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A Markov Chain-Based Analysis of Daily Delay State Transition Structure

at Incheon International Airport

Seungjun Choe’, Suhyung Lee”, Chulung Lee”™

ABSTRACT

This study analyzes daily delay state transitions at Incheon International Airport (ICN) using a
discrete-state Markov chain. Using 1,035 days from January 1, 2023 to October 31, 2025, daily
conditions were classified as Normal, Congested, or Critical based on quantile thresholds of total
delay rate under the ICAO-aligned 15-minute standard. A first-order transition matrix was
estimated by maximum likelihood, with stationary distribution, mean return time, and
Critical-to-Normal hitting time derived. The Critical state showed strong self-persistence (P(S2—
$2)=0.640) and a recovery time of 7.8 days. Among nine delay causes, connection-related delays
were most strongly associated with transitions into the Critical state (Lift=3.29). Robustness
checks with alternative thresholds and placebo tests supported these patterns. The findings
support congestion management focused on state transitions and connection-related delays.

Key Words : Airport Delay(Z& A|99), Markov Chain(PF2F X AQl), State Transition Structure
(A o] %), Critical Congestion(¥4 &%), Hitting Time(B 4 =& A|7), Incheon International
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(Yoon and Son, 2023).
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Markov chain Z@< A|AE9] A7} AJ7to] wh
g} oj@A| Hol=E=X& FEHLE 7|&st= TAY
TAEA, ol AZE AAIE HolEREE AH Holg)
£ FE, AYERE, g IHARE =ZAZKhitting
time) & TS AEE FFHoRE &% & ot
(Kemeny and Snell, 1976; Craig and Sendi,
2002). o] AXE2 AAHE o4t A 37t 919 &
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87 22 RE EEEE= AHEY Z(spectral gap)
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(critical)®] Al 7] &9 A2 Astal, Ae o
SE YA YRR, Pyt SEAI L F AR
T2 RN T 299 FEH(resilience)S
A& oA FRFF o Bristax} gt

= ==

Nl. Xtz ¥ A7 Uy

3.1 Az 8 & X

2 Aol AEE AR JAFTATITAR] gt
HEIZN B7= ol At dE FFFACIH, A
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1Y€ 1958 20259 102 31971A19] £ 1,035¢
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if Ry < qo33
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2 (Critical)
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AA| A7 hitting time)S E4 A1ZF AFEof| A
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o, & Aolxls AAS2) HHERE FAHS0) JH
29l Hd & AREE TESP] s 71ERE
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A, 8 £=5 B7lsk7] s Aolya Y 2814
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P(S,,, = 2lcauseiis Highatt)

Lift, =
ot P(S, = 2lcauseiis Lowatt)
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Lift gto] 1He Aok A2 s Akre] A|do] &
At dofl H2g Alzgle] dA dEiR AolE &
o] wjoj2etel tiv] Erh= A& 2ulshH, 1 gho] 2
5 o AH 9A AEY ARt E2A(trigger)

T 7K B HSS SR AA, okt A
e BA2 A Yol A8E B¢ EA
(933/967)9] A2d =AIE HAsh] §3 A=,
q20/q80, q25/q75, q40/q60 5 Hetd ZAIgNA
T #HM ZHEP(S2—S2), hitting time, spectral
gap)7t YWEA FAEHE=AE HASSh

=4, AAYE HE placebo teste & A4 =
SH AF7F ARE 2] 71R1GE ARNA] Ee SATE
BAA A0 EFRRIXE wEsh] 98t Aoltt. ¢
A AEAE FARIE 1,0008] HESHe] ZF HE Al
AL ol LT 24 FPota, B=H SAFO]
ME B2 95% AlFF7E R AAH=AE B7}
gt} AAE AES AT $4792 5] AASEE
2, 5 BAFo] AE 2o Bg8d] tE 4 &2
Aol AHE AE) Aol fL27F AA AlZE Fx0
71918 9jnjgltt.

2 Aol AA £4 A= Fig. 100 AX=o] ek
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Phase 1
Data preparation

Phase 2
Model construction

ICN daily operational data - 3-state discretization
Jan 2023 - Oct 2025
n = 1,035 days

Delay rate definition

Normal / Congested / Critical
Quantile boundaries q33, q67
Transition matrix (MLE)

-

Phase 3
System analysis

Phase 4
Robustness checks

Stationary distribution - Boundary sensitivity

Mean return / hitting time Time-series shuffle
Spectral gap placebo test

Cause-level Lift index n = 1,000 permutations

Fig. 1. Research flow of Markov chain—based delay state transition analysis

6004 ACIE 7|9t 15802 HAH o 2 5%
Aol Wsly} Fge0log 283t AR 4
Az E AZ%(connection) A|EEC] B
0.1352 7M¢ &8kom, 33/&9=(0.049), ATFM
(0.049)°] L HE ol UHA 678 A /3
=, 718k Al 71 AR, /57N BF
et 0.013 olst= ”’Eﬂﬂi $o 29 Byt
ARE B AAEL Fig. 200 AAIEo] ot
AtollA Rt A HA| X AE KOS B
0.279, 4%k 0.261, E=HA} 0.1099] ¢
weE] E2E B} 33% 2= 0.222, 67% &
= 0.3042 AEEgloH, o] & 3 4 3)9 4
AZko 2 873 Ay AHS x%x}(so)’ 1‘?:;{1:]—(51), )|
Al(S2)9] 371 2 EFolct.

=
Bt

do g r[r

4.2 29 7Py TH

Markov chain A-8°] A, £4 i Holg7}
2y 712 7HE ok Ak FFIPeAE =
AR RIS o At WA dE AJH
A7 A Aol SESH=AIE sk s,
= AE7E @A et =dolzhe 03F 233 13}
Markov 2¥<& ¢t Ao vluwsiint. 1 23t
ARSAFE G=438.5 (d-4, p<0.00DZE, J& 7+ 1
2p o]&Ado] uie- AotA EARS ERlsieitt ole
A A S =9 AlFo] ohdzt el Ao I

00032 00028

S 2% & o (C
& ‘@é\ N b ¢0‘° oo N
&

Fig. 2. Mean delay rate by operational cause

o8 s 2 A7 712 4
HEE 4111 Q.
thog By LS Adsh] 918 04, 13, 23t
9] AIC®} BICE H]|sl9itKTable 1). FE7|E
FoR= 224 B9 At 7P A UERReH
(BIC 1855.3), 22+ W 12+ 9-&H] A% JA] 52513
tHG=103.0, d~12, p<o 001). 134 2% HPge
277119] o] xfetulElE FAsfor stug e 22

7go] Hlojeglo] oJsf 5

o] HAalglo] =4 obgAo] AslE|T, B o] A
AR G4 FEiRRE 9 SEARE A A& g

I 22 ARE Y 4 s FHE AZoHA &
gtk BH 12F 282 o7f mEH|ETe R o] A&
£ g3 FEE ARSI, 4,689 olAks} AA W=
B4} AAE HE placebo testollA] A AZo] U
A=A fAEe] ERI"h ol B Ay 1&%
Markov 28-& 7]& oz Adols], 23 o2/
o] A= A3} oA A aEfolal e By S| &
AZ g7tk

2oz B 7|7t Aol AA Ho| Fx7}F Yrge

Ag HESH] s, A4 717+ ARb7|ep Sur|=
ol5HEolo] F 719 Ho|gyHo| FUsth= M
$rH HEoRE wrlsiglck. HA A G=73.9
(d=6, p<0.00)E 524 7ML 71Z=9lem,
A el A7) A& EEo] A7) 0.518004

-

Table 1. Model assumption diagnostics (AIC/BIC:
Order 0=2287.9/Order 1=1874.9/Order
2=1855.3)

A% AF  |AHE|pvalue 4y
ul= 3T . ~ -
03 vs 129 G4385 | 4 [C0.00111% ok24 £
A= A= _ 22 A% 9%
3 vs 12p| G100 | 12 [<0.001) gDz
= Z]
HEEER | 6139 | 6 [cooo| sy Az
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oL} 5 AE= 24 7IZE AAel Hiet Bt
2 EAo sjH=ofof st Al we} Wstsh=
o] Fzof theh PAIA BEFE SOl FF A
2 =it

4.3 FMOZE % U AlAY XE

A (59 WS HLole] AET 1%
Markov #o|&& FE2 Table 29+ 2t}

4% AolgE P2 o9 F 7K Y B4
< Btk AR, 2E EolA tiZd AdE9] gho] ]
izt ol Bis] 2A yehd, 9 e A7) A&
“d(self-persistence)°] ZFoHA EATS SRS
53] B4 AdHiet dA e A7) A% e 47
P(S0—S0)=0.674, P(S2—S2)=0.640°2.2 wj$ &2
0|9tk B4, vtz EoAE 1F AEf 7H A
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—82)=0.056°1 35133, A AEiolA A4 AFel
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2 A9 53t ExE HYow, FAFE E3(0.330,
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Table 2. Estimated transition probability matrix

P (MLE)
From/To S0 51 ,8.2
(normal) (congested) (critical)
SO 0.674 0.270 0.056
S1 0.271 0.433 0.296
S2 0.050 0.310 0.640

Table 3. System dynamics metrics derived from
the transition matrix

SO S1 S2

Metric (normal) | (congested) | (critical)

Stationary
distribution ®

0.332 0.338 0.330

Mean return time

(days) 302 2% >0
Hitting( 5;23 to SO - 5.85 7.82
Hitting( dt;r;s ©0S2 55 5.35 -

£ A79 71 FE5T Tk Ay dA AHEE
H A4 dEiR2e Hd 3EARHhitting time)o] F
7.8294% AEHAtH= Folrh ol= g ¥ AJAF0]
A 3 Aol APT AS, et @] FHCE
SiaEl= o] ofuet oF Yol AZl XA 3E
BHE A= AL gu|gith. ol=jgt A= AUE
g 74(0.394)2, 271 A9 Fe] 5% o|H=E Eo
& b dgl+ AR $8= mixing time(7.6¥)0]
Aol dEE Az HAEE 7H7]a Qlo], & W4
3 7S Avst A9t HriE

FHE Holge PEI HAAAEE ¥ = Fig. 300
AlZAog A= 9)

4.4 CiEHA HO| 24

Hol&g FE ASAF P Z8shd, 54 A

0.270 0.056
0.8

o
o

Transition probability

0.271 0.433 0.296

wn

From state

I
IS

r0.2
S24 0.050 0.310

SIO S’W S2
To state
Fig. 3. Transition probability matrix P (left) and
comparison of stationary distribution rm with
empirical distribution (right)
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‘
 (ays abesd)

Fig. 4. Multi-step state distribution from initial
states SO (normal) and S2 (Critical) over n=1-10
days. Dashed lines indicate the stationary
distribution
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Table 4. Lift index for critical state trigger by operational cause

Rank Cause Lift P(S. |high) P@S. |low)
1 Connection (9Z2H) 3.29 0.691 0.210
2 Airport/Immigration (Fg/&U=) 2.69 0.625 0.232
3 Weather (714) 2.02 0.533 0.263
4 ATFM 1.98 0.525 0.266
5 Other (7]€h) 1.83 0.502 0.274
6 Maintenance (JH]) 1.50 0.440 0.294
7 Operations/crew (23/55%9Y) 1.45 0.430 0.298
8 Ground (A=) 1.42 0.425 0.299
9 Passenger/cargo (912/3}8) 1.13 0.363 0.320
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Table 5. Conditional transition probability under connection-related delay condition

Condition P(S. —S. ) PS. =S, ) P(S. —So)
Connection high (0q75) 0.730 0.241 0.030
Connection low (<£q75) 0.438 0.467 0.095

Lift: Plnext=S2 | High) / Plnext=S2 | Low)

N 2 D N
® e aid N
SO - o

s @® & R £ @ &
PP *' & oot & P

& 20 D 2 &
¥ (< 2% 5 9
¢ & o

Fig. 5. Lift index by operational cause for
Critical state trigger (sorted in descending order)
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Table 6. Sensitivity of key metrics to discre—
tization boundaries

P Hitting S. —So | Spectral
Boundary (S. —S.) (days) gap
q20/980 0.551 11.71 0.435
q25/4975 0.575 9.69 0.419
q33/q67
(baseline) 0.640 7.82 0.394
q40/q60 0.705 6.26 0.400
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Table 7. Placebo test: observed statistics vs. shuffled distribution (n=1,000)

Statistic Observed Shuffled (mean) Shuffled 95% CI Empirical p
PS. —S. ) 0.640 0.330 [0.287, 0.372] < 0.001
P(S. —So) 0.050 0.330 [0.289, 0.372] < 0.001

Hitting S. —So 7.82 3.03 [2.82, 3.26] < 0.001
Spectral gap 0.394 0.958 [0.914, 0.990] < 0.001

P(S52-52): observed vs shufled P(5250) observed vs shuffled

— Observed = 0,640 — Observed = 0,050

Freauency

P52 5] P(s250)
5250 fitting time: observed vs shuffied Spectral gap: observed vs shuffled

Fig. 6. Placebo test results: observed statistics
(red vertical lines) vs. shuffled distributions
(gray histograms, n=1,000 permutations) for four
key metrics
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