(E S

w OB

IINAITRE B IR 28 5 5 5 RS S 5 ik

IR APAAEEZFEZRNER RS, WESRS, LM%, wEF
PR3 77 REXH X B8 A2 2 X 2% (R B A5 34T S ROR RAB R B DL G . AR 1T =4 AT A
MEZHEIRARGNRIZENA AT B, JHAE—MEEE s 2 2% M43 7]
PRI, BRE MR R B, AR ST PR ] R 2,
FESMRIE TN BEL A% G AL A S5 Hh il R A S B B B S 3o RER IR
FAWE IR L, A PR AR OC MUTREE 2 2 T AR BT o R e B R 45 LA
Ho B PERE BN AT FE A, DL 2 O JE A, R 2 2% BB 7)
FON R ARG FUT R — 28 K FC 7 17

BTV B R, A EETAWT:

(1) ASCHEH B A7 2 FRINAE 55 B 123 A2 ) =R 3d e o B s T =4
I A2 21 WX 28 3 77 22 SRR AR S F 70 % 8t 00— R A, B A 2 I 2% Rt 3 RS AR
RNVEAE 7S [|) 1) S AR, WV 22 B2 2R 2 Rl 280 ) 2 AR B ARR T o SR T v 4
RN BT AR RAR G (300 7 LD el , (ELSCA LR 0 257 ) B3Rk 0 I Kt 1) 3h 7
R WA BT TE R BRAE SN 1 22 B A R TINAE 55 o, A i 44 (] h & g
R BRI AR, (HAEAIITINAE S5, a5t BT XX, AL
R T = IHEN, JFE i o 4 R R 7T IR R el =
DUAHEI,  FF AT HR AR R S SR R, JEH: BAAh SRR R Ay 2EAT B 0 47

(2) BT UEHA GBI PR IX PR, AR T — R T 251k
PIAN ) B 37 7 B ) ] B TC RN AR G 0%, BV 2R I 2R A 2 )y ) 245 (Dy-Net
Neural Dynamics). 8IS0 IE 1A SO R FE S ] 5e (1) 52 2] BIA R 30 Fh 4 i E
M —2Kah IR o P B AR 3 ) o i O o, AR ) 22 ) 2 8 S 4k
IES, RIREAINERRES . BRIk B 2h 122 A 1l 5, @it sl
ANFF5 B BRSPS 3] S 3 I R AR R S 000 ol e (e O BRI B2 R 3K, 1 o
HR AR ()] AR o ARDR T B ARG H 12 T Hitie SR sl (1 2% W 28 i 22 8 77 448
BT W] B PR RE AR H A a] Sk
R -

Bt Mm%, BIRMEEN 15, Masdis, mihiEg



Abstract

Abstract
Topologically transferable method for learning

complex network dynamics equations

There are a variety of complex systems in the real world, such as ecosystems,
social networks, etc. The dynamics on these complex networks are usually modelled
using differential equations to represent various complex phenomena. However, the
underlying dynamics of a significant number of complex systems are currently
unknown. Therefore, developing a data-driven learning method to understand the
underlying principles of complex network dynamics is the first step towards
implementing interventions and controls on them, and is of considerable practical
importance in challenges such as climate disaster prediction and interrupting the
spread of infectious diseases. With the popularity of deep learning research, deep
learning methods related to processing graph data have been fully developed, and
graph neural networks have become a current research hotspot with their excellent
performance. Modelling the dynamics on complex networks based on graph neural
networks opens up a new research direction for current complex systems research.

Based on the above issues, the main work of this paper is as follows:

(1) This paper finds that current research related to modelling the dynamics of
complex networks exposes an under-recognised misconception that the idea of
embedding node features into potential spaces in graph neural networks is naturally
adopted by many neural dynamic models on complex networks. However, while the
high-dimensional embedding allows the model to fit the observed data well, it does
not properly learn the dynamics that express the observed data. Previous research has
been limited to short-term prediction tasks of dynamical dynamics, where fitting in
high-dimensional space provides good predictions, but rapidly breaks down in
long-term prediction tasks. To address these issues, this paper proposes three test
criteria that dynamical prediction tasks should satisfy, demonstrates through empirical

analysis of the results that embedding-based models fail the three test criteria, and



Abstract

analyses the reasons for the failure of embedded models, particularly in a topological
conjugate perspective for theoretical analysis.

(2) By demonstrating that unreasonable embeddings lead to these challenges, this
paper proposes a simple embedding-free modelling approach based on parameterising
two vector field components, namely the complex network neural dynamics model
(Dy-Net Neural Dynamics). It is experimentally verified that the model in this paper
is able to reliably learn a class of dynamical phenomena on different topologies. As it
models observations directly in physical space, the learning parameters of the model
are topology-independent and naturally have topological migration capabilities. The
models capture autodynamics and interaction dynamics separately, and the model
parameters trained in each of the two vector fields can be transformed into intuitive
mathematical expressions by introducing symbolic regression, enhancing the
interpretability of the models. This provides significant performance advantages and
reliability over previously proposed data-driven neurodynamic models for complex

networks.
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Fofr JFL AT M 23 AT AR 1 B B R AT SR A CGMMIE,

2.1.3 BXRRBHRE

TR, BUIEMERIHLAS 52 > JERE H A — B, B R S AR R
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HERCE N RN, RN SEBOHRBECEIR, X7 R SR = R4
SHH T = E A E AR R RGN R ZE . FEHR TSR A I BOBAT I, G
SEENE T HE B AR A 22 TR« BIFRR AT DARIAAT BB 58 R
gy, B R R T R ORI OC RIAGN R ZE o SCBR[29148 H T —Fh BT 2% (GND
NELE, ZAELEE LT T AE BRI G5 AT Ok RAEFL — SRR B, AR et dS g
J& T B EIM R R L%, JF SRR DA TA] PR RE AR 2 5 2% 1) I 2% 2 1

] X 2 H A g 1 P 2 HE SR 1) T2 B2 B 80, K RIBER AR vt N, T JE RS54
AT, HREEWE AR SCR B BT RN, RRHLRR, 1A
FHEMERR, EREEHA)REERR . GN M e, LEaRIE
FIT it % 2 VAN 22 BB 98 A4 o BN & = AN BT R B p°, Y, ¥, S0 i HTIA
TR RERR; BN E S SANRE R, peny, pvY, BN p R
BN NES, MR ANESEENRNITTER, pRE— R AR
KPR SH, [F D00 RN R HEFIA M, I anE o 3= KA, F
Ol ENE N

2.2 WA TR

LK, BT RGEANRL S > 4 & O TR R i, APaeistor I e
(NDEs) FRHIFHZ M2 A0 7 B BATEAE R — 8. VR 2 AT R e i 2% 28
14, Blnsk 22 Mg MR IA 2%, A1 A B RO 5 R o A2 Al o0 D R B 3
TR A B 5 RGN (8] P S A AR 55 B, iR R DAL
236 AL G AT S5O0 AR % . NDEs $2 it m A BRI R HuEiL . 51k
IR AL S 06 2 18] . AL BN EBHE I RE 0, DASAE AR AN 5 (17T ] R A5
JIEH#R AT IH -

2.2.1 HEEMSHE (Neural ODE)

Ricky T. Q. Chen & N3 H T — N8 IR BE A 28 X 25 15 Y 42 4] Neural ODE,
AT I I R AR e 2 254 SR I B BUT A1, T A e 22 M 28 S 8Lk
FECIRAS R T, 100 28 1) B e A5 FH PR S AR A 20 D R SR A e A5 31 o TR SRR FE
25 IR 245 [ — MBI PIA o5 P AR TR &, R T LB i PR ZE 5UAEDRG FE AN T 1
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J£ 2[RI AT T4, 3% 6 Joig S Hh g Ik 1R R BE 1) Bk 222 I 9 A TR R R I R B AR B
FERI AT RN o 3221 — A2 — Ml e KALSR HEAT I 2R AL i Y, s i
LRI S AT R g, AT AS 06 o B 4 B2 b AT HE 7 8040 X #4F - Neural
ODE ] DLl it AT i ODE SR8 34T v1 55, IFAE I ZRad RE vt I AR 3R AT 1
TE PPN TT 20 28 DX 286 1T A S IR 2 15 AR SR, AT fe ¥F ODE 7E KB AL
AT Ui 21 i FE 1 2k o
HAf ik, 5 WL E 55 77 #2 /2 Neural ODE!Y:
LGS 1 (R (2) F - 2.1)

V(0) = Pgureeeeoeeeeeeeeeeeeeeeee e (2.2)
Hry RAERYEE N AR, R A SHINAE, [folllH R Lhnit 1 f 5
PP RN 28 ZERE, 5] AN P £ D] 2% B 2 AR I 2%

ABBE fo R AN Ay DS R B, XS T 22 ) 438 H R Ui 82 IE#A Y, Picard
FAAEE BLARAIE T Neural ODE FIfF/EVERIME—1E . SRR 7 AR BB AR LL, ol
20 Wy T R H A T BRI P AN IR 21 1 SR R RE I SRS Ty TT RE I
B e . UL AtRe W im L oy 77 REdAT e %k, DRSS A0 . X
BR[16]H SRt 1 Al PRI 2L () A 5%, HFR PAT IR LA 55 AR AR HEAL o

Neural ODE HATWAF R, GefS LUE 2 A A7 A BEAT I R BRI A2
ODE 7£ Hi &R FE A AL (] A2 &, (GBI X ODE SKAF &% (i A 5
IREAURBEEE, AT, WAEBRHZYIZRIR AN M 25 BORL ) £ 2. Neural
ODE FJLLHIEMN 5, BLAE ODE K FE ok iR 2 KM IRIE, iR
Z2IKOF, TR ESR IR B KT B 3E NI Bh S TR B S VPG i, AT e VAR A
PG IR AR ) K R 28 PR Sh AR, ENZR5E R, AR TS P 2K 56 ik
XS PEAIIFER % . Neural ODE T HARZSELLMIRF /1, RIRKIATBLH T
RS F) P A ASAT 55, b5 5 S B RO LR ] 7 [ B8 F A 90 328 VA e 22 X 26 AN
[, JELEE BN T LB AR AL & AR AT I TH) BITA R B » JE SR ) — M
s n] DUIE H - m] 7 AT RT3 1 U5 AR 55 o I8 SR R A S ) — S (0 AT
W AR, B 7 AR R R B, HL AT DR R R e AR i
17N %5
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2.2.2 GRAND BE#&3#

FETIH B AR AL 10 B A e X 21 B B A oA 55 ISR KT, Neural
ODE {1 HH IR B B 22 I 28 FDE SRR IR M 4%, S5 —FH WA, KK
R A IR — AN R R RO R AT A B R TP B BRI R R TT IR . SCHR
[1713H T B2y B (GRAND), & BRI L 22 S E N — 8 H 9 1L
HFERAT AN, R B E M4 A1y PDE 25 EL. GRAND #4245 # f i b
X IS s TR 2 ) B R B AL B %, 2B 33 T — 2R IZ T GNN, X
L GNN e th R s 2SI R 0 WL, B ndRJ= GNN ZER AN eI AT . iy
AT PR POVRH ) B . GRAND R B T () S B R AN T Hed s 1 Bl SR i)
AFarEtE, £ R U AU UL T S h #REAS 2R R o

PHOTRER — M 7 fE, BAREME & £E EAESES, ol
HAEIELEN, JRHE A, U, §EEE 4K 1R B R B A
T %HE . GRAND i (1 Bt 2 i HIoB A f& —Ah i B B HIOE 08 GNN 28
1

X(T) = X(0) + f; 22

Al oo (2.3)

b () T 10, €% I (2.4)
YA T] LS AT 22 2 () dm s 2 p AR AL 28 R By, DA R TT 22 2] i B B A2

LLAE S SY = (X (T)), ¢k i1 R B O R4t

5]

aX(t)
at

ANTFIF¥) GRAND ZEFAHH 2 T30 56 ) 2 31 (3 Hi ek £ G A 2.5 AR I 1) 22 1) B ARAL o
IF 1) B BSCAEAH =4 T BUE AR A I 3%, R RURE A [ 5 R B B IE NP K
LS BB ik R, SN ] LUEF & B EUZE RS, &
R BT REER ) UGEAC, A B G RIN EEPAOR R, R B RER,
MR Ed N R E H B E . B BUER S A RS, XA R E
TS BB R E TER Z5 R o FRERBUE R 0 5 iR i 1 — R BUTAR AN 36 1 (45
PHUZEED KR I E RS TR E K, s ERE A K
Mt o0 SR A, JF AT DB B RO A+ 5 Rk 22 W) O S L
GRAND iR B S [ A 22 (B S AR A 5, 3R At 1 I&152 ST 8 B e

R (€ 1O L2 102 ) P (2.5)
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T8 2 ) B O AU AR 23 77 12 Bk PR Re 8 e vt L A R B IR 22 X 2%, gk 4T
AR T A A7 A 1) — S [, JFAE AT A AR 019 S SRAE 55 TH R AT
BITERE

2.2.3 BRM% ERIMEE )%

2% W 2% L IRE SN [R) Bl 77 220 1 BRAR . SN AN R 22 5 TR IR R &R
GAEKREE, MARGEH A G EANE M IR A ELL R AR Lk 5 7152 [
H - 1A OBE S BOZAE S5 AW BATPE M. Chengxi Zang 58 NS &
M2 JTRE S IR I 2%, DARGE SR B K 5 2058 2] B W 2% L R SE I H) 3 2
#eth 7 NDCNUEAY, it GNN X7 5 R R Gt AT it IR R A 11 ) 1% 4
IR Fh AR I8 A% S B TR 1) B 22 R 48 SR AT IR S T A S SR N 1] P
ABUEAR > J7 WS GNN R, ITIAE B 5 Bl Bl £e 18] 2025 . NDCN
AT DR N E LRI [A]FK) GNN B Bl (&2 ODE MR, EEARIR L AT LAf#
FEELL NI 18]

NDCN B 5545 5 2% W 2% b {75 mURFAIE S5 21 52 Th] , £ v 4E RS 4 8] _E 58 sl
ke X RINK L O =S R NIV sl T P S e wi e

SR L= [ R G,W, ) dt + S(Y(X(T),0)) v 2.6)
subject to X,(t) = f,(X(t),W,),X(0) = X,
dX
O _ 6. W)
X(t) = fd(Xh(t)' Wd) ............................................. (27)

Hpf X (OM RIS X, (8), fREY HERIFREL flady idRiEam
B [APIRAS AR X, () W Bl R BLRGS S RIX (8), SCEIE I e e it il 1R
AR B B FE 2 W) e 6 Y s AR R (U RIB B 77, ASOW AT AR LA, PRI =
RPN EE

AR AT PLAE — N G8— HOHE 2R P9 ¢ Bt 8 I 18] 52 2% X 2% B 19 3 7 2 AT
55 SRAL R 5 INAE 55 A0 BT R RAE S5 o RN SC APl i S AR 6k 1
NDCN FEAf IR E 2% M 48 RGNS 1A I RETT HRE 28— Ny TR R G e
TR RAE B 2% W B2 S ERIN 8] 3 7 2 OB R, AR S5 M40 81 U A 55 v DU
DI ZHSCBIL T B P e e o 5 A R TR PR R, H DR S 1) 30 285 1) A B2 OR 5 A
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T RRFAE AR R T TS m AR RIBRAE, 5 AR 2 B 22 X 2 AT LR B H AR
3SR

2.3 FEEA

MEE 2 S 45 7 R R AN R R A TR A% OB ik . B R4 F,
(R RAEAEHE LA 2], BIINAE UGS PRl AR ARAT i 454, 4
] MBS 7 >0 ) el g A AR, 501 78 20 R T EACAL S A 5 e R4 31 1) 245
B, RAAKES TSy TR A EEE

2.3.1 fmi TR H R KBl R B

L0 28 R 15 500 75 23 4O T R 0 MU 17 R A B 4P AR
LA, BN AR A R PR Ao e L SR A PRI« A58 0 44
SRR TR, AERS AL (S B R . Brunton S L SR ASRH
— R AL LR 5 7 TR HL 3825 31 15 AR Mgl J0 2 I 2 077 % SINDy!™2),
V7 A A (0 RSO o R BT R SINDy M — B U D BU LA
TR 12 B, 2 ST SR FEE T A A B A AR AG MBS
4 Y 13 T 2 B o (90 2 55 . SINDy i PR B I D0 R 2 M
FOT AR s HO B A Ao I LT S M B I DA ) 5 5T DL
Ve VLR 2 ) 457 DA 5 1 B0 T 40 5 MR

SINDy # [ R NED = f(x(6)) MEI 11 RSE, JEha(t) R REIE AR
A, FERBUE LT eI L LT . X AT BB B RO A 1 A R I 1A
1 oy e b I BSSHBI0 R GRS, Xy ) s FEHEELHEB i » s FE 05 FE T
KX, FIXFR IO, X MO 240 J7 v e M M 77 3R 4 . e
b, REATEIOYI R SRR RS R, TR A, SR
1 B P E e B B0 ) o 77 7 SR B B Ty SR 05 78 93 B 4 BT 51
KR o %0 R 1O () — ML T T LA I L R B 5 TR B A
A R S R MO P ST R AR B, BRI R ok
BT F B R T2 1R RGO HCE Fab 2 AR e T Ry % 76 1 A
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. BIX = 0XE+nZ, HFE=[6,&, .. &IRREFEME, ZHMICRFRNLE
T4 /R IR [R] 3 A 2R R T e o R DAR AT LASSO 1555 95K 45 AR BUERE,
SINDy i 3o B 247 2 Uk foe /s e Bl U, BRER PR 2 e R T BRUE 1) R 2K
BOEN 0, ELRNSAE 113 2 R BOEFE

SINDy Jig7r 1 Hai KRB R RIRE ST, AT LAAE MBS HI 7 R A
NAEFE PR EAER IS ) R G, 2R RN R B S ARG, KRR G
[l N 2 R AR DN R A7 AE e s (T D0 PR BE NS I ]

2.3.2 B ML AHERT

AR, R PILE R G S5 AAE (V] RN, (B AN EGE 4 7s B WA
HZAGP SN A B S LM B Z RS BRI Fe T B /2%
AL ODE JHiE R IR M 5 115 R U5 AR IR AL AT R R 858, ANRTERS
5[] A HE R, AT R R AL S ahs LA — 2D B R SR 2 R GNR IR B A1 A B,
BB 2 E R PR (o€ Rk R GUT NIBI TR, A R TR R R (K
HERHE RS, Gang Yan S5 NHALGEH 7Rl TR I M3 1152 B EHEE AP
prBUEE %, JRE RSP A AN SE M 2% EHERT R T AR H TS
P&z e sl 1 AR T 2T VA AT R 2O iR R B R 2 M 4% B 3h 75 A
AR, SR AL

2R LB RS2 SINDy Jridhfe B s et Ry e, JFit—5iifeml
AR BARORUL, LS —Fr Bea RHDR R [0, O e O AT A — 1k, g
Gt TR AUR 202 3 BRI WIUAR I R BU%E TR LS RGEah 71 ik
LR HBCT BRECE R o 55— 2D R 0 R ) B ) R AN R A A B
71, ST AR, @ AR, FIE B BUE S HEWTE AR,
DA 2 SN i s L sh 2B, B 45 201 3) 7 73k SR A6 A il Re

2P B BB VR S AN 58 BN AT M 7 (10 Bt LA B I B PR, RIS A
FEAR I HER L WA BRI AL E RN L UL S Eh & Rk . (H A7
FEABCR R, Bl 77575 20 A8 SR B R E e« X 22k bR A0 [A) ) Sl B 1 5 K
B3 S5 1) o VG B BUHE B T iR Y T HEWT HINT it/ AE Bl a3 4 = R 45
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AREE ST AT AR B A A PR AT e e U BRI I 2% A SR TT VR B
PRI IE AN TS R B2 p 4, LA I G — B2 I 28 5L 1) GN AE
2o BB T HETE I R 2 R 7 RE I S SE A0 Neural ODE , P&
Rt oy i RS B 2 4 45 4 (0 BRI A d 5 (GRAND) AL SR % E R
225715 (NDCND. fJa /4 1 2 A I8) 7 510 8 b 2 S 3l 22 iR ik 4t
S EIETE, AR — AR R 7% SINDy PAKCRE HAET 2158 2%
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B3 Al TEAS 0 LR R ) F A2 5]

%3 E HINTIEBHR M) /1 F T EE

3.1 FEEX

A B ST R, - AERAVE R AZR, AR
LA, U

A S G EAT NG
Aijz{l’ WAL R A (3.1)
0, HAh
AR BRI E MG BAE B3R, RIS FAER T 50, T RoRE M4 148

%EIKEAU' = Oo
JENT 2 Ry (B BUEOL N2 SO — LR, AR
i 8 X — AN ELEET ] R SHERES R Ex: T > R, SRMENERGH—NHH
IR B B B T7 8 e
{"fi“) = @%@ wm®) (32)
xo(t) = b;
it e T, 1<i<n. ACRMKRIORS (Pl HIE), ¥i:R" > R GREH
T, ASBS A W57 HR A2 T 1 I Hoss 2 4 A iy IIE LR 6T (globally
Lipschitz), JfHW; @413,
5 X AR IR (g, X, 0, x0) Ty HAE T W B BPIRSRO: T X R™ > R™:

T ) IR 1€ IR (3.3)

= (lpl(x(r)),...,ll’n(x(r)))T LS (3.4)

AT E AR B 1) e N2 TOI TH] 7 B x (), x(E2), ..., x () IR R AL
YW, BEFPIAZERDAGESFRRGR, L0 <t <t, <. <ty.

X T ana3.2) Kl IR R, AN a] 2 3 o 2 3 B3 ) 2 — AN E
SURBIHIR . MAL &ty — 6 1E NI B (x () R E, oA
FRRHIL, EIS TR RIS L T A PR 2 MRF IR BRI, ARSI NESME A
WfwZE . MY SCER7MR G — NI RS EILZ R EIEY: R x X, - R,
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% 3% HAITEBY L RPN ) FHALF )

xl(t) = W(xl(t),{x](t)AU = 1}) ................................... (35)
Hrbx, c 28, XE5)Emx(OMUEHE A BIREH R, I H-5HAEREAM
Ky WO HT SRR R R A HES AR

3.2 @S

FEATTH, 5G4 200 BOR T G A A% - R 4 B A 28 X 28 ) ) S AR
AR R b IR AR AL B (6) G 65 9 T A (7] o h(t) 2 S B0 U0 5 A iRt AL
BT, FRa A ) B B ) S Rk 4 B R TR L, A
TR E A

3.2.1 ETHRIEER-FEIDEFIMHE ML) )] F R

FE P Z: PRI 25 1245 (I NDCND L P2 48 201D R — i i 2
ODEPIrh #R A — i WL IR bl - AL 45 2844 . £ NDCN th (fni& 3.1 P,
VR LA i dk fz: R » RO — Mt dsfo: RT > R, d € Z, R MYEE.
53 2 I 2 T BEANTT R AE R A (O) BB B A 4 g ) 5t b, (0) = fz(x;(0)) . I
Al e L

H(E) = fo(LH(E))evrrereerereneineeeseeineeisseine (3.6)

HAH®E) = (b (D, hy(6), o, by (D) fo: RS > REE—ANFIEEE . BARTH
Pl b 57 AT IR B e — B E Ik R, (H e BRI 7 AH Q8T s TRl B2
MaE .

%5 NDCN B8 BRSNS fes for fo PABRIMEBL IR 250 451K,
AT )57 2] 1 R S ARAE I B S W E A BT EAH TR, JUH ST Bh )
AT A IR ZRI o gt 854 AR AR B ik N B m 4B S |, A
A € R ZRVERS S LA CBRIRE R R A ) SR ATV 22 TR) B AR RS A A0 ELAR
F . NDCN 72 LA R, g ol el iz Ak ge i 2 (FEE 3.1 iRy
x — M ZRfEe > S 25 LS 28D
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X, 25 5
- 1
Encoder 20\5
4 :
LH, L _15 F—
- >< :
e 10 ] True of xq
' NDCN of xg
@ 5 E True of Xag
1 NDCN of Xao
DECUder 0 mi IIIIIIII II\III\IIIIIIIII\I\IIIIIII\I\ n \III: L L \ . .
* 01 2 3 45 6 7 8 910
Xers

3.1 ETFHRANERMEHZRNHFER NDCN

3.2.2 FEF)JTHER I =ANHEN

HRAE I8 FH & T e FEOS, w] DL 2 I 286 SRk AU 638 3 AT B ) 8] 7 471 . £ NDCN
AR IR N ZYE R D, RO BESE LA 4 S B I IR R A B . (H 2
XA BB S E ) ) B, BAZIHEE 35 A IR 3 /1%
FRE. BRI, ARSI = AN H TPl s 230 ) B R v
3.2.2.1 KBTI AEN

WA B B AL, 3l OCE A BRI 18] i, ) . ty, 1XEE
R B T8 R E FE AT A 4 2% e 1) S T WAL B AR o

YFZ NODE MHIHTFEEM, 2K B 5 I 2R A B S 1 Hais B 91 7 HE 2
PEAE IR A, X SR uE A W ) BB — 3 H P R s 2 AT [ 4 A 51
Ep s i YA ik i)

SRMAESN ) AR 5 b, S B R A B A K AT . Bk, B
BEAE AV A RS AR B TN, 4 BE B SE MBI A ST B8 — ANl 52
e Aty VE AR A A 7 AT DAAE IR B8 UL B[] R 2 &Ml HE A 170 < A
3.2.2.2 B IE TR E AR

— BB H YCNTE BN A RGUEIEAT S, BERE IO IE 8 1 B 2O A Lot e
LR AR PR T BE 0 7 e 580 70 A AT IR AT 55 A 0%, LA 3 75 2
55 SR B (R 0 [ 58 s B o BN IO B0 1 52 i 12 LA A ) R 3h A e
P, fEASCH, @i R K Lyapunoy #5845k B3 1R E 1
3.2.2.3 S T RRBER AN
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B Ja I HE DU i B AN 22 A AL - S E R 2 B0 ) A R 1 i S
Nl 2 B2 R A B . R, ARG N— MRS B 8, 8o —
M LR REREEOZ DN, TA:

D(0,X) = Xeveoeeeee e (3.7)
D(ty, (1, %)) = Pty 4 L1, X) e (3.8)

TR, teT o BAIEYL, S 71X () A REAEAE R T8t 70 3L
3.2.3 BTG-S KM A sl /) SR RLE T #E N 2560 734

ARSCEILAEFH NDCN RIS AT 795 7 56 T RN IR 42 30 ) 2 R B AE AE 1)
)8, FEMRH, NDCN 728 IR MEAT % R B AL T % Ff RNN+GNN £
LRI PERE (W STHR[7]HH R 3D,

Z I NDCN (¥ E, ASCRAALE grid M4 b5 UG 805 FERAB A
b 1 PP 5 B0l o B 5 2% W 4 ORI g 400 AN 05, X o Bk (R HE 1F — 4
MIE TR . vk, D:1 <k, 1 < 20V AT A, BT Av(k, DAk, )M
EHHN Ak —K] <1, 1=V <1, #a)3E0, X2EA 2 480571 8 1R
k. TEIZMLE L, TR O E S T EAT

% (1) = = 2Ny Aa( — ) oo, (3.9)
Hra 2y B 8. x,(0) W B N[0,25] FIMBENLME . EXie b, ZNleE T
AT Dl i B b R TR OR

MR F B A, GIEAERR T 80 ANANHN I I E) () R R RE AR, Horp

€ [0,5]. 1 NDCN YE# f2 A% NDCN B8 (AR EERE: Jy: GitHub -

calvin-zcx/nden: Neural Dynamics on Complex Networks ) »

3.2.3.1 E-TYmboas RIS a3 130 77 22BN B8 58 Besh 7154 K 35 Pl
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3.2.3.3 BT Ynhidas-MRAaR B3 /1 AR I X F RS EHEN

25t i
i
20} i
1
15| :
<3¢ i_ ___________
e
10} ! Xxo with t=0
: Xo with t=5
St : Xag With t=0
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