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PR R SR K . G M3 CA BE IR AR, CARRIR B — D L R 558,
CA-Markov, Logistic-CA"SFRIRIATH 2] 112 . AWK Z G CABAL 55
e RIS, WK CA 5L EEIR (Multi-agent Systems, MAS) " A T #1128 W 4%
(Artificial Neural Network, ANN)""" F KA (Maximum Entropy Model, MaxEnt)!*",
i B A AL S (Biogeography-based Optimization, BBO) "4 HUfiAEAIZE 5, DIGR
#h CARIRIA B, (EACHISCR 40 T B ny iy e . kWb oid & U2 4R oMy
SRR AN | PR m ARG B O HAR G A ik, RIS |y, 2
TIRPRACE R . A, 5N TEREELS G BASREEIEE, A RELEZNE
FEABARY XTI R AK ShAIL I A BT e T R R

VE R T i B B B ) e s 25 A AU 2K, 3T e rh iy I 1 5 3 J 2
IEAF o PRIl T R 2 [R) 9 A AU [ T B — i 4L, RG22 Ikl () 1) I 48 22 B
MBI R TR Z GV . TR T S (R SRR b, 3T ) 24 A8 T R ST ) 28 T
NHEERRER s, B Wi, limsg a SRR EZEE, AR E &
FRE T S BAERAsE, FZMN LT A RAFSE . O i R AR TR S
CARERISATHGHE , G A8 5505 i A3 T It 5 8 LA A e B U i A CABERY , Sl T
WOTTREIR SR, R SRS T U e A UG B AT BB 5y 5 A 7 A5 T S A
AU 0 BB T R A TR AUA TN, 45 H 0 X S i R A b AR AR A B i 5 1 45
Wy Xia %5 A S TS5 IR L Ao, ROUE 34> AR B AL s 7 2
TESEIR AT AR T Y e AR 2R, 25 I T U RS SR A e, @ 4558
PR I M PR BRI AR, O [ DS kT bR SR &, Al CA R R
1 Chen A5™/2855 MRIO A5 58 Z 36 7 + M2 28 A 20y, AR Al R0 T - b A5 D¢ R A St
RS ERE FEIN R, BRI R . BT L, AR A A R
XS 23 (A1 JR iy, ST e AN o] Z B IR 3R 22— H T % )2 9 2 i 3 2 R 5
O, X E R WA LR, RO R MAS IR BT PINE b 45 1) 2 2 IR
R, RIETT AR TR R EZ R R KT CA, HTELH T -
HAEAE s ShufEP M MR H RS ZHRER &, - ool 5 S A Z9, st
Z 722 5 CABUAR N A 1L X e . R ot vb W JE Pt B HoAA
SFPREAASCR (A BRI Y s ) RS i /0N, 22 BT RUEE Ph 23 ) 2 AT A S 4EL
RO BIATHEY SR A )2 AR, SRR R B 2 T R R M, 2, AN
PR G, B2 ZRRINE RS, BT R i i 5 2 9k
PIVEEE MR, SR 2 Al R os iAo ZA R S 2

ASCAEF ST 25 (A0 JR A % R Tl X456 22 E RS2, 3 R 3ul i 97 220 o 3 i o P
WA HAEH,  [RIE I R 3 T A 2 R, R 2T LAY (Hierarchical
Generalized Linear Model, HGLM) #fF5¢ 30 i 8 AR 11 70 2 IR Sh AL, #4E HGLM-CA %
FUBA TS A B Ol o e B VL Il T B o A 58 X R SR, ek i
23 (a4 B 2B, IR SE RS Logistic-CA B8 | BBO-CABERIGEITHT L, 5
P HGLM-CA BRI LR S AL

2

2.1 S EI X & HEE
IYETT X EAERERT (Hierarchical Generalized Linear Models, HGLM), tHFRIEZAES>
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JERER . R MR (Hierarchical Linear Model, HLM) A& &Mk, HLM R 28 &
JRBR TSR , HGLM 7RI EEAl A Tekodt, mTLUGE B — SR8 &, HLM R AR
S AR R SRR R 5AMER R NS ik, BeA P EAT ZHRE SR . E5%
Logistic [0 HEEH EHRANZH TR, @W 2ZEERES, BEEZRRN R mell)z
RHATIGE, (45 A — AR IBAAEA FA A, AN R A R . HLM e fiRfE 5
Logistic FBLEE , KBEAARZ B0 EAE RIS, 7R A 5 SR Z a7 [RE 45
By, WHEFE “EIEREIE", GeA SUE I EURREE RS . FESCPRA T, HLM &4
FIRIGREA (P TELL B — e Bk, i /DT g BB e R Il

Z [ AR 2 AR T FEIR TR S [ R n b, SRR R A SR URRE
FHb T (JCHE) i T, TRt il T e 3 i B AN R A 22 5%, IR
THEAR TR A AR S MAA B, M TEIVER (level 1), HFHERIRTRAER H
AN R, T RRZE, B9 E (level 2), [H—3m N4HAER & EAHTE . A OB
WRTTEE T M2 (level 1) 538TT)2 (level 2) PINEHEITHFE, AT .

level 1:
Pszf(yijzl):‘/’if (1)
log[ﬁﬂ,,/(l - (/)g/‘):| = ’7,‘/ (2)
k
Ny =By + Zﬂanzf (3)
n=1
level 2:
!
IBOj =Yoo T ZVOmej 1y (4)
m=1
i
ﬁnj:yno—‘rzyanmj +lurzj (5)
m=1

Ki: Po(yy= D) AICHEAS it A RS B s AR RS AR i XN
JeH)Z (level 1) L THkTTj HTCHE i O5E n A~ A S S kOhTTHZ T AZAE R AEG B,
FBEHLEEE s BN X, W ENEREG W, T2 (level 2) HIRTT S m A~ AAS w8
W R ARG v 702 BN S L IERIE s Yons yun N W, BIEIE R EG o N
BRI,

2.2 HGLM-CA &%

2.2.1 EFHGLM BINRESHIKE 1 HGLM 15— E a7 25458 (Null Model) ,
H 218 i A4 N A C 250 (Intraclass Correlation Coefficient, ICC), W g & 518
EEIIE . ICCRAIa 7 22 5 B 220 e, ICC AR, Ui 22 18] 7= A= il 22 S %t
RIS S (s MR, BRI JC MRS L AR MR 37 B3R 1T 2 R R (2R, ki 2 R A
RERE Z M. — MR, ICC < 0.059 BAAIREELLNAHSE, 0.059 < ICC < 0.138 If A HEE
WAHE, ICC = 0.138 B R A ARG, AT -

1CC=—— " (6)

(70t %)
K ICCHHENMKRE 1, MAETT2E; o NHMNITE,
P T )Z AR R L IR )Z A R A3 i A S AR rh A B B AL AR R AR A 5 AL A R AR
A, RIS UEICHZE AR G | 3T )2 A ek PR AR i S e A S R S0 25 AR R R . KT
A ZR AR AR g it iy, 153448 i DL R AR R [ G R AE S8 (K1),
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Fig. 1 Flow chart of parameter acquisition based on HGLM

! k
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(9)
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! k
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n=1m=1 n=1

K. con(S) NAFRSN:, AAFIF R (diukisl) WE R0, Hih 1.
ARSI 3%3 1 Moore SIS THIFGY, &R T I 4 B R 52 i A
S =1
%zfﬁﬁl) (10)
VOEFE R, PIWTTHUIRS BT LA A . RGO goe 5k, 53]
BUER T BB T TR AR P, MR RN ] 45 i e i .
AR SCBEIO R 35 AR TC MR N FE 5 B Pivesrons,  FIWTTCHLIR S R A A 2AE . J0
JEAE N — 2 RS S R
t+1 __ 19 PBPthrexhald
Sii _{0, pP<pP threshold (11)
AR P T I e 22 i e T 6] 52 AR, 32 F HGLM 23 M B 25 [ 9 i 43 J2 0K
L], RIS [R]Z R DR 3l R 2R e HAH B o R ALEAE b CARRL S48, #H HGLM-
CA BRI T A 2s [P s ol (K2).

3

3.1 ARREHFERE

AR BT AR AT RIS IX, AR . KVD . BEEFERN 31T (K13),
AT A IR T R [ 55 Bt A2 10 5 DX S R R T A, SR R X3 e | B R
AR FE S DX, VTP SR T R S T, T A 4R % S ) S A A K A A 2
o BT 2019 AR AE B N D HE I 900 7 A, FAE N DAL R 1t 80%>, Ji Ay H
FE R Az, K B AN . AYIGDP N TRIF, miEXl . 35 BH AR T
CEA RS, v ARV T A R T R R D2 5 W . MRS R A KL
FRETE 2007 41 20124F 2017 4F Mo A FACHE | GEREGE . BT AR (K1),
3.2 HGLM-CA #EIE1T 5%

PEHL 2007 4. 20124F . 2017 4% MR HEE EA T, AP0 B ECE RO S50
WE, e — B TR PR . AR SCRBUEL RS TTIom i . SRR . W R G
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2 HGLM-CA fERIfESL
Fig. 2 Framework of HGLM-CA model
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K35 b B A PN 1) 9 A BIR B R 3
WEATSEES (K4), 7 ArcGISEFHF,

Hh A OB R R IEBRAEAL BT a1 DB
B+ R PR ph T i s VeI T
YR I DX, BERLAIRE S 2 B M

SRS RN GREA . TR
FlR R, R, AT
iR A AR DXl 5 AR 2 A2 IX 0 i)
B2 3000 5 30000 MEEAHEATSLE,
T HGLM 15 2|48 5 24k, LA CA#L

Elfil

RIP AR R RHULE R ° Eﬁmfﬁ
3.3 AT EYT B RIRNLH 0 oo TR

Sl TR 2 )4 Jre 2 B 5l PR R A ] s 7K
YEHIRZE S, 2B SRS HIL I T Ik i 1 K3 WS XA (R TT A sk i)
BB R EA EEE U A fE) Fig. 3 Location of the study area (urban agglomeration in the
HLM 6.08 §}L( ,ﬁ:*@@ HGLM, ﬁ*ﬁ ‘E(YI middle reaches of the Yangtze River)

HOE IR T R Y A 2 SRS AIL ] o T A A R T O 2000, Wi T A R AN 2
o AR 2 AT, FEETIME (o) SRPRTIME (w) BFEE (P <0.01), dlE1JrZE
H0.431, A5 )7 28 N3, Wi ICC = 0.116, APEHNME, WA
11.6%AY 5 24 42 F T BT 2 3n i AS [R) T s ), RS TR T 1) () 22 S AN ] 200, A A0
AT 20T

T R AL DA AR A | AL AR R R S AR A | AT 2 R ik [ AR
W Ho o g A e S sl A B, IR RS MY RIS N R 2R o2
(level 1) HAFmAEIETT LI . BEIX B BEE . BEEREKEE S . S . BERE . BEOK
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F1 FEHEFRIFESLE
Tab.1 The main sources of data
LG S Bl i) Bl A
THORI RS B XBUARE K A, FHANE KRS AL A GEE iSRS SIS A T A A

3, 43PN 30 mx30 m, HEARFEKEW AT ML, (hitp:/data.ess.tsinghua.edu.cn/)
FA AR I, FRAEH 90 mx90 m

BIE -3¢/ R . A B . [ E Y shp A% AT Hh A B ST IRAE R S R
Hls (http /fwww.resdc.cn/)

DEM %4l T HOH 1 SRTM VA1 Bl 8 B BRPFIEAE WL, p Py PR B v A R S 00
90 mx90 m Futy (http://www.resde.cn/)

Ik Tl MRPEGE A S 80 5 s M B OB, AR R TR . WS IER(31]
NG SSEGE . A5 BRI 15 3K SRR, 4
AP BRI Y15 B0 T i it i
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0 150 km 0 150 km 0 150 km N ! 0 150 km
| A— | S—

[I—

f. Bk S g. B[R RS h. B i. K g

1
\jiﬁﬁfﬁﬁiﬂﬁ
i

0 150km 0 150km 0 150km 0 150 km

K4 RKITH i RE S [ R s R

Fig. 4 Driving factors of urban agglomeration spatial expansion in the middle reaches of the Yangtze River

#2 HGLMAERER
Tab.2 ANOVA results of HGLM

FIERN, A% bERE TERY P BHBUY  AaEE SR Rk PE
o0 -2.081 0.120 -17.337  0.000 o 0.657 0.431 1571.213  0.000

W PEENERE] . B R, FHREET G KRG | BRI B AR O R
e, HAARE Oy, A T R HEE N . SRR (level 2) i i
JEE T D B R i AT i e, R ST AT R AR R PR e, L
FRTU MU T M, 0 FRTTMUR SR IMUE . e HGLMAERLNIE] 5 iR, 18
FTHGLM J5 RIS B UIE R (£3).

MESEAUNEER TR, Sl S RS R L IEAR S (po > 0), ULHIMHTR
XTI R 2 [ e BB M .5, ST w8 Ay, 2kl N AR T OB A ) 7
Wl e AR R, BRI ES RS A E RO, B T RO X O AR R A
BORFME o T3 LB S o A BT 00 7 Lo B 28 B Ty 45 TE RS e AR 18 22 17
FORICER, Ul BHIMTT S A, g 1 B O ok — AR S s, (AT T A
ER) EHEATT, SRS R ST I, T b O BGIE 14 A AR SR Sl T b BE A A
R, A G A I R g 1) DX B B DB O B R R T A S ) R A
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Fig. 5 Schematic diagram of HGLM

M AR T G, AT AR XL
FLBERARZE (m =-1.790,
P>0.1), BRI
Jr ) TR, [ IR 388 T 0 %o 42 B
AR B, R ER XS IT
JHf 722 AR A4 1) 52 W AN [ Bl Tl v
AR RRCR . i T oot
B PERR B B B s S ARG, T 0K
5K, DR RS T I R AR ) ki
SN AR (SR L CE S A
BRI CH MR RN R s 1
YR R R RIS
AYBGHR ,  ITTT I RT k % PRL 2R 1 5 il
B, WA AT RE AR R B R
FEp R, P, R

#®3 HGLMZEESHIARILR
Tab. 3 Variable parameter identification results of HGLM

EC PMH ¥ P
TR Pl ARt
level 1#H, [y
iy, -1.429  0.000 My, -0.592  0.000
WiFiye 0947 0.000 | R
A BliHyss  -1.764  0.000
BE OB E B A K el
iy, -3.261  0.000 Ty 0313 0315
Wiy, -8.176  0.000 | HEEEEIEE
BRI B AL S B, Wiy, 0486  0.111
My -1.899  0.001 | I
Wy, -1.790  0.206 My,  -0.297  0.391
HE A I 12 5 s
iy -1.338  0.048
Wiy, 4752 0.021

23 R K58 e AR SRR T P2 ) S R S 11 - s PG 2 DAy 3T T e g ARE 5 S T R
MBER . EEHIART, Ry, Sy ST RRAS R A MRACR, RO HfE =
A 2T A A B R 22—, HIE AR B Sl T A B — e VR

HTHGLM P45 2R nl 0, Moz ORTE) IR AR A SO e i e et R A
BFEBIEREZN, FRSEIRZ OURz) AZEN IR AL, [H
— R R BN AR AEAN R S B A R A2 e R o

3.4 HGLM-CA RS

5397 2K FH Logistic 544 | BBO B A AR U 7 I 5 BE7E N I 9 1N BK B K 32 28, t g
Logistic-CAfZA! . BBO-CA B AIJF #1744, 53| HGLM-CA, Logistic-CA 1 BBO-CA
R PRI EE IR (B16) . AR SCIE LRSS OA . Kappa #6841, FoM {H 3 MEFRIEMEY
ZER ¥ HGLM-CA 5 Logistic-CA . BBO-CARRAIXF ., Xf Hbgh RN 4 fix .
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Fig. 6 Comparison of the simulation result of the urban spatial expansion model in the middle reaches of the Yangtze River
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oA AL 45 3 & B, BBO-CA B8R 3 (K I T HGLM-CA, HGLM-CA i T
Logistic-CA., H:"1 OA 5 Kappa {H# F#%3r, BBO-CA [ FoM {E B & = F 75 4h P A st
AL, MET 2017 4F Lo R B, R R B RORS FE A e 22 5, e sRiri v,
Logistic-CA, HGLM-CA . BBO-CA BRIURCR A2, LA h Gy A e 2 i
MRS T3 P ANE RS B L S T A M X A R UL RICR 3 3l #04F, OA . Kappa.,
FoM {E ¥4, Hih FoM (B A 5 FHABMIX , ¥7E0.25 U . bk, FERl—iihoR
[Fi) B T A B UK P AT AR R R 22 57 . T 3 2R 1) OA 5 Kappa fE22 B4/, IR AR 4
FoM {EL PP LI 285 30« A< YT rP i 3T A 1) K343 3o Tl i BBO-C A B 7R f A 41 355 2

R4 2017 FERITHHHA TR = B BARBERAEEXTLL
Tab. 4 Comparison of the simulation accuracy of the urban spatial expansion model in the middle reaches
of the Yangtze River in 2017
HGLM-CA Logistic-CA BBO-CA
OA Kappa FoM OA Kappa FoM OA Kappa FoM
UKERE MOITHE 099436 0.79872 0.18085  0.99427  0.79574 0.17374  0.99455 0.80567 0.19779
SRR BT 095525 0.78844  0.14126 0.93924  0.74020 0.18817 0.94952  0.77246  0.18303
BAM 097859  0.81788 0.17746 0.98138 0.83651 0.16789 0.98146 0.83816 0.18391
HAT 099445 0.78486 0.20519 0.99461  0.78646 0.18571 0.99448 0.78702 0.21576
FEFHTT  0.99498  0.82902 0.15516 0.99514  0.82517 0.03963 0.99475 0.82610 0.19173
BRI 0.94591  0.69046 0.14923 0.95070  0.70959 0.15293 0.96023  0.75093 0.16121
FIIIT 099516 0.82205 0.11262 0.99563  0.83010 0.01952 0.99485 0.81586 0.14256
T 098711 0.77240  0.17225 0.98773  0.77889 0.16251 0.98763 0.77942 0.17561
JIHT 099185  0.78990 0.15924 0.99196  0.79076 0.14808 0.99238  0.80328 0.18866
X 0.99170  0.76696 0.15049 0.99208  0.77326 0.14080 0.99192  0.77603 0.18343
T 099392 0.82252 0.12214 0.99464 0.83704 0.08533 0.99347 0.81337 0.13292
AT 0.99208  0.83366 0.00041 0.99204 0.83445 0.02894 0.99065 0.82169 0.16428
WYL 0.98856  0.81205 0.04288 0.98857  0.81206 0.04001 0.98702 0.80615 0.18890
KiTJmi 099343 0.79276  0.01163 0.99346  0.79249 0.00210 0.99301 0.80157 0.19527
Kbl 097542 0.79792  0.19991 0.97230 0.78174 0.21561 0.97574 0.80148 0.21485
PRI 0.98999  0.77736 0.18150 0.99006  0.77920 0.18720 0.99081 0.79106 0.18815
WIETT 097724 0.75437 0.21572 0.97718  0.75427 0.21746 0.98161 0.78615 0.20658
HiFHT 0.99068  0.77667 0.20602 0.99089  0.78041 0.20796 0.99141 0.78814 0.20171
HHT 099359 0.81224  0.14242 0.99422  0.82528 0.12560 0.99355 0.81314  0.16095
HHETT 0.99417  0.78845  0.17407 0.99461  0.79653 0.14288 0.99435 0.79537  0.19085
BT 099511 0.78612  0.18180 0.99544  0.79554 0.17560 0.99578 0.80790  0.18663
I 0.99284  0.80869 0.19307 0.99392  0.82569 0.13254 0.99350 0.82162 0.19003
METT 096873 0.79236 0.25293 0.96683  0.78406 0.25614 0.97187 0.80732 0.25144
SEEE 098913 0.79545 0.27337 0.98991  0.80425 0.26468 0.99082 0.81581 0.25770
ML 098945 0.79041 0.17084 0.99075  0.79585 0.01749 0.98967 0.79303  0.16650
JULTT 099296 0.80933  0.21376 0.99308  0.81093 0.20696 0.99303 0.81233  0.22926
AT 098812 0.85138 0.27223 0.99066  0.86902 0.09938 0.98876  0.85730 0.26929
JETETT 098118 0.73188  0.23667 0.98301  0.74787 0.23628 0.98613  0.77889 0.23856
UM 0.99532  0.77351  0.20956 0.99562  0.78092 0.19306 0.99591 0.79410 0.21761
HAEM 099310 0.81064 0.12226 0.99302  0.80679 0.09893 0.99240 0.80345 0.18943
M 0.99558  0.80872  0.17760 0.99598  0.81430 0.09066 0.99566 0.81252 0.19129
BETH 099397 0.79382  0.16224 0.99446  0.80489 0.14914 0.99459 0.81160 0.18193
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U, JU LR 090 R WA b DX FoM B3k 5 T LA PR s fE 4 . W 2 Ik,
HGLM-CA F [ BHURS B Be ., FoM {E 43914 0.27223 5 0.17084, BBO-CA [} FoM {H
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Abstract: Since the launch of China's reform and opening up policy, the process of
urbanization in China has been accelerated. With the development of cities, inter- city
interactions have become increasingly close, and urban agglomerations tend to be integrated.
Urban agglomerations are regional spaces with network relationships and hierarchies, and have
always been the main units for China to promote urbanization and coordinated regional
development. In this paper, we comprehensively consider the network and hierarchical
characteristics of an urban agglomeration, while using urban flow to describe the interactions
of the inter-city networks and the hierarchical generalized linear model (HGLM) to reveal the
hierarchical driving mechanism of the urban agglomeration. By coupling the HGLM with a
cellular automata (CA) model, we introduce the HGLM-CA model for the simulation of the
spatial expansion of an urban agglomeration, and compare the simulation results with those of
the logistic- CA model and the biogeography- based optimization CA (BBO- CA) model.
According to the results, we further analyze the advantages and disadvantages of the proposed
HGLM- CA model. We selected the middle reaches of the Yangtze River in China as the
research area to conduct this empirical research, and simulated the spatial expansion of the
urban agglomeration in 2017 on the basis of urban land-use data from 2007 and 2012. The
results indicate that the spatial expansion of the urban agglomeration can be attributed to
various driving factors. As a driving factor at the urban level, urban flow promotes the
evolution of land use in the urban agglomeration, and also plays an important role in regulating
cell- level factors, therefore, the cell-level factors of different cities show different driving
effects. The HGLM-CA model can obtain a higher simulation accuracy than the logistic-CA
model, which indicates that the simulation results for urban agglomeration expansion
considering urban flow and hierarchical characteristics are more accurate. Compared with the
intelligent algorithm model, i.e., BBO-CA, the HGLM-CA model obtains a lower simulation
accuracy, but it can analyze the interaction of the various driving factors from a hierarchical
perspective. It also has a strong explanatory effect for the spatial expansion mechanism of
urban agglomerations.

Keywords: urban flow; hierarchical characteristics; cellular automata; driving mechanism;
spatial expansion of urban agglomerations; urban agglomeration in the middle reaches of the
Yangtze River



