SIS

Science Technology and Industry

B25E e
20254F 4 H

Vol. 25, No. 8
Apr., 2025

SRARAF LB L RO ERUERTE

TRIEL, R, BREL AR 2 8
A. FEAYAFEAFERTEELE, K7 410004; 2. HHEE - TEARAF, Kb 410004)

P KA XA kA ST T3 =k TARW R AR A S AR ERAF A, @ R e X 5
WAl RS E R Logistic 7 A2 5 b & 53k A R A, R Matlab 50447 AMASBEA A K&, KB
AR T ERRER T LA HARZARATER SN, EREN EATHRAGE AN ZHEABT KRR £4hZ
R AR EREAGERX ZOEFRE, ER AR RA S L E TR G RAER, F 2T & %0 £ 77
AP AT ST e BOR A BB XS ek A X R RS,

KRR ER XA T L Fakd A, AR KEX; Logistic A

R E 4 %S . F423.3; TU741 TERARERD: A

XEHS: 1671—1807(2025)08—0158—11

B S S0 0 T A T, R B AR Ak R LA
R i RERE L G Y A ST R AL L R BE S BT I
e B8 L b TN [BE = | 43 30 s e 9 A 5 R 20 Y
FEFOI K AR, AL T R IR Sl AR 2, ™
2T SO AT RS R R . T BEAE R,
Y R i 22 TR T SR Tl A i s X
RERSAT RO fifp DA% ST A T 0k B AN R o DT 4 2l 7
BAT R B AR A Bl I Tl A (il
SR ST R 25 K R I I o) B e B R 2 TR
e IR AL VR REAL” R R A FERI AN 5 . LU
PSR O A3 B0 e SR T A 2 5 B SR
AR AT Rp s A TR AN B Mk SO A 20T B FE 29N
FHEEE Ty 6. I, KR 5271 56 35 4 il 5K
TG AR A R g R ) B Y 2
Ao 7 A 2 R AR 7 IR 55 S AT 7 b S I T A R
7E MBI P AR 2 A7l (Al AH BRI AH
HME VB L B0 e 55 AR LB A A — Al
RS FTO MRS AT AL A A
SR R A L R A SR Ml AR A AT R S Y R
Yo MR FEW B BT IR AT B T SR Y 1)
BRI FRZE R RL LA AR A S A5 H 55 T AR
ST SRR I . 38 i S A S PR
REZKFAofie 07 8l SRUAE 7 op i AR 2SR BE L 41 3 A

s HER: 2024-11-07
E&WH: #idabaestdE4e(23YBALLY)

AR T, DA e e U SR ol A 2 R B T
e EBORSCRF S R 2 A o Sk LA 7 2 R A
4 A A T BRI R 5 3 1) 7 M E S AR AL .
AR D9 K R B R0 T T LS REAR B
JOC IR T i 4 A A SR A 7 ) e T
AR . 7R 5T L oA 2 e U 570k A
ARGl R ] A e A 5 B K P 2 R Y
RGBS PRI AL Y P A AL K LB Al 1
FEMC R A 35 R G A S K R A T B A
IR ME U 5 M AR A AL OB B A 72 58 &R L il
FEFO B BAE ™ 17 K SRR BEK
1 XER BB SEREK R

Bt 2 B A 4 i R AR A 2 28 3 il U 3R
WA [ B R0 Y R, X AR 7 7 AU RE
P i AR PR L AR AR 7 A el B R B A A
S5 g DR 2 A 2 Rl Tl 55 4% 2K
RS, 2 E A SR T [ Ak T PR A R
IETEFEARREAL AEPAL B 7 B Be . AT U 30
PV IBESE H 53 22 o040 ROl = AR 22 %
WLJZ 1T B — 2R B 22 fACBp ] ARG 7 4 5
B AL EEOMRA RE . TH I AR SR S O B
AR AT S AR T FE AR TE] AN T B 3 A s
AR O B S 1 5 b IR e SR A

EEB N : hRRE(68—) . B, hdBA B HBRFRTOALRIEEE THEERSARTH, 2R
(2000, B . B HEEA ML E AR ST GA LA IR THEL R HLEAIS ), . o diMA ML, HRLE
WP LR T e LR TARE R G R IS (1999 ) . A TAAL LA R A FFR 6 A KB K AT A A R4S
(2000, d . A KIARAEHREFRT O L RIBETHELE TR,

158



U R WA 2R G O 307 A 25 A R i Y S A i A S 5

1.1 F=leAES

1984 4F“PAr AR AW A . AT IR IR
RUTEAL S Tl 15 3 5 B SR PSR R LA SE R
TR YA R A D X PR B 0 s B 2 ]
FIHERS . 7ol AR AL B R AR AR 45174500
TEAET Iz B A B T TR ZI R A8 5, i i e
PEAF A = b B 45 DL S AR 28 i B AR R AN ]
PN Z (RIS T BRI &, RO H T %
TEFFHRCR b 7% F AR GEIR 9 3 B TR AR 2
RIS S BORT Ak Fat 23 4 582 2y I A 7k AR S AR Y
S, el AR S A R A b kBT 0 R AL RT3 K
RS S R Em A A S R A, a4
AL [ETME 720G VRS 2R B SR & T U
BIRRE S T BRI A, FEBkil
Rl PN, HOK A 22 1) 1 R B X s 7= b A= S AR
S T RS RGE AR = AR B L 4 Bl
FEEE5H 5 A B AR AL B AN, 77k A AR
PREALTEA WE i A R, At s g 6o 4 7 R mT
RS J e RE T I R A RS
1.2 FlESRS

AT REN KRS EA, 218 R
Z H 27 Bt B2 L IR AT i 1) e S AR S S 3
Bifi 5 A ER 2 5% P & 8 FURHEZ S W7 26, 7=k
HERRGEAWAE AW H R LA, B ey B
ANWITIR IR 5 A% 45 77 M T I 75 7 80 - 9 1) ok R L
i B 1 S W o= e e B A A S N e b i
DA KRtk v RN A e S b f ek AR S R G AR T IR
e B AR S RGBT SRR D B
A AR A M AR 2 A R B AN B % el 3 4% B 7l
e A% Jmy o I RE W8 R 87 2% 7 b 1 A JR B L 2 AL
SEUNN AW < 2 N = el P 5l o % NN = <73
AR BERTHT A AET ok A S RGeS B
R B IR A (A S A R
WA AT R 2L W 5 M K e . REEN AT
b F AR Z ] He A 5 &R B TR X Pl AR A R G A T
fbREEXREE, KA R F AR E A%
HUMERRE A 1 B IR L 2 | XU A HHR BT A A .
ST N AR B AL A R i AT AR
el BE 22, ST ATl L U A A S 3 e
ARSI A M E L A S R G A GBI
RGN, S VR 1) e ORI AT S5 B

H A2 B e e Fe = 5™ il T AR (A 5%
TN GRS T AR 2 B A A B AE T (0 304
FAAFAE— LA 2 QM IR Z 4 b T

SRS BT AR T e HE A AR S R A AT I B
A Wb e U SR b A S R G 3 R S T
PEBR BN R 3R L ke = I 2 5 O 577 Mk A R A2 1]
WAE DM & SR o3 B, @3B0 SAE A 255
77 T 32 A A U BE RV 24 K S e Ty
T 7l A A R R ) PR P AL B A AR e A 2
H R AT AR LB 08 2 e O 507 A A5 e ke e
H A B P R 5 S BOR e HE. O RS RIBE T TT
VA ) T LS ) 07 2R AN 73 Ml A 2
FGE, OGRS N ) L OSSR RIS 2R, T 200 1
Pl ARSI S e . BTl A
M AEZS R G A A oA e U ™l 2R
ARG IR LA BB B A T A= W27 Logis-
tic A2 R TR AR e U SRl AR S R G IR T AL
B A5 B TS ALA M Matlab2018 {5 B AR AU 7=l 3=
IAEARRIIEA SR T R R S A 7, BT
P O SR M A= A R GE T AL T 1) T Bk Bl AUt SR
P AR S A A R Y R I AR T AR
1.3 FELBRHFFUESRENERER

SEAE FNEIA D R G P O (EL A 1 3 5 BRI i 2
TS BN S 5 R REUME, OF g — 280
IS I BR 1 52 21 [ B R SRR R 1Y
SN 385 3 A R R R AR 7 A 5C L SRSl
AT SR BT AR

I HE A R SR L AR S R S
—ZYEIE BRI R W KO N R
WANRE I — BRIV R, e EE RS h 3k
BATT AR R ORI 2R PR = 2R B A, = A
AR — AT o, SR AR ORI A A AR
GEI R A RE TR 2R M S B s S A U AL AR B
JLHE A K SR TT 30 AR IR R AR S R G RAFB AT
O SCEE DR BRE . 205 LAAE ¢ 3 B F 5 A 3 g >
SR SRR A 2 I U B M A 2 R AT
FE . DAMR FIRE R RGN R 5 )
REJT T, BB R BR)Z A D 2 2055 2 =
P AZ O MR AR D A B0 7 A BRAG S 2E
PRI R 3R B (A S AR R R A R G
KR . S RGN BRI R 2S5
PIREIVERT ST R A 7™ L e L 71 2 [l BE T ik
LRGP IN I EE A R Tl i A 7= T2 R 1)
A R S S R WA BN SR A SR
— A B, PROR BTG i 8ONG5 R ST 1) R B¢
SR AR FAR SRR R B A HLAE 25 T i —
T il A AR LU ™ AR S R (B D

159



BHERT )

F25Hk FESW

2 "*ﬁﬂ_ti_ FlESRGH
2.1 EBRABFASUESREHAERUIEHESE

— I & TR IR AEFHSREME RS
AL AN E K Bl R 2R F0 N 723K 5l KR A~ 7
o LA AR A P Ml A 3 R g7 e A i Al
4 B 1A FE H [ 1 M, Web of Science, Google
Scholar 5 W3 62 9 SCICHR 30 o AR SCHR Y
PG R A R RO AR R 12 4R AH OGSk
Xof Z2ge M AR A I B Bl R R A TR IR, R 1 R
XF FEmC A A R AR A R G HOE R TEN
AR A TR R AR BLAE T o 58 B TE P 19 4R 25 )
AP RS AZ . 1o SCRAE TR BT A S
RGELR FARXS R T 1Ak A Je , IR Bl R AN
Wt g 7l AR ) ) S A B X AR A, e 2x i i

AR AR DT 5 B 4B A R B s ol A 2

HERLEE

bR TR IE S AN Bl 7 o SR IK 2l PR 26 2 e i =X A 30
PR S R G AL R R B A, U R
AEBRG A AL 0 N ERIK Bl R 2R 32 SR I AE 4
ARIKZ) A AE B RS AR T, Rl L
AR QIHT RN FH 5 BE %4 = 8 SR A0 50 T
RAREE I B A, I HL P lb 8% R U4 38 1 1 A VR 3
Jos PG IRIC B AL B L B8 s, ATl Y
IR HR MM AA 35 B TRk
3G JIRISE 4 T . AN IR Bl R R 2R B T
SKBOR SCRE AR R SR T T . TR R A
BRGLJER LD T I 25 0T i oA 8 IR
TR R AR it IR 55 1) e oK 1 Bl e Pl U Al
ARSI S BET . BUR AT A WL)Z 5|5
P P A J e BB Be U AR M i A S R SR IE )
WAk, A1 PR R R AP (A5 A € TR 1) 5

5. J7 ZORIAA AL 52 I T 22 5 7, DA 5| 45028 e =X 3 7
PR R B PR 2R e e A A b A A R G i AP T AL Kk R B 7 ) A
BHIHLH FRAIRHFHL
A AT BURFERI] .:%iﬁg;:;\i_]
evmRWT T [____
g = 'Zﬂli;tﬁﬁiﬁ'
PEAT Comigms — www - I
‘@,- VW l___ﬁ_%i%i_:
. CV % mees  wmmesn e
K AT LA .
TR A s |
T BARGUE HAER o Holr e ﬁ’f‘{;ﬁfﬁ*;ﬁ_fﬁ_
A RRR AR N A E B HLRIR @:Eé;ié%{{.
HERBRARGERE 0 ek oo > o SToooTT
ﬁﬁ&ﬁmﬁ@“ﬁﬁﬁﬂ%%ﬁﬁtﬁ Y etoa | A ATLEL
) o i ETIN
B1 ERABAFVESEREXEERIERLER
x1 HEBRKERIEZE
IR A7 RS E E A OGSk
g | EEE ORI LG BRSO A RUERED Tolskh 500 SN E D R
) g s Fgrlal | Alessio 250050 A7 A1 X0 2%L16)  Nylund Petra 2£017)  Masoud %:118]
o 1] il A HERLAEL0] A g o 2107 Tols 0 vk (2] BB
o R ¢ . El'IFJ# 1’ ‘Ejiﬁﬁfﬂﬁ: A L 1/(’@%*4—# ’ ‘\5&,lﬂiz£$ﬂ£ﬂ? 10 \TOkl»rlykh% 1 inﬁi*ﬂé% 120 IR B
g s Fgrlal | Alessio 250050 A7 IE A1X2&L16)  Nylund Petra 2£07)  Masoud %:118]
U REEEE ZE SO 0 ke 4k 2 R T 88000 Tolstykh 25000 | S 0% g Fn 2 g 012) | FE R BRI AR k8T |
U Alessio 2050 Az F1 X1 2L16)  Nylund Petra 25017
S R AREC 28 SCI AN 00 A B R AEDT Sk gk 72 B0 0100 e 2 R A kD12 | Alessio %L i 0
MR . ,
Xzl
R A0 28 SCHR AN FE OO E AR AL ke 4k 2 i T 150100 Tolstykh 5010 S 24 B R 25 850120 8 158 3¢
R & ¥ i .
SN R BUR g k0] 0] g A £zl Nylund Petra 207) Masoud 25187
BofEA] Tols A[11] B W Fb rz] 5 [13] Ss [ : X [16]
AR W A 5 ‘k\ Tolstykh &FM g 24 g i 2 BEL2) |3 158 350 0 A 6T Alessio 450100 A7 B A x| 5110
Masoud 18]

160



U R WA 2R G O 307 A 25 A R i Y S A i A S 5

2.2 BRSBTS RS R
2.2.1 RAMZ

ST S 7 Ml 7S R S M 2 B K G
LIRS b2 2 55 3 77 Ml 3 RS B
R AHTAE S R TT o 0 (S 057 81 2 AR 3ot
T, IR R [ 2 6 e A B A
B B T SR S 2 R A 7 R S A, S
57 % ) B A A S

TR ARG S ARAES R
55 4 I 5 R B 5 ) Logistic #5780 My g 55 g
SUH S A 7 2 5 S SRR A0 Pl
RBEEHEAT A0TSR B2 BEVE B P I
FERET 20 R4 2 RETR IS 3130 Ny N N
FURTBEE 1 F R KRN r oy TE— R B
YRR T T IR R R R R IR £
TEIR S5 SR BT I B R A 3 K, K K 24T
VARt PR P A A K IV B Y BA S AL
Logistic B Fr:

(1= 2N (D

SN BP0 AT ) R B
yﬁ%%ﬁ#ﬂiﬁ%ﬁWﬂ%%%ﬁaﬁ%mw

B, BB PR R = | AR P R )2 2o gs )2 =28
M AZ L ARV T BT IR Y BR A S BUR %
FIRREAAE . S E—E MBI T = H A
e AR AN AT — VR (0 3 R H R PRV AT
FEAE AR o

TEGT IR — 2 BTG BT o e e O 507 A=
ARG A TR Z B AR L AR AR
L BRI 2 2 B Sh SR E R AR . RIS
Ok AR I 0 A OC AR GR S AN R Bl Logis-
tic FRAL, M HERE T A B e e S S A S
R G FACBR TN

dN1 o 7N1 NZ N%
dr —r1<1 K‘Q—am E"_als K73>N1(t)’
N;(0) = Ny
dN, (1N, N, N;
dt — Vz(l K2 +a21 Kl +a23 K3 >N2([)9
Nz(o) :NZO
dé\t]‘% = r3<1*%+a31 %‘5‘“32 %)NS(I)’
3 1 z
NS(O) :Nso
2

FH: Nio  Noo « Nao 235 2 2 e 2 50"k A 25 &R

Goh QTR B Z RO R 2R S EAZAE
RIS I AR M I ST ) R AR 5 Ry @ X 5 i34
[BES @
2.2.2 RBASH
Logisticfﬁﬂﬂfﬁﬁﬂ%”lﬁl%@ﬂﬁ@ﬁfﬁﬂkiﬁ
ARG AU TR SRR IR MR SRR R
B SRS ST TIPS LN Y f A N e
FAFR LA A 14 B RRAIE , 4347 45 7 Ml 3 1A e Ak 7%
JE RS LA TR R W] AR R E I G &R . B
A I AL AGHERS 7l S A 22 1) 1) R B4R P . 2R
SLORTERZFENE , — 20 KT BE 233k B FIR S
HAGR G TRE 107 ) — 28 AR AT g 23 4k TPt g
KB, it Logistic #&HY, AT DL B 4f 3 3 i 7l
HBRGN IR FRZ I 155 5 AV FIRAE K
B 2B AN [R) Y AR AL ey i 2R
RGMIFFLL gL e
RS RERE T ASFG
ARBEAE  FO b F A AR A A R R B T AL
AL, bl 45 2 57 e AE L T 4 A AR D A 3R A
2552 o BN ik = W vl Y 65 o (el A S N R L
SEH ERRES s SR e e A IR L AR 3R 5, 7
W AR Z A — R BT T 55 P 0 R 3
A AR — Al AR A A S — 7l AR L
HSR A TR A AR B A U A2 B 5 e A 3 A
FRTE GRS 4 ik Bt v s — A7l AR 5 — 7l
FAR AR R TR 25 1 EARBE A 32 45 WA 52
AR AR P AR TR S o Dt S R B R A B
B AR e B B Sl S 5, 7 S A B AR K Y
(7] 52 PR A8 0 3 ) A o AR AR e A 28 0 SR (L 3
130307 15 315R 2 PR i U 5™ I AR S R g dt
A AR

®2 RERABFFUESRGEHERUEX

WAL A S AL AR
2=0.a21=0.,a13=0.a31 =0,a3 =
A A T g S TR
O\agzzo
<0.a21<<0.a13<<0, <0.a23<< .. e
Z” <z” GO AT s A
~a32

AR IHE R BN IE
W—T7 % 4k - IR R BON
i —J5 Z A

aiz az1<<0.ai3a3<0.azaz<0

a1 ="0,as >0 5 aip >0, az =0;
ai3=0,a3 >0 B a13>0,a3 = 0;
a3 =0,a3>0 B az>0,a3; =0

PRI A e —
JrE RBONIE (Z 47D -
53 —J1 R 0L )

a12->0.a21>>0.a13=>0.a31 =>0.as3 >

A R A 13
0.az >0 A AR A AR

161



BRI

F25Hk FESW

A A S R G AR A — A
AR A I AR AR B o O R AR E PR S, &

A 0, e o Ao — o SRR E LE,

dt :O‘& :O‘& =0,

E; \E, E; \E; \E; \EiX 8 DM i, WK 3 iR,
RPN M 4B S R S A WAL AETT L

FERE Ny

®3 RUHER

ha= A L
E, (0,0,0)
E, (K;,0,0)
Es (0,K2,0)
E, (0,0,K3)

o |: Ky (azs +1) Ks(as +1)i|
7 0s 1—azap ~ 1—aznas
E Kl(a13+1) 0 Ka(u31+1):|
’ 1—apan = 1—aizan
E |:K|(ag+1) K;(az + 1 O:|
! arazn ' l—apaxn

Es (a,‘[?,)/)
RIS Es s
o —Kila tais *aan *aas —anan + 1

s
arzaz +aizaz +axas +aizazas +azasaz —1
— Ky (az1 +azs +azas —aizas +agaz +1)

,
arzaz +aizas +azasy +aizazzas +azasias —1

— K3 (a3 +asy —aan +apzas +azaz +1)

.
arzaz) +aizas +azase +apzazas +azasiaz — 1

Niri aizNir1 aisNim

r(mzi\]z
1 K ' K ' K

Ny a13V3
oo o H)
as1 Nary r9<a21N1
K, 7\ K K>
asiNsrs assNsrs (axlNl
K. 7 K. VK

Nors as3sNars
K; ' K;

’- : o)

_Nfg aszx N2 7N3”3
L)

(3)

PR3 BT AR AR A 5 LU R B 947 51 5K Det ()
Lﬁiﬂl Tr(J) BHE . 24 Det (J) > 0. Tr(J) << 0 K,
RO TFRERS, E 4 in. Hhor oo B
BEXE R IEARL » NI AR A5 26 P X 3R = b AR 3 R GE 1
%%ﬁ@ﬁ%ﬁ*kﬁ
3 MTLmFliﬁg%mMEWﬁE

R A i = 0 A S R G i B A S5 At
AT S 77l 3 A ) 2 i%ﬁ%ﬁ%%ﬁﬁ
HIAB L RYGE . 767 A& R G )T
BORSER LT L A5 B Matlab 5105 EAEDE i
A A S R G0 N AR A O ARV B AR
AL, 1T LAY B b 2 A AN R e A R AR A
KSR
3.1 mﬁﬁ&

WA < Wl | R =S R R EL 7 0 =
iﬁ&M?aﬁW%F*&bFﬂi%ﬁ%ﬁ
B, ARSI & J 7 WL 5 | 4005 V5 T 7=l 44
PR A B

F4 FEAEFFUESREREES

A 55, FEAEAE FeE &
E1(0,0,0) B IE(E AEE
E>(Ki,0,0) R A an<<—l,az3<<—1
E;;(Osz 90) i@ﬂyﬁ{ﬁ a12<*l,a32<*1
E,(0,0,K3) ¥ gl aiz<—1l.azp<<—1
K (a3 +1) Kjs(as 1) P
g, o, SteatD Kalan 1 HFAEAAT A AR
5 LU 1 —amasy ~ 1—azas
K ( 1) K; (a: 1) 4 .
E, |: 1:115+ .0, s:ller A T f PN T
1 —azasn 1 —aizas
E; |:K1(u12+1) Ky (asn +1) :| Neds T fr “Tre
= anan " 1—anan RAAE(EAT 1E (8 ARE
a1z t a3 fazaz +aizasy —azaz +1 <0
azas +aizas +azaz +aizazsas +aizanas — 1
o1 +az +azan —azas +azas +1
5. T az +az +aizazn —aizas +azazn + 0
Es(a:p.7) I HE N azan taay +anayp +aanay +ananazp — 1 =
L as +asy —aan tazaz tanazp +1 <0
azaz taizas +azaz +azazas +azazaz —1

TE A A Es o=

— Ky (a1z +a13 +azass +aizas, —azaz +1)

— Ks(az +azs +azasn —aizas +azan +1)

— K3 (a3 tas2 —apaz +apzas +azaz +1)

anzas +azas +azaz +azazaz +azaznaz —

LA A2 PR R Sl E S P — R S A

162

,
aizaz1 +aizas +azxasz +azazas +aiaznaz —1

73 TRBITE BT Y =20 Pl S O A K2 RUR IR R A P02 5 22 o055 22

= "}/ —
B arzaz1 +aizaz +azxasz +azazas +azaznaz —1



U R WA 2R G O 307 A 25 A R i Y S A i A S 5

H2 AEFRIR AR B R A0 7l R RE 7S
PIFPREECE Z BNH 29, 756 AR AR R RGN AR
A,

H3:A%0 7 b EARTEVE 4 A 1Y 5T 2 5 057 5 1Y
HRFFA Logistic AARIE K, DI O =k B AR BE TS
FUBEFN G B A 38 22 b s % AR A B T 72 S
FRGEGFIRA BN Y5 — A0 =k B R B
AR 9% 85 184 fim B, B2 A1 =2 ) X6 6 I 19 58 4 23
R CABAZ O 7 b AR BT A R B 2 T R

H4 A% 07 Mk TR 35 ) e A i R TR 2 —
N EARE AR Y A R BN IE X Y 3244
Z gk s AR RECh TR A RS2

H5 Y07 b FARBER I ih Bl as 5 7 4R
TR B A A S5 B S 2% 0 7 ol 32 AR s R 0k AR

o R B R R B S KRR
3.2 fRESW

B AT R B A 7 0 2 2 oo iR 55 JE 1Y
RIS 7 e o 430008 0.04.,0. 06,0. 03, FE4F
FE GRS AT B KRR 1000, W1 IAR Y
J 100, 38 AE IR 800, M HRFT AR R ¥z
] ) G 2R, ARIBCRE e 2 3™l 2B 28 R e i v Ak ik
B AR S R
3.2.1 AKX

Kot b AR RV 2 ) ) e A RE R 0, 4%
FARBEE Z A, R RHE S A B K%
AHIE A5 L ) AN A7 A 6 AR BRON 5 280k — B B[] g 9
FER I, = 2RO BT 135 31 Jre FUBE A i PR
B, 4N 2 PR,

1100

rooor AT

900 - —E?_#%LE—
w0l - BTERRE
a 00T
§ 600 [
R o0t ;
a0 |
300 F ,':
1
200 Hr/
K
]00 1 1 1 1 1L 1 1 J
0 100 200 300 400 500 600 700 800
AL A
B2 s HEEFEEKEL
3.2.2 EHEEAHEX

—0.3vas=—0.15.a13=—0. 2.a3 = —0. 2.a» =

—0. Liazp=—0. 25, R A @E A - AES R G ™
b = RS- 25 S A A AR S B LA SR an & 3 BT
o PSRRI, A 0 R AZ B TR
EIRIAIRE A 249 T HL 32 2 T BT R 2 A 22 T iR
SR HE R, A R R 2 B AR A L
PRACTH I R A A, HL R 2R Tk B KRE . BT
TRBEZ 5 2 0 R 55 )2 077 b F Ak 52 2] 7 Al ™
M BRI 2, K A2 B T BHAS . BHT R R 1 BT
TEMRRPE LU AE R, 32 BV T 0 2 5 20 gs 121
SEMBETR , FLA B T Jo ol i e e, (B 2 AR P 0 )2
R R R 32 30 1 29 ) A IR I J2 1) K i BHL A 2 i
/N

900

- — - QUFHRRE
—— AP
o BT

i 1 1 1 L I 1 1 )
0 100 200 300 400 500 600 700 800
AL ]

B3 FEHEZHEUEKERX

2 A TP R — S0 7l R X 5 P 2R A
O FARA A R EY ;< — 1 W, T
B = —1.2.a5 = —0.5.a13 = — 0.7,
a3 =—0.75.a3 =—0.8.asz =—1. 17%@65‘&%%
PP AR R G Al A A B A v AR A
HARNE 4 froR . X — B, QU IR B Z 2
JUIZ S5 2 B 6 2R 2R BOROR, X BT IR BT AR, R

1000 - -
o0l Rl
— &L
ook 7 2RSSR
700 F
g 600 -
% 500 |
B o0t
300 |-
200 H /7
100 o
) . e
0 100 200 300 400 500 600 700 800

AL F]
B4 EERFRMES
163



BRI

F25Hk FESW

St T — B A RUE M TIH T D
JEAR S A SR R BOR A BEST R 35 8] TR
A0 U A AR A A A% ol AR T
Ji » AN M s B e R UL
3.2.3 FAEFAEX

TEAF IR AR 4 2857 Ml T (AR AE M A
Pl TR E FARA I 2 BT UGS B A B R R
K Jig . FEICER I N Rl B R A
OJZ 5 BUE AR B R IL R 25 R T 2 o055 )= et

a12:O.4\a21 =0. 25\a13:O. l\agl = —0. 1\(123:
0. 3vasp = —0.15, FRAHEF AT R G b ™

ol T By A AR AR O LA R A 5
o AEREIA R A RO R S A IR B JE
7 RO AEZ T I 55 J2= ™l E AR R
BEUR , RSV Ak 28 2o — B i ] 1 P R s B ¢
ERHURE A AR S A SE R WA 5 A P . £t
I 55 2 DR 98 U2 B LA 8 - e R MBI AT 18
PR AH.

1800

1600 -

1400 - - — - BIFREE
— AFRLE

1200 ft 2TREG B

1000 -

800

HUAESE

600 - .

400

200

1 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800
AL R

Bs5 BFLEHERUERX

TR L E T R TR REE S 2
TolR 552 Wit a1, = —0. 2.a, =0. 2,43 =—0. 1,
a3 =—0.15,as3=0.15.as5 = —0. 1, %@aﬁ:@ﬁ
PR R Gl AR 2 A A A A U
PrEARME 6 fr, IR, d 74
Bl R RN 25 A TR R B )2 H AR T 200k 55 =
S gt IR AT R A 8 5L SCRRIZREVE 97l
PRI R e e BRI B )2 5 2 T IR 55
JE YRR BTIRZ B A 77 A% 0 2 B ) e LR Y
SR T,

3.2.4 ARAl AKX

M ap=0.a, =0.2.a;35=0.as =0.as =0.1,

az =0 F, A= %02 22 A A3 A A 2T
164

AEF M EB R G LA 0 2 15 5 1 3
A AR R LA R AN 7 PR . TEIZEEUT
AR RO AR AR AT T 2 A L&
S RIHTHCIR, MURLE AL Y A RIS SR IR, BT
PRB)Z 5 22 0 e 55 J2 WA 52 B R 358 5 A 3R Y
SN 2% IR RO FURE L FRTG K

1400
12007 — - - QBRI
— AFEROE
1000 | o ZITEIRE R
B 800 | e
=
% ______________________
B 600
400 [
200 ;f
0 160 260 360 460 560 660 760 860
AL IR]
Ee6 ZHFEHLEBRMUMER
1400
1200 -
- — - BIF R R
g sor L
R 600
00|/l
200 ;f
0 160 260 360 460 560 660 760 860

AL [E]
7 BESHREFHEER

M0, =0.1.a, =0.2.a13=0. 15 a5 =0.as =
0. Lias =0 Wf, A ELH PR Z 5 A4 77 400 2 3 ) 32
TR O A AR A, Bl AR S AR S R G LR
PR 2 T2 T i R e A TR Y 7 2 2R
Kl 8 i, TEZBET B RBER 54 02
TEIAE AR P 32 4 R R B 5 T RS S
HEMEIEK FIR, 2RSS ENRERS A&
() ARG R G AN 32 B BREE 5 H A K 3R 1 5,
3.2.5 ERIAMX

M a1,=0.25.a,1=0.35.a13=0.1.ay3 =0.1,
as =0. 3 as =0. 15 B, Oy B AR A, 2 il U
FUP AR 25 FR GE A% O 7l 3 R T 3 A A



U R WA 2R G O 307 A 25 A R i Y S A i A S 5

AT EEERMNE 9 FroR. EIZBET =00
7l AT T ) A A R 0 O TR 5 A L P
[l S i LR 32 . s AL HURR A A Ji 1 RIS A 4R
T BRI fb /N i 2R 1 2 80 R/
R X (EL I R S 1Y 5 BRIV A 20 B 1 200 o0 (A, A%
Oyl SRR A 52 P ) P A £ A R ) B
LB . e T A ILAERCT =Rl
EARBEE N BRI T 2R G BT IR A R £ 1
SCROMEIL BRI B, 7k EATE RGN BEIR
ST SRAE A B HORILE . R G T B B TIF I
BB (A5 R GEi% 2 1) AR 2S5 1)

1400
1200 B
1000 e
g - — - BB AR
@ 800 | — EFRLE
§ .......... 2RSSR
R 600
400 |
200
0 160 250 360 460 560 660 750 360
AL IR]
B8 ZFEMEMLERN
2000 F
1800
1600 [ -~~~ T T TT
taor B
Fou 1200 - iﬁ:&,&g
g{ 1 000 k o BITCIREG R
ﬁ800—
600 F [
400 F 17
200 [
0 160 250 360 460 560 660 750 360
AR IR]
B9 EEEAFKER
4 ROISH
M50 53 B 2 — B A Bk FE T SR AL B
W58 F-B ] IR A BB e il U s = L AE S R 5

AILAIE AL . LA i 2 I o SR ol B A 2
RGO AT R S0 o B . VD T AR D i)
A BRI T 5 A A A 2 I U SR M T A

Gt AR b i 2 e 0o 3707 b B e i 396 B A
PR BUR Al B BT BILRG 25 22 07 E 1R 3L A
L S22 I 4 o 15 A 188 2o 15 AR B 4 gl 2 e >
SR PR R e
4.1 RibHRBEXEZFASWEIFESREMMN

LA S UG g R A E U R Mk i K
JE& R ILAR S 4 s ot 3507 ol e B T, S B 0 7
SUK B ZIAE R . R U i 17 [ 5 UK
S C AR SR S i A s A 7l i B4 5 [
B T — R FNERAFEOR A5 I P B
b R 25 L A Dl A ol £ A e TE 2 ST B AR B
o PRI, Sy 1 b 2 R v i e e U 40 Ml
J& . SERE BT 15 e 55 AR R L T Tl R R AR
L A 0 T S O SR M B i s K T A A YD T
U BB BRI SCRE R 8L . 23K B4R ™ L B &
JEAEAR F RS - F = AR ), T3 Vb e e 2 0
e = AP — BB B 2 IS U SR R S e
“TACHIEER AR M B HE” Y nUHAT [ By
R 44 JEE R VD2 I U B0 R

Kb e U S0 B A S R 58 AE —
A 2 (5T 0 28 24 EAZ DA TR v i 2 e X
S Ml B 37 S 1B L ) B R R A S I A T
KRS AR G AE R VD T e E U 3507 ol 1 s
R EAAOHES | o 1B PN 224> 1 K B ) A A
i A7 AT L ARG T Y —
Mg FRHT LA R X AR I AR O (e E T AN [
U AR AT Ml 22 18] A8 KR AL 3 A AR e 72 i .
A P R B 3 i 1 IR B B S A ) AR fE
J1o H PR R AR R U RAEE Tl A
PR = — T =R PRI R
SV R A SR BT e A AT I R < TR A LT
MERTE A PR A 7 25 01 . BB O e J= A 438
FHCWIRABRA A R K2 AR T E AR DT IR
BB AT e R VP T BUN S A . 2Tk 55
R Py e A BEBT R T BB SR
4.2 RKPHEREXEAFVEFESREHLE
%H

FEA DT e P03 Ml B9 BB A A8 R S IE
BT BRI X — R AR B A ™
W ATEREIHT ERRRE A 53 A R L B R BRI
A PRGN AR A P LA Sl A 7l B BB e
A X (5 ELA R A s AT LATR A B — AR S AR
SN RS . BRIy Kb
FEMC R B b BT AR A R G th 2 Fh B 1Y B R

165



BRI

F25Hk FESW

A B A A R HU A BT BE BRI R L B
WEHLM FIEON #0458 A SRS h iy
HE ARG B E AT 8 A B A AR 4
JE AR W AE B SCHE . S, 7l AR Y 3
SR A IR R AR R R SR AT
PR A T7 3 AL 3l OGRS 2 1 AR 3L 5
FIBIHT 7= LR IR 5 T RS LE 25 R G AR E VA
PUXBRE ST . FURIT, 2 BT A 25 2 Ge Q13 1l i 4
FATCR U A P AU HUAT AL 39 1) BR 5 2 i K B
TCNZR G P A NI 7 47 3 K B 2 A T
WRAT IR 5 L 0T Sl ) B L o R T A i SR i
BE « Fr AL B DR B T e 458 i B3 B O R < U T
PEMC AR BE 1 BT W PRI 5 5 B Kb
PRI NN IR, XU T RS
B AR HE — A DA77 O MO Z6 1R 6o O SC B R
W 1) SRy 2K i IR 8 AR B ARORS 0 5 ) e o 1) i 18
EFERR RS K. fRa . KU BUN AR E S
PSR ™l e J bt A 4 T AR . e
SE A S BRI AL IV B S8 BURF o 81587 3 1R A1 /Y
AR RGBSR ER ST . TR 3 R 3
WAL BT S sh . X R SR AR A 1 9
08 g SR RS i B TE R LR A BRI A B
FESANID R
4.3 KPHREXBZBASTVEIFESRELER
g

YR R B2 BE A S b TR AR TR A
KBrBe m RAE T RAE S = — TR
JEUATE T B AR SR TR 5 R L R IR
AT i TR A2 7 M 55 B9 A Ry o S 2 BEIRBEA
BRI B WA g v i SR A S A,
SR PR VBT AR 22 J0 55 J2 5T A 1] B IR
b R PE A S AR AR AL A B R 22 T 527
e A RGP R A . 20k 55 )2 0 32 2
KADTTBUR AP 7 Sl T S B Bk A 5 e 45 A

B2 A5 BB R FREUR B A 8 3, N THEsh B
AE T 53 ) Tl A Bip I) 0 € 1 ok v I i AT
ST, THRIE] 2025 47, 5 BEd v A A E 2
000 4275, B 2030 4F, 734355 5 000 1470, XLEEL
e Ry e i = AR b BRI TSR AT T 1 IBOR S R
AP M ARV L M= T, sLak, Kb
e S B AR S R G il i 26 I R
TR T A e | 2 W L A A B O S rab i |
AL PRI, v i e e o ARl A AR A
RGEIEAL TP & R A B B, 4N &l 10 PR . &40
PN B AR 8 G R F I BR T BT 1) e 4 L 5 A
BT 1) A A=K, Bl TEERX A KR
R Pl TG A 1 22 KU 3 oA 5 4 i 3R, RIS T
e R AP T o By B e 3, 0 L 2 2 IR
HURIR R IB T B A 5. i A A A 85 X 1) B
B A AR A e A8 AT 7 9 AR A TR S
FERTREE B 5y, SR RIS AN 7l A A A fE R R
5 #BivERT

5.1 %ig

ARSI = AR RGN
iz Logistic J7 ety e fl U I AE S R g4t
A ARRERY 53 AT R G0 B 10 B 45 2% A i Mat-
lab FA7 FLRL LA [ 3 AL AR 10 & R i 34, # R
Bl AES R R R, FER
BT SR .

(DEETF = A S R G A B i 57
RGBS AR IR 5 b [ S8 AR AL |
MEILAImAHE PR B R R EE RS, H
BB R 2 BETE L D R BEE 2T R 55 2 B
T = RA% O E TR B, B — V& T A G 4
T RARFHE FRE T 0 00 & TR EEN.
SRR R YA EAE T S BB L B ) B
AP B . R OR B 2 Rl A R AR
AR SR AR HE QBT 9% U5 19 5 A A B RE ) 4

GAGE SR

PRIEEAEB TR
B 10 ZERBKHRREL

166



U R WA 2R G O 307 A 25 A R i Y S A i A S 5

Fto A% J2 S e e X SRR AL A Ty 060 Y S E
FRSS , DRIREI5 B 8 ] 52 it Fliz 5 . 2ok 55 )2
SRy ic 2 A 0 ol S PR RE Ak AT 4 22k AR AL
A ST T8 7 RT3 T 5K HESN Pl 1 & R AN
L,

ORI ET AT RGE T, £ FE
] B A AR R A R G AR A X A A 2R
FREOR WA [F) 3 A 22 ] 1 AR B R B A A G
REHBRE, TAMEARBNERERE ST
FARZ 0] 0 GV 5 n 25 10, 5 5 R) B v &%, €
N EWAR O SPARTER o 1| B s G N i BT Y AR BS/UE i
WSR2 IR, 3 5 M B L 5 32 K9] 4 AR
BN B B ARG KR A X BRI, RELE TR
HHAbFEE S RN EIEXRRIFFER S E5 RS
A T ATD KA T RETE R 48 &k #5 d ZAE H
IFERZGR BN IATIRAS .

OEMAFEF WA RG D, £ FIRZ 0
FEAEdE 22 S A i 2 ph 57 A S LA A i A
A fE EIA, A AR A A A AR T
TR PGSR AR AL, 25 287k ER IS KR 5
KRR B Sz 2k, IR R 8
B 1B e A 52 XAy T E A AR AR 7R A AR
KT BA b FIRERBE S 7E R g b & 35 A #,
i 5 AL AR S RSB A B B RR R
XA EAEASALAN 2 a7 5 1 B8 5 e =2, T R A AT
AR T ZA 7 W TR BE 5 30, AT 32 /5 2
DNRGIFCFR TG T, [, i A 8500 i A7
TE Bk FARER RE A5 3145 Lo 5l & i pisf B K
AW AR X2 T4 ERZ B AR S A
5.2 B

R 2 i X A 07 oMl 2 2 Ak iy 3 A A X
M AR BILLR R R

(D ECER RS A S RGN A T4k
MAEA SR . 782 4R B B BE A, 5
FARZ B EVER ZE T C 2 bR #a 3, 78742
i B A B AR . RGO S F B Ak
B RS T R R AL M E RN R, ER
(TR A A= eS| 7 SN S B~ 3 1 T ) || ST B AN EL 187 SR
TR AR, HE S TF 0 e e 2 S AR AE S
BTG B F AR Z W L2 AE B A I A
U B AR B A5 B I 30 RN A 2800 R LR AP L]
S BT RIS E K .

AT X H ™ A S R G ny N f A=
WEE. VIR BA-FARAE- ANA K 35 AL

B TRAL T TR BITEC . RRIE BB
b R BT B A BB L  Rl BE LAER T
OB REZK P FUIR 55 o . 2 A 4 B AR PR 358 52
R TEEPREEORAP A BT AT SR 220 . IR R
BNBE el A 50 b e 3 R B BORER SR A
MR, S RS R AR H - LA S R R
PEAJE

()P A H W A S R R Z L A
K AL o Mt 1 S AR (A P13 [) 252 g A Ak 3
25 T3 T 4 L LAY SR SR 2 7l e g A
KPR 5 28O0 0 R K S shBE . A (E 3L 9 B
Ieil c JE& 5 1 ¥ S A3 74 S 1) A A58 A SR ML A
WkAS 5 FERG B AE MG Ty, RSk
P SR ol AR 25 Al 1) L B A A A AR Dy )
Sl

S 30k

(1] ., bR, TEYF. %, 3T DPSIR-TOPSIS (35 it 3
AF RS SR — DA Bl . B R =
Wk, 2022, 22(7); 118-123.

(2] &KE. B5E, WHERE B IX T E 509 R0 A 5
B H—AA A )] RE LRSS
. 2019, 39(9): 2361-2373.

(3] Wi, T, XUfE, % “BR” s FifE Bl E s
BRI R — DA oL = b s S [T ], BREE =
Ak, 2023, 23(16): 179-183.

(4] AW, Eoo. T BRI ERFESRED
AT ORI 0 B AT (T . BHE R 5 XK,
2022, 39(5); 83-93.

(5] JFHY, Zf 4. FEREAR RGNS EA L.
BHEFIE, 2022, 22(6) ; 204-207.

[6] WEN H, WANG R, LIU Y. Towards carbon neutrality

in agglomeration: impact of eco-industry development on
urban carbon emission efficiency [ J ]. Sustainability.,
2024, 16(8): 3159.

(7] EBRIE. QIS R AKTPIEMN 5 X BAHTAR R T
gE[J]. BHEAPL, 2022, 22(5): 346-354.

[8] MARIKA A, GIOVANNI A, GIULIA P. Uncovering
value creation in innovation ecosystems: paths towards
shared value[ J]. European Journal of Innovation Manage-
ment, 2022, 25(6): 432-451.

[9] AL, BERAR, A3, . BT CIMA+ AR ST
PR TR Gt ()] BHCE BESE, 2021, 41
(19): 121-126.

[10] K4k, 4 BB RGUMA T AR R & B &
JESFR T — LA lva s A eI L] BRI, 2022,
22(11): 45-52.

[11] TOLSTYKH T, SHMELEVA N, GAMIDULLAEVA

L. Evaluation of circular and integration potentials of in-

167



BRI

F25Hk FESW

[12]

[13]

[14]

novation ecosystems for industrial sustainability [ J ].
Sustainability, 2020, 12(11): 4574.

XOHL, ERE BFET RIS RGBS
BT ZeBe iR hise, 2023(1): 125-134.

BRIRER, AR SR A A I T TR b A R 1 X R
GRS R AR RITIELT ] RS 5R5%,
2021, 38(3): 60-69.

TR PEAESRGEEYIEITT
BILT]. sPEBEE, 202111 29-35.

COZZOLINO A, CORBO L, AVERSA P. Digital plat-

form-based ecosystems: the evolution of collaboration

VL il 3 7l Ay

and competition between incumbent producers and en-

[16]

[17]

[18]

trant platforms[J]. Journal of Business Research, 2021,
126 385-400.

Tk, g BT LRI L BT E S R G
ERFFELT]. BHEEHBFE . 2023, 43(19): 135-146.
NYLUND P A, BREM A, AGARWAL N. Innovation
ecosystems for meeting sustainable development goals:
the evolving roles of multinational enterprises[]J]. Jour-
nal of cleaner production, 2021, 281: 125329.
NOROUZI M, CHAFER M, CABEZA L F, et al. Cir-
cular economy in the building and construction sector: a
scientific evolution analysis[J]. Journal of Building En-

gineering, 2021, 44. 102704.

Research on the Symbiotic Evolution Model of Ecological Development

in Prefabricated Building Industry

SHEN Liangfeng', YUAN Jun', XUE Guangjun*, SUN Liyan', LIU Ting'
(1. School of Civil Engineering. Central South University of Forestry and Technology. Changsha 410004, China;

2. Hunan Construction Engineering Group No. 2 Co. » Changsha 410004, China)

Abstract: The ecologicalization of prefabricated building industry plays an important role in promoting the coordinated development of

industrial entities and the diversified transformation of industrial value. Through the analysis of the prefabricated building industry ecosystem,

the industrial ecological symbiotic evolution model was established using the Logistic equation, and the growth curve of the model was simulated

and fitted using Matlab software, Finally, a case analysis was conducted on the innovation ecosystem of the prefabricated building industry in

Changsha. The results show that the symbiotic effect coefficient between each subject reflects the degree of interdependence and the closeness of

the cooperative relationship between different subjects. The mutualistic symbiotic evolution model can give full play to the synergy between

subjects, and targeted policies are put forward for the symbiotic evolution of the system, providing a reference for the symbiotic development of

the prefabricated building industry.

Keywords: prefabricated building industry; industrial ecologization; symbiotic evolutionary pattern; logistic mode
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