘W“lJﬂ’ﬂllNﬂﬂﬂG]‘VIlllJl,ﬂEJ‘W“U?JTﬂﬂul‘ﬂiEJ‘UL‘VIEI‘]JT‘I‘]J’J‘HGUEHEILLQﬁHﬂﬂ!ﬂl@] @I’J‘c’lﬂjﬂﬂl@yaﬁ?}u% 1

TOTAL DELAY TIME (W)

ANUHALNA NI T — —
ADNTILTYUIND ABVYIYLUALVINALUR

[aircraft 1 8.00 60] 715 695
[aircraft 2.10.00 60] 695 695
[aircraft 3 6.00 60] 1515 1515
[aircraft 3 10.00 60] 440 430
[aircraft 5 6.00 60] 50 0
[aircraft_68.00 60] 0 0
[aircraft 7 12.00 60] 280 225

ATNN 7 HAaMINAaeINITUIZINAA IR T S NUUUNITUNT AT eToUN T

A a A 1 1 I~ ~ v ad o v 9 9y 1 ~
LiJE)‘W“lJﬂ’ﬂiJNﬂﬂﬂG]‘VIllﬂJl,ﬂEJW“UM'Iﬂ’E]HL‘lJiEJ‘UL‘VIEHJﬂU’Jﬁ‘U‘c’ﬂ‘c’lllﬁ%iﬂﬂﬂﬁl@] AIYYAVDYATIUN 2

TOTAL DELAY TIME (11)

ANUAALNA — — —
ADNIILTYUINT ADVYNYLASITNALUR

[aircraft 1 10.00 60] 390 385
[aircraft 2 8.00 60] 1585 1585
[aircraft 3 8.0060] 1515 1455
[aircraft 4 10.0060] 715 605
[aircraft 5 8.00 60] 740 730
[aircraft 6 14.00 60] 500 415
[aircraft 7 8.00 60] 0 0
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AN 8 HaNINAaeIMIUIzunaaAIa18U1eUlT L@ MUUUNTUNI AT eSO UN T

A a aa 1 1 = = v am o w 9 9 1 ~
LiJ@‘W“lJﬂ’ﬂiJNﬂﬂﬂG]‘VI%JLﬂEJW‘USﬂﬂE]HLﬂiEJ‘UmEl‘]Jﬂ‘]J’J‘ﬁGll‘c’ﬂ‘c’ll,l,a%inﬂﬂﬁlﬁ @I’J‘c’lﬂjﬂﬂl@yaﬁ?}u% 3

TOTAL DELAY TIME (W)
ANUHALNA NPT — —
IBNITTYUINT ABVYIYLUALVINALUR

[aircraft 1 12.0060] 365 320
[aircraft 2 20.00 60] 10 0
[aircraft 3 14.00.60] 260 235
[aircraft 4 8.00.60] 815 795
[aircraft 5 10.00.60] 740 705
[aircraft 6 8.00 60] 0 0
[aircraft 7 10.00 60] 0 0

AN 9 HANINAARIMIYIZINAIAIRBUIBNIUTZENUUUNTUNI AT NETOUN T

A a aa 1 1 = = v ax o w 9 9 1 ~
LiJE)‘W“lJﬂ’ﬂiJNﬂﬂﬂG]‘VIllﬂJl,ﬂEJ‘W“UﬂﬂﬂE]‘L!L“]JifJiJL‘VIEJiJﬂiJ’J‘ﬁGU‘c’ﬂ‘c’lllﬁ%iﬂﬂﬂﬁl@] AIYYAVDYATIUN 4

TOTAL DELAY TIME (117)
ANNAANG —— — =
ADNIILTYUINT ADVYYLASVINALUR

[aircraft-1 18.00 60] 90 85
[aircraft -2 12.00 60] 220 220
[aircraft 3 16.00 60] 395 405
[aircraft 4 12.00 60] 670 615
[aircraft 5 12.00 60] 500 430
[aircraft 6 6.00 60] 0 0
[aircraft 7 6.00 60] 0 0
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AT NN 10 HaNINAaeIMIUizinaanIa1eu1s Ul @ mMuuUNIUNI N3 edoUN a1

A a A 1 1 = = v am o w 9 9 1 ~
LiJ@‘W“lJﬂ’ﬂllNﬂﬂﬂG]‘VIlllJl,ﬂEJ‘W“U?JTﬂﬂul‘ﬂiEJ‘iJL‘I/IEl‘]Jﬂ‘]J’J‘ﬁGllEHElLLaﬁnﬂﬂ!ﬂl@] @I’J‘c’lﬂjﬂﬂl@yaﬁ?}u% 5

TOTAL DELAY TIME (W)
ANUHALNA NPT — —
IBNITTYUINT ABVYIYLUALVINALUR

[aircraft 1 6.0060] 695 695
[aircraft 2 6.00 60] 1620 1575
[aircraft 3 12.00.60] 355 355
[aircraft 4 14.0060] 225 225
[aircraft 520.00.60] 110 85
[aircraft 6 16.00 60] 110 75
[aircraft 7 14.00 60] 730 650
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TOTAL _DELAY _TIME (11%)
ANNAALNA porm— = e
IDNIILTYUIN ATVYIYLASITNALUR

[aircraft -1 20.00 60] 95 95
[aircraft 2 16.00 60] 35 90
[aircraft 3 18.00 60] 90 85
[aircraft 4 20.00 60] 5 0
[aircraft 5 14.00 60] 560 545
[aircraft 6 18.00 60] 0 0
[aircraft 7 16.00 60] 200 | 76
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TOTAL DELAY TIME (W)
ANUHALNA NPT — —
IBNITTYUINT ABVYIYLUALVINALUR

[aircraft 1 14.0060] 500 495
[aircraft 2 18.00 60] 100 185
[aircraft 3 20.00.60] 45 45
[aircraft 4 16.0060] 120 65
[aircraft 5 16.00.60] 110 0
[aircraft 6 20.00 60] 0 0
[aircraft 7 18.00 60] 85 85
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TOTAL DELAY.TIME (11)
aNunalng ——— — —
IBMIGEUIAY AUV TN AUA
[aircraft_1 16.00 60] 400 350
[aircraft_2 14.00.60] 500 500
[aircraft_4 18.00 60] 180 180
[aircraft 518.00 60] 125 125
[aircraft_6 10.00 60] 600 580
[aireraft 6 12:00 60] 460 460
[aircraft 7 20.00 60] 110 85
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AnuEalng a1 (AuN)
[aircraft 1 16.00 60] 10.350529
[aircraft 2 14.00 60] 10.217925
[aircraft 4 18.00 60] 10.211321
[aircraft 5 18.00 60] 10.249977
[aircraft 6 10.00 60] 10.212999
[aircraft 6 12.00 60] 10.260989
[aireraft 720.00 60] 10.230130
[aircraft 3 20.00 60] 10.215834
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[aircraft 5 16.00 60] 10.205713
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ABSTRACT

While most researchers attempt to solve
flight operation irregularity using mathematical
models or network flow theory, only few
researchers have tried -applying = Q-learning
technique, a reinforcement learning method. Q-
learning can learn without model of the
surroundings, therefore it can give results in real
time. This research presents Q-learning
application for irregular flight re-scheduling.

Key Words: flight rescheduling, Q-learning,
action, reward

1. INTRODUCTION

Reinforcement learning is a machine
learning algorithm found to work effectively in
many applications. Examples of its application
include Tesauro’s who introduced-the use of
reinforcement learning in backgammon game
[1], and Zhang et al. who implemented it in job-
shop scheduling task [2].

In general, reinforcement learning learns to
choose optimal actions to achieve its objective. It
formulates problems into states and actions.
Reward is received when an action is applied to
each state. The goal of this learning system is to
find a control policy that maximizes the reward.
Therefore, we describe our concept that
considers using Q-learning, a more recent form
of reinforcement learning that can be used
online, to solve flight rescheduling problem
when irregularity occurs.

In daily operation, airlines frequently face
with various situations which have an effect on
its operating plan. These situations are called
irregularity that includes several unexpected
situations ' such as terrible weather, aircraft
failure, or personnel failure that demands a
change in the planned schedule. When flight
schedule has an irregularity, airlines needs to
adjust its schedule by changing by canceling,
reschedule, combine, re-route, or combine and
re-route a flight or several flights. In this
research, we are interested in flight rescheduling

with the decision to change aircraft in a same
fleet type or change aircraft in different fleet
types. Delay time usually occurs with any
adjustment. The objective of this work is to
adjust flight schedule with minimum delay time
for real time operation.

Most of the works in this area utilized
mathematical model or network flow theory to
solve a problem. Much less is known as to use
reinforcement learning approach to this problem.
For instance, Clarke has introduced this problem
and affects of irregularity to the operation [3],
and later, he showed a mathematic model that
encompasses. heuristic procedures to solve the
problem [4]. Moreover, there are many
researches related to this problem such as Jarrah
et al. [5] and Mathaisel [6].

One of the reasons may be attributed to the
fact that most machine learning techniques are
not feasible when real-time solution is needed.
However, with Q-Learning, it does not need a
model of its environment, hence allows it to be
used on-line. We found that we can apply Q-
learning algorithm by formulating flight
reschedules into state - transitions which have
feasible action in each state. Furthermore, we
can apply Q-learning by mapping flight
rescheduling problem into state transition which
has an appropriate action in each state.

2. FIGHT SCHEDULE MANAGEMENT

Airlines normally plan flight schedule in
advance, planning can be split into two seasons:
summer and winter. For experimental purposes,
we simulate a schedule with 50 daily flights,
assuming that flights depart from its base airport,
and 2 aircraft types.

Often, airline policy on rescheduling is to
minimize passenger delay time in order to gain
maximum reliability = from = their passengers.
Flight rescheduling strategy can be divided into
five issues.

1. Delay flights
2. Change aircraft in the same fleet type



Table 1 Example of domestic flight schedule

Flight Number | Departure | Arrival | Departure Time | Arrival Time | Aircraft tail no. | Type
0001 Co01 C02 06:00 07:05 ACI 734
0002 C02 C01 07:45 08:50 ACI 734
0003 Co01 C03 06:05 07:00 AC2 734
0004 Co3 C01 07:40 08:25 AC2 734
0005 Co01 C04 06:05 07:35 AC3 AB7
0006 C04 C01 08:20 09:50 AC3 AB7
0007 C01 C05 06:15 07:20 AC4 734
0008 C05 C01 08:00 09:00 AC4 734
0009 C01 C06 08:00 09:10 ACS AB7
0010 C06 Co1 09:55 11:05 ACS AB7
0011 Co1 C07 09:10 10:05 AC6 734
0012 C07 C01 10:45 11:40 AC6 734
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3. Change aircraft in different fleet

types
4. Combine and flight cancellation

5. Combine.and reroute flights

Each rescheduling step will consider several
constraints for example = flight schedule
constraint, maintenance and ground time, flight
crew available, passenger connection, passenger
capacity, aircraft or airport restriction, weather
and so on.

From these strategies and constraints,
optimization to this problem is hardly to be
solved in real time because ‘of the size of
problem. Therefore in real-time performance, we
have to find a heuristic approach to this problem.

The objective of this research is to introduce
reinforcement learning application to solve flight
rescheduling problem when irregularity occurs.
We cover two strategies, changing aircraft in the
same fleet type and changing aircraft in different
fleet types, and three constraints, flight schedule
constraint, ground time and passenger capacity.

3. REINFORCEMENT LEARNING AND
Q-LEARNING

Reinforcement learning learns how to
choose an optimal action to archive its goals.
Each time the system performs an action, a, in
some state, s, it receives a reward, r. Learning
task is to learn a control policy 7 :§— 4, that
maximizes the sum of the rewards. Cumulative
reward is the sum of all rewards given policy 7 ,
starting from state s. An optimal policy is a
policy that maximizes this cumulative reward
[10].

Reinforcement  learning  reinforcement
learning does not learn optimal policy directly.
Rather, it learns an optimal policy from the

cumulative reward of the optimal policy.
Therefore in the learning task, we learn to
choose best action a in each state s that
maximizes the cumulative reward. As above-
mentioned reinforcement learning must have a
perfect knowledge of state transition by applying
action a to state s.

Q-learning is a more recent form of
reinforcement learning technique that learns an
action-value function that gives the expected
utility of taking a given action in a given state
and following a fixed policy thereafter. An
advantage of Q-learning is that it is able to
compare the expected utility of the available
actions without requiring a model of the
environment.

The evaluation function Q is defined by the
immediate reward received after executing
action a from state s, plus the value of the
optimal policy thereafter. In the other word,
value of Q is the immediate reward plus the
maximum value of Q of next state transition.
From this evaluation function Q, It will be able
to select optimal action even when there is no
perfect knowledge.

Q-learning algorithm is an iteration update.

O use as an estimated value or hypothesis of the
actual Q function. Training train this estimated
Q to ‘approximate the actual Q function. For

each state s and each action a, we calculate an
update to its expected discounted reward with
the following expression [7]:

Q(s,a) <« Q(s,a)+a 7+ y max Q(s’,a’)— Q(s,a)J

where ¢ is learning rate 0<g <1

y is discount rate <y <1
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Table 2 pairing flight schedule and symbols

NO. pair | Departure | Arrival | Departure time | Arrival time symbol type
1 Co01 C02 0600 0850 aircraft 1 | 734
2 Co1 Co03 0605 0825 aircraft 2 | 734
3 Co1 C04 0605 0950 aircraft 3 | AB7
4 Co01 Co05 0615 0900 aircraft 4 | 734
5 Co1 C06 0800 1105 aircraft 5 | AB7
6 Co1 Cco7 0910 1140 aircraft 2 | 734
7 Co1 Co08 0935 1240 aircraft 1 734
4. THE APPLICATION problem  of flight rescheduling when
irregularity occurs. We must first understand
In this section, we describe variables used the definition of state, action and reward.
and the application of Q-learning to the
We then generate irregularities into normal
4.1. State flioh P Lo ..
ight schedule by inserting irregularities every
For state definition, state must desecribe two hours lasting one hour each. This is for the
rescheduling in each step. State is defined from purpose of generating training and testing data
type of flight schedule which can be divided into set.
group of aircraft in each flight. The wrregularity occurred in flight schedule

L W | :
(Group @ftircrdls, infbgulari) can be divided into three problem areas

- Irregular aircraft: represents the
aircraft that has irregular schedule.

- Irregular time: represents time the
irregularity starts.

- Trregularity length: represents duration
in which the irregularity lasts in minute.

Group of aircraft takes into account 50 daily
flights. Because we know flight schedule in
advance, we know flight departure and arrival
time which is the same for everyday. However,
airlines may not use the same aircraft in each
day they operate. In the learning process, we

generalize aircraft tail number by using symbols [irregular aircraft, irregular time, irregularity
to represent aircraft tail number in each flight: length]
aircraft 1, aireraft 2, aircraft 3... aircraft 7

Thus, form table 2 we can write this into the

(Table 2). following state.

Because flights always depart from the same
base airport, we can pair the departure and return [Z aircraft 1 6.00 170, 2 aircraft 2 6.05 140, 3
flights and call it pairing flight. These pairing aircraft 3 6.05 225... aircraft 1 10.00 60]
flights will reduce the amount of flights Q-
Learning has to learn and will avoid the
repetition in the learning step.

Thereby, aircraft group in the table is
defined with four variables for ;each pairing
flight:

where 1, 2, 3...represent numbers of each
pairing flights
aircraft 1, aircraft 2, aircraft 3...
represent symbol for each aircrafts
6.00, 6.05,6.05. .. represent a departure
time of each pairing flights
170,140,225.. . represent time in which
each pairing flight consume (min)

- Pairing flights number indicates that
what pair is it in the table.
- Symbol represent aircraft, it shows

what aircraft using in each pairing And the last three factors represent the
flight. irregularity status.
- Departure time of each pairing flight. aircrafi 1 = represent the irregular
aircraft
- Pairing flight length (min). 10.00  represent time that the

irregularity occurred

60 represents time period that the
|[pairing flights number, symbol, departure irregularity occurred (min)
time, pairing flight length]



4.2. Action

We define an action as a symbol
representing aircraft assigned to that particular
flight. To determine the symbol, we consider
three constraints.

1. The flight schedule constraint: is
when we need to adjust a new flight schedule we
have to delay or departure at the time we have
already planned.

2. Ground time: is a minimum time that
every aircraft must-be on ground -after the
landing for each fleet type. For example, Boeing

737-400 ground time is 40 min whereas Airbus
A300-600 ground timeis 50 min.

3. Passenger seat capacity: each fleet
type or even different aircraft offers different
capacity.

4.3. Reward

With the objective to minimize delay,
reward function will be defined in terms of delay
time.

The function of delay can be computed from

the difference of a reschedule flight time #, and

a scheduled flight time ¢ _. We define

DELAY TIME to be a delay: time in each
pairing flights and TOTAL DELAY TIME to
be a total delay time in every pairing flight. The
TOTAL DELAY TIME represents the total
delay time when we complete flight reschedule
process.

DELAY _TIME()=t,(i)-1,(i) (1
TOTAL _ DELAY.|TIME = Z DELAY _TIME (i) @)
where I represents pairing flight number
n represents total number of pairing
flights

To maximize rewards by minimizing
TOTAL DELAY_TIME, we can write the
reward function as follow:

{— TOTAL DELAY TIME sif - complete schedule
v 4

Penalty s for each reschedulig  step

3)

From equation (3) we can see that reward r
is a negative of TOTAL_DELAY_TIME.

4.4. Convergence
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In this work, we use an approach appeared
in Zhang et al. by using exploration strategy with
probability B [2]. The algorithm choose a

randomly assigned symbol representative
aircrafts, otherwise the algorithm choose assign
the symbolic representative aircrafts which
maximize Q value with probability g. We

assigned [ value to 1 and slowly decreases its
value.

- randomly assign aircraft ;with probabiliy
4 )_ argmaxQ(s,a) swith  probabiliy 1-f

(4)
4.5. Approximation function

Practically, flight rescheduling problems
are an infinite state but reinforcement learning,
especially Q- learning is only convergent in a
finite state. Therefore, in previous research, the
approximation . function was brought to
generalize this problem from state that has been
seen and estimate Q value for unseen states.

In this work, we employ back propagation
Neural Network as an approximation function.
First, we train Neural Network by using the state
learning from Q to become an input and Q value
in each state to become an output. Then can
calculate from the Neural Network and estimate
Q value for the status that we have never seen
before.

5. RESULTS

We assigned ¢ value to 0.7 and y value to
0.3, while, 8 value starts from 1 and decreases

gradually by 0.00001. In the early of the training
iteration, we use - greedy method. In this
experiment, we train and estimate Q three times
and select the  best  result from
TOTAL DELAY_ TIME ‘with the purpose to
estimate ‘with the back propagation Neural
Network.



TOTAL_DELAY

Figure 1 TOTAL DELAY TIME and
convergence of Q-learning method in various
training data set

From Figure 1, the y-axis represents
TOTAL DELAY_TIME from the _training
process of Q-learning. We found that in the early
period = of learning, TOTAL DELAY TIME
fluctuated © in ~wide ‘range ‘but  later,
TOTAL DELAY TIME decreased considerably
because B value decreased. Thus, a result of

this has the effect on the selection of symbol
representing. aircraft that have the highest Q
value = so. . TOTAL DELAY TIME falls
gradually.

To estimate with back propagation Neural
Network approach, we train an input by using
the state from Q-learning. We fix the output at
50 nodes ranging from 0 to —1000 which was the
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result from Q value from the training step.
Hidden layer has 20 nodes.

After completing training the approximation
function, we can estimate Q value when we put
the irregularity that we have never trained before
into schedules. We do this because we want to
test an effectiveness of our learning.

From table 3 we can see the
TOTAL _DELAY TIME from the irregularity
that we have never trained before. The result
represents the ability of this method in term of
apply Q-learning. By using back propagation
Neural Network to be the approximation
function when we met the irregularity that we
have never seen before. Results show a good
performance compared to the solutions from the
branch and bound method.

Table 3 Results of Q-learning with back
propagation Neural Network approximation and
Branch and Bound method

TOTAL_DELAY_TIME
Irgegulatity Q-Learning Branch and

method Bound method
e, | 0 |
e | w0 |
bty | m | w
B | -
oemtse o o, |
et |

6. CONCLUSION AND DEVELOPMENT

Our aim is to implement Q-learning
algorithm to solve flight rescheduling problems
in airlines. During training, Q-learning spends
moderate time to converge but planning for
flight 'rescheduling was  done 'before flight
operation. Consequently, we can say that Q-
learning is an effective method to solve flight
scheduling problem in real time.

For future research, more constraints can be
added and other approximation functions like
SVM should be considered.
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(RGN AU daenn | naeon | naids oyan allmnu HUBIAG O
e inFeadin

1 CO01 C02 06:00 | 08:50 aircraft 1 734
2 Co1 C03 06:05 | 08:25 aircraft 2 734
3 Co1 co4 06:05 09:50 aircraft 4 AB7
4 Co1 Co05 06:15 | 09:00 aircraft 3 734
5 Co1 C06 08:00 11:05 aircraft 5 AB7
6 Co1 Co7 09:10 | 11:40 aircraft 2 734
7 C01 Co08 09:35 12:40 aircraft 1 734
8 Co1 C09 09:45 13:05 aircraft 3 734
9 CO1 C10 10:05 1389 aircraft 6 AB7
10 Co1 C06 10:40 13:45 aircraft 4 AB7
11 Co01 C10 11:40 15:10 aircraft 7 AB7
12 Co1 ClLi L1i58 15:20 aircraft 5 AB7
13 CO01 CO05 12:25 15:10 aircraft 2 734
14 COo1 C02 13:25 16:15 aircraft 1 734
15 Col1 C07 13:50 16:20 aircraft 3 734
16 Co1 Co06 14:35 17:40 aircraft 6 AB7
17 Co1 C09 14:45 18:10 aircraft 4 AB7
18 Co01 C06 16:10 | 19:15 aircraft 2 734
19 Co1 C10 16:50 | 20:25 aircraft 5 AB7
20 Co1 Co4 17:00 | 20:45 aircraft 7 AB7
21 €01 C02 17:05 19:58 aircraft 3 734
22 Co1 CO08 17:05 | 20:10 aircraft 1 734
23 Co1 Co7 19:15 | 21:50 aircraft 4 AB7
24 Co1 C05 20:20 | 23:05 aircraft 2 734
25 Co1 C03 20:40 | 23:00 aircraft 3 734
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ANuEalnd TOTAL DELAY TIME
1 " 3 4 5 6 7 8 9 10
laircraft 1, 6.00, 60] 7851730 | 695 | 735 785 | 695| 695 | 735 | 785| 695
laircraft 1, 8.00, 60] 730°|" 700 | 745 | 715 785| 695 | 715 | 745 | 745| 715
laircrafi 1, 10.00, 60] 390 |~ 385 | 385| 395| 385| 385 | 385 | 390 | 390 | 385
laircrafi 1, 12.00,°60] 375" 365 | 325|400 | 320 | 3201320 | 400 | 320 | 375
laircrafi 1, 14.00, 60) 550 | 495 | 525 | 460 | 550 460 | 550 | 525 | 495| 550
laircrafi 1, 18.00, 60] 120 90| 135 85 90 85 85| 85 85| 135
laircrafi 1, 20.00,.60] 95 85 85 85 95 85 85| 85 85 95
laircraft 2, 6.00, 60] 1610 | 1620 | '1575 | 1575 | 1620 | 1575 | 1575 | 1575 | 1620 | 1620
laircraft 2, 8.00, 60] 1640 | 1585 | 1640 | 1550 | 1585 | 1550 | 1640 | 1640 | 1585 | 1550
laircraft 2, 10.00, 60] 705 | 695 695| 705 | 705 | 695| 705 | 705 | 695| 695
laircraft 2, 12.00, 60] 220 | 190 | 235| 185 | 220| 185 | 185 | 220 | 190 | 185
laircraft 2, 16.00, 60] 90 35 0| 40 35 0 35 0 40 90
laircraft 2, 18.00, 60] 120|130 90 85| 120 85 85| 120 85 85
laircrafi 2, 20.00, 60] 10 0 0 10 10 0 10| 10 0 0
laircraft 3, 6.00, 60] 1510 | 1480 | 1525 | 1495 | 1525 | 1475 | 1525 | 1525 | 1480 | 1525
laircraft 3, 8.00,60] 1540 | 1455 | 1515 | 1515 | 1455 | 1430 | 1515 | 1455 | 1430 | 1515
laircrafi 3, 10.00; 60] 440 | 430 | 430 | 440 | 440 | 430 | 430 | 430 | 440 | 430
laircrafi 3, 12.00, 60] 365 | 355 | 355| 365 | 365| 355/ 355 | 355| 365| 355
laircrafi 3, 14.00, 60 345 | 260 | 320 | 260 | 260 | 235| 235| 320 | 320 | 345
lairerafi 3, 16.00,60] 395, |+ 405 | » 360 405.| +360, 360 | 405 | 405|360 | 360
laircrafi 3, 18.00, 60] 120 90| | 135 85 85 85 85| 135 85| 120
lairerafi 3, 20.00, 60] 55 45 0 0 55 0 55| 45 0 45
laircraft 4, 6.00, 60] 805 | 795| 795 | 805 | 815 [++795| 815 | 805 | 7957 1795
laircrafi 4, 8.00, 60] Bl %0 | &8s || AN ST BoRI B4 B40 ) S0Y &b
laircraft 4, 10.00, 60 715 | 630 | 690:| 630 | 605 | 605| 605 | 605 | 605| 690
laircraft 4, 12.00, 60] 695 | 640 | 670 | 695 | 615| 605| 605| 615 | 670 | 670
laircrafi 4, 14.00, 60] 225| 235| 190 | 190 | 250 | 190 | 190 | 250 | 190 | 235
laircraft 4, 16.00, 60] 120 | 110 65| 120 135 65 65| 120 65| 120
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laircraft 4, 20.00, 60] 35 5 0 0 30 0 0 5 0 5
[aircraft 5, 6.00, 60] 110 25 50 110 0 0 0 0 0 25
[aircraft 5, 8.00, 60] 730 740 745 740 755 695 705 | 745 755 695
[aircraft 5, 10.00, 60] 785 740 760 740 705 695 740 | 740 695 740
[aircraft 5, 12.00, 60] 485 430 435 430 500 430 430 | 500 500 500
[aircraft 5, 14.00, 60] 545 535 535 545 555 535 535 | 555 555 535
[aircraft 5, 16.00, 60] 110 0 60 60 0 0 60 60 0 0
[aircraft 5, 20.00, 60] 195 110 100 85 85 85 100 85 85 85
[aircraft 6, 6.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 6, 8.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 6, 14.00, 60] 500 415 475 415 390 390 415 | 475 475 390
[aircraft 6, 16.00, 60] 165 110 115 165 S, LS 110 75 75 110
[aircraft 6, 18.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 6, 20.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 7, 6.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 7, 8.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 7, 10.00, 60] 0 0 0 0 0 0 0 0 0 0
[aircraft 7, 12.00, 60] 280 225 305 225 295 225 295 | 280 225 305
[aircraft 7, 14.00, 60] 730 640 680 640 650 640 640 | 650 640 640
[aircraft 7, 16.00, 60] 245 175 255 A=7, 245 175 175 | 245 245 245
[aircraft 7, 18.00, 60] 85 85 85 120 120 85 120 85 85 85
[aircraft 7, 20.00, 60] 85 110 85 110 85 85 110 | 110 85 85

ﬂlnﬂgﬂ 414.1 | 384.4 | 393.2 | 388.6 | 391.5 | 367.1 | 384:1 395 | 383.1 | 392.7
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