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Impact of Climate on Yield of Highland Chinese Cabbage in
Gangwon Province, South Korea

Seungho Lee* - Inhye Heo**
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Abstract : The purpose of this study is to extract climate elements affecting Highland chinese cabbage yield
by growth period and estimate the change rate of future Highland chinese cabbage yield using production
data and cultivation area of Highland chinese cabbage and climate data for 1993-2016. During the analysis
period, the cultivation area of Highland chinese cabbage in Gangwon has been consistently decreasing, but
Highland chinese cabbage yield has decreasing in 2010s. Highland chinese cabbage yields of alpine have
significantly negative correlation with temperature and sunshine hours during growing and heading in Dae-
gwallyeong-myeon and negative correlation with precipitation during planting and heading period in Samsu-
dong. Highland chinese cabbage yields of subalpine have significantly positive correlation with minimum
temperature during planting and sunshine hours during growing and heading period in /mgye-myeon and
positive correlation with minimum temperature and number of days with precipitation during heading pe-
riod in Bangnim-myeon. Future Highland chinese cabbage yields are estimated to have a steadily decreasing
rate of change with future climate change scenarios RCP4.5 and RCP8.5 in alpine. Future Highland chinese
cabbage yield is estimated to be more increasing with RCP8.5 than RCP4.5 in fmgye-myeon, but more in-
creasing with RCP4.5 than RCP8.5 in Bangnim-myeon.

Key Words : Highland chinese cabbage, yield, growth period, climate element, alpine, subalpine
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Highland Altitude
IEEEEE: Alpine 1526.9m
W subalpine 26.3m

“ Observation station
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60.000 cultivation area (ha) 0 yield (t/ha)
’ a ] ngtional Chif‘ese cabbage [ national chinese cabbage b
mmmm highland chinese cabbage I highland chinese cabbage
50,000 501
40,000 401
30,000 A 301
20,000 A 201
10,000 104
0+ 0+
1990 1995 2000 2005 2010 2015 1990 1995 2000

year

2005 2010 2015
year
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Abstract : In this paper, I recognize that the current Korean geography is in crisis internally by the physical-
human dichotomy. Thus, strategic coupling between physical and human geographies focusing on a specific
research theme is needed to escape the crisis. In this sense, I pay attention to the field of urban disaster as a
research theme for convergence research. The structure of the article is as follows. First, I critically review
the existing literature on critical human geography (i.e. the urban political ecology, the thesis on planetary
urbanization and the more-than-human geographies) and its empirical studies on urban disaster. Second, I
clarify the implications of critical physical geography for the successful strategic coupling with critical human
geography. Lastly, the Four Major Rivers research is suggested for critical physical geography research while

considering Korean geographers” methodological capacity.

Key Words : convergence research, critical physical geography, physical-human dichotomy in geography,

urban political ecology, urban disaster
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Abstract : This research is firstly aimed to review the theoretical stand point of modern natural science on
the concept of space and its prospect. Furthermore, it contemplates on how natural science’s understanding
and perspective on space can affect the humanities and social science. This research concludes that scholars
of humanities and social studies need to go beyond the concept of relative theory and relative space to explore
the relationship between human and space, or human and environment. The difficulty to understand theory
of relativity has been a barrier for scholars of humanities and social studies to study the concepts of space. It
is my judgement that understanding space as having absolute property, contrary to relative theory, provides

more insight to human and its environment, and that it should be prioritized.
g p

Key Words : space, absolute space, relative space, modern natural science, geography, humanities and social

science

o AT 20178 AT thoksl ) AF&A)slE AT (C-D-2017-0438) AL o} e,

5)
* B2 AT AASHE s (Professor, Division of Economics, Pukyong National University), okwon@pknu.ac kr

—305 -



1 AE

Tl

3l 2}

getE gl ot &3t Aol )

3
=

sfod, B2k AF

o oo
AdE 3

ARl 7]

13

o T3 e}, Adalsto

S}
ol

Al

il

=

|

7

ESASS
i
5)

A
I

(Crang and Thrift, 2000; Massey, 2005). 3-719]

ek

5]
er

2] A QA7) QA7IALE 9} GAL Z=8

A 44

Al
=

F A}Ae)

(Harvey, 2005), ~L Az}

T
i il

Ho

Tor

YA
AR
o/

o] o]21 9t} Crang & Thrift(2000: 14—

33

?_}‘.

o] 37 AES YA O R AgTOE

T == | =y
= A=

15)

T
il

2 A 7 Wk 2 A

Aot

]_

Tod

ol8l7} 2717

ks

o

ol
i

=

It

wr

e

| BR7te] wlaha] AR 2o

o}, Hr} Ho) FES W 5

[z
ol

ol
o=

S A

oX

~
=

ﬂ
&

TH(Sayer, 1984; B+, 2004). o=

o] Alw}ste] 7]

=
=

B7)E 417 g}, QUEALEIEA)

o ofye} A7) ofqlgrEtqle] Aol 2] =

A D, Harvey(2005)= 3-7to] &

ot

S

)

SPRA “E7ke] ofu]of

AR
o
Hlo

ol

|

Cul
.Xrﬁ

~

T
o
il

A
3
<H

af

=7go] s o

)
&

, 2014). 1990 7}FA] o] =

=
e

S - EECE R by

o

<y

ol)
0

7} BAARIZ? o] W] o

Aol o2} BHAARE B Eo]

)

X
J))

—306 -



AstRaL o] ZE|A 9] A A2 o] & At
A5}l 9= AoltHEinstein, 1952; Greene, 2004).
LEY JARARS] ST ool AR A st
O] AT e} a2 42s] olsfieh= A 4l d
ey

o] optt, Bt Aol Ee] Y=
2 o]F YA}, Tl AEkA} W2 I40] AA]
o] 29| AIZHA A FIHE B Th} HukS
B IEASFAEL uf e 2AAHYRATHE AL,

=
2009).” AHL2 Aol 2 o) B9 BejetExrat

Wee RS shat] Zekg At Agolt,

TRt AR Aot skl 2efol Hejst o
ol AR Ao] glom IREE ofn] gl A
A AgEaL Qleka wekEey, Ae) A sluiatel
1=0] 30] A ¥ B}, th8t HwA 245

7S efa,
#5to) ol 24 Ariel

|o
i
%

o0 oW
i o)
JO«
©
of
L

)
bt
ok
K
n2
Q‘L
_|>i
2o
o
;
o
rlo

e ot ofy
oot 4o B X

re
-
U r
i -y
o
o
=2
%0
>
il
o
o
o]
il
iz
)
2
O | 2
)

A AAZ EARRE S A2l 718
Ak, Holrh g7ke] 11 it

e

i}

oft
[e2

)
o ST «ir =

o e rlo

5

w
=
%
wel N o
[> n r?n? e
rlo
3
rT
29,
1o
%
tot
g
i,
rl
=
X

>,

o & O
o

%0
£
i
AC
[>
1o

AEE S50 A}

3} Frolehe $50) 7]

1 rlr ooX O of
)
-
o
=
o
it
i)

o mX ot
N
fl
-
fr
%
o)
v

ol
(e
x
rf
2
2
s
4,
td
W
i)
l
[>
S
=

okl
()

RS
% X0 Jm
rr
_'>i
ACh
il
ok (o
)
|o
il
r\l
X
ol
o
bacs
= oo
oX, HI
1o

A A4z QAAof Fri o
1999). o]} 58 Aslu}o] 257
A 2719 Aol 2AsIL Q=)
AS0] ol o] BAS0] LE=

Zolekal F4cHJammer, 1994), k2t

52
=
=

I
o
[
rr
ol
rr
>
re

:}I_Jf
il
)
o
Mo

PRIt n
rO
o
o

Mo 2 S
> o
©on
)

fof o
o2y
=
2,
o
BN
2
o
=
Ho
oft ol
roll
O
rr
o,
>
o,
o
o,
< rlo

= h
Mg B2 BRAL A4,
SHRS BESIA B0 o8] AR APA 2l
A3 vlo] g kR AL Atk /M

—-307 -



o101 3rE19] A7) 7}]

]_

Tod

7

A A

il

HOR 904 <]

£ Eofof Yrk(Jammer, 1994; Greene, 2004). 1]

AA 7] o5 ol2)g

S}
ol

7}

_L
%
NI

roF

24 A

A7

t}

A S5

5|

pj

tpom Al o2 1

7531—6

171 Sisiaeta 5

S

g

=25 E 9

]

23

ojge]ot 2kl

ek

L
.

o} 7L

~

2]

7ol A3H 2otk (Reidenbach, 1957).

olJ

Zlolet, Arfjitol] 1o

FhRIcks

[e]
=

~
._Oﬁ

ol
A

o}
H= AAlolth, E40]

SR
sfo] 245

of 41
o] 7o) ZA 4 91X

=S
o
2]
=

of i

B} AR 2] 9], 2003).

s

& 8

o] HANEA] FaL

T

N

=ul

o

[z

2A71 gk,

B

N
ol
i

il

=}
=

o o] Hl Z15%of o

)
o

e ALl =1

9/]

)

o
-

wm

hA17Ee] EFof Auj = A 7te]

7ol A)

s

ol
o
el
B

3] Aotk (Jammer, 1994; 48] 9],

o))

o

oL A =5

15

To?
X

=5°| 3

a7k &3

SHEA The:

A5

2hA 2

i

L
E‘Z?:]_

A7

]

7RGk}, $5 )aLd 414 olsfel o

5

Q%

=
=

gt Holok & AQ17HGreene, 2004).

14

5
ol

12)9} 7}

fe)
L
Rins

A HA0H, FoARTHE 9530

<k

sl B0 2o] 9

Sk

A 2

AA=

== =Ems
vETugO]'—ﬂ

Q]

—308 -



g4

5

Zolet. ot} np

7] oRIgrERQl ] ZlHiels EE] ool &l &

=,

EERER SRR

f E2j5ke] A2 wojFHGreene,

)

4
J))

M= s Aol w2

15

il

°

ool 2ol of

2004).

APEE] 7101t g1/ o] AIAI(AIZD Ol A3 Th/d

SEC PR R

Ho

Lol
y

ok

s
o

o]tHGreene, 2004).

H7EA] Qe

gl

73

ARAIZE RIIE, o= ShE 'ofoll A = mf

A

X
Tol”

&

L

.

oA

i

o

Xel

TtHPodova, 2013). ©]
[e]

H

Tl

I

AR g o] At
Zoltt,

1

.

]
=

b

2 g 7 o= 9
24 A7} ohjek

Y] 19059

]

=

AXGeh, v

H
[e)

=

s

SER)

e

(o

12 19417

e

oJt.

P

o
ol

of-
T
iy}
JE
fup|
N
™
.

o

go

tod

o
oy

7142 AR

L
.

o5 thee] Bal

ek omz, ol

ﬂ.ﬁo
mj

ﬂ‘
o
Hlo

ol

J))
%

oL} F}atol]

=
=

o|J
%

e
M

5%
<

ol

M
J)

O 2A A HitA

o) 78 Al o] Alzlo]

3

SEDE

e

IR0 aAck ok

qmo
To
)
p

o

I+

on] H7]H o]EL= A

pgolch)

L

.

3l A

7}

]_

o 9

XX

A2 0]
o} v
-309 -

o

.

AAEA $FF

5

o}, $olage] Ml

ey 2ol



Hos|

g, A= S850] do7]= ARl Aol =3t

o AR e 517
7

AEAom 372 @ HitkE A
T F A= o] ik, ol High A
TARA Ao AALE ] AA
oltt, AFe] AAl= 1A, A &5 =3
o] 79] 3]afslAALt ofe &
FE AL, o] A se=
S7kolEaL AR ZoJeHAagAd, 1992).

Zro] BAY Yl HHoleh TS Bkl
fe13

o
o

o
2

ﬁmlm
o

\I-LIr

I

)

B

=

2

ox

1o

=

Y

lo rr
KU d
N

AP =90 e A& 7HIct e =}
AH A} Fol|A= Hejair) o2t A& tak
st =X o2 AYFt(Jammer, 1994), @4
o] OJalH A o= EATro] AA 2 A EA) 5t
] T2 TR S4o] EAeHA] ¢k § oS oy
g},

o) Zsto] Y E7] o] A7 FHIEY] 5
Tofl & G2 v ot AR A= T Fa
¢} 2o g4 (containing body)ol] £o] = 74
2 KTt o]k Aol 19 A5l HekEe] A
It 77k 33 Q1A ZHAAL QIE ) BlshH
2221 Aolth(Jammer, 1994), L3 FT 779
A A ALSl= o] AR EH A0 ALY BE HeiE X
227 =8kl ldek

ol o] 28] FZEAE] 7|R-E Tl AA A
THES A71S DA HFtREo|t), 7t EE
= 2AE 7IRE 252 Yo BN IAES &
5 NdS AAISHE, AR 3 B 91X ¢
nlE old 471 52 1] oj o= 1hastR] ¢
o F1toA AXF A5 fleiA= 71E0] H
= =AI7F Qlofof gt EAFITH 2, 2009). ©]
of thsll 7w d7F=EQ] o]2|gt FHEA =]
A5 AT ¢ oL ot RehA] o=

3 A AREA S| A7) o
Weta Qe AAS G S} 2ol
Rl EAGE A 7o

i
_\:\_1‘
of

of
ol
>
fu
>
3
i
Sl
o
>
pach
T,
2l
o
[
o
N
1209
o
Z N

filo
i)
ro

,N r
S

i

9

[kl

T Jo
[N

=
2
o
0
ox
=
i
2
ol
ok
a2
of
=
)
>
fr S
5
10wy o [z

of rlo

[N

off
e,
=
ol
fa)
10 e 2 flo mX

A o) Epsteka Fasgc,

RE W oljet A7k EAE

sholeh, Kk B 50] 907

Ao}, e} ehol iy 2 ghd

NES 83 A0 deA ek el A
k2

4
_>E —{]I ﬂI]Fl rlr
J‘dj“i—imo&rﬁnﬁuoﬁlﬂ

o
o of rlr oX

worr
z =z
el
ra
o)

rok

= g= 379 A4S 23

s, F AWE) B
%

3r

it}

1o

_] G

=

B

()

rJ

rlo

o
S rhu

2

|o

forp

o 9

2

oot

2

|o

1

9
)
el

&
)
K
=)
[>
e
05
o
)
i)
d
=)
o
iR
)
i
AC
o o~ [
jucd)

=

3 o5} ohjet 93 17
o] oA TR ) TatAE
2 o] 9141 gk BaF A3l

ol 20) FA A FFRO] BB A
3

Mo mju

4 -
fl
n
T o

)
>
o
o

R

v

9
i
lo
il
offt
it
o
)
u)
o ofl
ofr
Id
K
_(|>L
oo
g‘L
21
£t
=)

X
=2
ol ofy
)
1o
Lo
oo Kl
)
9,

s
i

Ox
1o
o
Y
Y
ofN 1
1w r
lo
>N
o
=
Tor
O
e

i)
ox
o
ru
2
i)
ox
2
-
of
)
o
=
>
)
%
o
5
a
o8
=l

ol 28 AERE Roltt,
Tt 01714 gdslor & Hio) ik &
2 olQlfrERIe] At RThE L eholmy 2y} nhse)

-310-



Sk
7}
o

=

3}

A

A

3

1

oJm)7}

a

VS
=

o) AB7E HAE

] 9u)7} o
R Arjaize) =

Yol Qlet, T1ejut of

w

<

S

A 3744 o}

o} r}

=

Zo]m Axo o}
Bl Srelo] 54
=y

[l
q

pu

L

e 2750 A= AAE ] oM 434 Al

SR Al WA Sfn)= 1} AlZo] A2
ERRlo] AQ

I~

ES
7]

]

AL 7 ol e Rt

7k e we o)

o} 9iet.

o

=

o
E

FEMREE
olet,
g o 7

L

R

3t

7HA]

=

| A= A3t A

A=

°

BE

3714 om|7} S5 = o] At

)

=

Nl

ol s

oo

Sdidel2
2 &

E

3H

Jtel A

13
=

HHICH(Greene, 2004), THA 2] o}

R
3) OFRI<+E}

of

i
=
N

-

of
~

Zloltt, o] 72 ofQlerERle] 190549 Uit

]2k

ol

ol FORto =M WA B1HET

L

p

o} Ao
24 A}

== ]
=

B

O
el

~
ok

H2olA]

4219 N BZrASA Zo]L,

H

], 2o

o= RN
AR

5

Aol 2SS ol 4l Hrl

o

L

olek

&

2]
hl

-311-

S Aicks

3 g11e]

)

°f <]



Hos|

LEAAFE FYL Ao|th(Reidenbach, 1957).

ORRIFFERRIS] Aol -2 2714 7Hg Tt B4
gt ol &) WA, 1ejan o] W AlEol gt
S| Ao & AgElo] Qi) iAol 2] 7MY (54 A
g Aot FEEH) I g Al Ee] AgE el 24
O] 52} ol o) fT=l= 43 Al EIFASA
7HA (Aol = Zloltt,

OFRIFFEFRI O] o] &3t ofoT] oo} At A5
AL thFEE 20-30t) 47 SAFA A o] vpgh=d],
ofRlfrERQIO] W 7)ol AlF7E FAEARQ] vlE(E,
Mach)ell FEx] o] Itz AMd2 da] geA 9l
o}, OFRIFFERRLS ARt Aol B8 WhaEshA] 3 &
1 19181 0] 22 =iEol| A ARt ol&ol 285
Al 7HA] 712 2] 5 st utse] e vkl Bl
th(Padova, 2013). 19200l <3k AldjAdo)2 3
AAOA e utE 0] AslE A= -G skl JTHEIn-
stein, 1920), 1¥1H] 1}&. 0] A2 243t
FEI EPE ol =] BAA FHES F
A Aoltt,

u}5.0] AR} ofelrerele] B4 e
2 22 4ThE AYE 2 Aol gt nht
AFe) 2AS RASRA S50 BE 2Fo|
Apejaolek o] 950 F1to] A
3 BAET EAVIY BAEY £ 78
o= ArAo) B A4 ek 1947 e k5
7h 58] fefo] FAe] o] 2 AL BstrA o]
A2 olzk AH, ofelfrekelE o4, A
1A, BTN e BAH(R A=A o] 3rel ]
Ae)E2, AT AT AT e 7
e et

o] A17]9] olql4rErl S A7) ofelfrereloleta
sehel 717 olfrelel e ko] S nebal A
37t A Aze] BAR 958 42T 99
o, gtk s i 2 28 ool
293} AL S 0% FFHOR Folo] B
Anto] EAsHA Hk, B BAE 2b0) 9174 B
AZ heha, ARk B0 98] wAyaks AHe)
&ME gk ol

oA FAA 77 olIfrErelS] SFTE BHE

I ﬁﬁ
o

2 Lo
Rl

o,
N
e omr B

o oY o
Moo

t43
il -
N
= e
=
lo
g
o
K
u)
gt
2
<)
lo
il
rr
ox -
=
2,
>,

filo
2
>
<
i
e
r o)
)
2
of]
()
r
filo
o
e
oft
lo
g
[

o
i)
<
]
)
2
P
k)
-0,
Mo
Jak)
N
oX
=
o
o,
o,
oH
)

o HI rh
(R
O of 1o

1o 1o

X
o,

3 32
Kufsl
/)

AR ES 85 Hrt. of
2ol ntz.o] Yot 235
A o yhd o= np5.o
HH(Greene, 2004). oF1<7
29 83 EpAtdo) 2ol mEy g THE Al
7h2 4oy Al 5YH 07 EXgl= Aol
1 AACHEinstein, 1952). THA Q] oFrERQ]S
g ol 2] Algths 44 AEe JgelH

Fo1xl Ao & 7hEgth= A BholE0]4]
0FS 2= ¢l9ltH(Padova, 2013), YHHAITA o] 21} 3
Astol A= Fxto] ol ol o)Eshs Ao R
Holoslt}(Einstein, 1952)1 Wal=t], o= &%
Tz HARA B A7) EAE 83 A

2% qlet.

o X o

-

) r?go m§
>
b 52
N, o
ED
o
> o
_C‘>L

ro
o)

flo
=)
=
12
of
=2

A g 4
A A L

(Jammer, 1994).

F7] oFRIFrEFRI O] AT F1t 7S K ofFel W
23k 2ok, A, A3 S5 AT =1
A AR RA EAETE, DAL ofRlqrERI o] A4
E2 AT Al 7HA AL A 9E HAE F A

O] T R - LY

HE AAR FAT Aolv, &4, 972 A5l
A= A 710l Q7] tiZell Alg7t AellA 255t
© BT} YA = AR dH R 53t 5

-312-



o,
fo &
off ox
=
R
)
E
O>V o
T 2
o
oL
oy Mo
2o
=
N
w fu
@ o
Ty
f K

2
LY

ol oX
ojN
N
ojfl

U
=)

[N
rE
=
N
>

f

Oﬂ A2y

Omz

N
+
%2,
=
>
=,
X,
ofy
1
£ o
Ho |
offl I
Ty

18 o S
al
i)

L
L o
e
e
ﬁ:
L
™
Ko
>
)
yle
il rr
i)

)
1p
1% o

oy &
o o N

EE
ol ofh

Ir
)
D)
i)
ofd
=
Ho
ol off
o
L
v

P

z
[
oL
|
fil
-
i
(.
o
P
X
oX, rlo
=
2

ISP
ue o
o, rr
=
ox,
o,
e 2

>
of
S
re
P
i“‘/
i
e
-
H 30
2
~
>

5o
>
)
o
&
=
N
o,
i
K
>
fru
e

2
2
2
>

& of
(NS
flo
Flot
ol

20

A
pSUNNE)
[o o
@ rr

lo

ﬂ)ﬂ

(o,

=)

>

)

10

2

10

©

PO Y
_>£
(e
o

o N ol 1o ooy 1o AL el oy i )y
)
o
>
()

4
o
oft
E
kl
H
oA
X
2
o
I-O
3
By g2
Mo off of ro Mo X
ook rlo B oofft ofd rlo

i)
v
Pl
=,

(]
o,
3
u)
l-O
1o
o
N
rr
d
i)
o o
N R

(

%,
>
\1
=
F
)
_II~>
24
=2
[
R
N
52
> K
>

2,
S,

2
oo
)

<, flo
o
ol
o e
}8{7 B

il
tlo ot
N Fu{%

e

ME

o

9,

i

£

>
ofl ©

o

flo

it

i)

oA

o}, ofelrEiele] S5

1o fr
ofy
N
N,
=2
o

i

ox

=2

oX

of

=

=
010 oo

s

1o

|

]
Mo 44 4

=
)

S

Lo g &

4

i

Mo rr
b

p

o
)
e W 2

X
o
o
X

o S qglo
i)

L o
i)
H
HE,
Mo
j&*‘
9
™
ofl
)
o
=)
1

sl r[ollt 1o >

ol
Ha o
i)
Lo g

oft

&

e

L_l‘o“_EL

FCH(Carroll, 2012),
A oA oFRAFFERRIS] Al ST &
ofsf) g 1o S}, v HA] =&
=49 S ol (249] FEol 2 4%
< 7Fs/d0] ol oW 574 Aol ARt F
X

= AHF=]2l, 2003).

i)
1o
ol

=

o

N
o
=

aj
o
K X o 1

i)
o

o

rﬁi'
ol
S
O

AEeIste] % /1% % Sl A golEe B
s 251 rheT] o 29 ojx7t giek 2R 9

AR A48, el 2 58
8 ook $50] et Q1412 TRA R ol

pokey, Arjol o] ArkEste] % 715 % o

7} E A 10] $rmeE A Belshd Aa

7]bo] Bl B AakEte) 11918 AAshaL ek, 1A
A

shtIRE 7HARIEHAIR 9], 2005).
Jefuh ek o elA gl Hlels gl ofal
119 o] 2fgt S5 S ATIA AZR)0] @
o 22ste) AAEA Aels s 2R e A
& oh, e QukgTigol o] 8-
A 47149 AR Tk 87 o]
o} e el dolut o) Al e
1—2_ E/\AH:H/H O]EJ,]— _L]—EﬂE] 1—4_01:'6]- gﬂ

of

F

3 ARG Wz Fal A =L ASELT 9ot

[e] A==
- 2= =]

o2 r_>dJ
ol

g

—~
=
\®]
=]
—
Q2
=

A
9)
.
w
(e
oX
i)
r o)
ri
i
re
=y
i)

=]
i
Mo
0%
fu)
%
o

ox
>
[o
)
B
ofr
rir
o
rH
o
ul]
A
S

2 o
o J
2
o
Mo
2
2
fllo
1
o,
>
E
N
|_

oz
e
L)
=2
Lo
_?l',
X
@
a)
n
o

x

o
>
Y
N
0?
1©

HA00] Lejol spAIRt A=
2 Ao]th(Sato, 2007; Buenker, 2014),
QBT AT Atele] AZEA AL 1
] 3] EalskA|o) AHke £ o] Q)
8 b}t 3% *PEHEZP—E/H 5L AAE

2

:L_YLrOVL&Slio
i

o

A

4Er{rll>
_rﬂu_faoiérkﬂ

x] |

o ot 2
ST
rE

o &
o
i
rlo
o
=
z
o
FHU
-
=
rsi'
il
rln
I o
u
filo
12
-

o
R
i
Tlo
X
u)
of
=k
N
N
N
o
o
B
rr
&,
N
"
2
o
o

e < TR R (S 2 R g s A (0}
o

i)
o
o

i

lo
o
ri
o
Au)
Kl

o

N
é
=)
(S
O
ox T
o 1o
o
;
m|n
OXL
oS
[>
)
o
o
k1
fu
=)

et Aolth, Sl o) el 1419 o4 o
ASE TRQAN o] 14740] §E 71 ofx

AL 7710 BEshrhe AHLE SHIgekCar

ji_;

HoAg g Ho i i orforet

=
H

-313 -



Hos|

roll, 2012), oelrekele] B4 Atk Aelehs 71
3} 71013 439 A EAGA AL, o)zl
#AJ0] 51 A Form 93 A Txek o
2 gabe mATkL & 4 Qe ST 1AL o4
3 SEA ke AR ot glom 1o} ptsto]
A7)5 ©}o] 3] sas R ohe,
shlo Adielsto] ofelfrerelo] Al
3 Bisto] Ul A2 Fo FEsjof & Rkl

o
O,
o r|.m

[e)
A EA419] &2 0] 00] HAY FEo] njn|
SHAJEN7E I ] ofstat ebds] dAsHA| ok
(Greene, 2004). WalAlH 8 oJ5lo] 7|wto] H=
Arjaxt, AojALE S A-8-ske] AATLS o]
Sfgh=t] obF EAIZE ik, 2-E 92 7h A Q)
= Al 2 B vle) Wi =9 &5 skl
UL FY L TIThR] F H0] ofL ol A AT RakE
AP g a7t gl Aol

E L} 5ok WA JlolA] 2Rl = AEHA]
A, dols, AgE7t A44)> BAA HolA
= 4o Y3 o2 ey witel ¥4
Al Well A= 13t Mzt Jojub=A] & 4= Al &
o, 1A A d ol 2ol B AIS] HolE 174
o], BAY AlRFE afAgtol gkl REw Zott

oJa}.2 At) o] 27t @7

Ay A Aupeto]
) %< gAdeta ek 2e R ske)

o2 o2
o
flo
>
an
=
ox
o
ru
fllo
]
rx,
]
2
uir
__\‘Li1

2o
Ao

=
ox
)
ru
o
o
2
E
o
)
)
k)
&
o
>
T
fu Lo o

o o flr

o o g o
B ot
> — M9

e rhu

Y =
lo
_—%,
~
>
n
o
e
ox,
or
32
o
e or
oS
X

30

® 2

ol

HZ

[T

o Hu

L
ox, e 18
fo Aot

>

—_

A9 Hofol 4850 o] Hofo] o
S

1o o

N

]

N

N

i

32

T

|uf

1=}

o

EY

s

o

X

19

kS

rlo
ol foh

&= o

A=)
o I
19 0|ﬂ
i)
jaad
2
%
i)
e
]
(]
o)
i
i)
el
n)
oH
of
o
1o
o
)

PAeete Ak AL mA) AAE BTt

2k31 AZHYAE 20417]6] ol 2e] 2t AL
T2Z 7P QAR E AL AAE AR
Alo] BHlE T}, A goliz A, FAA, 5

Az AR AT AT 7915 3)dshs
H;

2o e oo e
~
>
.

X
X
BN

EASh: AR G RA AR AAE
ot 3= BEo] AAX R WA A =it
olE A} Z2 AgAetaL sk, esdele Wl
Aoz o] F=7)&ate] thgote A EERF O
S E AT}, A2 ote] 7123 ol2 4 2AE 7t
AL g W ohEt AEt YA 283 A
4 45 DAE AA AHGreene, 2004). &
© a9 A9 GAREL B S AR EaE e
BH FAreete] e Edfrh o s Ackal
it

A
o 1o
=
u)
>,
=
=
%
i)
>
>
it
ox
e
E
ofr
ﬂF
pay
lo
U
o
9

o,
3

ox i
a0

r_l.:

O

)

)

f
=
ox
o
S:Hiw

2
)
a <
-2
N
= &
r.:; 0
i
ol
Sy
> do
2 ol
L
re i
-
ok o
o >

(o] —|>>j o_|>j,
oY
ﬁol" OI—J o_|>j, 1‘4*2

B ey S op

Kt rlo & o ok

O
2

H
—>|J—"
(o
1o
i)
n)
>,
)
~|
w O
2
(o
1o
ot
o,
o,
ox
)
fllo
=8
2

sk QIeHY, 2018),
Pefsto] A g7k

1o
re
1B
o,
o
iz
o
2
o
rr
pact
o flo

2
i)
=
>
=
=
ui)
o
)
_?L
kl
30
o
rr
>
>,
2
>
Jot
"
LN oot to

ok ol
%
rd
N
%2,
i
&
ach
Kl
oS
X
12
1%
10
A
D_>|i F—R
= b
X ox
of, flo

(T
=
o2

A quantum field)o]gl= U52] Ao

Qg 7FsAdo] A7) HtHGreene, 2004), 717 2]

Qo =

I

-314-



2 o] 23} vt 371 FEiE Eo ke Aol 4] 5 AR & 4 gle Aolth

E A eke AR 7R Rk Aeks 7HAA
A YRR FEoketh AAHE )9 do] AR 5) A|2Ztof| cigt Zo|2o| 2td
7H 2Rz A Uiell e AL A HRe 2 F o
e Heks 279 £} F(c)o] o] 2A] EIbT T20] 2(string theory)& @A) 18te] HA41E 7l
e RS 7] g AARR] S (luxon) 9 ZsaL Qlek, o] o] &2 YA sh} Aol E S B
FELE FEHOR Fohe Zloln, TapAb A Fotel= Ales 3 2aLe] AaE 7w adl =29
& 7HAIA] oAl Blolu Fe mivlshE 3Rkt o] oJzolr}”) Fro]2o] THE9] o] E(theory of ev—
THAE QA o] HYor FRI oFS & erything)o|2}il &2l= 212 HAIAIA 9] o] &3} A
Apojeto] Hlo] A2 (FE5a1)S ST she A AAIAL] ol g5 S # ozt 55 FAs=
ol & 4= UAAR 7 o] 2 Alelofl= thE £AI7L =4, AR, e B okpEE olEe 1
ot At Aol 2] F&aro] W) Aris= woltHE<=1, 2007).
£ ofulshs R 589 2e582 S LA oFRlFrERRIS) ol &4 o] 1
Hops g-Faitel] tiet AuEEs AARSH] b AEAR 25E FR HoPd= Aot oflsrER]d
oJt. o] &A% o] & FA =t A= e HA

tlsto] Atk =4 Atolof A-g-sh= S 4 R R e e e - B o = s e
7N & foFsial HEolghs 7]t fAE0] o] 4714 ojn] et Aol wpetA] JukE &2l ik A
S mi7iths AR S SRl A AR ORRITFERIS S A 5 27 & FFst
= A7 AN SkAL e SR-20], oFES ZEE 2 sheletl, A ofgolels 98 sk =
I WHEO] 85 APolE 27b w52 e Ao EAE AA T A AT ) ol E
Bfole A7 28 9ES she Aoz 34 ol ¥l 7FA] @& K7 aAdstal iAol 23 AR
A Ak, o] eol] ofshd ofQlerErele] Aol oko] g AS Bste o =9 o2l =kl 9L
B0l FAskaL A= Alihe] M (=)ol Bt & = Zlo|tH(Carroll, 2010).
o] FFa ol A8tk 7HE A5 o] of Fo]29] dAk= 1009 o g ALH FEHA
ek, (W SR 24 E 11 A9S vt T EAR o O AAE =W 22 1960t Sk
HOAE FEo FEEY R AR Bl7lshke A (Greene, 1999). ¥Atete] 29AE F43h= o
ojt}) &, YAste] SATtEE v AAlE = < 22 & SeP7E EAsh T1Alo] Asshe 2]
A} AZE, F3o] FHEEH, ARbEe] AR o R £ ofelr o7t et Aoltk. AR, 71 dA=
Uk = 223 o] A= Aol ZHe) A7} Aol F71&3AH AARRE = 9l

olfl oM Arjatete] 7 715¢l Aol &t A2 71 AF A B 22 whelo] 2EE
FAA Y] eFo] 7|2 o2 thE E 9ol A dE ] EE AARSE Aofr, ZolE2 AR
AL g = Qdnk, ok @ A oA 27t B 4 o 241 22 TS TRAL QlolA A Aol 7
U= A2 HAAIAZE obd Q1IZke] BAAANA = 9] E7Fsstths AIE Sl QAN 1te] o] 24
Figdol &S] ARt 7ol Bt Blgsi 5S4 3= 752 whelth(Greene, 2004).
7g8HA] ¢k& 4= §lth= A oltH(Greene, 2004). 71 53] 19950 7]E£9] 20|29 A ES
AS g dds Sl A5 ALz 3489 e Mol o] &g =M o] 22| {4 o] 719
GPS 5ol A= #-83lal Qlet. 1y A5 A ol 25 th= B7FE ekt Mol 9
T4 dde)el B E & A5, it id st =8 B U9 g=4 Tl etk 0]
oluf AlEZHALA] 7Hd 2 A kS e v ™, o] JAE sl AR dAE Tham dAt

-315-



Hos|

7} B2 BHAAE B4t 28 21 s)
o] A|7te] YHo] = o]el= AHE

3} 72H19] of 29] Ahglo] EAZITHGreene, 1999).
o]7] 4] o 0] 7R UL 24l 0 2 EA 5k L AAlE
AT 5= gl 5AA e Aot Ax 5=
T A (EF- T A&

/Jx]o] Qlt,

Y AT BAFe] FEE T AL T
£o] 124919] 717} 3390] TG FoH Aoz

R7| R} B o) Al o & ufelsial Qlrh= oltt,
AlZro] 9] X3t A1 HE Aolabd g7
= o] o R EXFITHGreene, 1999). &
£ AR 31T Abolof] 4B Aol §lAlE AT
7|12H o8 NE o2 2

Slo
793 o] 2 RE

X
©
=

i s, 2
Wi

r o
ol
)
o
o
2N
ke
|o

A~

i)
o
_?L
Kl
30,
o,
rr
X
k1
N
5
jm
p
o
£
2 o
Ry
o)
N2

2 1o
o 2o

% g 2

90 o5 M

= w2

o

O §o =
oigﬁ

)

o M ne
&
Lo
PO
fm
> LU
do rlu
ol 2
I

%
©
K
N
N,
o
=)
s
J
24
1 rlo
o,
_?L
Ks)
2
my
=
W,
©
<
ol

>

18

o

i)

rr

T

-

o)

rr

ot

_>‘i

T £ M
N
L
L)
lo
2
H
=
R
=
o

o I
D)
N
S
[O8)
_‘>i|‘
s
ofd
)
=2

e
rw
m ol

>

Mo

oft

o

k]
5oy
< 1o
(o3

A

o
>
Lo
B
2
fa
ofy
1%

N Loy
ol
o

qob
=
ol
ok
rr
N,

o,
N T
eI
ﬂi{>o$‘,
Y

-0l

o o
SIS
Jﬁr.l
ooy
lom[o
N

T S
x o =
= To )
:;:HUﬂMIO
0')4 o
oﬂjgi
rpi‘a‘ﬂo
o i o
oo Y ®

f
[o
)
pox
2
o
1w g5
22
i3
% It
N O
o
rHLiE
[0 ox
"
L
jzari
2N
Onr
BUNC)

e
e
=
il
o
)
2
Ir
B
el
(e 2
=2

o

:
N
£

ol
=20

o
X
il
i)
I
pak
rlo
>
e

o X
ox
L)
il
ooy
oo

oy 2

R

7
i
°
50
r 2

H
o 2
OHJ-(EFN
2o
)
_914‘014.

lo
O

o
=2
ox,
S
4 rl_m
1o
O
ox
>
o
o2
X

>

2

=

e}

Jr ox
o

3} o]
SIA] P 71a2] oW Zlojglglals HA] gt} ¢

Fib o] WAL FEUAY ZAS oA YA

a9 HolA ZolEo] AAshs =83 ARE, ¥

2E e, 270 o 45] SISIA) ek A4k
Luph A7) Q) &, e V) EA o R B A7
3} QR PEEE B8 ARk Aol ot
7} o] 2L Al Aol £0) AlF 7o Tat 712 A
g Segahnt Q7o) Aok @Al QoA T
e AT} T Edo s FQ% 44e Y
= Aolet,

1o

&
=
=
jui
Tlo
9
:?L
et
2]

]
o,
i

NS )
oy 2
N
> re
oo
do 1o

T
=© 9

O

A

o,

X

s}

o

o

rh

oo
9,
rf
o,
i
%
A,

o g
>
oK
S
2

I

o o 12
O,

s X
LT
Hoob

£

>

o

)

[oZ

L
[e)
Prgol it 4u g He 4
R FEEE R

i E= e AA A

= 0o,
> 2
o T
5
K
o
f
o
>
it

gt 1A= A2e S 7k
3= AARRIERAL & Aol Al Aplvfete] g3k
et 4e Hatte] FEeRRs SHo® Qs
o o A
A, 3 WAt sl A 2petol ghofstal
V= AZ F3bol =E] A AAlehs ARdelt) o= 4
ol Eolut IR}, EojEol FeALR AA
Sk Q= ol
Adsednl, oRRlFFERIS: 54 e T
o AR S ke AAE FATE oY=
&} npE o] B (BA A SR S AASAAN H
A} FHAIEZ o] EElA AAlEh=d] solsHA Hot

=
(Greene, 2004), 1=
Woll 24 A A7} ofefal 286= 5

-316 -



shick. et olelgret

o

AE) W el Aeidol&
=

B

1=

TadoX Mmooy FHBPET_ _ JIFTTRETARPR Pr@yprlF
<Y AR of RVoop ¥ po EHmTEIF N g = T BN o oy X T X0 o
T FWgil mBPPEHST pT g 4&p® TN gy W s Ty
MWt T ws TRz pEExgpgliepn® g8 5o FR oL P G
PR MMy SYIEL LR AKIT Do REE pimlw oy
T =R oW o 10ioﬂoﬁhﬂomoﬂlﬂAEtOLioﬂHﬂHmMﬁL Jﬁaﬂeﬂﬁm» Gy
o N oA Ao < o urmm_.ﬂﬁ.LuTMTﬂurmjdlﬂﬂNE% i oo BT H W
vPH FwEE Prelws PPy TaaslE STo5AETER
AP B RFY TEXTRESLooxtRE s Wm o BRI w
PET g pr Tyl AP R g mo BBy 2N S
T TW B R FE T I TR g RT3 R S
o Z-Lﬁ X i iy Qwr N o) mFATOHOOMsﬂH#\/.Eeo_EAmﬂ
TREH B B 0 e BN N g E D Uy 2o o 9K R U
= To o W g Do o= M55 wir ™ ool o XN
W%ﬁ ﬂxmz_@ﬁ%ﬁw7%ﬂno wrmomﬂﬂiaﬂwu.ﬁmﬂﬂw%@ﬁﬂmaﬁ%ﬁ%
évﬁmo ﬂ?ﬂlo%m«muﬁﬂﬂﬁﬁx(%%mﬂﬂiMﬂ%%ﬂﬂrﬂoa,ﬂﬂqorﬁ
9 ° TWITET g oy Tl X RIYFTI 5 TF s g T o
PR EN Ty p T R PRGN G o F po g Wy
XEET Pl b rw TR RPEBEATREE LT ORGSR W W
I CEHN R g TR g TR E R A oW e gy @ T
O Sl S W O ol M D I -l LI
PP E TG T T T IEFER DI T L PP oTor ydge o
oy e R Ne o T RFE WK Ho Mol WS ROTUGSYTm o B e R O N AR
g T HW FTOHET AR WARNE T g zﬁ BB Y T T 0B R
M Nowm ©oo WNN Mg oS o W o _x,z_#ofrmnxnmg
Fozls guif<wy poad@¥giirgmseg®™ nziseWx
XKxmo® W "o M & PdTo R gD oy o o 20 wo X ok
T BFE oI PP T T NHMWT gL od WY T o
e) TR is hY X o irll ey X oA K 0
Lt\&.ﬂ%ﬂduﬂbﬁmrmidlxo %%%mﬂlﬁﬁu%%mﬂaﬁ H.lﬂ7£§
MMIO,VLH_‘}‘_.@Q,@W‘_OHJZAE._ %u%ﬂc_oloﬂlbaﬂaﬁ 71Dllomﬁ&1_ﬂmﬂ50
AR XM Egm e pr NMopw grw W PP qgeX o) o B o O Ho
oo e oo MY Ty REFSIRTEN M@ gy NEE g RE A
= R T Loy = Mooy O — a3 - = o moX il
gy My N X S FHa o 0B WEBR g R T o BTG
T TT g INTRr WP cxe@@ gy TaosmE T f
o_eWwomﬂ%mMmﬁ%7ge,31|e._ o UHT g CR by My ¥wmyw T3 T
d..ﬁ__ﬁ,_:%ﬂiﬂ.ﬂ'mﬂﬂo__ﬂﬂu THED PE DA mm O BT g <R
GTRRIRAMeg o TP gpdag@dTW o ERY Tt T
oo FHETRE B B LK s S X T KPR o &R
RN © Lﬂ7ﬂ|1 = a0 ;onTAoEo FAﬂ_ll_z Ie) N
NHE%o_ﬂLo_E%,ﬁouo_Lﬂpumomm mﬂwﬁ.L_Lﬂuﬁ%{%mOMW»WHOQEA%@_
EERWE X g AWEr g Fw wRITTRRS g g T T xRy
R WTER B e e N oW AR RETRENTE T TR
oz TN W < = B R oo TRNR ¥ NEIWE L & W
"o sy = o SO Y X oo =N X B o T .o e
MWT AT PTedTg Py yepPpdmeswrs Ty X Thwo bl ®x .0
= MERART WRERXDTITES TEPETHKTS o oWT ~TaEIFITTX

AtHGreene, 2004). 3t/ dol22]

i} =22 A A
-317-

d)

o 219



o) Al

=]
o} ot A7), 300w

150} 1

==
Rt

[e)
3

o] o] s2of
}

o)
A 1o

]

0O

B

[e)

W7} A
g

L

.

AT

&

-0
=

o)
Alof| A

al

7] oholsrEre

e
e

tel
FelA] 2419] 9ol of

°

°

HE 8

o] HA|S} 7l

94

Ey ek

—

= 1] A
- R =

5

ol thsf "1

Exis

o) A

H
[}

A A

&
O = 1

o}

A 9 o1

sh A2 (o}

S
5}

=iy
S}
ol

AA A+ 25 o
=

=

4z w7 o,
o}, 490

1o -

9 4

L

]_
iy
oL

A

A

sl o] w3

o]

[

A€l

SEECR
S

ohal & = ok Ao A FetollA = iAol
5]

< AFHA ] GPS ATEA S A<

AlAl A €]
o} Ae) 2854

<

ARK

kel
e

Jo ol &9] 2714

o

B3] o) B
-

I

] &2 2L 9lrk(Padova,

°
AN

95

e d=of] s 33

148 QQx|wk A

7143 30171 A

3

g

o} ZtH(Padova, 2013). o}el4rEF1 Q]

(Einstein, 1952). oFQ14rEFS

o] BA A dial, 1
2013).
Aog

—_

ol
g

e
ke

AEAA

I Alefstd 7lo] A

T
|

1=

ue

A& M (=) =AY

o]

hin
o|J
NI
il
o

B

=
oL} GPS 9]
oF

T AJA}

3

A

=

B
Arolt 4

}-

xel
o

3L

ERE
=y

A
(¢}

A

©

)

ofo]] -9~ &

o =

T

CEis
al
=

]

o

8|

P
=

AFE7} Q.

ofLt of

)
&

ZAo]e,

=N

EojA s ZAI7F AL o

A

-318 -

1714

gl

15

ot

(e}

S EEELE R
o) Aol ot

4
o} g7t

L

1o -

[e1a

Fo}, TPt Al g

ful

3

A

S

]

/g o] 2ol A e Eo] 2o o]277HA] FFH A

AANA = Q14 = A

[e)



= Aol
ARl

o] Alzte] BEO| Az

5

mEECRRE L

9

=

=

A

=
L

RS

A
=

]_

Y njusja 28e @ A7) B1] &

ol@ oA eIAaHA)

o

bS|
(=]

of AJAL

o

ofl cH

ol thee] thal 7S A2t 2 4

=
i

°

St
of

o] Al ¥

ek,

)
%
|

—_
o

ol

A, A7 e AL Q17ko] Aolrkal = AlA

A

= Al

[e]}

ao] oht,

Aol

o]

ol A= AL AL

ol girfo] At

wm

H

o

S i

B/

I
Ho

i
ol
o

N
Ho
bl
o

o

i)
E

o

™

Zloltt.

i

ol

=

3l

]

NI
el

t Z1710] wf

o
)

H

1E]
=4

o 24 31k

=

5

L

T AFE) 71 §lth(Ashby, 2003).

o]t} 2ol

L

oA 2to]

o}

]_

k9
jal

A

S
ok

5

Al A

Ey
—/

o] ohje}, @) &
ol AACNA 25

=
gL

11 o

]

ol 2ol Lt 434 A
27t A et

e} RAo 2 By
[e]
°

WA = o

E
=

il

oF

o

&

iR S5 AA ke

CjEs x2

A

A

=
T

SHA]

A} 5 g5

oM =

).
5}

Xel

gl Al

ZAA)

AIA (8

i 32 37} 1249 ARk ™ 43 AlE R}

3t

o
ﬁo
B

Bt Q1zto] Ato}r}

=

=

f

[<)

314

5

o]

=N

[&)

Alelehz| o
2 2|7} dojd ol

e
=

oF7]

)

=

A2
=

Zz=

]
Sk
5}

Z
oA A Sayer

w7}
o5

Sayer(1984), Yeung(1997) & B2 AR 24}

3] vl

[e)
A o=
&

E

=

=

olct,
g of

-319-

dse= 4

o} o

16 -

oy
o] Q7re] AL A A A YEFATIH o

A

5]

27
| Aot 3
L

i

L
=
il

|

oA el A

o



] ‘E—E‘O}—Z]_]__V_ q.o(}:ﬂ%
=3} An|3bg 82

A2 o] 281} ALS
S i) /K]'glx—i —711‘7:]]7]_ a0
gul =2 0 & H3E| QT

°

A 4]

il

Fe=

]4 a— %Z—]—O]%Q/] 7]»‘5@ o]

A7t

ojdoz & .
— Eﬂ?@ Aﬂ
A, A Zgolu i Ee 7HAIA

a0} 2t AFE ] st 3l

-
.

B 27
o= 17/_1—0/] 7HHE:]§]' :ﬂ}—zoqoﬂu]_ =z} _5‘}_
R o)

MWMMM,@MNO ,alLlll}
X XY _,A‘_IIH. __O‘VLKOQ
mﬂ,,aoogmw%ﬂo_.,mﬂxﬁﬂmw mﬂmﬂ@%e_la
ME%ﬁ%&w%xm.aﬂ%i M@ﬁonrmimaxh H R T
Mzﬂﬂ.wrw@%ur@o_pz TrRED R i A T R T U
A_xmq}l,zﬂaﬁ Mo o BN R r ow T AW T Ho )
wﬂa,zm%%ntm; ELRETSE CeT T E TET
M%%%Ryaw%m@% @ma@wwﬁ FETIE TEoEs
qumuLHoﬂdmﬂp}1 S W T = o) - = Ly
~ X ,EX\_ r X R T ol L oo W
N Xﬁlljuo _ o o oy o o Mo ‘ln_manEX 0
I L = N . o oo B 5 X o 5 7w . 7o
Mo = ﬁTo}o_ExH% ™ g s B N _mxpgi o
Zl_ _/L ) Mﬂ < — O —_ B = 0o b Zﬁ T T o — ] WAI
%%%yﬂWW%H@wH anWMWQqM@%Mw o R
ool X g AT - E & oM al 1ngo,7ﬂr.}A}ﬁ1 .
%m%wmm%%g%ﬂM% Mﬁﬂ%%@%o%mf_emo%mmﬂwﬁmm%&%M
uoa;}ﬂgzo_ﬂpuoﬂ T oo R TR EEy e 4 o O
=0 o = 4__.xax_.A .$|1IL|7LH ]_6740,@111701&0? o
eI A [ S S TToE o o TN W o
) Jmﬂ@ﬁ.}‘auloJ]lnE ﬁiooyo1ﬂ o 6 © xO_Exﬁzt,x
~ O:.: N BO — ~ r =~ 0 N O _L I = ~X i ‘DI O_x_ e _ H_T . ﬂ.wwE
~ 111_.‘|J|LJ7|71F.._1_I < 9 G T~ %O JlD_l H_Hl@- dle_E
N ° ux;xwloﬂl,ﬁ_e__}ygxyx,_}z TP TR )
o;q%mwiﬁ%awgw%%ﬁqumb%%%@W&W%w@%ﬂ
Iy o) o ! ol - - o —_ —
Emoﬂﬂfmmv7moﬁ_o ,Jn%ﬂ@mﬂ%@mwﬁﬁﬂﬁazﬂ@&quo
74;&101%H40&%w_mwof_e%m %7a;ﬁmwaﬁzﬁﬂno i
° 7ﬂuﬂzw&?&@ﬂtﬂ&@@%ﬂ%é@Eﬂlémew%mﬁ
é%ﬁrﬁxﬂlmﬁﬂ_ﬁmcoﬁmﬂ@mﬂﬂiivﬁ
RS e lﬁgﬁwﬁ_;u‘ﬂgxma
JINMJ_,A@EeNoJﬂLI o W T o] o
mﬂqmwhﬂmeﬂﬂhﬂﬁﬂw@iﬂ _ o A
aﬂwrdlﬂﬂﬂu%ﬂurﬁe_a7e_emﬂ&uu Rl N
BNy W™ N DT = - o N ook N o =
GO Tl Ry T HT Y G B g B Ry R = N4 E R
‘HO N =~ H_l O_E I 0 lo O AT 9 0
P NHET R ﬂﬂ}ﬂﬂ&.ﬁﬂ?J%A o_E}Lyvo_ﬂ
,.._A.OMHE ﬂAﬂﬁv_omﬁﬁﬁAiL%HOLLWoWDWMﬂDI@Lﬂ%ﬂﬁ‘M%Mﬂ ﬂLﬂBEWM_MLwMMﬂ
X R & : _ o T 13 o o
me%ﬂz7W#o§mm§tquwﬁk_.UM@Mﬂﬂw G R iy
ﬂlj_U%M@,lz@%ﬂF}paﬂ o< EE T MG
ﬂmmﬂﬂﬁmLMai_mﬂaLm;m%Q@ﬁmﬂmﬁﬂgwmw TLEsEPL
T ™" Ho X TN E_Eioﬂ N C oy ol = o T
jal oo .2 N K % Joon 2 TR o ma;omﬂ]mﬂ]
L_Lﬂﬂﬁu‘o_bqoaﬂv_ma mﬂ#lyx%opl B ' o Y ° T
T o= = — T " 41r1.;oe‘m§1{1r _seo%1|{
MAHQOMnEooﬂa‘%%m.o@wwxﬁwo%é%uew N
2 N QﬂAMo_m_UlmWP = T R O g o 2 o = :._o;o
e1r4ﬁ_.A_vﬁ1rL,L| uxn_.elzle._mﬁznlﬁ_%l]uxe ‘Io@n]ﬁﬁmomﬂ
w%@%gwmﬁﬂwmmmﬂ@g}gw;mqﬁﬂ %;wo%%ﬂ
. N T ) o = 9 L f
MQ%Hﬁ%@wB@yﬁw@wwwomeﬂquqMawmwm
a'.urm,go_ello%ﬂur@@v ngilwrﬁsdﬂ TH oW g TN
1) —_ - B = N ]Z_oﬂ%OXL]]ﬁMﬂ ~
&_aﬂwox@ﬁm@ﬂaﬂ%ﬁg%eﬂ@o@;Hﬂolufya%vam
%ﬂ@am@wmgﬁmg@y%wE%%Mﬂ%g%mqaﬂ%qm@$
_ @mﬂo}v‘urmuex. 13Aﬁunn,a_57_e._ﬂﬁp.onEﬂ Ly Ho o
2@ﬂﬁgQ@WM%@@%meqiaww%@ww%mwm
__ozluuﬂqouxW@mmﬂHEEHEWEEL@Q@%?W
~ W o NN K WMZ_.N_,@l,mﬂ_qmmu
e

-320 -



3} g0l 8

[e]

Zlolt}, AbelE3to

shdl o}

}.
[
A, deirdel

X
il

of =3}

L’_L

2 715433} x| o] A]

%X

b1 A1)

<

3}
A9 o]

]

W= deh wake] B4t olat @

o} A W&

A

11

[e}
TH(Crang and Thrift, 2000),

sigrem =

)

)

g3t S A=
[¢)

3

s

AIARD Aol

A

q

I

pu

R

of

_]

AX7IckaL g

o

|

A, A7 AR]9F & - e A 2] EA) 7]REe =

oA A7 o] 2 <l

A

QoA QIztAFEIote] Tl ol A 170] 28 71 A
=

o] ]

o]
H
B
l

o]

A

& Apgole,

W

e
B3

o

1=

NS A= sF

T

N

o 352 942 74

1

Fu.

stof F3to] =2l A

18] 2L op

[e]
L
Rins

o) Azjrgow 3

9

}-

e

st A

G

5

[e)

o] o

=]

FL

d40] 4717 ooz

]_

l

o] 32 ol a7 ofelree
°

Aol
o gl o

SR
-321 -

=
T

o] Al

1.

xel

A

=14

[z}
o=

ol
gich. e s ot ni=

=
gL

A~
R

SFAEE 1 )

o

oh &

2257} A Azkolu A A7k Y 1A o

N

B

P7pA]o1e)

=3
=i

A

H ket

)

2=
T =
= o}

)

iE]7] o)

T=
L

oF



o
N
I
ofy
Rl
o

O of

r\l
Wy
1o we
o =
ol
ﬁil
oA}
I o
o &
ﬁoZ:
B 2

ox

]

[
b

u
)
52
lo
ox
o
=2
Rl
ar
rm,
1o
_1?_1“
e
>,
ofd
)
=
juimy
A=)

>
it
ox

> 1 r
o
-
2
)
£
oS
Y
18

Q8 e
T
N
o
il
18
>,
N

-
o
10
o
l
=
)
=2
>
=
i
19
A=)
i)
o 7
> Of
o
U o)
of &
>

()
=
sim}
o
N
=
lo
il
ofr
ol
2
2
¢

He,
~
>,
o
o
0%
o
m>~

Ir
__r.(_,‘
2
o
st
2
N
N
52,
kJ

o

=}

et
=
I
o
=
X
o
a
1o

o, ofl
B L

et
>
F—[F
2
oo
ol

A2 YA TAE
AhZLre] £43 A
Aol

Acjatate] ofelgt A ATt A
MG QAL SHE] A
3} o] 2ok 4 ik 2A,
AAZL Aeigare] 43 At
1

5

o

oy, M

o

ofr

ﬂF

I

o
¥ 2 4T
e > o

N
ok
iu)
rir
fin)
rr
off
lo
_?L
R

i}

30 Il Ho

o e
ol ) fF do o

1o

|
o,
ru

> »o1e

ro, [
i
o,

>

o
-

N
-

o
°
Y

d

ok W o =Y
o
ok

=
i
2
-
2
i
flo |
o L

o o
[
N
Mo
>
=
1o
fo
i

)
)
H
4
=2
>
ol
ox
fllo
2

fo
N
-
LS o

ro
2
e

jas
-

rr

o o =0 wx
lo

W o
to

>
o
a2
-
1o
o X

18 i
> N
>

o o
o 4

re

)
2
fiu
18 (o,

How
ol
T
N
r
ok
i

2 Torr Y ok

;

O
HJ(O o i)
A TS\
~
D

e
o)
Ry
N
S

M o
)

R i
o I

oo

rr ok

3 W AN

o &

oo

o
F-.a E‘:

a
rd [

T
[
o

s

lo X b 1
Lo
)

o
B

=2

)

r

=

N

f

WY ofl mw oj

e > o
o 3
l'll?‘.irfﬂl:\é_lﬁ

2 E R
k3

o

. o
= o
o

)
e

o i
oz Lo
D) M
o
T %

4 o
o
ok Kl
3
rr r-ITJ
)
o
o ol
B o
e o
ﬂllo ok
) g
> O -
_'>i
re
2
4 L

rlo ofy
>,
filo
of
=
R
é
=2,
il
i3}
fo
L
32
ul
rr
-
o
v
H

o 1
W
0%
1o
i
)
)
i1
>

30 19 to

fr 4n

4 A o

o
ofr
rr
og
=
B

N

S~
>
e
-
o
i_‘v‘

|o
HU
=
o,
_OL
Kl
». o
©
K
o
B
m
rlo
N
2
re
-
1o 2

G, QUEALE] BhEe] B7HTE QAR ot
T ERS 3 Gl 3 1] Bl et AA K
ofaf Fo] 7] Qlgheh, Arhgre] o] et
2591 423} olsl} Bashh Flolet, Bt
o o e Y HA L EX9 £4 e
15| QA5 YBAAL Dt FBol A 2
S5A Rtk "ejE7to] A7 el AR QA
2 AP Sk Sleki (Ad)re] 4] o
3 1et Zlo] I B4 ols7h a7k

A, EER AES ARG R Q1AL
o) FUATIL Aelulg BAOR $UHA &
ke Zlolth, 1R Gapate] ArhAgio] 7)uke
T3 A ATE SATHL S AT vl g
ol el MEE|A] gk At up7IA ol ek, A el
AR FA QAbo] AAZ Aol #70zA
ANFE AAR G A7 A, ol d ], P

2 A 7140} T o} o 47} gleks Hlolt,
AEHOE o] AT Ao P SRS 1|5 9
EABEIAE] QZHALSISL k0] A B
014 TAH Bt AhEE Aol 2fe B
27} glov, 93] a9 ArjE 129 44
o vt o1 7130 = & Bask Y3 B
T3 B1ko] AAAL QRALEE A B
A 8224 7158k gom F74] A Wl
ABTHAE 2EAO R AT 5 e A
glek, B71el Thek a1, 47 ofsf 4o P
S W oluje} QAL BHEe) 7]ukS ekt 8
£ AT AHEH 71015 £ 5 9 Aol

=
T

Uz BAE $0e AE 1 A7) Est

-322-



[rt
N
)

shtt, ey 27 kA Fite] tigh Sl o)
A A gk el A B MdE S|

Mo utE Hget AL Fegh Alert o
AL AAREAE 551 EAIEE T} EA1]
ArgsteE AE(EANAYENSRY] Ao v
Jc}. kANt B & EA4)= Harvey”7} &2
Joi-a gt TAE Skl disl A& AN
ot} o] =Eo] BEtol A 1A% 2.
QIfrERQI] Adria it glo] U = 0] A
5| A okl Q1) F 0 & AL
= 7ol ofyt}, glo]ay=o] 2A
ZHE A1zho] AAEHA] ek B3
Fob= 2], 2719 oflgrEr]
NS S8R A

= [¢]
I ol 7§

Mo
o

_'>:‘
o
X
= o
R
mrE‘n X
w1 b B2 o
B U]

1o
N
—_

B

o &
o>

w Mo
of
ol
o

2 ohu oo o

B
rd
20

p

»

SN R ool o
9
o

i

2

B rlo
% L
4y
o I

s
rr

o it o
N
fr

o

i
2

o Ol

=
°
B
o T of
[
1o
b

)
i
N
o O

ol o off

)

of

o
o
Mo mm ¢

>.
o
-

o
2=

I
oH
=
)
jsim)
o

5
1o

[0 ox o lo i

r.l
)

i

1o

ofd

=

a4

2

%

T
E
=

&
H
2

O Ay
Lo
dr Mo
[«
o
1o
WE
M xo
k-]
nJ;
N
i
rlo
ox
=

&

9
2y
[o o

[-ﬂ.l r_?_:,
e L
oF

[}
ol

ol
-

2
o>
~
Rl
&
ox
=2
R
2
o
ol
i)
k=
o ox
=%
L

r
e
:

©

L
30
T

19(2009)& Zde]o]9] &5 ste] ¥t
1] 9 ollsrERele] A Re S H
2ok R b, B R A ofelsreral
218 B4 AU R A Y, S A
gt oFQIrEFQIC] Aol tha KT A E3]
Ao eEe) oks] FEEA) o B8
W, olgrE S Y dole] A
Aee)E Bete) i1 919 28elole) A
A e &2 Ak oJu] 9] A
I 2AtHEinstein, 1920), 244 A
7] AH7] 5 oJulgithH 4= A4
F =

jlied

S
=
¢

oX oX
£ 9o
= ox ox I

ox 19
2

kfr!rm$
foﬁtmﬂrj‘BOX
[Rac T TY
lo ©

oX
st

e
-
Lo X ® Mok lold e o

44
o
ok

T

2,
u)
ox

w
off ol e rie

oo

o mo R omn & X
3]
2
2

Y
ol
N
)
X
IS
il
=
N
N
Y
N
i
2
ok
R
5
Ir
0 ox
~N

=
ohn mE BH| £5o 2RA0R 4

=
Ho

fr ku
= g
9

0w 19
=
o

4) AR A =] ke 9 F1To] 95+4d4>(Cosmologi—
cal constant)g} 2= #2435k UAZ 715 2} 9L 7}
S A7IeEMN e 2ol o Sote S K
o] i},

5) = GRbdtgolEe] S g Al theliAl= 71
Aoz v 714 sfAle] Aatskar rHHANY, 2015; Car—
roll, 2010). AA, A&7} FEg-2 FUT AR

sk shpl o Balo] gl JFS mAE 9N 2

Aehi B Pgolet o) Wole] B, o)}
B $55 FABHE 2719) 718 2wl sholshs
ol A 4o}, Heli “Bao] AFte] RS A4
sk AlB7bo] £419) 858 ARTE T A3t v} glek

-323 -

(Ao AlE1ke] 25 AAsh=rt, o)dolls -0l
Al E 0] ARIA R 37 AR 9j38] He ekl
SAE e/ ol 2l st
I} AR ARRRITHEinstein, 1920). 2] Alg3t
o] dAFro R 89| 5k Algitol FAE .
A, o] WAL Fpo] A3t 25 vehlesr 1
A oA AAAQ oul S 7HAA] e, &2t o
A9 282 ofnlsle ko] foult &4 W
= sfAfoltt. ol@f Rt wHolA S =2 F A
oL BHE Abo) o] AT AE-S YERY ot (G A4,
2015). g Adol &) WA Aol il ol 23t s 4S5t
2 rolefal sh=t, shH] Heke, RHE tAL ¢

=
it
i)
o
I
=2
_?L
)
§2
o
)
o
ofN Y nE

52 Aol =S Al AR s Rl
o] 2e=mglo] A2 dojuf= E2|%] AU
H(Yang, 2012; AA%, 2013). TalAH o]E2 2
gto] B4 AR oAl AAR Jojdtiar 2}, o,
EYsE2 YA} 22 JA7F EHIL UAE
Ao g2 nj7fgo=n A2 vk dAytcha of

N

oo &2 o2 o
Doae N ool
TR i e

12

| enet
SR o4 o ds] 2R 4 71t o] si4
SEsof Frhs Aolth, 53] TolE7ES sEE Y
Al oc};q_ e}

ofeke] WAl 55 Fste] 559 whEelE
% WA lo] gl sl 4lg ®Fa)
A= S A=k A4HShut up and Calculatel)’

1[‘ [U?(.i R I_E] J
SO~
X o
IS
3K

s
rr
I
£
ofy
)
o

0o 8 ot B oae oX flo oX

ek ek, o714 AR 9% BeldAe] 48
L folmlg AL ol A9l Wl Wtk
olelgrerglo] Wzieh kT ol o] waAle 1 )
o] 95 o) ohlet o3l 4 Fol gl Aol

3 ok okelrElele] shle] rEdm AAE fest

A5k, A7 B A BaEe] thrska gl ofelsrerel



6) Ariidolzell Al B dolet egA (ko) A At A
ol FA A o2 WIAE Kl o2 wA L) AT
A9, ZolgFo] HAIsh: ZI0R 1
oA = 012 PAAL] AlZo] =
= A0 Hths Aotk 2 AT AT Ao)

ol A= ol 2gt thA o] el gkt ojiolA] mut
A7) AR A AR ) Aol &o) ol#el o)
A4S AABHE AL oRlfrerele] 34 714 % sht
B4 A Maoﬂ 7)elgie, EMmu
a7 ¢ 5@ mwln}

7)9 Gt} Aol 2 oﬁ
2 o] 9o aopaiFEolro] 9
A7 ol 2o us) 4dmoln] o
O FriEn, 2y RS

A7 caz}~4 Agtoln) 1@ HolA W&

29}, 7)1 AFHS 2%

Sl
ol
i

ﬁ BH

=2

9

ol
Loy
x

T

&
m
< o

o

b1

f o
AL
rlo

% —ﬂ‘
;

JE:‘.
2
)
ol
o
)

>

il
HHO()H

>N
2 oof B

N
)
o
>

*
j;

ry

14
m)~
:|:4‘
rlm
BY
il
flo
rel
e
it
o
o
o
o
b1
_C|>L
Kl
o
fr
gy
o

%ﬂﬁ F2 A3t
9) ollZ) SHARET} FA T 225 N7 E Bl vy
HEle A4 AIAIE 0.0001 %% 24

23 W el AR Al A Hte] AR AR A]

7vo] it o whe) AW AT AL FAE o)t

olefgt ARHQ Ik} AI0It Aka Al XA

A ATl o | GaEE WA 4= AT ATAA RIS

FHoR B v o] A aapErks 47 *J%OM
rors folu} shgol 5T 5%

EEH Y e 241 0] F3
01317} Aol TP A 02 m A= giFe] ¥ F Aol X]
dEolA EEAY AAAURE Z2 Aoy BH 9
‘“*01 Egol27t A7 AL Q172 ARl 13l 9
& AlEehs AL BV e A8 o] gl dol

oFd % girt.

10) o] ) o3} k2] ojio] A71E 4 92 :
B U2 Q78S Aehs AAsto) (3
delnt o) tis) BaehA] v s
7k A ) Bl AR o} sl o g
ol}, 9l 1 o2 HwA s}
gith, B2k} Azko] A thE AL 7177
olth, WA, A7ke] AAL 7Ies] mas|RA),
A A A (2] BE A=) thal o
(FA5HA 1= m S 2Fo] 7t QAT AFAIAF
RE
ALt

>
o
%,

[o

L

o

O

=
>
r:LJ
19[01'

u&l

)
Lo
Mo
e

N
ol
FIF
>i OI'J

=T D/ )
Moo > iy
o, 1 o
2 ol

>
~

1 F:l; )
TS
>~
_]), o
fn o, e
U
2 D

9

o
5
=
© ‘”~

K ow
BN

b9

ek

b
ST

£ 50 SaEun) 20 QA B YR A7) 550
ok mAA) EHT, 2 Aol A7 LHolaL v
Fhedsolu] s} 7k Ado] A4 HlAIELE Bt $-
£ Akl 1 ol@ A FEIAG AR 4 Qe A
78 eI A Ao B B EPE A7k
A= Ro1A) Am Zhﬂ% FZL%VM tﬂiw 7= Aol

s 7H°1o}74»} 482 @¢ s
A7k §i Aolek wheba A7HE: QI7kABI} Ags)

ofstelehie AgHA 0] 2 rte]l glom AR AAE &

AL}, 1995, "R BlagA] AR AR aketA X

2A10] 714" A8}, 43, 444—471,
AAQ, 2013, o] 9= AL AR Al it Hiet 5

oAsla] Thg o) vt kA, 49, 141-176.

A, 2015, "W o] 117 Szo] oy Eal” wekEol,
20159 7€%

AL 9, 2005, %EH AJolE, 1% 1009 Yol K
204171 Z3hE BEsi), sEEd, A2

A&, 2017, == *1%{}4 A, AAS, AL
WUl 2007, AEY TARA AT, ALS
E5d 9, 2011, AhEskt PQOIEPJ T A3, 2

=, A=

917, 2015, ARbdHAolE, 9599, AL
9174, 2004, “vro] S W AlAISKe} A AAE - &
O] AAA ek FrobA],” =&, April 2004, 77—
95.

, 2016, “HiQt BAE 919t I L] AaL(F
#): Doreen Massey(1944~2016)2] F3712- ¢
5101,5(2005)° et =33," T==A A 2] 8}k5] 4]
19(1), 105—123.

o

-324 -



HIAIE, 2011, “gho]amy =) BA|A AR F3t, 109,

97-114,

HiA1E, 2005, Btolizy =et Fet3.9] ||, Ak} |4
AL, AE

A FTHAEES], 2004, AdEoiEste] G 71 A, A
H], AL,

Anal, 2003, 27 )1A24 ofn) " AR Slo|4
7,9, 1-15.

4334, 1992, "2 ofA9} 05" WSFAME 1, 168
-187.

2941, 2018, YAEE T iéﬂ*vw A&,

P72, 1999, Akt o] 2ol gtk A, AAI

AAFERQ) =,

P72, 2009, 1 skl 41 0] AlgHo] A of] thgh
o, AT, 112, 79-102,

o4, 2009, oFRIFrERQIS] AT o] &, A& T
AL,

o134, 1999, “F1H22] N ﬂ% ez W3t a7y
ol st 4017 X3, 7(2), 583-609.

Axlot, 2011, " Aete] oA 12 ofQ14RER]
O] JeAdol &) Sto| B =, 23, 741,

1o}, 2014, “Blo] ES|| = 9] TA A Aol gt v
T 1A SPo| B =1, 28, 155-193,

A2]0], 2002, “ARY, S AMF AT A G, el AR
2, A AAFRAAY, 4TS,

319, 2003, "IV, SHAMFAT A A, T AR
3, AAAFIAL, A2

245, 2009, “HI21E9] ofIrER] HA-F-3lo] Z
FEEQY? (2) A o9 ool gt Hl=
1=9] @l AstAM, 31, 297-335.

A5, 2003, AdHAdolE, A8, AL

P, 2014, "o AlX A ) (1) W uE, At
T AT, A A A 2] A, 20(4), 357
378.

[LIEF 22 50 44, 2005, Brit ZEfE 50T Bubom# s 12t
T, F A= (= AR o) 2010, 31
o ZAA g, FE24, A=),

Ashby, N., 2003, Relativity in the Global Positioning Sys-

e

L

tem, Living Reviews in Relativity, 6, 1-42.

Beiser, A. and Cheah, K. W., 2014, Concepts of Modern Phys-
ics, McGraw-Hill Higher Education(= <54 9,
2015, AehZe)e} 62k, PR, AL),

Bodanis, B., 2001, E=mc’: A Biography of the World’s Most
Famous Equation, Berkley Publishing Group. (= 7]
3] 9, 2014, E=mc’ Aol A 71 g 3
A0] QA SRR AT, A1),

Buenker, R. J., 2014, Application of relativity theory to the
global positioning system. Physics Essays, 27, 253-
258.

Carroll, S. M., 2010, From Eternity to Here: The Quest for the
Ultimate Theory of Time, Tantor Media Inc(= 719
Bl ©, 2012, AvhEesk, ARt -p-5=of vl el |
Shet. HR2AlE A=)

Carroll, S. M.. 2003, Spacetime and geometry: an introduc-
tion to general relativity, Addison-Wesley.

Crang, M. and Thrift, N., 2000, Thinking Space, Rout-
ledge(= HHF 9, 2013, FH4 AR, o222
2 AE).

Einstein, A., 1920, Relativity: The Special and the General
Theory, Barnes and Noble(= 01518 &1, 2012, At}
K 0] B0l 3} Alo| 2, B, A18).

Einstein, A., 1952, Relativity and problem of Space in Ein-
stein A, 1952, Relativity and problem of Space(= ©|

cﬂ ,2012, AH:H/H‘,] O]EJ,]. om]—o] Ag
‘3—‘1, *13).

Flores, F.J., 2008, “Communicating with Accelerated Ob-
servers in Minkowski Spacetime”, Eur. J. Phys. 29,
73-84.

Greene, B., 1999, The Elegant Universe: Superstrings, Hidden
Dimensions, and the Quest for the Ultimate Theory,
W. W. Norton & Company.

Greene. B., 2004, The Fabric of the Cosmos: Space, Time, and
the Texture of Reality, Vintage Books. (=vrgd o,
2005, ¢-5-9] 21 FXH ALY, 2l Blot
A, A A1),

Harvey, D., 2005, Spaces of neoliberalization: towards a theo-
7y of uneven geographical development, Franz Steiner
Verlag(= Qs+, B2, vl 9, 2010, AR
O A|AIELS] 7, FBRIIAL A1),

Jammer, M., 1994, Concept of Space: The Histry of Theory of
Space in Physics, Dover Publications(= ©]732] 9,
2008, &1t — EeEfetel vhehd o] o
AR L A).

Massey, D. B., 2005, For Space, Sage Publications Led(=HF

—-325-



7%k, o]y, o8+t 9, 2016, B I8t 41
AR A2).

Randall, L., 2006, Warped Passages: Unraveling the Myster-
ies of the Universe’s Hidden Dimensions, Penguin
Group(= 71915, o|RIA} &, 2008, A7 $-5=:
MRl 539 A1 B2} ol 2] weg o}
A, A1, A8),

Reidenbach, H., 1957, The Philosophy of Space and Time,
New York: Dover Publications.(= ©]73-% <, 1986,
AR E7E) st AFAY, M),

Resnick, R.. 1968, Introduction to Special Relativity, Wiley,
New York.

Rindler, W., 2011, Special relativity: kinematics. Scholarpe-
dia, 6(2), 8520.

Rindler, W., 2012, Special relativity: mechanics. Scholarpe-
dia, 7(1), 10905.

Sato, M., 2007, Incompatibility between the principle of
the constancy of the speed of light and the Lorentz
contraction in the GPS Experiment, arXiv:physics/
0703123.

Sayer, A., 1984, Method in Social Science: A Realist Approach,
Huchinson, London.

Taler, E. F. and Wheeler, J. A., 1992, Space time Physics,

Freeman, New York.

Tuan Yi-Fu, 1977, Space and Place: The Perspective of Experience,
University of Minnesota Press(= T-£3], A143] o,
2007, S7FH A, dli, A=),

Wald, R. M., 1984, General relativity, University of Chicago
Press, Chicago.

Yang, K. E., 2012, “A Critique against Space-Time Centered
View on Einstein’s Special Relativity,” A3} 110, pp-
171-193.

Yeung, H. W., 1997, “Ciritical realism and realist research
in human geography: a method or a philosophy in
search of a method?,” Progress in Human Geography,

21(1), 51-74.

WAl ALF, 608-737, FAtAl T tAE a2 45,
ek ZA e (o= Y okwon@pknu.ac kr, &
B} 051-629-5327)

Correspondence: Ohyeok Kwon, Division of Economics,
Pukyong National University, 45 Yongso-ro, Nam-gu,
Busan, Korea (e-mail: okwon@pknu.ac.kr, phone: +82-51-
629-5327)

017.12.6
018.3.26
018.6.26

ne
NONN

—326 -



CHetX|2|St2| K| M|533 M35 2018(327 ~346)

A 90] SAH FHT AN
EE TS AR -
Appearance of Marginal Settlements in Depopulated Regions and

Local Regeneration: A Case of Uiseong-gun (county) of
Gyeongsangbuk-do (province) in Korea
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Abstract : The purpose of this study is to suggest solution for Uiseong-gun (county) to revitalize the local
economy and population growth. Uiseong-gun is the most likely county in Korea to fail to survive as an
administrative division. The study was performed through field survey and literature reviews, resulting in
the following suggestions: The success of regeneration of Uiseong-gun depends on finding solutions that are
suitable for each town and village. Analyses on characters of each region should consider crucial factors such
as natural environment, industry, culture, tourism and sports. Development of regional economy can be
achieved by local regeneration of sports, by promoting regional economic circulation and by regional activies.
However, to sustain the regional economic development, glocalization of regional goods is essential through
organismic socio-economic interactions and networks with metropolitan cities and local core cities in neigh-
boring regions. By doing so, the image of Uiseong as a garlic farming county will be sustained, and its place

marketing will be activated, saving the region from extinction.

Key Words : depopulated regions, regional extinction, marginal settlements, local revitalization, local regen-

eration, Uiseong-gun
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Capital and Landed Property Contradiction in Cluster Evolution:
The case of Namsan-dong printing alley, Daegu
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Abstract : This paper explores the contradiction between capital and landed property over the evolutionary
process of cluster by analyzing the geographical relocation and the land ownership expansion of Namsan-
dong printing alley in Daegu. Firms may be in a contradictory situation in which they must distribute a part
of their profits in the form of rent to landowners who have not contributed to the increase in land value. This
contradiction between capital and landed property is a very important factor in the firm’s strategic decision-
making process, but has not been highlighted in existing approaches to cluster evolution. It might be because
the literature presupposes that the contradiction in the evolution process leads to only a single path of cluster
decline. In reality, however, some clusters do not decline in this situation but try to find various solutions

on the regional context. The evolving process of Namsan-dong printing alley located in an inexpensive resi-
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dential area near downtown shows two different spatial responses to the contradiction between capital and

landed property. Cluster can be maintained by reducing the rent through the geographical relocation of clus-

ter. In addition, the expansion of land ownership serves as a driving force to retain cluster’s vitality in crisis by

reinforcing the firms’” embeddedness in the cluster.

Key Words : cluster evolution, capital and landed property contradiction, ground rent, printing industry,

Daegu
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Prediction for the Spatial Distribution of Medical Facilities Complying
with the Changes in the Population Structure in Korea

So Hyun Park”* - Keumsook Lee**

29F: B A7 BAL ASA-NPAEZ FolE] FAT MekE Holt: ATTR W A ZAH WES 1
efato] g2 o9 |RATHI2 % Q) RAA 8 MELE | 53He S0l o] 9Iste] Aol ML
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Abstract : The purpose of this study is to provide an appropriate medical service provision at the local level by
considering rapid changes in the demographic structure in Korea. For the purpose, we investigate the spatial
variations in the demographic structural changes in Korea since 2000 when the country achieves the aged
society. Focus has been laid on the spatial distributional changes in the population of two age groups’(the
childhood and the elderly) and the medical facilities related with them. We examine the spatial correlation
between the population and the related medical facilities for each age group over the period, and estimate the
spatial Markov transition probabilities. The demand for and the provision of medical facilities related with
each age group has been simulated by applying the Markov chain process. The results of short-term predic-
tion reveal that the population of the elderly seems to increase more rapidly, while the population of the
childhood decrease. At the same time, the medical facilities related with the childhood have been predicted a

bit increment at a few the Mega cities, while the rapid augmentation of the medical facilities related with the

O] =2 20179 % Ao Ao et ek /g Aol &Jsto] AR 9
*A&eta AL A4 HIALE ALY (Postdoctoral Researcher, Environmental Planning Institute, Seoul National Uni—
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elderly over the nation. However, the increasing rate is much higher at the Mega cities rather than the rural

areas showing higher elderly index.

Key Words : low birth-aged society, demographic structural changes, spatial variations in the demand for

provision of the medical facilities, transition probability, spatial Markov process, short-term

prediction
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H5 RAHQITEE Z7t 023X Ho|=EEZ(2010~2015)

S1 52 S3 S4 S5 S6 57 S8 59 S10
S1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
82 0.06 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
§3 0.00 0.29 0.68 0.02 0.00 0.00 0.00 0.00 0.00 0.00
S4 0.00 0.00 0.24 0.70 0.03 0.03 0.00 0.00 0.00 0.00
S5 0.00 0.00 0.00 0.21 0.79 0.00 0.00 0.00 0.00 0.00
86 0.00 0.00 0.00 0.00 0.50 0.43 0.07 0.00 0.00 0.00
S7 0.00 0.00 0.00 0.00 0.00 0.63 0.33 0.04 0.00 0.00
S8 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.60 0.00 0.00
59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 033 0.00
$10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.57

H6 -HOIER 2702 AT MO[EEE2(2010~2015)

S1 $2 3 S4 S5 6 S7 S8 59 S10
S1 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
52 0.00 0.47 0.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.47 0.50 0.03 0.00 0.00 0.00 0.00 0.00
S4 0.00 0.00 0.00 0.46 0.49 0.05 0.00 0.00 0.00 0.00
S5 0.00 0.00 0.00 0.00 0.19 0.81 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.02 0.32 0.66 0.00 0.00 0.00
S7 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.79 0.03 0.00
S8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.95 0.00
59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
510 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00

Fadeln =g

64.6%

5.6%:5.6%

51 52 s3 s4 55 56 57 58 59 510

2016 2021 | 2016 2021

025, RAUIT U -29IT0| MehEist BES(%) Hat 27

—380 -



NS

s

=

AIS| X9 Q1717 HHelE Dot QIIIESE 2E o2 Ald B o=

A s28kE S 18% e, 53] 3¢ 54
2 Age Q%E 18%2 LFERdTh s12]¢l0] Ao |
o 7}71e- HolEHE Fro g K Ao Ast AlE
glo)do) =7} nf= 3 94S AaE A9 20214
o] & T2 e WElhER] O BAME 7t

=
= %Eﬂ o= g 7pPsAo| I},

o] ] 89%1= S5 4
© 2 UERAL, $39] 58%7HF

2
3912)

2 549} §59) A
AZE AT}, T3 529] 26%7F S39] A=, S1
9%7} S29] A2 MEE AR YERT) 8
EE7F YA O 2 =2 55X 9L Zo]gf
ohE A2 AeeHA] o= SAdH ol =
H

o

o
o, I

(HeA 2

:F

—381 -

)
_—>é
2
lo
i o

=)
o

3110

A2 g 00t BRL A4 W AT
oﬂ Oﬂ‘GLH]—A]QUEZ]Oﬂ 'LLH ]i¢] _;[::H_



S5
0.00
0.02
0.25
0.89
1.00

S4
0.00
0.07
0.33
0.11
0.00

S3
0.00
0.26
0.41
0.00
0.00

(2010~2015)

52
0.29
0.61
0.00
0.00
0.00

S1
0.71
0.04
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0.00
0.00

S1
52
S3
S4
S5
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0.00
0.00
0.00
0.16
0.81

S4
0.00
0.00
0.18
0.66
0.19

53
0.00
0.03
0.64
0.18
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82
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0.18
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Korean Self-employment Immigrants and Korean Community Networks

in Hanoi, Vietnam
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Abstract : The aim of this study is to find out the location characteristics of Korean immigrants as a self-em-
ployments to Hanoi, Vietnam and Korean immigrants network. In-depth interviews with the Korean immi-
grants in Hanoi were conducted to examine the characteristics of their economic activities and Korean net-
works. Korean immigrants in Hanoi could be classified as an investment international migrants, and served
the service industrial sector to other Korean immigrants there. They started their business near the Korean
immigrants’ residential place such as Trung Hoa and My Dinh because other Korean are their potential cus-
tomers in the beginning stage of the business. With the help of the progress in telecommunication technolo-
gies, network platforms of Korean immigrants exist in both offline and online. Social network services allow
them to share the information and gossip in multilateral rapidly. This has both positive and negative impact
on their businesses. They could have free advertisement to mass other Korean immigrants and expand their
hinterlands, however, they also worry about spreading out negative opinions of their businesses quickly and

widely.

Key Words : Hanoli, investment international immigrants, self-employment, location characteristics, Korean

community networks
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The Characgteristics of Spatial Distribution and Visible Coverage
based Optimal Locations of Public CCTVs

Gunhak Lee*
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Abstract : This research addresses an efficient placement of public CCT Vs which have been broadly used for
various public purposes such as social security, traffic management, facilitiy management, and natural disas-
ter monitoring. Although many local governments are expanding the equipment of public CCT Vs to build
their own public surveillance system, from a planning perspective, more efficient deployment of CCTVs
is necessary due to the limited geographic coverage and high installation cost of the CCTV. In particular,
decisions on spatial locations of CCT'Vs that meet actual demand for comprehensive purposes are key to the
success of public surveillance systems. In this regard, this study looks over characteristics of spatial distribu-
tions of public CCT Vs nationwide and attempts to suggest optimal locations of public CCTVs in Daegu
metropolitan area by taking into account actual demands. To do this, we utilized de facto populations with
different time periods based on mobile telecommunication data as potential demands for the public CCTV.
Also, spatial optimization models maximizing visible coverages of CCT Vs were applied by considering solid
geometric characgteristics of urban landscape. As a result of the optimization, we presented the optimal solu-
tions of CCT'Vs for each time period such that maximize the visible coverage of demands given the number

of CCTVs required. Optimal sites are usually located at highly densed areas of de facto population for each

o] =2 20159 thehl=t WS} St LA k] 2] 9 whol = A7+ (2015S1A5A8011620)

Re)
* AL dishal x| 2]ek} Hal<(Associate Professor, Department of Geography, Seoul National University), gunhlee@snu.ac kr
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time period and more critical locations selected in every time period are also found. This study is expected

to help understand saptial characteristics of existing public CCTVs and to provide a useful methodological

guideline for local governments that wish to establish a multi-purpose public surveillance system in an urban

area.

Key Words : public CCTYV, visibility analysis, spatial optimization, coverage model, de facto population, GIS
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2016).

afe]o) e A-E3 FABHA &2 A= =AW
Al ZH ko] &4 Y EA 755 918l A9
T2 54L& vtgsto] 7Rl 24 o) 71N 81t
228t HE Almstarat gk, ol gh 2 =

NAL obx] AZFAH AT AelE Fol B 4 gl 2
[e]

So] QA 97 witol] A oA Al LJstaTt, &
CCTVO A A1 12| 2} Al A K= 2016\
FadolE g (www.data,go. kr) ol 4] Alg-5H= 7t
B AAAE CCTV A A% 2w & &85kt
o] gloJEfolli= CCTV AR o] A9l #at, A
52, A2 G&}, et s, 7t 312t o) AR
5 2gskL et
55 CCTV YA HA3}= WA CCTVE] AA| 7+
Al G EE517] Y8l GISS] 7HAA HAE o) &
15 BEORE 7HA] 990 thigt A HH4sks
Pt GISE 3249 33t AA 2] 75kt &

A

ol
2
k)

o

S CCTVe| S2h 2 S0t 7EA| AH2[X[ol] 7[2Heh 2 ¢

Rl

% vl ol 918} soule) S SH MER

= i =

T2 2o)9h AE 2ol A I groz A ofst
olct. §HA, CCTVE R 7hilet Ak e Bast A
G ohel, AA =24 AW/, F 715 F
T 24 A, FoRE A R, 7H 5 o9 V=
of whe} thestA R e 4 At i Ake] F43t
AAR oln] ZFEL Sl= &5 CCTVE] ANbAQl
54& sl 2 8 S A st 4] &4
do] 7Fs et Aol g 2= & e o) 4R S 7}
“gorict

& CCTV 243} mdl 2= CCTVe| 7HA] M7t
2o AlgtA olgh= Zmof|A] LSCP, MCLP2}
FA A A] Bl 28519t} LSCP=
TA AR Y EY A 55 1T w9
A tiehE A 7] f]gtoln], MCLP= 1lH]
| w2 oflAbde] Aloko] WAREE 4= Q= A4
1S IR kS HlEr] §igto|tt,
St AR BE2 AHEZRE
dkah

A ARt 5B7Fsl7] wizel A

A
ol o

N

Y
flo

e o O

)

% % oo By o
22 m>~
AV
o, 2

i
20d
N, R

o 0
X
J
£
it

A Bxoh= A=E59 #4 Eold mE
7FA] AW A (visible coverage) S =& 4= Qith.
kA 5 PA FRA ] 7HAES B7HE 4 Sl
M=2E A4 M4 (decision variable)E 715191
GIS 7 d B4 B8l 27 W, & Aol &

%319}, e ZE CCTV A3} mds F A5}

W
2
-+

pi R A 0] 7
dy: 522 A 19} CCTV Q4] 1A joto] 77

—409 -



=

C={jldy< D. and v,=1}: 28 A H iZ AWE 5
Q= HE CCTV ZHX] Al
x: CCTVZEjoll 4ABHA 1, 18A] edtt 0
yii 8 AR 17F CCTVE] 744 G o] 9lom 1,
=R ekehd 0
vyt joll YA CCTVZE 48 AA 152X 4= QL
oA 1, 284 kom0

22 7FA1A A E]A] o] 7]5kel LSCPL} MCLP
o] A A7 3

ming)S Hoj511 Qi)

H(integer linear program—

LSOP B Has 2=
J!

AFzA4]:

1) Y x>l Viel
jEG

2) x={0.1}, V7

3) X x>y, ViEl
JEG

9 /éijzp

5) x=10,1}, VjE/

6) yF{O,l}, Yiel

AA & CCTVE F M4
£ 2371 A

5 Z19] o sy,
MCLP BA 41 7158 % 2.5 Ashi)7)s
Zlo] 917 BA QS w3l Q). Aok A 1)

LSCPO] & Ak oz BE 50 X taf &
o= shte] CCTVZE AR 4= QU= 5o 299
gt 7hA] AR5 B8] ot ¥hE MCLP &

4. CCTVO| 7t B B4

S-SdolEZE o] A=CCTVEZG o EYo] up2
1 20169 71<E, A=roll 5% 33 CCTVE & °F
127 6077} 2] Q=L Qlom? 7h Al
B AESES W3 1), 7%, Aol 22 2rt o
o older 7 B, o' i, BAE A1
o] Z¥z} 1%t Ao ¥ CCTV7E AR ¥ o] . A
FEE AQsld Ay} B0 Y JEe o) &

T CCTVE 9golal ek, QIFHE 7+ o = K

gl

[}

™ Q1 10,0009 Fat 24597171 A= o] gla
=, ik, S5, =R A= et %ﬂﬁ}i
o, YA A= A= sgatol] vA)A] Reh=

P A=) QI gt Eek= A7
‘)rE}‘%~tﬂ A7) AL A
e CCTVZE AR E o] ATt Q1 FRE T
Pe w ¢3| Wt o|5}e] AL Hol=1 )
o, tj7-e] 49 % J T ]l v =2 <

Aro] gl Ao

Fu.

OU =24 ﬂtﬂﬂxl A=)
7+ 1909] CCTV7} AR =)o) Q1= A
AR QI M=) =2 3 1
of B8] w2 CCTVZF A%
T QT pEECR= 9l | o}
Zog Belrt, o] F tht At WETF AR
AR, & ﬂHL)Oﬂ sl d55] W 34l o]
°] CCTV7}k Hz]i]aﬂ a1, 91 WE7) o Hao)
B A E WO CCTVZ} AR o] 9lo] K} =3
CCTV HIEAE EY= 74 7id|2ke] Akl &
& 7Fs/d0] B2 2107 olgHr,
kA, 22 WA B} 82 o1y} W) 9= 7

i
m&

- 410 -



I Egnt 7HAl A Xoff 7|kt 21K X

A% s 2 ) g Q1= | CCTV Ui 19y luies
(20154 7], §) () ) CCTVHi=(H) | CCTV Hi<=(7H)
A 10,022,181 605.22 16,559.57 24,450 24,40 40,40
A 3,513,777 769.96 4,563.58 6,415 18,26 833
o 2,487,829 883.56 2,815.69 12,389 4980 14,02
Sk 2,925,815 1,047.51 2,793.11 5,330 18.22 5.09
&5 1,472,199 501.18 2,937.47 1,975 13.42 3.94
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An Ensemble Machine Learning from Spatio-temporal Kriging
for Imputation of PMio in Seoul, Korea
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Abstract : Missing values in spatio-temporal data presumably cause defects, such that contaminate the results
of spatio-temporal analyses. However, imputation methods for spatio-temporal data considering the inherent
nature of spatio-temporal dependence have been neglected. We suggest an imputation algorithm based on en-
semble spatio-temporal kriging for particulate matter measurement data for the period 2010-2014 at 54 moni-
toring stations near the metropolitan city of Seoul, Korea. We review previous studies on imputation methods
for spatio-temporal data, then shed light on the necessity of our approach. Our approach implements resam-
pling techniques on limited spatio-temporal data for a short-term period, then aims to enhance the imputation
accuracy by taking the ensemble of the imputation results of resampled sub datasets. To examine such en-
hancement, we apply different conditions in experiments, including the number of resampling, neighborhood
ratios, and ratios of artificially generated missing values. Results show that our approach outperforms both
spatio-temporal kriging with the whole dataset (1.32-11.36%) and the linear regression-based imputation al-
gorithm (52% in average). Our results show that the learning approach by resampling is still effective in spatio-
temporal kriging in a limited environment as well as the spatio-temporal algorithm considering the inherent
dependence among the data. But the considerable underperformance compared to the accuracy of the machine
learning-based algorithm indicates the necessity of further examination of the effect of spatio-temporal depen-

dence in such an algorithm.
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1. Introduction

Missing values in spatio-temporal data are an obstacle
to space-time analysis, as breaking the data makes it diffi-
cult to examine the change of spatial phenomenon”. This
makes statistical reasoning for the whole study area more
likely to be inaccurate than when using complete data.
Also, the spatial analysis results may be biased when the
spatial sample at a period with incomplete data contains
properties that are different from those obtained from
spatial samples. Most importantly, all observed values of
spatio-temporal data are unique to a specific place and
time, so even if the ratio of the missing values is small, the
effect on the structure of the entire data could be signifi-
cant (Kondrashov and Ghil, 2006).

In this study, we applied a spatio-temporal kriging
model for imputation to fill in the missing values in the
particulate matter with aerodynamic diameters less than
or equals to 10 pm (PM,o). Missing measurements in
air pollution data, possibly due to arbitrary deletion or
functional failure of the measuring instrument, are limit-
ing factors in assessing the effects of short-term exposure
to air pollution in health geography (Karahalios ez /.,
2013). Spatio-temporal kriging is a method of model-
ing the temporally-augmented kriging that implements
the space-time covariance function, which incorporates
the temporal variability of variables. It has been widely
applied since the 2000s (¥1=%, 2011). The detailed

methods will be described further in later sections of this

paper.

The purpose of the imputation is to restore the original
data as accurately as possible. Therefore, by adopting a
strategy of model reinforcement, it is possible to improve
the imputation accuracy. One of the methods that can
be applied is the ensemble of models by resampling.
The resampling method divides or randomly extracts
the sampled data currently used, which is usually used
for cross-validation or bootstrap aggregation (Breiman,
1996). Focusing on the effect of an ensemble, we hy-
pothesized that the ensembled spatio-temporal kriging
model would show better accuracy than both the kriging
model without ensemble and other imputation tech-
niques. Therefore, the main purpose of this study is to
identify two sub-hypotheses by using a resampling-based
learning and a spatio-temporal kriging method to imple-
ment it into the imputation. First, we examine whether
the spatio-temporal kriging model could be reinforced
through the plug-in of the resampling method to spatio-
temporal kriging. Second, we compare the effects of
spatio-temporal kriging of resampled data in comparison

to existing methods.

2. Literature review

Bennett er 2/.(1984) comprehensively reviewed the
missing value problems in spatial data. The authors
classified the causes of missing values in spatial data

into three categories: spatial, temporal, and deletion
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processes. The problems of missing data in spatial data
were divided into spatial and statistical aspects. Also,
they proposed interpolation methods and spatial filtering
techniques to fill the missing values in the spatial data.
However, in their study, interpolation and imputation
were used without any clear distinction, so the imputa-
tion methods were treated as a type of interpolation
method.

Haining ez a/.(1989) suggested the processing of miss-
ing values using spatial models. They applied the first-
order conditional autoregressive model to the lattice data
to perform the imputation. The main results showed that
more effective dislocations are possible when reflecting
the autocorrelation inherent in spatial data. This paper
describes the necessity and validity of the method to im-
pute spatial data. Until the 1990s, missing data studies of
spatial data were often done on raster data (Wilson ez al.,
2012).

Several studies have used an array of spatial statistical
techniques to impute missing values in data measured
continuously in certain locations, such as climate or
air pollution. Although the data used in the studies are
spatio-temporal, studies have adopted the regression
models or simple averaging (Smith ez 4/., 2003; Xia et al.,
1999). A study applied multi-layer perceptron (MLP) and
artificial neural network to combine the methodology of
artificial intelligence into the context of imputation (Jun-
ninen et al., 2004).

Schneider(2001) focused on the spatio-temporal
dimensions of missing values, then suggested the EM
(Expectation-Maximization) algorithm which out-
performs the existing imputation methods. A =
(2011) reported that the inverse distance weighting and
the correlation weighting method yielded reliable results
compared to other imputation methods in the rainfall
data. Feng er 2/.(2014) developed a CUTOFF algorithm,
which imputes the missing values in hydrologic measure-
ment data by filtering the measurement values accord-

ing to their correlation. Li and Parker(2014) applied the

k-nearest neighbor algorithm as a method to impute the
measurement data from sensor networks installed in
various locations. They reported that the imputation er-
rors were lower than those of the EM algorithm. Deng
et a.(2016) imputed the missing values in the tempera-
ture and precipitation data with a method combining
the cluster analysis and the space-time weighting. They
considered spatio-temporal inverse distance weighting,
spatio-temporal kriging, and spatio-temporal hybrid co-
variance model.

In previous studies, models reflecting the inherent
dependence in spatio-temporal data tended to show bet-
ter imputation performances than existing imputation
models which do not consider spatial and/or temporal
dimensions of data. However, as mentioned above, previ-
ous studies focused on comparing the performances of
various algorithms. We aim to examine the effectiveness
of training the spatio-temporal kriging model as a base

learner in real-world data.

3. Methods

1) Spatio-temporal kriging

Spatio-temporal kriging is a model which incorporates
components of purely temporal and interaction between
spatial and temporal variations in kriging. When the
variables show similar values according to spatial and
temporal adjacency, the structure can be predicted and
explained by the space-time covariance function. By us-
ing spatio-temporal kriging, we can estimate the possible
values and their uncertainties at the unknown locations
and time points based on the space-time structure of the
sample (Cressic and Wikle, 2011). The spatio-temporal
kriging is decomposed into five elements, which are ex-
pressed as follows (Wackernagel, 2003; Heuvelink and
Grifhith, 2010).
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Y(s, )=u(s, ) +p () +y (@) +x(s, ) +d(s, 1) 1)

Y{s, #): value at spatial position s and time point ¢

(s, £): mean estimate at spatial position sand time
point #

S(5): random variation that depends on the site

7(#): random variation that depends on the time point

x(s, 7): spatio-temporal interaction term

(s, 2): spatio-temporal variability in a fine scale

s€D,, tED,where D;and D, are spatial and temporal

data set, respectively.

The formula (1) represents the decomposability of the
value at time point t and spatial entity s into the sum
of spatial, temporal, and residual processes. Assuming
(s, 2) is variable, the formula below corresponds to the
formulation of ordinary kriging as follows (Cressie and

Wikle, 2011).

Vo, t0)=ftg+c0C, (Z—fig)=N'Z %)

V(so, t0): the estimated value(s) at spatial coordinate
vector so and time point #

Lgs: the mean estimate by generalized least squares

Z: a matrix with attribute values, coordinates, and

time points

C,=var(Z)
co=cov(Y(so; t0), Z)

A: column vector with kriging weights

As the best fit procedure for kriging, spatio-temporal
kriging requires theoretical spatio-temporal variograms,
which are derived from the empirical spatio-temporal
variograms. Theoretical spatio-temporal variograms are
constructed by accounting for the interaction structure
of spatial and temporal variability after fitting marginal
variograms. Marginal variograms stand for variograms of
each separate dimension when time lag and distance are
respectively zero.

Types of spatio-temporal semivariogram functions
are listed in Table 1. The separable covariance function
represents the spatio-temporal function as the product
of spatial and temporal covariance functions. Thus, the
spatial and temporal dimensions are fully independent.
Other types of spatio-temporal covariance functions
are suggested to substantiate the cases without fulfilling
the independence across two dimensions. The product-
sum covariance function adds the covariance functions
of each dimension to the product with scale parameter

k. The metric covariance function requires the common

Table 1. Types of spatio-temporal covariance and semivariogram functions and their theoretical formulae

Form Covariance and semivariogram formula

Coeparabic(h, 2)=C(h)C,
Separable poric(, 1) =C(h)C,(0)

Pseparable (b, 1) =sill-(ys(h) +ye(ae) s () ye(w))

Product-sum

Chroducesum(h, 22)=£Cy(h) Ci(2) +Cs(h)+C.()
¥ produci-sum(h, 20)=(-sillet 1)y, (h) + (k-sills+ 1) ye(z) — kys(h) pe()

Crnerric(h, %) =Cjoim( h2+(x .u)z

Metric
Y meuric(h, u):})joim(\/ B+ (rc-u)? )
Caumemerric(h, #)=Cs(h)+Cu()+ Coind(\ b+ (1c-2)° )
Sum-metric

Psummensic(h, 1) =1(W) 1)+ o ( W+ (1) )

C(.,.), Ci(,.), Cil.,.): spatio-temporal, spatial, and temporal covariance functions; y(. , .): spatio-temporal (semi)variogram

function; h: spatial distance or lag; «: time lag; sill: spatio-temporal sill; sill, sill: sills for spatial and temporal dimensions; .,

7e: spatial and temporal (semi)variogram functions which are scaled to have the bound [0,1].
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metric which is interpretable for the integrated covari-
ance function, and thus it would model the spatio-
temporal covariance in a function rather than the three
listed covariance models. The sum-metric covariance
function incorporates the sums of spatial and temporal
covariance functions and the metric covariance function.
It should be noted that metric covariance functions could
present by defining the combined spatio-temporal metric
x(kappa). The detailed process in calculating the metric
is diversified by selecting a specific type of function trans-
lating the temporal lags into spatial distances, i.e., vario-
gram matching or calculating ratios of variogram values.
We defined all spatio-temporal variograms used to fit
spatio-temporal kriging model as sum-metric. This is

because sum-metric variograms are available to model
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Figure 1. Graphical example of fitting a spatio-
temporal variogram model
Upper left: empirical spatio-temporal variogram
Upper right: spatial and temporal marginal variograms (as
ordered)

Below: fitted sum-metric spatio-temporal variogram

empirical spatio-temporal variograms in a more flexible
manner. Griler ez 2/.(2016) observed that sum-metric
variograms show lower errors than variograms following
other forms, especially in air quality monitoring data.
For time and space marginal variograms of test sets, we
chose theoretical variogram formulations that belong to
Matérn or exponential families and showed the lowest
sum of squared errors (for example, Figure 1). Also, we
set the form of the composite spatio-temporal variogram
as Gaussian for ease of computation. Finally, we placed
regular spatial lag and its maximum as 1,000 meters and
20,000 meters. To compare the imputation performance,
we chose multiple imputation by chained equations
(MICE) and missForest, which employs the ensemble
machine learning algorithm random forest to examine
the imputation accuracy. The imputation accuracy was
evaluated with root mean squared error (RMSE) as

shown in the formula below.

RMSE =1/ %Zle(ﬁﬁyi)z 3)

~ . .th . . .th .
where  is i estimate and y; is the /™ actual value in

the dataset.

To note, the spatio-temporal anisotropy ratio (notated
as i; following Griler ez al., 2016) is determined with
marginal variograms”. As we calculated the anisotropy
ratio with spatial and temporal variograms, we gained
computation efficiency by limiting ranges of candidate
solutions with the minimum and maximum using em-
pirical variograms.

The proposed spatio-temporal kriging-based imputa-
tion approach follows as below:

a. Take the whole or partial spatio-temporal dataset
with missing values;

b. Determine the theoretical spatio-temporal vario-
gram by the empirical spatio-temporal variogram of the
dataset taken at the step a;

c. Split the dataset into NV subdatasets after row-ran-

domization;
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d. Initialize 7as 1;

e. For i<V, iterate:

f. Calculate the theoretical spatio-temporal variogram
from N-1 subdatasets except for 7 " subdataset;

g. With the theoretical variogram of the step £, save the
kriged estimates at places of the missing values;

h. Save the average of N kriged values as the imputed

values.

The third step should be noted. The data becomes se-

Table 2. Conditions

quentially randomized, as this enables us to exclude the
influence of temporal sequence embedded in the spatio-
temporal dataset. To explain, we could avoid the possibil-
ity of including or excluding data points at specific spatial
or temporal extents. In step g, we calculate the average
of imputed values from the resampled datasets, which
is the ensemble approach for model estimates based on
continuous variables (Opitz and Maclin, 1999; Kuhn

and Johnson, 2013)®. Also, to emulate the actual perfor-

of experiments

Conditions

Values

Ratios of random missing generation

Maximum time lag

As data, 5%, 10%, 20%
4-12 hours, 1 hour

Number of resampling 3,5, 10 times
Neighborhood ratio 75%, 100%
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mance of our approach, we considered two conventional
algorithms which represent either linear (simple, multiple
imputation by chained equations)” and machine learn-
ing (complex, missForest)” approaches to compare the
performances of each algorithm. Lastly, we tried apply-
ing several values for conditions of experiments to com-
pare the efficacy of each conditional value. Conditional

values are listed in Table 2.

2) Data

We used the PM1o measurement data from Air Korea
administered by the National Institute of Environmental
Research. The data was automatically measured at 54
monitoring stations around Seoul and was distributed
after quality assessment (Figure 2, Korea Environment
Corporation, 2018)”. The data includes monitoring sta-
tions adjacent to the administrative boundary of Seoul
to avoid a possible edge effect. We checked the data
consistency regarding the change in the location of moni-
toring stations to coherently analyze continuous spatio-
temporal distribution.

To apply the proposed imputation model, we extracted
subdatasets from the five-year measurement data by
the following standards: (a) temporal length equal to or
greater than 24 hours; (b) no missing values in any of the
54 monitoring stations. There were 17 sub datasets sub-
ject to such standards. Durations are between 24 to 60
hours.

There are 1260.3 missing hours on average among
43,824 hours in total for the study period, and their
median was 1,191 hours per station. However, there is a
significant decrement in the number of samples from all
54 stations due to the missing values contained in the air
pollution data. Only 73,291 (3.09%) out of 2,366,496
hours are missing in the data, which is ignorable consid-
ering the studies on missing data (Harrell, 2015)”. When
the spatial dimension of the dataset is considered, the

ratio of missing values is significantly inflated such that

10,981 (25.06%) out of 43,824 hours include complete
measurement data from 54 monitoring stations. Accord-
ingly, it can be presumably expected that the results of
spatial analysis such as interpolation using the incom-
plete data will be biased compared to those not using the

incomplete data.

4. Results

1) Descriptive analysis

The missing values in the whole dataset show short
and dispersed patterns, which comprise one or two hours
except for some continuous missing values. The matrix
plot illustrates the missing pattern visually by highlight-
ing the missing elements by color (see Figure S1 in the
supplementary material). The data includes a few contin-
uous missing values in the time series, and missing values
with lengths ranging from a few hours to several days are
mainly seen in the period of device calibration done by
the administrative authority. Test datasets show varied
characteristics as observing their values (1-269), ranges
(54-248), duration (24-60 hours), and standard devia-
tions (6.34-33.80) (Table 3). To measure the proximity
among multiple time series in each dataset, we used the
temporal correlation coefficient suggested by Chouakaria
and Nagabhushan(2007), using the formula (4). We cal-

culated the sum of 1,431 (the number of 2-combinations
4, _54x53
2 2

dissimilarity of each dataset and normalized it by divid-

from 54 time series, ( ) pairwise temporal
ing the range of values of each dataset to control the
amount of values. We termed the final index mCORT
(abbreviation of ‘mean dissimilarity coefficient of time

series’), which values show 0.28-2.21 (Table 3).

—433 -



Insang Song - Changro Lee - Key-Ho Park

Table 3. List of test datasets and their summary statistics

Set Begin End Duration | Minimum | Median | Mean | Maximum | Range | Stdev' | CV* | mCORT*
1 12/31/2010 15:00 | 01/01/2011 15:00 25 22 49| 49.48 94 72| 1178 | 0.24 1.61
2 | 03/12/2011 15:00 | 03/13/2011 22:00 32 26 64| 65.71 146 120 | 16.40| 0.25 1.58
3 | 07/16/2011 02:00 | 07/17/2011 07:00 30 1 17| 17.77 69 68 8.31| 0.47 1.93
4 | 08/14/2011 14:00 | 08/15/2011 19:00 30 9 49| 48.81 104 95| 14.67| 0.30 0.88
5 | 01/22/201209:00 | 01/23/2012 20:00 36 6 31| 31.26 74 68 8.70| 0.28 1.53
6 | 03/03/201220:00 | 03/05/2012 01:00 30 2 17 17.61 63 61 6.34 | 0.36 1.33
7 | 03/09/201220:00 | 03/11/2012 17:00 46 5 36| 39.06 91 85| 17.27| 0.44 0.91
8 | 03/24/201221:00 | 03/25/201222:00 26 10 42| 55.601 185 175| 33.80 | 0.61 0.28
9 | 05/04/201223:00 | 05/07/201210:00 60 24 61| 71.54 219 195| 31.06| 0.43 0.77
10 | 02/02/2013 16:00 | 02/03/2013 15:00 24 5 27| 28.00 59 54 8.56| 0.31 1.37
11 | 02/23/2013 16:00 | 02/25/2013 01:00 34 4 47 | 4799 110 106 | 16.47| 0.34 0.99
12 | 05/12/201309:00 | 05/13/2013 10:00 26 55 103 | 102.80 177 122 18.13| 0.18 1.44
13 | 07/06/201309:00 | 07/07/2013 10:00 26 29 65| 66.17 119 90| 14.41| 0.22 1.36
14 | 02/22/2014 16:00 | 02/24/2014 11:00 44 51 107 | 112.46 269 248 | 2954 0.26 1.15
15 | 04/06/2014 10:00 | 04/07/2014 11:00 26 17 60| 56.601 115 98| 18.71| 0.33 0.73
16 | 04/12/201423:00 | 04/14/2014 09:00 35 40 76| 78.51 135 95| 14.34| 0.18 2.21
17 | 07/12/2014 13:00 | 07/14/2014 03:00 39 22 59| 59.85 119 97| 13.26| 0.22 1.32

 standard deviation; ¥ coefficient of variation; § average pairwise dissimilarity of 54 time series in each dataset (following
Chouakria and Nagabhushan, 2007)

Note: units of minimum, median, mean, maximum, and standard deviation are micrograms per cubic meter (pg/m?); unit of

duration is hours.

D(81, $2)=2/(1+exp(2-CORT(S1, 52))-Ocone(S1, S2)  (4)

where CORT(S1, $5)=/_, (1= 1) wi1—0) |

\/ Y2 s —uy)’ \/ 0 o)
5conv(51 5 Sz) = Zi:ll (ui—w)z

u;and v; are the i™ element of time series Sy and S», re-

spectively.

2) Imputation results by missing ratios

To examine changes in model performances as pro-
portions of missing values vary, we experimented with
varied missing ratios as the main data observed in 2010-
2014, 5, 10, 20, and 30 percent. We fixed the maximum

time lag at six hours and the number of resampling at

ten times in the experiment. Root mean squared errors
(RMSE) of imputations tend to increase as the ratio
becomes higher, and the increment of RMSE becomes
smaller as the ratio exceeds 20 percent (Figure 3). Com-
paring the accuracy as the number of sampling increases,
we observed that all results with resampling showed bet-
ter accuracy than those of kriging without resampling.
Also, three or five times of resampling was the most effec-
tiveness for 16 out of 17 test datasets (Table 4).

The average RMSE was the minimum of the data with
missing ratios observed in the entire dataset over a period
of five years. This is because the average ratio of randomly
generated missing values in all monitoring stations was
about 3 percent, which is far lower than in other experi-
mental conditions. However, because of the variation in

empirical missing ratios across monitoring stations, the
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Table 4. Performance improvement in the change in
RMSE compared to the single imputation by spatio-
temporal kriging

unit: percent

Number of resampling
Set
3 5 10
1 7.38 7.54 6.56
2 1.65 2.40 1.79
3 2.73 1.64 0.93
4 5.00 4.83 4.02
5 11.36 9.71 5.70
6 4.68 4.15 2.45
7 2.55 3.13 1.70
8 3.99 3.67 3.46
9 2.25 2.55 1.24
10 7.08 6.81 5.21
11 1.07 1.66 1.10
12 1.32 1.19 0.74
13 0.88 1.37 1.28
14 1.04 1.85 0.87
15 3.98 3.53 1.32
16 1.54 1.26 0.66
17 5.97 6.43 4.39

The maximum improvements by sets are highlighted;

missing ratio is ten percent.

result shows variability in errors for each imputation. On
the other hand, the range of RMSEs tends to decrease as
the missing ratio increases except for in set 6. Along with
observing the decrease in differences of RMSE, it can be
suggested that the missing values in the spatio-temporal
data change the spatio-temporal structure of the data and
the transition of the structure to the new state as the error
exceeds a certain level.

When the characteristics of each set shown in Table 2
are considered together, it is observed that the decrease
in the predictive performance against the missing ratio
tends to increase as the time series patterns of the moni-
toring stations are different. In the case of mCORTs such
assets 1,2, 3,5, 10, 12, and 16, the increase in the RMSE
was large as the error rate increased from 5% to 20%. On

the other hand, the correlations between measurement

points such as sets 8, 9, 14, and 15 are high, so even if the
mCORT is small, the increase of the RMSE appears to

be insignificant.

3) Comparison to conventional imputation
algorithms

The spatio-temporal kriging model with resampling is
more accurate than the linear imputation model and has
similar accuracy to the machine-learning algorithm (Fig-
ure 5). The variability of RMSE indicates the stability of
the imputation algorithm. The variability of RMSE:s for
every imputation trial tended to show similar accuracy
as that of the imputation, and the variation gradually
increased in the order of missForest, spatio-temporal
kriging (denoted as ST-kriging in Figure 5), and MICE.
On the other hand, results of spatio-temporal kriging
in the sets 1 and 5 showed high RMSEs in a few trials.
This shows that the combined effect of the locations and
time points of missing values affects the fitting of kriging
models and their accuracy of the imputations (for de-
tailed results by datasets, see Table S1 in the supplemen-

tary material).

5. Discussion

To sum up all imputation results, the resampling-
based spatio-temporal kriging imputation approach
showed applicable performance. This can be conceptu-
ally explained in two ways. First, the model takes into
account the spatio-temporal dependency, which is
implicit in the data. The spatio-temporal kriging-based
imputation model performed predictions on a level
comparable with the nonparametric machine learning-
based algorithm in terms of accuracy. We could find
that taking unique structure into consideration helps to

improve spatio-temporal analyses and modeling proce-
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RMSEs of 30 trials.

dures. The second conceptual explanation is the role of
spatio-temporal kriging as a tool for understanding the
dependence in the spatio-temporal data. Spatio-temporal
variogram, which is a base tool for conducting spatio-
temporal kriging, can visualize the dependence in spatio-
temporal data. Accordingly, the proposed model is useful
in understanding the model compared to the machine
learning counterpart, of which the mechanism difficult
to comprehend.

However, the results suggest the need to clarify the
ways in which the spatio-temporal aspects of the data

affect the performance of machine learning algorithms.

Since the results of missForest showed higher imputa-
tion accuracy and lower variation, it should be examined
whether spatial and/or temporal dependence affects the
model performance. This is because such examination
could show the efficacy of consideration for implicit
spatio-temporality in the data. When no spatial and/or
temporal effects were observed in machine learning algo-
rithms, it could be hard to stress that the spatio-temporal
dependencies should be accounted for modeling with
data of spatial and/or temporal dimensions. In summa-
tion, results of this study demand further explanation of

possible contributions of spatio-temporality in machine
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For spatio-temporal kriging, the number of resampling for each dataset is five and the missing ratio is ten percent.
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learning algorithms.

Lastly, we explored the residual space-time cube to
check whether there is a spatio-temporal pattern in the
imputation results. Figures 6 and 7 display the results of
sets 8 and 16, which have the lowest and the highest tem-
poral correlations measured by mCORT, respectively.
The results show that errors increase in outer points of
the space-time cubes, which present the spatio-temporal
edge effect. It would be partially explained by the fact
that the available information around proximal points
becomes scarce at the external positions in the space-time

cube.

The result of the imputation accuracy evaluation,
based on the number of resampling and the ratio of miss-
ing values, has significant implications for both the anal-
ysis of the effect of missing values and the application of
the imputation model for spatio-temporal data. First, the
variance of the imputation accuracy gradually decreased
as the number of resampling increased (Figure 3). This
shows that the shape of spatio-temporal variogram of the
data is gradually transformed as the missing rate increas-
es by adding higher variability on spatio-temporal vario-
gram. Second, scale dependency should be accounted for.

It can be inferred from the applied conditions when we

| PMyg(pgim?)

— 5:3
e

i | W WMissing

5
201-2'03'2
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(ug/m®)
[52.7,-18.5)11)
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(+1.9, 11.3)66)

B o13m8ps)

. (@18, 79.41)

Figure 6. Space-time cubes of the set 8-3-1

Upper panel: the fitted data after generating missing values, Lower panel: residuals after the imputation

Note: the number of resampling was five; [ ] symbols represent ‘higher/lower than or equal to’, whereas () symbols represent

‘higher or lower than’; the numbers next to the ranges of residuals are the numbers of elements subject to each range.
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Figure 7. Space-time cubes of the set 16-3-1

Upper panel: the fitted data after generating missing values, Lower panel: residuals after the imputation

Note: the number of resampling is five.

design spatio-temporal kriging models. We arbitrarily set
spatial lag distance as 1,000 meters. Thus, this is one of
the limitations of parametric theoretical spatio-temporal
variogram models. We can see that further research is
required to account for local variations flexibly, i.e. var-
iogram fitting with the piecewise linear model (Shapiro
and Botha, 1991) or spatio-temporal hierarchical models,
and Bayesian techniques, which consider variogram
parameters to be distributions (Cressie and Wikle, 2011;
Montero ez al., 2015). The last to be noted is results of this
study suggest the applicability of spatio-temporal kriging
for imputation in the short-term and data with dispersed
missing values. As the test sets have 24 to 60 hours of
time span, the performance gains as the models are fitted

in other time scales (i.e., monthly or yearly scale) may

not be observed. Also, as seen in Figure S1 in the supple-
mentary material, continuous missing values in PMo
measurement data are present for longer than a few hours
to even for a few weeks. This might destabilize spatio-
temporal variograms for resampled data such that cause
underperformance of spatio-temporal kriging. We see
that further studies will scrutinize such issues in different

data and study problems.

6. Conclusion

This study suggested an imputation approach that

hybridizes resampling techniques and spatio-temporal
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kriging for spatio-temporal data. The proposed approach
was applied to impute missing values in 17 selected
datasets from the PMio measurement data of five years
to test the effectiveness. Results are summarized as fol-
lows. First, our approach confirmed the accuracy gain
by the ensemble of spatio-temporal kriging models for
resampled sub datasets. It showed that RMSE decreased
the most on average when each dataset was resampled 3-5
times. This demonstrates that the resampling approach
for spatio-temporal kriging can contribute to deal with
the problems of missing values in spatio-temporal data.
Second, our approach outperformed MICE, which is
based on linear regression models, and showed similar
performance to the machine learning based algorithm
missForest. Moreover, our approaches gained an advan-
tage over the compared algorithms in both the explana-
tion of inherent spatio-temporal variability of the dataset
and the enhancement of the imputation accuracy with
resampling.

This study offers two contributions. First, we exam-
ined the effect of the combination of spatio-temporal
kriging and the learning method, thus observing the ex-
pandability of spatio-temporal kriging by reinforcing the
model from the data itself. Second, this study provided a
perspective on the missing values in spatio-temporal data
which have been undermined in geography and called
forth the need for subsequent studies related to missing
values. Nevertheless, there are several limitations in this
study. We succeeded in suggesting a working example of
our approach. However, there are challenges such as pro-
viding generalized examples that employ simulation ap-
proaches and mathematical foundations of the availabil-
ity of our approach. In addition, as the accuracy of the
missForest was slightly higher than that of our approach,
furcher research is needed to find how the machine
learning algorithm reflects the inherent dependence of
spatio-temporal data. As for the kriging methodology,
it is necessary to follow up on the recent kriging method

using the Bayesian approach, nonparametric approach,

and eflicient kriging algorithm for huge data.

Notes

1) Missing values mean the unmeasured values in data. In a wide
sense, missing values are ‘no measured or reported values’ at
which there are indices such as row and column numbers that
had values therein, whereas the data has partial missing values
which are directly related to the phenomena of interest in a
narrow sense (Little and Rubin, 2002; McKnight ez a/., 2007).

2) There are four approaches to estimating the spatio-temporal
anisotropy: ratio-linear, range, variogram, and metric. Such
approaches vary in their ways of finding the optimal scaling
method, which converts temporal units into spatial units and
vice versa by matching the values of spatial and temporal mar-
ginal variograms (Griler ez 4l., 2016).

3) The procedure was compiled by adding functions for fitting
spatio-temporal variograms automatically based on R (R Core
Team, 2017) packages gstat (Pebesma, 2004), spacetime
(Pebesma, 2012), and automap (Hiemstra ez al., 2009).

4) Multiple imputation by chained equations is an imputation al-
gorithm employing chained equations to fill missing values in
multivariate data (Schafer, 1997; van Buuren and Groothuis-
Oudshoorn, 2011).

5) missForest is an imputation algorithm which implements
random forest, one of the machine learning algorithms (Steck-
hoven and BithImann, 2012).

6) 41 out of 54 monitoring stations are urban ambient stations
whereas 13 stations are roadside stations. Urban ambient sta-
tions are established to measure the background level of air
pollutants in cities, while roadside stations are installed near
the major roads to monitor the effect of road traffic to the con-
centrations of air pollutants (=351, 2015).

7) There were 1,826 days (365 days x 5 years +1 leap day) for the
study period, such that there were 43,824 hours (24 hours x
1,826 days) per monitoring station and 2,366,496 hours for

54 monitoring stations (54 stations x 43,824 hours) in total.
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Figure S1. Matrix plot of missing values in the measurement data of 54 monitoring stations
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Table S1. Summary statistics of RMSEs by sets and imputation algorithms

unit: pg/m3
Set Algorithm Mean Minimum Maximum SD
ST-kriging* 8.18 4.56 14.56 2.25
1 missForest 5.82 4.34 8.73 1.02
MICE 13.80 10.35 17.57 1.94
ST-kriging 11.75 6.44 17.22 2.79
2 missForest 8.34 6.79 10.07 0.92
MICE 22.17 18.59 28.46 2.70
ST-kriging 6.34 3.61 9.43 1.42
3 missForest 5.01 3.75 7.39 0.77
MICE 10.26 6.98 13.97 1.71
ST-kriging 8.46 5.44 13.43 1.74
4 missForest 7.27 5.69 8.58 0.78
MICE 17.87 15.16 22.88 1.87
ST-kriging 6.05 4.18 9.52 1.01
5 missForest 4.55 3.45 6.18 0.66
MICE 10.97 9.42 13.53 1.23
ST-kriging 4.41 3.25 5.86 0.75
6 missForest 3.81 2.75 5.08 0.53
MICE 8.12 5.30 11.44 1.25
STokriging 8.70 5.64 1194 1.70
7 missForest 6.90 493 9.33 1.13
MICE 21.64 17.84 25.43 1.76
ST-kriging 10.98 5.70 17.46 3.33
8 missForest 7.84 5.43 11.67 1.44
MICE 45.90 34.33 59.77 5.73
ST-kriging 12.93 8.23 16.95 2.33
9 missForest 8.63 6.15 14.68 1.61
MICE 43.07 36.88 48.78 3.45
ST-kriging 6.15 3.74 10.62 1.46
10 missForest 490 2.98 6.40 0.89
MICE 10.27 8.38 12.46 1.25
ST-kriging 9.99 5.92 15.66 2.02
11 missForest 7.54 5.57 9.93 1.23
MICE 21.87 17.31 28.86 2.51
ST-kriging 10.74 5.05 17.12 3.09
12 missForest 6.60 491 7.85 0.84
MICE 26.36 19.31 35.61 3.61
ST-kriging 9.20 6.62 14.87 2.01
13 missForest 7.60 5.85 10.58 1.18
MICE 19.18 14.26 24.40 2.59
STokriging 16.11 8.25 26.16 410
14 missForest 8.86 6.41 11.55 1.25
MICE 36.01 29.81 41.63 3.21
ST-kriging 8.33 4.75 13.02 2.23
15 missForest 6.07 4.62 9.25 1.16
MICE 22.29 15.42 27.94 3.26
ST-kriging 11.93 7.72 16.32 2.20
16 missForest 7.79 6.08 9.78 0.93
MICE 18.64 13.83 20.77 1.68
ST-kriging 8.99 6.71 12.11 1.38
17 missForest 6.48 5.10 7.62 0.66
MICE 16.85 13.35 19.17 1.54

*ST-kriging: resampling-based spatio-temporal kriging, SD: standard deviation
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