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Chapter 1

A& (Introduction)

37t dlo] ¥ (Spatial data)
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1. 949 Hlo]E (Continuous data, Geostatistical data)

2. o4+ HlolE (Discrete data, Areal data)

3. A7 dlolE (Point process data)
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Chapter 2

tjo]g A% (data description)

5ol 2 (www.data.go.kr) ol Al AlgH-S 4= = Hx9] HlolHE=
A&A 9 ZF A5t o (= HAYFTA) ol A AIZPE 54t st Q1Y
HAE92 7] =3t Hlo]Holth
A B C D E F G H
1 |AF2E  Z4Y KISHE Y 04A]-05A] 04A]-05A] 05A1-06A] 05A]-06A] 06A|-07 A
2 201511 2= B2 sZ 15 0 2612 1217 9438
3 201511 2= 4 2 154 0 5748 6186 10836
4 201511 2= 4 HE 181 3 7264 6963 15111
5 201511 2544 A 94 3 5124 8301 11213
6 201511 2= e 326 6 15693 14092 27120
7 201511 2= 4 il 15 1 3387 6382 15241
8 201511 2= 4 M= 8 1 1731 4771 6799
9 201511 2544 2 Hi 17 2 3897 3124 12160
10 | 201511 2= AHE 65 2 13080 3680 25176
11 201511 2= kol 69 2 12630 2257 28907

201511 2= 44 MEY 5034

[
-

32403 2746 49729

=i
(=]

Figure 2.1: Z-&H|o]E| XA Hh2 XX o] Hlo|¥ FH|



2.1. tH|o]g A= (data pre-processing)

S HolHEH A T2 Holgof Yst= 745
2 A o] A mpgo] eyt WA ATt E%Q}(Spamo temporal
modelling) & 913} 2015 195 2017 197k4] 14770 A5k < o] £21¢l
A HlolHE FE5taL 7 Ashd Hof| 911 FHE Foistr] fls| -2 APIE
Z-goto] Zopd A9 JE-A s BT F ol & SH-AH HEA R HESTo
x-y 52 e Gt T3t 2k R1A] o 15 Uetll= W45 F71ste] &
+ W5k F7Fsto]

—_
(\)
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[\
i°
(0]
Y
o
JOJ
e
¢
ot
e

o = (3), iAo 2 9
g~ 1182 7}—% (4) 2 Ao, vpA|et e ® ZF 2| Ao A 717 ZH7k

=, ot 4ol oA 2
A g ofF, AdE

5
>.
o
=il
Zi
O’\
:d
o
>

A B = D E F G H | ] K
1 |date station  x y in06 in07 in08 in09 in10 in11 in12
2 201501 & 2024425 444276.1 31080 60589 98091 80352 81682 114348 143766
3 201501 W =& 205839.3 4432977 3543 10259 14681 8937 6387 6358 7345
4 201501 203 200699 438287.5 763 1639 2918 2346 2180 2789 3946
5 201501 1tH 199681.7 4370908 6428 21744 22540 14929 11321 10800 11332
6 201501 2} 191898.3 4355823 12731 36265 34784 17672 12880 12409 14749
7 201501 T+ ZCIXIE 1912859 4428716 57934 156695 207995 130817 82821 76320 79908
8 201501 FEIZE 198817.1 444672 1567 4258 5838 4213 3976 4588 5588
9 201501 -4 192697.8 456863 9486 28761 34424 18764 13839 12388 14141
10 201501 2| 2|ALE 192738.8 447629.1 3065 3704 6209 7436 8593 11657 14922
1 201501 2= 2013953 4498605 8571 24348 37344 24247 15875 14599 13832
12 201501 28 202200 455956.7 35804 110873 116472 69023 46350 41719 43987
13 201501 =40y 196764.2 441965 27430 95887 143927 80285 45841 42347 46590
14 201501 < 1974522 4490103 5937 14224 19614 12863 11968 13241 16782
15 201501 HEIE 1990354 440535 626 1677 3339 2567 1961 1689 1633

Figure 2.2: Z*]2]% do]¥



2.2. H|o]g A|Z3} (data visualizing)

20179 1€ 14770 A 9 T 7P SRRl B2 AP 2 o]
M olejo = A&, T, A, A, A, FRHAEEA, AT
A sarldel 2 & Wet At /e J'i®, 78, ARaL SelA 71

A 40 s o] FAstAH. ot AkelA HE2 7 Ashd Y A&

T AfgEol AshA e 4 wol ol-gshe AZhe AU 6
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A RE 24742 1A7F )8 A58 o] 1477 AsHE g & 74, LR
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Chapter 3

o]&/d 9] A (Exploring

dependencies)

glo]El & w415t 2lo] 2] 2. 158 (Variogram) = %27} 7H ZA=-59] o]&
‘d& MG -8 ol o] oAz o] &4 H2] 2 13 (Theoritical
variogram) 7t &4 {Y(s), (s) € D} 9] A%k (Realization) & HI'Z 2

2 St v g] @ 1% -5 (Variogram cloud) 2t 74 @4 v 2] 2 7158 (Emperical
variogram) & IR 927k 741 Ashd golele] el o 1BE ToHE
= gt
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3.1. vl2] 1] (Variogram)

Bl 2] 2 713l (Variogram) ©] & 74 25 7] 91t 27491 A+ A/3/d (Intrinsic
stationarity) Z712 otefjet 2,
() EY(s+ h) —Y(s)] =0, Vs,s+heD
(i) Var(Y(s + h) — Y(s)) < oo, Vs,s+heD
= 7HAH 7 25 Aol 9

AFo] Q1 hooflRt 91%??;‘% ottt alw A 23 shellA wig| a2

=
o
o
o2
o
rlo
o[}J
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(@)
=4
=z
1o
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2
o
o
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2y(h) :==Var(Y(s+ h)—Y(s)) = E[(Y(s + h) — Y(s))ﬂ

l‘i.l

T 7

kul
o
1o,
i)
g
N2
I =
rlr
=
=)
=
)
lo
[
o

semi-variogram) ©]2F1l T,
A Bor o 7= 270 o2 B4 (Second-order stationarity) = Y (s)

7h A% 7 g FHAIE Y () S Y (s + h) O] BEAT] 92 holah o) EFS

(17) C(h) .= Cov(Y(s),Y(s + h)) = Cov(Y(0),Y(0+ h)), Vs,s+hecD

ojt, o] wff Hj2] 2 Iy} F-2AF ok C(h) Atololl= that 22 Ao

7(h) := C(0) = C(h)
AFHEEN {Y(s,t), (s,t) € DxR} 2] o2k A 2AE HS5H
o= £t

Clhg, hy) = Cov(Y (s, 1), V(s + he,t + hy)), V(hg,hi), € Dx T
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3.2. #]8] 3% L& (Variogram cloud)

27k 71 O] BEAL, Z (y(s1). y(sa). ..., y(sn)) ZHE el
HHe Zlo] thg BAlolth WA thaTt 2 5 A 5,9 s,

=
SRS

o
=
H|F-AFE (Dissimilarity) & 232

RE TS AR BE (s, 55) % n e U 7fof tiste] BlGALE ~*(h) S T

Stoq ||h|oll whet H o= Ao] AZ A& ] 19 F-F (Variogram cloud)

ol2tal gtk 8|9t 18419 apel o] tigt wie] @ 17 1 5E I EH
oh&3 Zrt

84 oY W2 21A 1§

10000 15000 20000

Figure 3.1: 8A] £}l vjg| @ 18 75
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184 SAQIE B2 15
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G5 #°

500 10000 15000 20000 25000
(R

Figure 3.2: 18A] £x101¢ vjg|e 13 2=

3.3. 7493 W8] 1% (Empirical variogram)

Hle 019 FEE B Selsk 7ha dlole o 3744 olEAe] Y R
EHE Qe 4 QAW Be FEo] WHHo RATDE el 213 0]
A

2~
T
HHE Pol7|L ok, et Azl hol uet
= pe Hd4 w2l 158 (Empirical variogram) THofl
olE F g7t Q. WA 1783 4= (Classical estimator) = HEFATF
(Method-of-moment estimator) -2 That o] A o] o,
* 1 2
V() = sy Do Wss) — (s
714 N(h)= ZFol7t h 7t El= B (5, s5) 9 B Adolth. S N(h) =
{(8,,;, Sj) 18— 85 = h fO?“ i,j = 1,2,"' ,TL} O]D:] ‘N(h>|"f__‘ N(h)g

13



W29 olth. T o ol [N(h)| 7k 00l B S ok whebA
Vot RE hE BHSE KA B {H, k=1, K} E A2
M = max, ||s; — s;]| 2t VA Hy = {h: (k— 1)M/K < ||h|| < kM/K}
7]—'1;1':1]:]' N(Hk):{(si,Sj)ZSi—SjEHk fOT‘ z,yzl,,n}ﬂ'ﬂ@ﬂ]
1:]-%)4- 71-o] 7:10114 HHE]_Q__‘j_EH KeX 1—1_401— 2~ 011:]-
*(H 2 keN

0.20 A o R L L
g 015 oo A L
:
L 010 o @ =

0.05 =

50‘00 10[;00
distance

Figure 3.3: 8A] $2hld &4 w2l 2 1
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semivariance
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0.05 L
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distance
Figure 3.4: 18A] 521 &4 w8 @ 15
A St e oGS S AT AlS3E vl E] 2 219 (Spatio-
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~ 0.8

06
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Figure 3.5: A&7+ vlj2] @ 134

time lag (hours

ric variogram-covariance model fitting)
A FEAF Y (Parametric
FollA A4

3.4. XS ujg|aH-FEA Y HYY (Paramet-
o] ojA= &3] AHEEHE B4 v 1

variogram-covariance model) & % 7} A&7l st 11 1Y (Expo-
nential model) = Z|5Hd H|og o] Aol H == St

16



(1) #+ 29 (Spherical model) :

(
3 :
o (2 -5, 0 < ) <
fYa,b (h) =
b, otherwise
\
(
b(l—%%ﬁL%(%”)g), {0 < b < a
Coy (h) =
0, otherwise
\

(2) A4~ Y (Exponential model) :

h
’Vaeip(h) = b(l — e:zp( — g)), for ||h|| >0
cwppy . IRl
Cof (h) == bexp( - ), for ||h| >0

(3) 7F-A1QF 29 (Gaussian model) :

Yooy (h) = b(l —exp( — Ha2H )), for [[A|| >0

au h 2
C’fib (h) := bexp( — Hazl‘ ), for |h|| >0

(4) "iE 2§ (Matern model) :

1 RN (IIR]
mat = _ >
’Ya,b,y(h) b|:1 2,/,11—\(y) ( a KV a ) for ||h|| - 0
1 RN (IIR]
mat = _ >
Cmet (h) 5{1 zv—lr(y>( —) K, , for ||h] >0

17
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T ol A T(-) 2 Arte4 (Gamma function) ©]2L K, ()= =73 H]
A SE (modified Bessel function) ©|t, v = 1/2 € off WiH 232 2|42 3}
FASHT v - 00l AL IFeA R T} FAsie), of 1YL A sHHE

dlolge] Al Rege At e HoE.

0.20 1

015

010 4

semivariance

0.0 7

5000 10000

distance

Figure 3.6: 8A] SR 2|4 1y vf2] @ 150, ¢ = 2799.268, b = 0.2018
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Chapter 4

SEHELELE
(Spatio-Temporal Kriging
Model)

4.1. A&7 7FAI1¢E A (Gaussian Process)

QX 147719] AFHE S F 126715 THAARE (Training Set), 21715 Al
A} (Test Set) 2 U2t EAzL= 1267 H o] ZF AI- (64, TA] ..., 24A])
oA SN ES HE = e H oh5 3 2t

Yo={yem}, s=1,...,126,t=1,...,19 k=1,...,25

Y, = (y(lll); Y21y, -5 Ya,19,1); Y@a12), - -5 Y1,19,2)5 - - -5 y(126,19,25))t
o] wfj o}zl A HA| ZE-S WHE (repetition) 2 UEFH =4 $-2]7F 717
glol8= 20159 1958 20173 197b4] &t & @92 S4H HolHolEx
olg yhEo g W ki 25742 9] gL /M Hek, oleh ulrkA = A @At
2] 217] At 52 A% 8T} Zo] ME R HHAHL,

20



Y, = {yr@m}, & =1,...,2t=1,...,19 k=1 ...,25

Y, = (y*(lll)a Y*@21), - - -5 Y¥(1,19,1) Y*¥12)5 -« -5 Y*(1,19,2)5 -« - y*(21,19,25))t
a1

B2 Y, 9 AT Aol H gy, o) ARLEES Y ARER
715t ofefel 2ol & 4 9tk

=
Y, 0 Yo 2o
Y = ~ N a , o2 g (4.1)
Yy Hp Ypo Xp
e Yy o 2Z0]E (126 + 21) x 19 x 25 = 698257} =™ o] ¥ Sl g

A2 E5golB2 3, = T3 2 B2 E (Block diagonal matrix) 2]

Fej7t A,

Yst Ouz6x19 -+ Oizsx19
Oi26x19 st <o+ Op26x19
Yo =
O126x19 -+ Oi26x19 st |
k2 Aof|A B X (Mean Structure) I (uo) oF F-FAF 72 (Covariance
Hp

O AZhol| - 2RI Y 9 o]ofl 9= F= T (Covariate)

AN (@) & TeIsto] T 2L AFZ 87 2T

21

Bz 0or 1), Al (o : 1or2or 3ord), oA HA AR
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(Spatio-temporal regression model) = 2§ Z}Fo}A},
Vo = By + s + Bows + Baas™ + &

o}7]] Alzte] uk2 TS FotF7] 918 B-2E2] (B-spline) T4-& 7t
g g7t 2 »PL 1HshA}, o] ) B-AZEel 419 244 (degree) = 3
vt (Internal knot) @] == 4702 S} = 71 A4 &< (Basis
FE= 77io]th.

function) 2

Vot = By + Bixs + Boxh + Baai® + Z b; B;(

oo} 2o 27w gL wshA 4 (4.1) 9] B || & AABE (Design

Matrix) 7 240] Bag BA4uE go] Fo.2 Lerfoct

Lo X6

Hp X6
wi It b 7F 242 274A] ) Fet 471 2] MFEE T WY HeolBr WS
2ol thet AAIYE X, 9] 37]+= (126 * 19  25) x 137} Hr}.
T 7] MEY W4l a8 T 2k 2 1T AAPE S FA5H] 95 RO

St model .matrix () & AFR-SFI T

4.3. JEAF X (Covariance Structure)

0Ol

ol B M A (4.1) 9 T4 FE Y Fxo] tis AHHEES
2o asks 9o Algtoll Bt &3 F3he] Wt gEA 0] ZErts
(Separable) SFTFIL S}A}. =, F7te] TRt o]&AJ o] Al7to] whe} Eebz| 2] oF
=2 ougtth, AlFzt a3 (9 3.5) 2 AT B 7HeA 7ol

22



EFEhe B 4 9l of A% TR FY S BT R B (Spatial
covariance matrix) ¥, €t Al F24F S E (Temporal covariance matrix) 3

=
o] 32 YA ¥ (Kronecker product) &2 YEFLHOJ X} A0 2 T HASIH

oW, ¥, ¢t ¥, = A4 FE3F &= (Exponential covariance function) &

#-g5to] k37 2.

e Psdist(sisi)  for § £ j
Yy =
1 fori =y
\
( | ‘
e~Plte=tyl for it £ §/
Et -
1 for i/ = j

.

Y5 T A A dist(s;, s;) ol WEF o2 gHe 7HA A 2, E A3 (lag)
[0ty 0] ek THE 3EE 710G oje} e BRG] Bl o
Qlef =9 2|94 %k (Maximum Likelihood Estimator)= B &
o]— 2~ O]]ﬁ'—

4.4. FHYLEFA (Maximum Likelihood Esti-

mator)

Aol M AR E 7okl Bt E, Tt xRl tiof A osiE o=

0] A9 54 (Maximum Likelihood Estimate) ol tlalo] oS- Z-&

WAL bskA ek WA X, 9 Y, & WhEol whet el ste] st

23



chgat 2t

97k S0} he B40) HTE 0 = (8,0, p, ) VI %, 9] Ee T2l
g 729 9loh go] BAH X, 9, 9 T2E ol§okH B9 AR =FHY
o thgu} 2ol H@HL

B = (X5, X)X,

_ Z(X(.).kTZS—th(.).k)—lX(.).k Tzst}/'o..k

2 (4.2)
2
— (Xok’T[Zs—l ®Zt—1]X )_1XkT[Z ®Z ]Y
k=1
g0 o2e) AN g EFYUEL
1
72 = (Y, = X,B)T5; (Y, — X,B3)
1 25
- Yk _X,.kA Tzfl Yk o X..kA
N;< o o IB) st ( o o /8) (43)
1 ¢ .
= LS XIS e S - X))

24



olt}, oj7]A N-& B=do]E 9] & 4221 126 x 19 x 25 = 59850 ©]t}. °]A] g,
W 55 Fob7] Aol =4 (Likelihood function) & 4 HAF,

Loletx 3w

1
—2log L o< log | 0”5, | + — (Vo = Xo)" 57 (Yo — X, 8)

olt}. oj7]of B¢t 02 5 tdste] HANeHA

1 .
~2log L oclog| 925, |+ = (¥, = X,B)" 25 (¥, — X.B)

=1 220 N

—logo? +log (] X, || T, [126)%
—Nlogo?+25-19log| ¥, | 4 25 - 126log| %, |

=

7h A §19] As FHast ot p, ot pE

oz, 99" 2 A =t

Yp | Yo~ N [Xpﬁ + Zpozo_l(Yo - XO/B)a UQ(ZP - Zpozglzop)}

7} gu} ol ff AR Z1AHZL E(Y, | V,) = X,8+ ZpX; (Vs — Xo8) 2

o &4 (Prediction) =

AH o Foto] 37

_O_y;_oq

= H =4k (Best Linear Unbiased Predictor) ©] €T}, mhebA] Y, 9

(4.5)



AN
N
(i,
K0
tA
=
ol
EN
2
vl
2
B[\
o
_>|~1_"
=
D
Qo
]
@]
Q0
o
Qo
=
@
e
=
@
(oW
g
o
=
t
H
o
Z

2 Vg 2 st g2 Azt

LSS

9(Y,) = E<Yp |Y,) = XpB+ Epoxgl(yo - XoP)

A o =7k (Best Predictor) o] Hoh, £HF E4HYE V(Y, | V,)

0% (5, — Sy, '0p) & F8E& 59l ASFIE (Prediction interval) &
G 9k

2t 5P 95% ST Y, + 1.965, 7+ k.

26
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Chapter 5

golg E4 (Data Analysis)

R optim() FFE 0|85t 4] (4.4) 5 43} 5t= p, 9 p, S F5HH
7¥7} 0.596 1} 0.0223°]t}. ©]5 B4 5, ¢} 5, & & 4= 9Ll o] = 4] (4.2) ¢}
(4.3) 0 tHdste] 77t Bt o2 oht et
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3.9527
0.4831
0.066
0.0458
0.0391
0.7377
0.0851
0.2014
0.5244
0.0511
0.2232
—1.2122
3.34 x 107¢

»»
I

02 = 0.2792
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Chapter 6
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Abstract

Minwoo Kim
The Department of Statistics
Graduate School

Seoul National University

The subway is a mode of transportation used by many people because
of its quickness and convenience. This paper is written to predict subway
passenger flows by using the statistical modeling. Among many types of
data, spatial data which includes locational information is now gaining more
attraction and statistical methodology considering spatial dependency has
been developed. Each subway station in Seoul has been assigned locational
information and the spatio-temporal model which considers temporal depen-
dency as well as spational dependency is used to predict subway passenger
flows. The subway passenger flows are assumed to be normally distributed
and mean structure consists of several covariates and B-spline curves. Sep-
arability between temporal dependency and spatial dependency is assumed
and exponential model is used in the covariance structure. Parameters for

the final model are estimated by the maximum likelihood method.

Keyword :Spatial data, Spatial-temporal model, B-spline, Separability, Max-
imum Likelihood Estimates
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Predicting Subway Passenger Flows

By Spatio-temporal Modeling
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