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Spatially Constrained Dynamic Community Detection Method

: Delineating Seoul Living Zones Based on Spatiotemporal Flow Data
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Abstract

Exploring functional regions by considering spatial interactions beyond administrative boundaries is crucial for
understanding urban structures. However, existing studies that use community detection methods face limitations in
deriving spatially continuous communities and capturing temporal variations. To address these gaps, this study introduces
a "spatially constrained dynamic community detection method.” First, spatially disconnected components of a community
are either separated into independent communities or relocated to one of the spatial neighborhoods, based on the increase
in modularity. Second, we apply temporal smoothing techniques to derive stable communities for each period. Third, we
examine the evolutionary process by visualizing the identified evolving events. A case study using phone-based mobility
data in Seoul over a 24-hour period was conducted to verify the proposed method. The results show that this method
can effectively detect robust living zones and support systematic tracking of the evolution of individual communities in

interaction with other communities.
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74 EA @2 AEsh] S18 At 33 99E Atk
A FAE olsfshal Asial, 245k, sjddE 7] 9t
A ZolcHol g 2, 2012; AE4] 9, 2015). 25T =AAY
7Hed BEAIEA| 3Ee SR EAARE A DA 3
& TR ¢ A A RE 3L TES] AHE vt itk o]
ofl EA AR, EAIRA, A[2]e} & 37 T S Eopelre =
Al AAE dol AAARI AR, 24, AAIEE2 MRS est
o A9 AFE Bk kAl Bl 33HA] AEARE-E et

+ O 7= LiBRIS 3l [aFHELReL I]S

715 A Y(functional region)?] BAS 72t

Brown and Holmes(1971)7} €]t “e]He}o] A} A2
7k 5ol o 714 A 2F FeA s 715A199 49
of| wjz} thFgt A Yol A BAEH= o7 7 FEAEof s
ohoFst a0 2 7)1 5| g 31l A HSke At SPE
o}, EA] f 2 Dol BEAGHIE - 0171, 20165 A <],
20215 &AL, 2021; s €, 2024)7 HAAIFH S
AREFE - SH7, 2022) BARRGE ohzt, TA] 7 AA| Dol
A A QeFAAGLGS 9, 20205 oAFE- 319, 20150
524, FEARRAG (Y 9, 20125 FER, 2012; Brown
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and Hicks, 2008)& 'do] 23 4A(H723 9, 2022: 233 9,
2023), 7154 AAAHEEE 9], 202002 A= w7 chok
51 EFgE| qlct.

0% T YHE F 2 71X A8 e 7 B
o] Z&EI Sl WHS YESA 5t LofollA] 7idE #AFY
E] §A%(community detection)o]th, o] W& 73k 24|
SR Fagte] R A AoAgol: 71eRY 1R A
Olof] BPAAE H7ALe] QoA |ehd Hdgt EoldA &
T F0H 228 fE SolA 715A G E AEE 4 Sloke
o] Aol Tl Bt 715 R1Y A gl B85l Jlot
(Farmer and Fotheringham, 2011; Zhong et al,, 2014; 3}
A& - ols7], 2016 B4 2, 2019).

BRI 71529 APd Wi o 24 ARUE gRHE a4 F
7H] A AYaL ek, 3, AU E7E 3R R EeEA
1—1’(spatial discontinuity). SHE LR v 22 AHFUET} =
29 7he4ol ot oiREe) ARUE BAEe gy
(aspatial) e}E] 7]4hE o] vie] Zie A} 2ol
B9 FADE S A9 AlEslr] dzel g2 "o
T Ago] st AFUEE sk 497 FF LA
A, SRS AR BAoA AR ER S HE
o] EAsl7] ol AlAER L E bt F29 AFYET =
=2 4 9l

EAAE AojA] AR T DR 715 S B8
A% A By AR MEE vl A7H] Aol EA]
Ao} AP FHAH0E QAT L iR 5%
7|3 BN F3E Aol dutHo]7] W&o}, S AH
2 i e s KSR o B B v L e b i RS g s = o
FER A WS sl oA B A A2 E 883t
of &5 AFUE BA doE A7) of2E £ oy,
qkef AlZtdje] wet AR YE)7F Mk S AL g
o 2 339 gt S olFA BRI AUA 24 el
BEsA) oit, whebA AFUE HAH Y] A Fdigh AEE
A 9] TAE SET A28 P E| Basi,

£ 7= 715AY Al AR ARYE BAHY dAE
S5317] 918 “FHAIF 52 AU E EAH(spatially con-
strained dynamic community detection method)™& A%t
gt & Atelxle 374 89 Al ¥MEE F 7 U
o2 Fuditt, 34, ARYEe F8 AgER FHF R £
g 3 29 A 232 HH9% 544 ARYEE &
gaiAY I AvUEz AL M2 ST A AAIRE
o 24, AZAE ARUE A0E SR AL YEYA
(consensus network)E 28kl AAIAA YERA oA
ARUES FETO2N AAERH R HE ARYEIE =&
513l o] F Bigoz AHFUEY s} 2L AR 2 a7

134 "REAR, H59H H7S (2024)

= A U ES 20249 A4 BR0lE HolHE 283 A
A ALY 2400 Ao 2M 7IAIRE AEA AEd 1 7]
& W E3te] Ao & vlualal 1 5847 §HolE AAR,

olE 9% FEE e 2k Al 28MA = 718 A Y
Ao A A E] BAEo] B8 AYATES BESL O
g AElA F3H3 ek AlRH WEe] vEhal gleE B
0|31} ghct, 53] AFUE BAHZ A7) 283k
oA ol& 53] 918f AlHE of dieh e FaA A=
SHAL & oAl Ak WHo) 2= RS AR 37fA
£ & golA Adtehs e S 28 AYRith 4%
A= AU WHES BEe AI2A AT +29 AR
HSkE ARk, 71412E A8 AT B Ay 23} Bl
8o 11 zjo|9} olE ARG v e R AR T
A QORI FF A U2 AR,

I, MAS nF
1. 7IS%I9 === ?lgt 7{7LIE| X

7R GE Adsks A Al AHE, AH|S § ORSRE AL
AAA BEEY A A22E 54T 1 MHE olsshs dl
o> FR3lc}, URo| EAAE oLy x| 2|8t oo A= 7]F A
o 2O T4 QA5 ol F EE3] YR o HHHE
< dsion], adEAH(factor analysis), Z|G=FARAE
(local labor market area) 9%, X 2ZFE ol 7Y 5 &
M8 F3 ARG 7|0kt 7] 5A]HE& EEsks Whe) F2 &
BECHAEHE, 2019).

aFolA 2E FielofA BEs)| AME 715A S 74 W
< YESA Haof 714k & ZARFYE gAold, AHFUE
A B4kl 27 2 UEYA Yol ==& 15 7
B3 74eo] w2k F 79 el AFUER sk WHelt
(Newman and Girvan, 2004). 53] #5U¥| BAY- AU
37 999 A5AE HRE 2R 0|24 F2-2(flow) ¥H|
o7} th= BN EHA] o] A& R AHE|shal EAT 4= 9]
£ =24 T BA D FHAFoA S5 Qi)

AFUE gAo| EA| E FHAro] =JE AL ofEF 2000
W] 9EG 201000 Z4¥F Afo]2 Farmer and Fotheringham
(2011)9] A7t iAo}, 152 7] EEEHUE o2 A Y
A7 ) AG=FARE B4, ASH S8AHT 5)°)
ARke] FA Q] ko] XU A ojEstal o] 23 Ediz} ¢l
o] 19449 A7} WS A 43| wrgsl=A] w4 ik
3L F48cHFarmer and Fotheringham, 2011). 7] "¢
it 50| AR Ao] HiZ AHFUE EAHold), o=
AU YWY A4 Wi Hdiglelar AFuE 7 94 U=
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= Fadls UESA £88 3= B 224 Brown and
Holmes (1971)7} A A3t 75242 A eje} AW oz B5h
o}, 18k opye}, ARt A QA4S S BA1F 7)E0] Y
81aL, shtel F7t HE she] 7R oR ERsh, A
Zke] 197 witof ojEsl= wetu|E 7} gls T thekRt o]
3AtHFarmer and Fotheringham, 2011; H74, 2019). ©1#
T ARUE A f-8/44E& WolEy o]F A W FHAF
AL AQrFAgHe 44 (Kropp and Schwengler,
2016), 8 A1) A7, =A] 9 A F22 BM(Zhong
et al., 2014) 5ol AR E BNHS LU3] S8319ict
oA cheFRt FA A UoflA 7152 L =& 9
3 AFUE Aol &-EE L A}, A Y 2A| Yol A= A
A =5 7 g@ol AMESITEHE - ol4=7], 2016 AE
9], 2021; Y <, 2024; F&-AVE, 2021 AP 9,
2021; A& 9], 2022: A5 2, 2020; ©1A[H - 0]5=7], 2023).
A& E°l A 01571Q016)= AL AFYE BAYE U
STl EJSHAA AR UE EX] alElE F shel Q=
H(infomap)S 7H-5- el AL Af=0l| 283} F2F $1Alol
ket AEA] AEE-E 28T T AT 2020 A A7 EA
S} v P o AHFUE GRS AN B AA ATNEY
UG o] 25l AP o S FEE + US
& AABe. # 2ol 2ut HlolHE ARgSIo] BAIAY
o9& AAshe BAIY <, 2021: AFE-$H7, 2023),
A T GR(HAA, 2021) Goll= Srs] ARSE| L Yk, TA]
7t 2A| YA B3] s B35 79k (H)=AE 2
2394 & 47084 ¢, 20207 9EE <, 2022; 93
9], 2023), YWY ohz} 7= ufjEd[o|E] 5 ekt dlolHE
G843t AT Y EHHY YA EE- 35, 2023)
& HARE A, 719 T AT sl 715 FAEE T
E3 A(ErAE 2], 2020) Fol A=A 53] HTol= Y
glolglof 7|uksle 52 F3d, ot F A5AE S5,
chokst AR 75| 9 sk dvtE EE AL

2. 7|1& FRLIE| BXIEe| Al

AU E BRIHE ARSI 7)1 5 A 9E sk 71E A7
o] AWsl= 7 2 A2 ATUE 2 A F40 A7
Hsto]] ofgh ©29] of2}golcHFarmer and Fotheringham,
2011: Chen et al., 2015: Guo et al., 2018: Wang et al., 2021:
Zhao et al,, 2023),

7] 4L Farmer and Fotheringham(2011)°] 7]%54]
o Ao ARuE HAHE =UsHHS fTE AHE EAU
o ARUE AU v HECE A 2R 2 F
ZHA AjoFzE RHgsial 1A 971 Wil 33z g8

Agge] 22 AwUEd £ & dow, I3 AAY 2}
of 54 HEE SFH3A Y= ATUEZ YEe 7s AR 3
c}.” SRt A SHoA 7169 E AR 2 YR,
W7ol SR A= B ol i A7 Aabe BR2 71
2o A NEskal Fshs SR F3 dRIolA 2HEst
7] wEoll F7HA] -2 T AAZ 2|7} QlefEhe Y @l
71%531A] F317] wizolct, ERE | AL #yUEs 1 A
2 v Q= $7H wide) Aue| ot S2gs Soieh 3
oA e FAhed 7hsAE A 5 A7t SH P
AT AFAE REE SFOIAY 22 AR TOE ATHER
Fe3he Ao] © U 4= 371 mEolth, A7te] BE4d(modu-
larity) &4& F8lE2lE 71208 ASE ARUEE 4
= Aok YoM Liz ol T ool & 4= Utk

AIRHE WE TR oleted: 24l AT E9PgAdel 71t
ot ARFUE S22 AEE FUE vEYAE 5] 4L
25 % SAYTE Stk S8 Hs Aol 9
I 54 REE OE ATHER &7 A0l SAE
Mdshe Aoz vepdthd #7yE 271 5HE 4= ok &
Az A T AF2AEE = 37 HlolE oA thad) 2 ]
2 8 o] ARto] ul-¢- RIMsHA WARIT= Holtt. AA,
A 3 FEAGL A= s St Hlole7) ohEt o
F HloJHE HRe2 3 dlojgo]7] wiEel Al F7dut
o 22p7H A k] QT A, A9 3 AEAE2 A
ORI} AE A Y Zholle 1 E50] vl A7) WEsde] Alst
T §40] gloh. 53] 284 7MW ARy E gAH2 u5d
HEZE o] 7|df AE7ES] Aol SHSEHES AFUES
BRG], ARG AT A%t =ESS B5E 94 Y=}
7|t} A2 o] Zfo)7t ZHobA efzte] B 9 ZE Mg
A vkeict. AR, 578 Al7lof B8R ofd ARdo] 9%
2 1A= 3 g2 FEYR Q) A AT 5
A Aolle v 2A 92 vA oA BRE7E Sk
AR FE At E SRR YA WE E2 54
A1719] Ztol7t v i IS YIS A7) E T, ofR WE
AL 3A F 79 2AE EskeT AA, &7 ATYE
AaE AF5P7] o8, A4, 7IER0] FAIEH mieel Awd
E|2] 1o} 2 BAshes bl ofete2 Heth

3. CHoky e

HIEZHA el ARUE BAY 28 A AEE 7RI
SR 2AE o Qo] ARBH Y AArEA S ofEee =
T = Aths 2 ofv] B2 AollA A4 Hojik, o &
7} 018 S5317] fi8f thddt HE Aljt € EE3en 1
te-2 3A F 72 e
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A, F7HA A|F21E FA o] FUske Aotk ol=df
N 2EA 718 BA BN B8 Ao, F =N B
S5 9a7xe Hg YEHAS 73 4 22 (null model)&
53l 4 QAFE T AolE SR BEY T Ul 5
o] A2 22 E4& FoI81 A HFarmer and Fotheringham,
2011; Chen et al., 2015), F =5 7+ A4 =g 343k 9
2o 37 AR A2 2= F 3 B2 Foske A0
thGuo et al., 2018; Wan et al,, 2023), ©] 7% c}ofst 3717
% 2% (spatial null model)©] A|FE 4= Sl BRI o] 4]
9| B¢ AAE AlEFoldsks o] ul-$- Bakeh ik ofy 2}
A2 2o izt 27132l 717go] Baskal off o Bl ALE-
x| Al=sfjof 3h, F3tF EA44E WHgsieet: o 3] F3HA e
2 4% 715490 =22 227t ArHWan et al., 2023:
Wang et al,, 2021).

=4, 3 ARUE BAEE 3% F 3704 AkxA
& Fosto] AR 0 IS QYIS WAl dE &
Zhong etal (2014 AWEFE Blo]El& Abg3te] A7hEEe)
FUTFRE Holshe B4 3HE s BdE ZUESS
ORI A7t 7FY w2 A AFUEZ T HHoE
ol& #dslarzt stqict. A - 0]4=71(2016) EZ+ Zhong et
al.(2014)9] "EE APt g oR EEE PH5S vid
She WAIE ARSI SHAITE o]9 22 WAl BA1A 71E
glo] A vhERtch= EA10] gltk. Wang et al.(2021)
ol#|gt EAIE ddsl7] fleiA 313 AT Ha A 71E
(minimal regional size) 71%-& A3t} FHH o2 Hejd
Y2 & Y 7|ES SFAPHA ZEAHS St
ol% AFUE =2 AeFsh= WAE Aotstact,

$HH AU E Y] 54 HalkE BAske EAlE AWUE 24
Z27715E TS| =0E FAjolo}, 25t =08 T3 AFYE
AL 2A Y] 71K FFE HEEtHCazabet and Rossetti,
2019: Dakiche et al., 2019). 3#, g2¢] #FUE BAHS
AR R =aste] AHAES A2 F o 7](-1)2] AHFUE
oF thee HlSH= WHAlo|chPalla et al., 2009), o= & Wof A]
T ARUE 25 L2 5 ke AHo] AT 25U E
9] EQHAS IdE FAE B4, B3 ARUE EXHE
AR R eg5al o| A 79 AHFUE S} vladiths F2 9
O] BhAl ZAT, vlm Al fAMY AEE Bl € +F oW+
AR 7ot 22 el E Ad ARFYEZR 358 Yol
(Hopcroft et al., 2004). °] 'FH2 A A Y] FHE FA
A, S ARUE F2E 2T & drke Aol ik
A, oA 719 AFYE F2E HHYEstY H¥3Hsmoothing)
g T3l MBS HAPLESR O 719 ARYE FREH
Ak wolnt, o] A FAlol Al71Y ARUE L2E 5o
T S Yok A, 2E AR EQSE A ZF &

136 "REAR, M5 H7S (2024)

Yslar Briste] #AFUE F2E Hofshs Ao, ofu &
AZI 9] ot A7 FAlo] EAsH: B3E ARESt A
2L HELAE W& oF T8 AFUEHE =&3tH]didia
etal., 2007).

TE AAE bR S ARUEY AZE Wit
AR Ffole 2 HAPES AAF] Ads: AeE ¥
A Qlont, Hich 2 AlZHlE W37} G248k Yt fAMde] of
G+ 2E B U B ARUEES Ashs 59 eAEE A4
HZhao et al., 2023). ]l gt HHQFO.E Zhao et al.(2023)
< Lancichinetti and Fortunato(2012)2] 214X 2 S22 EHF
743t Hopcroft et al.(2004)2] ICDM (Independent Com-
munity Detection and Matching) F-8<& A&t Al
4 HAFo] A HIEHD YoM = AU ARYE £2E =
E31aL W3} FAE gofste 2382 AT A AR
UElE 99 & AWk ARYE S Bighe 73 AR,
ol& 7|& EA| 2L 7HYstaL 7 A{YE Y 39l &
Al AJRAQL AT AHFUEE =551l 0|9 st BAS &
At Aol AANA ARYES &-83k= 22 AIRH ¢
S SEs= A WetelEal Bk 4= ot ot A
759 AFUEE AN ATYE R 4T AR 319 &
EolA9 T3 #FUE H3kE 73t o|HES] 4= F A& ¥}
He2 38 24 ol Al 84 715AY H3ls &
81A] Z3jn|, YR @2 o|MIET} AHE o] A W3} 2y
= ol8j3l7] ofHth= ’HAI7F 3o ol & AT ete] 3 =AY
2 e}

37 2489 A |4 442 Atk 7|E a2
o|A Y thFsHA A=A}, SR S oAl 4479 A3
AH - 0]=7], 2016 B, 2019)8 A JtaL o] SHAIE Q14J3}
At sidstz] g oS ek A9 AAEHA 23l ok &
3], Foj= 99 Aiog: 7IFAY =5 HYA $1F
I A7 WS B sldshEA ARUE Q] 3E
& vt ARYE BAHS R ofyz} Q] stA oA
T S8 AAEA 23 & e 284 9 s
st AU E ERHA AT 4 e 3 24 EA
& A3 sfdstal Al HEEe aelste] ZHdeHrobust)
4 AU F2E 258k e At i

. SZef SX 7{FLE| EXIH

& 7oA Aldshe WHELS: AA A HIEHA blolE
ALY 9l AWUE 7= BAHeE IA A 7HA] EA=
FAEEHA™ 1), R WA AN 7 295 HolH2RE
ARUE F2E FETF, IR QS5 R ESS A
Ao = FHE R AofE, & FHH o A AR
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Step1: Spatially-constrained community detection on different snapshots

tafh
*

lon of spatially dl

e

Statlc community detection

Step2: Dynamic consensus community detection
Clustering communities based on NMI change

T Tas

Consensus community detection on different clusters
Spatially-constrainad communities i

Cammunity membership graphs |

Step3: Dynamic evolution analysis of consensus communities

Matching communities at two subsequent consensus communities, identifying evolving events

38 1. B2 S5 ARLE| BXIE T3
Figure 1. Analytical framework of the proposed method

UE 28 AU A SIS P4 280 29
ARUE 728 7o AUgE AAAL YEYAE 75

ok, FARE AFUE 28 AW A5 293k AE
AAE 2RE FESHL 74 2R ML ARYE F2E
EERc}, v Sl A Al AL AR E L] 3
oF W8S A% ICDM "HE A A7 E A2 vid
stal g, &9, A%k £ § 67l 18} o|HEE AERiY, o]
£ MAss) AwuyE 29 53 3 e ARt g
A Q) S ot Z

1. Step 1: AIE S 7{7LIE| B

A WA g oA AE UIESHA HlofElof] i8] Wang et
al.o21)0] AARE Hie} FARGE WA o2 F7hH o2 Aok A
FUE F2E gAY} A F98(Louvain), 2to](Leiden),
1EW(Infomap) Y1LE]FE 5 71E AAE HH(static) AFY
B 2 B2 ala S-S 7 AR Q) 2k HlolEfofl 283 AR
UE {25 FE3

a5 37 RS BAE| 3 24 AU ElA 3704
o2 dA% 84 (spatially connected components)& 7|3}
al, 847127 ol A% 7 Alde] o] uet v|ds 84ES
tE AFYEZ Auf)gict, d]ds @429] & A7t 37 o]
51U A4, U OR o3 ARUE F EEAS M Bl F
7M7) AT EE AufA|gct, v A4 8429] =E F4=7} 47
ol 7%, shte] SHE AFUERE Aot dgHos
BE= Al diel] 37 o2 Aok AR E 27 R H,

2. Step 2: AIZICHE ZAMMA FHRLIE| B

5 ¥R dA oM s §A E42 B4 Al A4
T2HE AEA R (Normalized Mutual Information, NMI)
T BAA A 2GR 78S B8] o DAlA BRITE 25k
9] AfYE L5 2ol

AAE Hlolel= Hart 43 Uehes B--dA2He B2
BT 47 717 FARRE 271 o]ojR|a HRF o= HBs= &
FE B oIS B0, 315 24413t 5etel B3 YIESA dlo]
B E vlgoE ARYE 225 1A EHE B4 B AR
UE 271 o A7t AlGeiA] f-2julstA] Meksir]= ot A
Y Az, ok AFAR F BAlE 2~3A1F 2A|= 8~9A1E
7V AR ARUE 25 2Y 4 ok 19§49 $3
Efa9] o= nR7A2 uig f-2lujdt #M3b7t dojuyr)
Hrhe 5783 A1d3 ddo] wEH, ol#d §42 e
o, AA 24k BE AT M dis ddo] et HEE &
Ak AR AAERCRE A& ATYEY 23 A
S e s 23S Aldslar #39] A3t S BAske
#Ho| ¥ A&Fo]al AN AL 715A F Aol
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mEbA] B A toA] = S $18] NMIE 283 NMI=
A oZe] 7Ihg Fol % Aje] ARUE T 7 §AE
ofslE= A2, th- 4] (1) F3 AAFEIHDanon et al., 2005):

161 164] NN
—-23 Y N log(——)
i j\{z\i

i=1lj=1

C.C.)= 1%

e :)jli\filog(%Higll\ﬁm%) @

5 719 AFYE C& CoyE Hlush| 918 S5 (confu-
sion matrix) N& 2Jsh=dl, #89] 249 N= Af7UE il
&3 =& F AFYE jol yehts =59 £F Qufdit), vl
diie] He F ARUE 32 Ul A4 ARUE 5 4 |4,
|G [2 E71819, Ni= ¥ iof diRt 3HF, A4 #7uE ol &
T =B F ), Ne gjdll tiet g N =29 F LS Y
EFHcHDanon et al., 2005). °l + ARFUES A3HEF
(mutual information)& ¢ JEZTE 7315 IOz, F
o] ARUE} es] 2o 1, 98] SRR A9 09 2
& Zet AR OE gaeEe s F53 ARYE FRE H
WA Lancichinetti and Fortunato, 2009), AJA|gef| w}&
ATHE o] HejeMdE Hefsh=(d, 2017) 5 o1# ¢
Ao 2 B9 vl giot, £ BAoM = AIA AR d&E = A
FrUE ol izt NMI gk AL Ao o= W2 ke UE
= AFo] A o2 FA% 724 ¥aE UEhidal 714, o]
£ 71E08 F3E gt o3t lolE] 7|¥Hdata-driven)
HWAE B3l 71E wlolHof izt AP ARt FE23H4] o2
o= agFoE ARUES 238 E 3T 4= Utk

thZo 2 s AfyEe] disf VAL AFUE 25
g8l AIAIE B (temporal smoothing)& 33}, FAIA
& FHAHYS 4F9 AvUE HeiE 5% e,
B2E4 F ST 32 /Mdsks 712 ofy AT Qg A o]
3 AT ARrUE F2EF 9AY £ dcke Aol U
(Lancichinetti and Fortunato, 2012; Rossetti and Cazabet,
2018), 7]& AFellA= AlAIE vlole 25E Bt2{Ql AR
F2E BABIAWHZhao et al., 2023), 7] T Hlo[e] 22 H
doi7l ARYE F28 AYU3H= S(Andris et al., 2023) 97
AT F22 slsf -85 vt it

2 oA B9 A ARYE R 48 Z 23 o
3 BAA L ARFUE F2E FRRIG A, 4 295 ARY
ElojA] YT AFUEER B/ F & Aol Y& A4%
ARUE Wy 2HEE P53 ol F3Hundirected)
olal 7FEA)7} Qlct, I F, FUT A i 294 AR U E
4 azs g AL YEYAE F53 J3Y 71
e F =271 ARUE guAE Rk 717 3 29k 4
E 53R 2oz, AAIEH RN F == 7Y 45AE
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BrEE AFRRI A& 501, =5 A% B7 47119 293k A5
YE F 38 38T AFHER EREUIE F mE A0
7FEA1E 0.757F Ak, o|FA 58 AL HIE ) ois)
AlERt AU E BA] daElES 28Rt o|2A AAIE 23
) Ak ML AFYEE BAISH Hot

3. Step 3: ZMAMA F{FLIE|2| ZiSt IHE 24

o2} gAofj A= ICDM AH-S S-8-8f oA "A|gE A7k
i AAAL ARFYE S 28} gl E43 ICDM A3
-2 Hopcroft et al,(2004)7} A|AJgE Z| 91920 718k & A
©2(Zhao et al., 2023),” F 712 #AFUE2EE 451
H AL TAs) 1 #el 1S Al Aol ol 7|E ¢ate]
&2 B89l 53 A4S A% 4 vk A3l Sl §H, A
UAA £4E o|MEE FA|8| sj4o] Estch= TAZE it
(Sun et al,, 2022), o]ofl £ A= Y3 AAA L ARYE
of ti3) ICDM A& H8To=EN & o At 25
A& 4= Slet,

2 oM F 1Y ARUEERE dSEH= A A
A8t7] {3l A FAH ARE 7Rt R F A543 AR E
T2 HollA A&El= i AFYE AL oA FAME
ke 4] 2)¢} Zol AFIE A4 Jaccard index)E 7IRtO.E AF
eI

_ q q+1 (2)

9| WA diH] =9 9IRS 7|HEe 2 A7 1o AEE
AFUE CloF A7 t+10] A" ARYE ¢ T HAKE A
A 4= Qlot, o= 0 1 Abol9] B2 7RI, ARy El 2] W3t
Tof wak 1o 1, 1o o, o of o o Y& AT 5= QU 2 o]
T, 4727 % FAM QAT 6,2 7IWHC.E Palla et al,
(2009)°] AIAIZE WFof| o]A F A 71A] 3t oM Efevolving
events)E JFCHE 1),

g e g, = 7HA] WAl o= Ay Q] 13} AAg 173}
g, 94, Rosvall and Bergstrom(ZO] o] Akgt WAl 7]
gho 2 A37](Sankey) tholol 1S A7}, 0714 2 B
ZARYE &40 w213 94207} A= AlZte] ZEHA
1 &0 ¥izhe WYo] 443 352 B3 dSdos #7)
g}, 3 ARl o] 22 AfFYE| 248 =552 A4
2 x| e 22 WAz BAJEG o|F B3l kB A7HY B
0 we} o8 AFYE R o] 3h=A] Alg3td 4= it o9
]3] Rossetti and Cazabet(2018)] A|tgH # U] Aol F7]
AAzE B8 74 AFYEZE olud 13} o[MES FHsH=A,
ojf AFUEESe] AZALS=A T AlAseEH 7l
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B 1. 0A 7X| AHRLE| Flgt0MIE
Table 1. Six events of community evolution

=i
Birth

o(Cc . Q) <8,
vc'ec*

Ny
Description:

tAP| BE HFLER}
AALS X S

Does not exceed the
similarity threshold with
any community at time t

B

Death

6(c. ) <8,
Vcw_+lect+1
I

1 A7| 2E AR E9}
A X oS

Does not exceed the
similarity threshold with
any community at time
+1

-z
=

Merge

0(C™ Cy) >0,
6(ci™ ) >4,

elci™t ) >4,

tA719] 271 ofAe]
HRUE|R 2Zf 0lM9
QAE 71

Exceeds the similarity
threshold with two or
more communities at
time t

=l
Split

e(c. ™) >6,
0(ci.c; ") >8,

6(cl, ") >8,,,n=2

t+1 Al7|2] 271 0| Ak9]
HRUE|f J247f 0149
QANE 71

Exceeds the similarity
threshold with two or
more communities at
time t+1

CE

Grow

e(cl.c;™) >8,
node ni frab&rafq+1

> 110%
nodenu mber of C

t+1 A7| £ AHRLE9}
AT OlNY RAHEE
AU, =E 471 110%
Ol B

Exceeds the similarity
threshold with a specific
community at time t+1,
and the number of
nodes increases by
more than 110%

ETN

Contract

0G. G >4,
oden mber of G

—— < 90%
nodenu mberofq

1 A7| £ AHRLE9}
AL OlNY RAIEE
KL, L-E 47} 90% 0|2t
HAF

Exceeds the similarity
threshold with a specific
community at time t+1,
and the number of
nodes decreases by less
than 90%

AR e o] st 2g L AAR o BA,

V. ARSF: AME Y& Bt Tist 24

£ AFolAE ShA] AR W ES] -840 el E AT EY)

13l AeAl ol E HiolEE B8 AR EE2 A=A
ot A&A] Aol HlolE= KT FHE Al1'dE 7153 ol
T AFFEO] A oA o= o] FFEA] 11 o) FF] FAgk
& AFITHALEEA 9, 2023).Y & AFolAE 2447 B

A7 ZHE 0 2(F, 285 247) AA Y BAF 7T olF UIE
$13 dlolE 2R FUAIF T3 AFUEE gAt B4 o
A2 20249 49 FF oI5 FAZ, 7 2R W 2471
A% 7 125,7107) BAMENA Y= 0.70), 15,088,6175<] ©]
THOR o|FojA ik, B 31T Wt o) FF 18,106,341
© 2 oz 712k 9A] Alo], A 5|2} TA] Alolef| o) FaFo] i,
27 0AFE] 4A71A) 9] o] 5 ATjHoE H 2 ZoE e
HrHE 2). EF8 W5-E 278317 8l o5 10 o3t F=2
£ AAFE A AL HHES Python &2 FAH2H, A]
Z3loll= RS 430t

1. 2474 AIHE SN RLIE| BiX|

) AES 288 AHY B dolezRe 7 AR
el 728 223 5, TUAE 71 489 N4 04E
2 ARAHcE, AMAE S 214 0L Queen A X
0} 212 ok =3)] T2 ot ) 2 el
£ 2183|(stochastic) WHEO.2A| 48] ujet 234 the 2
TEe £230 ety delES 9ol BhEsle] WHsE 5
3 A4S AWPon, HF Ak vhE AN B9 Yo B
2he AFet,

uhsulch B 32709 u)eid advh wAE gt 2250l
AR o] whet BEAO] thi Z7HsHAG s B 0.582)
2he Rich A2 At 5o BEA gL BRHOR 0,005%
AR, B3 7N F2E B8 71EAe BAgle] a4
x| gol uel mEAo] AASHE A% Qlout, Aol x|
QY BelE ARUES AT 4 QE(Tragg et al., 2019)
24 ghie)Be] W] t AMAE S HetEwA B84
o] Z715e A9 WARIYCHWang et al., 2021). 0] HEE
AE7PsE A oot 3 REAS 2oseks tioke Aes
ok Mol L m840] 9lek,

1500000

1000000

500,000

Average mobility during weekday (April 2024)

0 5 18 15 20
Time stamp

J8 2.5l S A HE AES 2 oIS

Figure 2. Daily movement volume between dong by time
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(@

(b)

33 3. (a) M2 MEOIS UENT AUN(QH AN Cish 24 ATAISS X3H SEE ARLIEl TR H2 1o 248 oo,

(b) BZHHI% XIS =&l v s 2AS XHXI HFRLIE| 72

Figure 3. (a) Community structure detected by applying Louvain algorithm to a network snapshot of Seoul living migration data
at 6 AM (Red circles indicate spatially disconnected components), (b) Community structure after reallocating discon-
nected components following the spatially constrained rules

™ 2 74 darels 28 292 3 ugs 8aso|
ZE3, o]F H|AS 24F0] AR AAE BoEH. IS
S01, 23 64 Al 2k A FUENA A2T FYE] A
v AFUER, T2 718180 ASH AFTYEZR 550
AEH ez A&l ane GAHAHTH 3@). oF 37
Aok H2E 287 A, EEE A H o= o]zt Al JHe]
ATUE F BE4E 7P 7 4 s SHTESE AR
Ak 7182 A EF ol S5 AU ER AR =2
o olg &3 REAQ HAE A’ BAEHEA FHH e o
SAJ AFTHEE B2+ 3k

@

§ 0.85 4

2. 71 AIZHHE ZHHMA HAFRLIE] X B

AL SPA AR F 2470 SWOF FAIF ATUE | i)
ML ARUEE 223 23 (TH )9 2ol F 6719
2o EEE0] A|2)F YAE 7IE0R ol5E A B
SollAls & Al 71 Aol BAE I A5 BT, Al
T, UHE, SANE EEE, SR e YT E
BT, AR, ARTE Eeke 19 T8 A, §
H=t, TS Tk s FEENT. =R T
T ARAS TR g Agdcs EE delAe
Al 9] Ao BAE NG, Aad AT, FT, 9E

(b)

100

0.95

0.90

0.80 1

0.75 1

0.70

R R
time stamp

a8 4. (a) 2470 A4 BRI AHFLIE|O] TSt ZWAMA HRLIE| 72, (b) 2470 AN AHARUE| 720 NMIoF 44 2
Figure 4. (a) Consensus community structure throughout the day in Seoul, (b) NMI values of 24 snapshot community struc-
tures and four clusters having similar community structure
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T, F2F, U, SEAE, WLFE EFRIT F9EY BS
MET}7PTE TR 59, S0 e 2t
£ Tt 4 8L I AR Yy, grkye
2 AFUE A7 AAT BAL Ak B, FHET ¥
5ot F5d10) 2=, gopte}l BT YR FEEIE
FEAct

th2oz 247 2WAk ARYE 22 NMI 2 A4kl
(T2 4(b)), 741, 11A], 194], 23X & 7|&22 & 9] 24
FEJ, &, AR ARYE F2E Bole AAEE #32
2 W/AYATH23-64]), FIHF(T-104]), RAIZHI1-18A)),
AYHF(19-2A)E 2. 4 F1Y ZE 2945 ARUE
28 AMNA YEQIE 15315, 79 deEE 283
A AAA A ARYEE FARCHE 5), oFAHF< A
YAFl= & 5719 AFUETF FEE ], W/AHAIE A
Ztell 6719 ARUEZE BAE A vls] AFUEL] A7t &
o= Aoz Ueiitt, EEE A7 E AANA ARYE:
Zr A2 oA 9l #4 ARUER ARJEY 4 2k

(@)

% Tlobg Sla 7k 2 7R 4 9l

3. WEpol 35 Tst ity BN

AIRFE A2 AU Ele] dig) ICDM H2WE 287t 2
THAAZLE,) 0.37), AlZdo] Bl wkzt Alzkeutct 277, 57,
4719] 73} o=z} AR Ao eyt A oilES]
69%7} 47 F2- 4|E|= A weprE dofd gH, 2719 27
o 2719 A3k, 1719] &9o] A FEA o= okt FRIA<
3 E-F AL (™ 6)3 2ol 3 At wEe 4uE
= 9l

HH Rzt oME F4o] Aed A3t 3L vk Lt
/AP A A bR BHE 2PdolA] S5H2 AFUE
7t 2] vet F5dE1G SEEIR WO FeEn $9d
12 B Ho| A% 457t Addes E4d 8, YRl §
5819 FAA, TR AT LR FetaA 2 k=
A2 W2 WHE sk ATHEE I3 oRdAEToIA

(b)

33 5. I ZHIMA FFLIE| (a) H/AHARY, (b) OFEES. (c) FAIZE (d) HEES

Figure 5. Temporal consensus communities (a) Night/Early morning, (b) Morning peak, (c) Daytime, (d) Evening peak
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grow pouthwes

uthwes

Night/Early Morning

Maorning Peak

SARZES & Wishs I oA Sl ARYE oA 28EE
A S5 AFUE7F AR B AR ARUETE
B, T QA A5 GRS Eakste] ARt viRge =
AT AR olE SEdE1T e 9] shue] 2 A
THEE 3%, 58 F27 T AdET 4FE
EHSHH R3] ol Fehs E O E AU E 728 BYth

4. ME 4 24 A

2 A-tollA ARk A1 T4 AFUE B dadEE
815 24417t B Al G Ao 483 7)5R1¢ Tl
A QAR F5E 24T o e, 7E gl Age
Hogh 4= 912-& BAoh

AR, D3AEe] 215 (daily rhythms)o] ¥H9E 7]57%¢]
HSLE EIsHGIT) o174, 52 QS &l AT B
ol& Ad =AY 7l A= AL AAFHYE 292
2, 2013). 53] A1F7E A Higerstrand, 1970)3FoflA] LreRt:
+ GAAEY 252 o2l f9t bE ezl f=&
& YERE= Q4 -5 (the influx of the population)& &
3 W3S BT 4 qlon, A Fo|n MR S42
AAchSchlipfe et al., 2021). 53] 713 YA8Ee] JEA ¥
2t PF(EA, 2007; 2013)9] £E7}F AZHe] S5 wjet #st
Tofl wet 715A 9 o] F7H4 = FHEAY 2dE = ¥
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contract kq th

Daytime

38 6. ZEE ZMA FHFLIE| Tiot 2P
Figure 6. The evolution of temporal consensus communities

Evening Peak

35 AR A8, 35 5 A #4338 S3R= ¢, 3
i 22 A 5 Y04 AdEn, o]Fd 7] tE AlF
7 A 719l A7) arei o] A f 32 A Y 71 olF F Al
25 A7ellA o471, 24, MR e T s g5l A%E
(Arentze and Timmermans, 2004), ©|&3F H2hol|A] A& A
T E3 A Eao] YAske oA AIE FH2E
7152 99| Wsl7t g3 os Wshs A= el B/A
A} RAZ ol o] o £3)81aL, oA TE 9 AY A
T Azt B AP 9] 5 ddo] vty Ee] LAY 2t
ez Aol sjAd 4= it ol FAARE, F% F Hl
B Altdofl Aol o E3lehs S At 7lE a4+ 4
b FAFICHZES 9, 2021: 3179 2], 2024).

clEo], & dtollA] Aok i ES F5f /i AFUEY 2
T2 AR S = Y 7). RF R, FEEF
FF, BAE, FHET, 45T g F8 AEA FARAYL
2 A5 A7 g, Ak g5l £3E wFo| ax]oj},
3T AFUE = oRl AFAIH ] FEA1C=HF, B8,
5, A8 4t SEEIA R g YR 2% 4
U= HA 2HEA|TE, ZAIZHRE o] A4 E o] Aq i) w/ A
AT EQE AR o= g ARYE Y Fshe oA Tl Ae
9 5 L T AT FEE A 2FEJAGTL o] F 3
A &F +3E A% FHoE AFUEZ AL o W2
= SFEE AR AT -
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33 7. 352, SHA1, MEE AHRLE| Mol 7|
Figure 7. Community life cycle of Northwest2, Southeast],
and Southwest.

A, AT B4 3 S40] a2E {aT A2 Ao
P 23S AARITE A8 E4% 3N S E= BAE 3
Fhe 37 TS W, EAV|EA R EAEE AR
o] FUGARA g Tte| ot 55& 13 AR o2 Y7t
R QITHATHE, 2019). ol A4 ¥R A+ 784, & A9
ZHHEUE 7k 2 A 719] o] A (heterogeneity) 2 A
Z4 W FAH(homogeneity)& X|diE5t7] afEolcHZF3
9], 2021; o|¥UE-fF, 2023). AAEEAY L =4, F
54, A54, AEd, 9deg 37 s/ dQagd)at of
& 8k AR FHEAEY)Y 943 F22 FE Sl
o|E HIF LR 7} A E4& 1o I W A2 A
TA|7F =R vt ATHAZE A, 2014). £ AR ATHE ohe}
o] AYPATFME AFH o2 g JGHo] 7]& AA|F
Z3Aet ol= e PASl= FE o FATAHo] shio] A
Agoz2A 44 B& a8 715S 3l Qi ddd 4= 9l
ot 22y diolg 7Rte] AFA 7R A J8H] 53 &
4& AP S d7Sol B=H(EAE 9, 2021; s
9], 2024), AR H 33 FZof weh UL Al % 27t
Hapshe 53 §4do] Ead vt ot ot 38 @S2 e
P|3Hsemantic) AT TEE FRF A8} IAof gt AR
the AIEE AU E ] vide S8 A8 Tt ol5el F
ZHA W 9] ¥iskE B8k bl =k

£ AFoflA AlolRt HE2 7 Ao 315 ol 4T
2N Z2 ofuHd HAY BAS FYs=A, 53] e g
| HBAE AollA I HPE BT = Uk A B0l &2
A0 A3 IR, DS AEE SR B
3} o ES A sz 0= YElt) Qe e AgdER
A £elE HHaste 78 oA ME A &g d

A2 g #AQ AFAFolHA Al AFE o=, o4
Hrolle 725 A9 A2 42 289S 344U, 1w
otz ATl F8 o7k, A4 F2 A9l BE %
o] s dojupm Fupte} F5+-E oFpEY Aol ¥
oz BHEY, 53] ol el Aol 3] deltt
29| Ao J492 1T 1, Aoz ohefRt 4t
o] HHo 2 59 B FEEE AFA Aozt udd 4
A, E HE A2 7]E ASATEARY =4 S F
2Tt T 2 240N AU AR EREA oL
ARt ERC 28 0= AlS3iA ARt S5] w/A
AR 233l E AR FEEC 47 oE AL
2 &gk olg% §4 Akl 71E AR BALL 338l
OE Fejo Agde| BasE AL V& P+ T4 A2
AR B2 o] it AFE7E B AMRIT g 801, 2
< TEFUARE AT Fohe2 5k F AV OE A
FHo g FLEHo| Sl A A AT o) 2R E912 A
U AR AA3 2.8 RIS 18 7Hs/d0l Ao

olzier WY AP §3 542 ASAEUAR | WIst
of Akl mhet AFE et AR T o= A Y = e
ot Al 2EAF, T ABA el FASHA AT 4
AT EAAIR A SHofA] AR G | 7EEE A
S AR EAAMRE 3 R E EAEE S ke =
ofsfioF & Aojuf, AJHER 22 BBAE FAshe A 9
JAE Hohs & AT AHEL R0 et == Rk
oo jit,

V.2

rhu

& A7 S Aot A7 |EE SAlO ARk ARy
E| JA] HES AslaL, ol B3 Ale ABEE dFske
ARIE 243 Al WHEL 2 Al 7K dAlE 3l &
ZoE A&AQ 7l eAHE Ak, of 22 A MF
d& s ZASIAL ST ¢ e T dHAE tet 2
= AAFEE A E R,

A, A2 Aofd AFUEE BRI 913 BldS &
&5 B84 P& 7IELE o AFUE | ARz 3
< 28 AR ol FA1F 7IEAE EUFOZN EA
A2 9 Bz o= AgHo|HAME HolE 7|¥Hdata-driven)
o] AEA S AU 4 odrk, EA, BESE AR
(NMI& &-g3to] A&2 A2 fARE ARYE 125
TR, 2 2ol digt AAM L AFUEE EEJUch
Zhao et al.(2023)°] AR AAA X F2AE G 7[0S AAED
2 2ol Ao =N Fouleh A7 WEE PR =
24 4= Qlek, 3 712 5 HHolE 7Rk o @2 4o &

o
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Wako] gk 2448 Al v 65 EaA A Y Ao 7]
ek, A, 1ICDM A28E 285t A7 DAL AR
YES] 22} IS A Eelh AlZiE olilES] T e
o] o MBI RN AT HE Y A IS AAH=
SOthE 4 ok WA, Akt 7HE Ae g 4 A&
To=H B2 53 42 A8 AR g + A
&= 2

£ A7 AL B2 AR IF a2 e 2
ot 3, ot datEE A A e AG U EEE 1L
23 ATUE TR dalelse] 7t a7 Basid &
oA 87t BEA 7|ute] F) darglE vEo] JEY, ¥
AF(Linkcomm) FI2F 5& A 5= = P2 WS
oF zh¢fo] Fasiel, A7A7E A5 H2of npet RE4 A& <
o= 222/ A A 274, 224 oSt 5& 1T 3
2 283k ek arefE) A8AS AT = Ao EA, o
3t B3t 7|¥o] 2-8E FIE vk, A%t 7S A
3 2T duEg AAdske Bgo] EEoloF gk & Al
A ARt NMI 3 AL AU dale 387 AAIE3
B} 7ML AFUE 2 AAA Stz 54
HeolA] F8E 4= Q= AR WaE 9 Zol7} w2hE 4= qlt
= AL Tk A, B8 ARUE 2 it 2ad R
7h gasie), 2 Q77k o WAlE 8 A AwyE
EE HASA Peole 75kl e YHEclzhs 41
25 544 ol It SR SR FHT A HAT 8
o diAd= gAE AfuEe] d3ido] A, AAF ARl
Algjo] 7HYE w=utoll fict. mebA] Aaje] ot AEZL EE
9| WA O 2 o|F Htd Wavt i), v Yo, F & AT
oA AR WHES ThIRE A1FTHE AA L ThefRt HlolE
off A&t 1 FRAS AFshaL, A+ AR A HHES
usjsfor & Zlojct, & AR Ao e S 24A13F E1tel
Hiolel & SAge =N AT 2E BHolA RiusEe A
S 25 FARCH, ¥4, A7 HolEE oE B¢ HH
02 Jgl3 Whe ARUE F28 48T <+ U g4l gt
B Easitt M SHAME vV R e gele] £
Ae AT 735, B9EE A8 T A1A 22 110]
S4E ofgA 22 ATl digh AlFEQl gaielE £7o]
olFoiAof Rt 53] EAIARS] BE4E T3] E40] B
A7 ol AAA]) 2§ Pteg olojd 4= s Ak

= =271 Basi

F1. THY(0192 018 HFUE| S| SA= d2fsi7 |20t 72| =2t
2 ol S0lE B2 M HIERT ZHl 22 XY 2 dsEkdo|
F= E2 YET0IAMC| BEwormhoe)nt 20| T XIAE =4 iy
oz ds ASFHY.
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252, 7heo et al(2023)0] A% T AEM0| oish 2HdMA HRLE| 2EE
FEE £ 012 49 HRUEIR 136t el A 519 R
E|E F&5i1 0/9] Tl5} 1hyE SMEL ol= slig =20 #HolA=
O 72t 20| 727t 30 S#AH0| 0= = St =25
o = 29 QI Yol & 4 Q. It 2 G0N TR
g0l 2 T XS siol 2 SdHes 2RE 4 o Fy
SZ0IM HRUED! Halsh= 2Es F4she 20| 2o| Qloka Het
. €= 27 HAl & o We YAE 24 Aol 2T HRUE|
ZE g 4ot Qs

ZF3. olid H0[EE KT AIFHRE S8 12t By s 71 HAl 2
Ol Ol5HE MEF Y. 8L FOUE MZ HIZ0| ¥ 2F0| Bl
FHE, KT MEAPL Gl XIH0| A YRS 71y 82l 8t
At US.

4, Z7H 0|28 Yoloh= o= Ciet Yo| ZAsi, 2 Alato]
M= dEXo=z QIXEt 0IRE BF Z30 HIHERAS KiHHA|R o
axel 20| 5 25 JofotulAt B Queen 7|E2 U2 Hgf
5t T2dal Rookoll HIsH 01R2 £8 F7IAI7|H, F2Y OIS 7
oM Fi 1| 0|28 Dfet=E ZHE. Ol EB &S 4
XY & SEe Felol Kol tisiA= MEE 4 Ucks FH0| s

5, ML S0l Y2uZholl thet 7t0|=2110] HMALE Bf oLy, YAzt
0] oM HRUE} Blsin AHE J102 M= 7t oIE
9| thopE AK[oHH| =0 2l IFEE Ty QlollM sl Afstr | o2
Zich= 2HPF LML ojol 2 ARSolME 0.3012k= Yoo ghs
28 T ofr Ae Aol IS Hln SME R US.
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