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A T - B e R R R R 135~37) ) i N R AE i 42 4, PRSI AL 22 IE WK 1AL 3518
AR B % APt . MERSEBT 48, BFE R ARGIalT . hae R, LRI EE K 5
B, PPE AR (0 TR 528, BB E R 24 0L g 2020 48 1 JTR, B RE RN
Gelili 8 (FIFR B e il 2 7) 724 BRE AL 2 W 26 BBk 85E, 8 1 38 8 B e R0 35 (AL 4%, AT
PR NS, b [ BUG R T 1 22 T A A% 4R (K 5K S T, JFEER R AT AR AR L K AR 3k 30
TR T BERMT IT, VAL AR I P2 1 i (4 SR F T 35 AR (AR 3k 5 00 TSR R G0 (A%
N5, ARHE R RS R TP AR IR R L S R R DL R SN B A A I R S AT #ER )
M, A B T B FEAT D9 IR s A R L. FELIER b, A S SN TARARAT N A ). —J7 T, e
BRI A ai ) B IERE RIS BB MAAT NFERER b Bl 5, SRR SR T8 BIE
FPEFRAT A 25~250: S —TJ7 I, A B MGG 0E 5 A8k THENUR AR, LS A% Gt om 76
S5 BT BRI, 0 TR AR Bl 0 2 M B A BRI FUA B A S bR S

SR ARG BIAMAAT HL R Z T L e Bk W 26 kAT 20 (7~ g B T ARR R G RO ER
I, AR LR AR B SR BT B A 1A HLR &R B8~63) AR A3 % R 5 B 237
X AR BRI R 2%, BUR 75 AL R A ARy o BT i, DI SRS M4
RERI LM 4%, FER I IEAERZI MR i 8 AT 8277 AT st 78~801 3l 20 45K, B
WZE R (R T GRS, R 2RI 2% 1 1) SR eI AL A LA 58 80 7122 0F 78 OO R A V2 U 3 2
wi B8] RN R AR AR AT N B % B RO AR FR AL, (B35 5 L 00 S 78 I 2 AR o ) A% B R AIE i
TR T AN R R SRR R 28 RGP R BARTE S B al. A2 R4, ASATa] 122 B
I 2 R HEAT, IZE BRE T M TG R XA M 2% LR Eh % —— M T2 Lk sh
T —— EIUEINEE B R il RIS LR SR AT FUR B, /MR R 2T DA
BEZE TR T T BRI P B VEAT NAE R G AR 99, IR T WF B IR R 2 M2 LS
SAERRRFE . U BL R R G EN 12 G, She T AL G skah 71 T Fe ik,

TERL RN ZAG R G0 b, AR ] BT 3R S 58 FL Y BRI 05 i A AR AE, [100~106] - fgif g, 4k 2 g 445 v (1) N B
WIS, XA NS N ZIE IR RS 2 AR s PR S5 R R T . BB R GUoR R 7%, &
E RGP AMRIREE R R N 24 A S5 A4 S SRR AE R R 2. Bt Fh i 2 SR b s A A R —
AR, TRAERFSRAN A 2 BOTL T, SRR ST 2RSS N 25 b AR F8 AT T 258 AL #6324
5 MRS IR S SRR HE B0 712 5 I8 SRR ELE 0 | P R A [1OS~1101 SR 52
A2, MIMEERAE RN RYE B SAm, MAIIAMCRA BT . REHEET), RN th B A %
HHAANARIERE R R (A ES) KRED. A, B SERERK/MAAM AT DAL A 5 15
W, 10 EL AT DA ST 5 8 LR R < IR, AT RIE 7 1 2% e g5k [V 1420 AR AT 1Y
HET, ARG T WOT 5 CRGeE R R, DURRR AL e ro i (181140, 55 —TJ7 T, 12 B I8 S %
BRI 50R, ARIEMEE B B SE A ) T 5 AR A ML R 18 [, Bl R 24 4
E LTRSS A BT R RN RAT B REE, RIAMAHR) SR ol M8 1 R P o e
), ZRAMARIERN SR T A RS (BRREE) 250, BHRZEXN R —— IS ESE. AWrE
HHI RN, MR T SIS R R G AR T A5 MRIE AT e R B AR 4, fi153)
ML RIS SR AR R BEVE . S VE RS ROk, PR S R I B R D A 1 2 )
FHMBINN I EIRE S, WTG1K T B RGN R 285 /17447 .

TR AN P2 L B S ) 220 0 B R 2R T iS5 LK) Monte Carlo 759 H6~118],
IR BT IR A B R A A M 4 AL SRS 12 R B R T i — 922 Sl R K B AT VA AT
LATS 2SS AL 3k B8 AL SRR TE R A, 5 B B R . (HR XA S e S M Rk
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FRIX I 5 2R AN B B, T LoD S IR KA 20 285 Do %L SRS o3 D10 ) AR 2 7506 A2 A .

BERT Bl AL 1 3 1 22 VR 2R E AR S 1k, ARSI — Mo i 0 A 7 ik, WA RRAT 9 5 N 2%
R R B 5. AFT Monte Carlo fli 5, AJ5 52 -1 #3728, WL FH7R Hahas k4
bR ) 5 A AR 1 R R AT EAR A B, ShA M 2% b AL RES) /)2 vl DL AL
NI NARIEEN 1% itk 8, BATRIL, MRS R0 T 3h &5 W 4 RS R A E 210
S MZT7 %, T CANG S AR 3k 3 10 5 (0 A1 BE R 7S X 28 S AR A A 3 3 0 22 (K 58 BEgmi. A EL T
SRRV, BATHR 0759277 LUA R (] 2 MU BRI Zh 25 X 2% L AL RRAT M.

ARCEE TR AR N2 B A RS ) AR O EAR I T, ASCEE M e HE I R B, RS
HIAE R 2 05 TSR ) ) S R A4k 2 0, JLK, S tHBERLI 540 4180 115, FREB e 2 id
f] Markov i; HK, PLEVRSAL . SR EEAE R AR M AT NIX 3 MLk ah 122 0B, o brsh M2 -
FIEREAT 9, JER I L SR 2 AR AT N Z B R & e, LRAGEh & M 4% T I 2R3l )22 5
PIRALAR BN 1241 5 R, I AR KK R TT 7.

2 FESEEBNSLNEREHE

ST A3 2 J7 2B O RS SR S G9m Bl 5. G AREA ST, BrR RGP A
PRIE AR E, 2 5 HABA R SRS FEAE Gumah b, RIBGMALE 5 QRGN MR Bt 2 v,
A RE LG, EIREN AR A SR LA | e b i A 8 52 B AR HERR I LA L R G B
BIsENE. DRLE, R 8 oo D7 REXS AR N (A% 3k 3h 0 2 2 1, 5 UL L AR AR AR RV E Ry 3 02 2
TR 7 RE AR AS A M 2% L B AL g 3 ) A AR Qi 3 1 A ik an T

2.1 EUWEBEHE

RS AL FE L FE v] B 1| 5h 712 (replicator dynamics) f#ik [123.124 G| zh 124 5 FE s TR S
NI ESRIEFER I (natural selection), BEI&EH TAEM RFWMIEH T2 R4, fEAEMBAH, “B” &
TR HAE P A Ry Ao, <Al R ARMAAH LL TR A0 1AM B i W s
S F RS R RREEH - P E 151 Lotka-Voltera J7 FA7LE AT ¥l 73 [\ I
Bt 0241 BT Lotka-Voltera J7 #27EMHT W 7T I T £ & (03 Jy 3Rk 1250 (Rl bk, S0 5 72
W EA FF W3 IR

SREWE (15BN 7 25 B A R 53 77 R 2 ) (123, 124],

T = xi(m — 7, (1)

Hrp, oy RORHME @ AT IVEEL, 7 FORZRMEANENEE, 7 Rom BRI T BIE N, AR
BESEME [R T I P et PR F P B L RE s ORI T n R S (00 3 I AR P PP A ML,
AR RIS R TR, — R, SAEIALRE VIA G, i th AR A SRS 1 2 B E.
TR, T NERL o IR EL I, %3l R AR R . RO R 7 R v A B AR A A SR
W Y a =1 BITARR (v1,22,...,2,) £ EIRAER RPN EA0E, RIX T 50,
R SR R SRS, AN =AY XIS, & AR D IAR. T, 2 2 SR N
NI, 205 RE R AT R AR A R %

DL 7 B ) — A BRHETE SUHSE (2 x 2 T35 Jyfpi] 0~13,126~1290 327 {20 e g i S £ 58 L T ¢ 2
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NS R R A
A B
Ala b (2)
Bl c¢ d

WR A EREMES 55— A MEHZE, B3] o; 54 B AMEIEZE, WS 3] b, K00, B HIgAMES
—A A MRS, 753 ¢ 5—A B AMETHZE, WG R . S0 -F- 008 B 25 Fh SFEmE 2R o 1) 2 52
ks, BT N R SnS, MEBERPIRSTH 2 =2, = 1 — 2o 5EEWIE. T2, AT
I MNA ma =ar +b(1 —x) Ml 7p =cx +d(1 —x). B HEATNE AN

t=z(1—-z)[(a—b—c+dx+b—d. (3)

BT z=0Mz=1XMWANFlA BRITEE a>c B d>b, Bla<c H d<bif, G5 3 P4

*

o= (1)

BTk, W AR IR 4 A 180,

(1) AL (dominance). FEBLTEIE T, RN FRIUVEFEAIATED, Hh R — 5008 22 B IL#E.
CEPNS HA L, SRR A SRR T B R (0> ¢ B b > d), RE R B ST A KR (o< c
Hb<d). F£HT—FELT, P 2 =1 ZFEER, TP A 2 =0 BARER; 5 —MIEL, WHE
LFFHIR.

(2) BEaa (bistability). FEUTEE T, a >c H d>b. s 2 =0 M o =1 #REEH, &HI
W s E AN RRE BT o .

(3) ILAF (coexistence). X a < c H b>d B, z* Z—MaEMFHE S T2, Flifn DIREE A
FKIEH B SRIEIRA TR, M 2 =0 o = 1 #ORAFE 1P 5.

(4) "t (neutrality). 2 a=c H b=d I, FrAH « X TEHIZ0 20088 E 1Pl .
RAE AL LB 1A R0 e S SR IR, (0 T IR AR R BEHLI AL 3l o2, e Fe A — M
T T A B L AE S L.

G4k 2 BN, T 0 6 B AR R e T DL B A . 3R 0 1 5 2
Nash A EVIIRR: IR Nash 28— € & E il 2h 11507 FER T 585 R E W0 1275 /M
PP 152 Lyapunov F25E [, W'E — € 2 IR Nash $945; SEACERE SRNE — 2 2 Bl 5 1122 1
LASRE T R SRS, RERRRFE (LA 3 7y A S BUE. 1m0 R A B 705 0 e 2B E VR
YR [131~133]

2.2 KREEHNF

AT L (epidemic spreading) #l) /7% 135,36, 113, 115] A= W i o) 3 2 vh ok 58 o |32 B A0
2 EAERR AL EAILE] « TR P 45 A DA % ) S 0 s o) SR 45 7 T AT LA L I AN (A
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2.2.1 SIS {&#!

AT R AR E 2 Hrp e AR 2 SIS #52 (susceptible-infective-susceptible model).
AR AR Lo DUAEAMA D NP — NG G (9), RERBE G AMAE; 3 —F NG (1), Bl
o BB G RAMA, b, Gt 5 e e DL — € O RE 2R A8 iR et s T Ik e 25 I AE AR 57
— B A) S R, BN 5 . AR SIS AR B R EAMEA T AE PR, T2 S SR R
RSB B JR o IR v, A0 R 2 d it ANk 2 18] (8 fil 58 B . i, 5 @Ak
i IR A, 0 UREER o BAE e, MR MU G, i R v R S(i) + 1(5) — 1(3) + 1(j).
PG ANMA o, R RERE R 1, 20— B A5 2 A R 5 B, % R AT iR N 1(0) -5 S(i).
B, FEFEARR R KIF AR RE (well-mixed) FITEIE T, 2T EAEH € (mass action principle),
IR EEAE AL TT DU A0 R 1R i R A 2

{ds(t) Jdt = —as(t)i(t) + ~i(t),
di(t)/dt = as(t)i(t) — ~i(t),

o s(t) Fi(t) RN ¢ B2 5 B R I B B REE] s(t) +i(t) = 1, Rk IR FEA M H
HEAN 1. APHRERE®ESE =1, T4, SIS HAAT fin N 5 FE Rk

di/dt = —ai® + (a — 1)i. (6)

()

SO REI B 2 AT IR 2k

()M 0< <L, i =0 Z2TEME-WAS A, H2ERWRIT

2) B a>18,i=0Mi=(a—1)/a NABNE, I i=(a—1)/a B2HWE]IT.

BEAE S o BUARIARAL, BIRIRSEMEAE o I 1 IR A T B0 B2, XFILRIRN
“FH72” (phase transition). HH1, o = 1 FRAIGF A (critical point), o > 1 FRAMINE I (supercritical)
1B, a < 1 FRAWIGFE (subcritical). XFF SIS BEAY IXFAIAR B R ] B MR A 44k Gt %A%
TR HRN, RGP RS BATH R R, RMEJFER KT REER, RGETIRRHE R E LS
R NRTRNE, HAZE2HHE &Rl R AE KM oR, IR T 1. ZAHRI R 24
i SIS AR rh i oy L B H A A4S

2.2.2 SIR 1&#&

SIR #%Y (susceptible-infected-recovered model) & 73— F R ZI HIFLAT i A% 7k ALY . AR %
PRI G SN, B RS 3 J8MA: I MA (susceptible) s #EALHIMA (infected) LU B
HHAE (recovered), BERAMAMBIRARAS KR JG TRAF 74 THIR A 77, A mgkde. il 5%
o BURGE UL R R FH AR R AT SR 2BI08 S, T AT R, SIR MR E) F5 AR i~ J5 R %)
i [134].

%:p(l—xv)—aSI—,uS, (7)
dl

— =aSTl —~I — ul

3 = oS = —ul, (8)
dR

I Hev vl — uR, (9)

Horp, p oAU, o R PEIMERR, v Fon PEIIKR R, vy AR B R GBEAR G R
HILLBI. Ry AFEAFA LR, 78 STR BRI A RAL IR R 5 R R A LUE, RILPIRASRIAE /1. MITHE
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(8), BATATUMEH Ry = o/ (v + p). W Ry < 1, W dI/dt A, FEIRAREAERE. SBHALLE (S, 1, R)
Fasght, i3] S* = 1/Ry, I* = p[Ro(1 — xy) — 1)/a, R* =1 —T* — §*. X+ I* >0, \fLLRIL: 4
HARGIZLLH] 2 < 1 — 1/Ro I, IR IR IR, 2, oy > 1 — 1/Ro B, B H bR, Bl &% A
N33

TE SUBEANBEA E AR 9% T AR B IR 2N d(y ), BT 5 G2 %A H SR s 71 HoR B
AL IOAME, S5 A TRATOAE T BA S BYH B S* = 1/Ry, RER §* = (1 — 2v)[1 — d(ay)] K
3. Ik, TRATRE|

l— 21— #HO0<ay<1— 4,
d(xv) _ Ro(1—zv) |4 Roy (10)

3 MBI NE

HIARARGH BAMAE, I B2 B B3R RIS — AN IE @M 2%, W2 )75 s AR R g i
A, WA RRARZ A BB Z B FEAN SRR, @ XN S aECN N, WS ECH L.
WA 28 T SURRAS I 6, Ho i EUEE B REON 0 MEEURS {1,2,.. 0} BEREARES @ 9
RO T R EICN . € X i NERE  IRENMES jORESMEML, TR, Mgt 22 H
h=n(n+1)/2 MEExRR, BHRES

= {ijlt <i<j<n} (11)

BT FaRX T E 2 2840 R G 1) 58 S, FRATTHE 21T D28 0 41 B E A

51 B BEHLHAE W28 ik £ — Skl AR — R, IDIX IR i € S

2 D KRB UIMER Ky WiT;

53 0 I i WoOT, WIAEPIAN S 5 ¢ A 5 AR BEALEEL — A, 188 s € {4, 5}, FREMZE AR
5 %%@BEE‘JMZFSEP%W&%~’]\5 s FHIERE.

RSN 1 B R R (1) WS TR AL B SR, TRRCIRES AR, B (21, 20, .,
zn) TREFAAE; (2) WMZS TR B RENLIE; (3) BARLIETER G 2 0H — DA, (4) Wi
SMBURFEAAS, T2, M1 20 /N & TI_J?%?E%I\E%L%I'#M%EKEZ

ST T HE AR I s 1T R E ¢ = 0 I %, AR T 1 B L M. &
I F9m5 M 0 B934, 38 © = i, HbE XVIGAE. 230 © E 1 A 23RN T3 5 A Wi,
JE X it =40 0 AR 1 B RUH W, WA — SR IR e R, 10 IR SRR A it kAT
AL A E S at, ¢ > 1. B it RRE N T, 5 TG € S, EEBECH T30 MEHET,
TG 5 T3, k=0,1,2,...,t —2 T, Kk, 7@ z‘%~%§7&4ﬂ<*”lﬂ S, ) Markov 8. & Xi%
Markov 85 VMR MEN G, ZHEBMRIEME G N hx h BYJTEE. 35 it ER %) ¢ Rk R (B
N (L —1)/L), Wik it 76 ¢ B ZRERERE, T2 ot =4, H TG = 7@, ik, 7530 o Rk
AR, RS AR P N AR 1, 5t ERTZ ¢ g0k (MEROA 1/L0), iC SRR MR AR RN V.
TR, R G=1v+ L.

TR, KT SR AR MR T Viy, zwy 20100, Horb XY 23 5 ROR EHTRT LK P AS
T RPIRES, KA, Z, W 3 5 2R HOR R A P AN AR

(1) & {X, Y2, W} =0, Wik it 5 it B A /L XK SRR A A DS ¥ e,
B, BEHIE T H Vixy)yzw) = 0.
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(2) HAX, Y2, W} = {X}, RER—RHE, Bk X =2

(a) &Y #W H X £V, JFil =1 FEFERW ¢ A HCE =AW 5k - DU
B kyy W, BEJE, 14 41 FORESA X T SR (DUEZ 1/2), 1% SRR X OIRESME
H5RGH 5 RERN W MEHIE (DR ow, b oy 2 WOIRSMEERSGPLLH), T2
Vixyyzw) = kxyrw/2;

b)) &Y #W H X =Y, JFid ¢ MEHEML ¢ FHAE —ANAT A R i DR
kxy WidF, ZJETIRIEFRMANTT R, FORESIIHN X, B Vivy)zw) = kxxaw;

) #FX=Y=27=W, WAalge 2R it EAWTF (MR 1—kxx), SEMERD ¢ WiIT (U
B kxx), ZJEHIET I R G A —MREN X ARAEERE (DB 2x), FIE Vi xx) =
(1—kxx)+kxxzx.

B)H XYW ZW={X, Y}, AR, & X =2 Y =W H X #Y. HEBMEHEE
A —1E, FTE0 Vixyyzw) = kxy (mx +2yv) /2 + (1 — kxy).

R T FFEBMRERE G FEARE T ¢, I, T &8 5% Markov 8. 2Tk, AL
WERA, 2 T 2illxyes, kxy # 0 B, G FTAT R Markov 8542 AN ] 29 3E FE 1, HL& mradfifry 1800, i
I, fAEME—I0 G RSO A

Tij = a(x)(2 — 6ij)xix;/kij, ij € Sn, (12)

Hr) §;; /& Kronecker Delta. % i = j B}, 6;; = 1; 501 §;; = 0. 2 = (z1,22,...,2,)T, a(z) =
D ijes, (2= dij)x; x; [kt > 0 BH— L

ML RGN SRS ECE N n I, S S, P 2 AR i B Markov B
RS AR, St TR 20 o nUEn) S5 R (RS AE (A 1 EI’JEEFEHEWE XFTIRI n, FERERHCN
n?, BB EERE, GEEXEU\%T%WF“E’J%{EWE U, A I IE B Markov B35 & 40 BT 17 4%
7 Qxv.zwymxy = Qzw,xyymzw 139, #E— B RKMERIREEH n TS0

EEgin E’Jt*/\’\iﬂjml_‘lfﬁﬂi?l\ﬁjﬁj%ﬁ?ﬁﬁmﬁtﬁlﬁ%*lﬂfﬁ'lﬂéﬁ*ﬁﬁﬁﬁ’]th% 1E
FaASH, XY BRI FI%E E(Nxy) = Hrxy BT S50 FR5, X T no= 2 BIEGL, W& RS
HIE PR A FPRAS I AME, So = {11,12,22}, &Fhik Tﬂéﬁ%?l\xﬂﬁ%ﬁ?ﬁ%ﬁﬁfﬂﬁH.’A? T etk
A1 EMZET PRI 2 B AR R R AL

4 FEME ERERNFE

4.1 EEEK
R EGAEAT NRRIALGZ 21 tH 20 i 5 B R} 2 ) f 2 — (186~ 1451 7R3k 2o e N AN 28 L
AR, SRR ER B S B LR A AR SR, *ETEE%@T%E@ R B A AEAT N2 ok
TER G IMILAVREF ). SRTM, AN, SAEBLR) 2 A AE T B AR MRt oo IO A2 ik A1 25
RE GAEHALRIHLIE DL SR S VR B L.

ROk, BATRHNFERSE (prisoners’ dilemma) iR M4 FRIE/EEL. X BIRAZ H A M 2%
AR ) R B, BARERE S WO [111). /£ RGEAAIPIGER %, & L — 5 s
oA N, SR L IE@E ML, W2 BT SRR AME, Rt 8 R, R RS 2% 3R
TEANMERE AT EIRES: &1E (0) BiEBE I (D). UEESE (0) BRIGIES (C) B, A MRS
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Wi 1; BEEE () BRI R (D) B, SEEWE RN 0 MERERTEN 1+u, HP o<u<; Y
BHE (D) BRI RE (D) B, ABA1% BRAFIES u. XTFEEITS, X7A1E U7 R &
(1+1>u+u). 2800, WMEMBEEE, Tt J7 R DU R SR, 1 5 A SR i a2 R T A .
I BEHAMA SRR I X ARIL AR AR 25 5 AT 25 (R I ph 2R

W28 RIS AS A AR B—BF 1, DA w PIBEZRIE R 28 71 il (M) 34T SRS SE 4T
PA 1 — w FOMEZENT 2% 0 04T ST, ESRMR SRR, 5 Je AR — 2534, i MmN N a
A b, ME o MR {1+ exp[—B(fr — fa)]} 1 %20 b HISERS. Hor, £, RAME o 155 H TG40 E 11
ZEH T RAS I B AL, B L B > 0 NIRRT, RALIK AT 22 F MR PSR S AR B XTI 28 46
FNTEHT, ML REEE 3 TR AU BEAT. B, BT W s ) s A PRORES ¢ 1 D, Bt3ts 3
fhil: cc, cD 1 DD.

M ow < 1, RS SRS EAIE T NS TR T AL, 4 RS ) SRR T AL I, X 48 3R
N (LHEN) CEEBIHAREDAN (reo, mep, mpp). B, &1E#F (C) WP ERGNIA ¢ 4
PRp R RO ¢ AMEECE -

fo = LR2E(Nce) + 0E(Nep))/(Nac) = 242 % : (13)

N
fe

FH, W[3EHRE (D) 1-FH B A

fo = L((1+u)E(Nop) + 2uE(Npp))/(Nap) = 2kal) (1; Yoo + k“ xD> .
CD DD

(14)

fo
FELLRER b, 23 A7 SRS SEHIN S AR KT o M. B2 CD JMUMER mop = alz) 22 ik
o, WRAZIL R C SEIE Y R ] D OSRIEAMAR SRR (MR {1 + exp[-B(fp — fo)]} 1), WEAEAKF
o BN ve — % WHAZIAN D IG5 2] © FIEAMRR IS (LU {14 exp[—B(fc — fp)]} ),
WEAEKF ve BN ve + &. T, GTEAT AREA 77722 146

o = a(w) 222 L tanh <5Lfv<””> (o - fD>> | (15)

IRFAHETTRE (15) HIA AR L — T Nkep(fo/p) > 0, ZIRAF A ST RE A

a(x) tanh (222 (fo— fp))

T 5 AR FRITIEAT 9 AR, i A AR KT 3 A 5 R AT el T 2

zo =zc(l —20)(fe — fp). (16)
ZIT R N A E L, MR MO RFEE ) TR
- 0
M= (’Iii } ) : (17)
kcp kpp

I, A TR B W 25 L AR e DN A PR35 20 i ) AR A 30 70 2 e A Dy i B R L Y el 1R 2R R
(17) iz (51 SRS K B B 1%, T2, 2 My > My B, B

w<Fep 4 (18)
kce
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GERBLREN. SASREY, 2 OD LINHANREA, 5 CC HHITHLNER /N, 4 {F
B 5 BN RATE SN, 3 2, T DAERARA £ (3 5 A M 2 MO A T IR, A T4, 1%
S M2 T (078 2 PR AT R R S 00 420 0025 R

4.2 RITHRR

LUK SIS MEALRAEFEAR 780 TR A I 25 111 T 25 FE 0T QAT AL 4. (B /R AE LS T ) AR 45 4
WA RN, BEARGAAE A EAS I, T A B i [ AR AT AR AR, PRk, B FE 2% 4 4h 3
5 SR RRSN ) AR G AR B 7 — AR B ). AR A R, AT LR 4 dh 4
S5KIFE R IR BT A I TIOR . 2T JRATTIR B X 28 $h #h3h ) 2B 8 AT DL & EEECAN R P 2% 40
NG5 T A F s g (1181

SIS #5745 17 27 I R 2A 38 A TRR N F il FE (contact process), ‘B & —FHTEL € M4 #h &5
T 200 78 £ A 2 TR AR R MR 2. X BLRRATT 45 tH 3D A W28 L [R5 1% 1k 30 70 5 1 £ 4518,
BRI REZ WOCHR [113). 7E RGEAIVIGE N %, B — M-S N AN SR p 2%, I Bz
WFIE DY ko BT AR — MK, AR B AT 49 BRPIRAES, B3 b T 20 BORAS. FRATH Ny &
NEGEREH, TN — No A5 EFIEE, BT 2 w16 7 i 2 BEHL. B Z1, &
GUMER w BATERAETRIRS I E . £ RGP AEIE— N EGE o, HIEH o BIER k,, W o DUE
R s BRI BRUMR 2, M o AR BIIUER —MA0E & b i, Rz A0 )E 2
Oy PR AL IR FAE KA IR E A S O B GF, ML R AT A SR 20 5 FPRAS. FHM
(1), RELIMES 1 — w, WKIEEE 3 AR PR 2% S0 Fh 24T TE BT, 72 SIS ALk, 2875 f A I FIRAS
S AT, ML A 3 MRALIL: S, ST AT

M ow < 1 I, RRAERRE T A, AL RR I, 230 4 C 4k B AR /0 A
(mss, s, mrr). WL Ngy N ST B4 W

Nk
Ngr = 77TS1, (19)

Horb Nk /2 fE M2 a8 I8 BRIk, SINMIZ3h N 1522 Ja ¥ SIS AR R DLR 4 7 REdEAT 2

di ko
= — is — ~i 9
at ~ a(ks " (20)

$orb, (i) A AT —LHAL, bsr A S A T 2 IRONEARER. IS — e Sk AG), AT
TATLAIAA, 6 N 7391 T LA S R R . ML T B 36 (R o
223 SIS B, 4547 AG) 1) SIS BURLELA S8 R 3 1030 105t (B ANOEAAS). 76 BRI 0 A2, i
S A() FARRAERI TR b BB, TR I BOUBRHE S HOR . [, BRATFFIR 07
AT SR AR A R AR T — RO L R,

LA, RS I 4 T T 2% 0 0 2 A 4 S TS O, ity
SR E 4 B DR L ELUL LR, Wb B 15 5 Bt 2 VBRI B 22, SR B RS, AT LA
RIS A6 TR, K kg, B 55 R 5 R 2 IO e — R A7y T TR 3 —
T, BARS R 5 S 2 IV (hss), MBRIE LR, IFDRETT LMD S 5 18 2. IF]
AL . CERERTRTRIETT ST b, R85 1 0SNG HEAT I R A OB, {H 50 2 M 200 3
V. PN 1T BB DBk U, (T W OB 11 01, TRBERIK ksp IR ROk
BHHD ks, I RIS, RAVEDL, 5 2 FORwG LS | 0SB0 b, AT &5, 25 1 Bl
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B R AE 46 PR O R e ¢ B R BTN by O LB, TS5 2 e s o
R 25O A4 B R 0 T BRCR.

4.3 fLEBEEM

P AN 7 L AL Gl AL RR 1) S 2L HE T, ST B R A R — M R M4 — 7 T, R
B (WL V) T BEAE DRI (AN G Pl v, RIS, AAT 1320 n] Be B2 A 40 % v e P i 2 SR R F 52
Wi (MR BE S| S AR ANESE), IR B IR P > 05 53— J7 THD T AR W 1Mk, AT RE
I AT PIREOL. —FB 0 MA S 78 T8 B Fe Ao P SRk BOREAR S e T ()RR R B AR B AE L AR o,
FEATIAS T3 AT AT AR AR, FRATFRZ NI E 43 (successful free-rider), 1d N H. 73— Mk
MR BEHIR G, (10 1), FHARIRE BB IR, 128 C > 0. AEAFEE A RS Fp P T
R GBS, IR 5 S BUR Z NG ; SR, S MAY DA EF L, B R MA AT e fede
IORBE QTR AL, T S BEM/KF TR, LRIk BHEdL e 5k 1) B ik, fad At
PAZA. FhEBEMAT AR — AN W RO T e i 70K 2 2 AR RS 4%
(1), 25 B& BIAMAIA AL 23 50 SIS I AR I, DR, AL 2x W28 S04 BhaS TR B IR S e et /K1 B SR 2 E
FOFF R R, X BELRAISS ) A W 2% i) B A BT IS 2 A8, AR S
SCHR [115].

TERGNIIAN Z), % — TS ANECN N BN L HEERZE, 2% g5 mARRAME, I13R0R

(I). T, Mgt 6 FBRRL: VV, HH, IT,VH, VI, HI. f—Z%], 25t0h w FIRER B3 S K
s LA 1 —w MIMEZR I RS 3 ST AR X 25 0 2047 B8 8. SRS SRR AN . 7EM 4 Tk — 4%
W dg, FEALTARIPRA BREIE—AS o5 MR, 55— NMEN 5. M 0 DIEZE {1+-exp[—B(f; — f:)]} ¢
52 G BISRES. Fodh £ R AMA 0 TE S BT AR R AR R AT RAS R R AR, B > 0 NIRRT

ZARR R AEAE 3 BBl S5 ATIR BN J15F . LR85 L RS 2 )%, X 3 BB I E R
Gu e AR, 10, B E R R . RO, WRAT I BN 1 5 U e W R 1 T
AMAR Y. b, FANMEESE] T E B RIUER. RG0S AN G R v g TR AR 2 T AR A L
R AR. T AL O3 2 3 $h 3 12, RIVFRATTHR H FR 19X 4 P 1 SRR U, 4 B8 28 G 1) X 4%
GER. B, FEAMRIRYE E CPTIR BRSNS . FH SR DA AT R AR T T BRI TN,

NT MR, AR H MR BEE B 3 A3 J = AT R 8. 2%, AR EH
JE TR W B, 0 A 4 A B ARE IR, IXHE, RIA T HE (10), AT 3 #iAME (v, H, T) FIELHI
FN AR T A LB ek . Ok, FRATTER MR EAT SRS BT w < 1. IR, U
PRHEAT SEMS ST, IR AR N RTEAL DL BARR RS IXBE, AT LK X4 F0 b rb 0 S R R Ll R R
FERhys v AR LU R R B RGBT 2y BOTEAS, FEFEDL R 4 PP — REFh
Pif@ R R, R Ad BRI R P B L e, = R v M Ay R L i e e e s 1Y
SRR LI AR TP A R A DA L PR UONG: 1, VH ALL ryy MEERBET. SRS,
VH A ARV AMELL 1/2 BIERPEREHLIE . $ R K, R AME vV BL {1 + exp[-B(fr — fv)]} !
MIMER 25 IR H OIS, ek, FoATTAT AT 308 W B oK P AL i B oy g i 0o,

1 ! S :
v = VHQ1—s—exp[5(fv—fH>]Jr VH21+eXp[6(fH_fv)]
1 ' ; (21)

1
VI T exp By — /0] V2T exp B — )]
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Hop R AMERIWEE N fv = — P, REEFIFERNMERIR N fr = 0, KRR BRI 25 N
fr=-C.

STOTRE (21), FTBAKRIL, BEE kyg B9EER by, FEAS, BRG0P B0 v EeRh KT . T Wi s e
kvv,kuw, ki, kpr FEARMEE M BIACE. MR SA O KT W RHEF A P i, B B R
FE B (BGIN, FERh AT FEAK; B A C /NT PRSI AS V Iy, BEE BRVEREFE B 3G, Hfh

- ! (22)

Ry (1+m)_1’

kv

Sorh, Ben ST RS L > 1k, IR IR A E T R e R 5
FRIRHE ST I, S LY 1 I, BURAECE R 2ol I, SR TR ACIR L% 1 — 2,
335 15 4R P L BT R K AR S (199 ST 1 I, S S i SLEO B, S R TR
7, FERCT IR A S R B B R R R T, e BOAR AT Ry W, SCREMRAAE £ 0 AL L

WRARE TR 2 IR b BRI A oD . R 25 R 57 1 Zha M 2% B B IE et e N 5 4 ik
ML LA R N A AR A,

5 BEARIEML LHEEENNFEXT LR

E3R 3 FhBhA ML LA IE SN 15 o B T R SR RMEREAY:

(1) WIERIZ, RGP AFAE — @R 4%, L RAGRAME, LRI SR R,

(2) B—WZ], RGLL w FIBEZRBEAT T mORES R, RIRIZ5T moRESHL, BL 1 — w RIS EEAT
LSRN S Y

(3) SRAIASSLER 3 747 i #9100 2% 4 1 ST R

(4) P EEHANE w < 1.

R (1) F1(2) RBhAMEs ERAE RS )7 1) — BRI, R (3) R—ASTT AR R, 34T
JIT ) I 5 P D S TR 75 1 AN R BRI A% 3R 30 0 2 A W 4 P D ST (3 g 2. Sl e B O
— I FFEI AT Markov B, A 1S BIA FZRB L AR 7040, JF8 7 th A Al ) L) 1 b T AH B2
AEHI I — R LR R (4) ZORMEIH (1) BT T35 RORES B0, BRI RORES L
I, M2 Hh N CIARIRRAS. W R (4) 1530 80 % Fad 1 LL B T T SARFRAT T 2435 5 R, JE AN
B B B AR AT R EE AT .

BIRGVREL B RE I B IR S i TR 3k a0 02, (A5 1E S B B A e AT e 2k
FAT AL T 2R B ) (evolutionary game dynamics), ML Jei i A e fiid #2. —FH e E B
BN R X T IR R g o AR AT SR TR AL LS R 05, BIPTASNA, BRI
FITRE N I 070 J7 RS ST AR Gt e AR bR 1 e % Jadid K B B R, e e LA
I, T B IEATEAZBAT )y, B IR AR ). e85 B, 0 T ahas g b SEns i L 5)
1%, B3N 15T R B TR MECRAIE T I E% 3R 3 — B R 5 FE AL M S A5 P 45 L 1 S T A0 e AR PR
178, X T ahas Mg b RL demish 1152, Fah 12207 BRI AR ARG 0 — AL R 7 X o A 4k 50 1 2
IR IR AT I e RS

XF LA AEAT 9N B I G BERE AR B M AL 3R 50 g2, BARAAT T s T ik T O s AL R, (B3
TEEZE R W TEEAT 8, SN T “afFE - WhE” LIRS, ITTRE 1 S-S 2L
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SRR S R AR L] RIS RS2 1 T A MR RIS, 5, SOV BN @ MAudE 5
SN j A RIS A R AR IE BUARATT R SS B8] 1/ ki W2 EE R ANDONS T 99 N PR SRS R 1 5 R
X i 22 N\ 2 HESRE R RS ) T R S B R I, Bl A I 2% I 5 i S A RCE B
2 R A B LLAI, XA [ SRS 144 1) 39T R Wi o ¥ AT 2

FATFI B A M 2% L B AER 30 7 2 B o M HE SR AT LU J& 21 58 9 R I8 70 22451, 97T BA
25 VM B AR SR ITLAT 70 A, LABhAS M2 RS VEAT A RITRAL B 122 ], JRATTBE AR SR s A
R AR E YRS PHE R R4, ZREFHZILH— T R, %R 1 — e BIBERRA]
AT SR RN 2 30 53— AR RIS, A e IOMEAR D00 28 53— SROm. IR (0 SE W RN, BE5 & T
)7 (imitation) WHRE THRR (exploration). Hrf, BEATAPRR 73BN N T B IR GEFEIE P IIEH S
ARSE. G SR PRI /N T 8 0 0l A, AR BRATTR B Y 0 0 2 3 1 SR RN, T DAE 3
A AR AL T R

)xc(l —zc) tanh BLa(x) (1—2c)? x%

kep N
Woe = 0 B, FEMIE LT RBE AL RS T S HU R ISR A TR (15), 4w < kep 1 R,
D RRAFAE M — [ AR 0 2, T2, R AWILEI 432 &S A M E S I IRA, 4
e = 1 I, SEWE T T 5E A F4RE (exploration). SEBSHAL HFLIBILA vo = Q2el® _ 2o 4

kpp kcc”

% € (0,1) s&ME— IR E P i, RS IE TS, BESE RO UKL R, ik, 384
RHER ¢ TTREUR - FAlT m A B R AR E . WUIE AR, 7278 ¢ € (0,1) 115 Em& 1k 8 77 2 1) 5 FEAT
TEZA WP AL BhASIES 3 TR AR R & 1Esh 5 n] DURBLH 38 B3 15 i, A
FriE— LB it g, VER R, BB ) SRERGE AL S J15% 3 R Ak Lk ah J1% . BT
AT IRE BN )%, B EIRFRE 3 )RR Bk, (R RATIT 32 M 4% 3% 30 1 %
IIMT TR I A — A — B ARG 5 R, ki nT DA S gh s ) S ST AT N A

BT ERATT AT 1 I Bh A W 2% B RIAL 3RS 125 A Tk, AR AAE W T L7 T R0dE— 22 R AR
(1) AR RN 30 J1%, Te4 s T RIREALE, R 78 7025 FE AN AR 038 B X6 X 265 1 41
BN IR, DR, 2 RS T A ()12 B P BT AR A% 3847 9 B S e & — MR U
B2z (2) R A 78t 6 NBEFE S (crowd control) 4§ ] @HEAT#R 1), BA H BRI E X,
(3) BESLGE—IBhAS NS AL RES) 1B A BT HESE, A B4R /R sl W 28 AN R AL 3k 2 71 5 2 1]
IR AR, (4) FIFHZEIR T, B BARR AL R S, TR SuE At 72

ze=(1l—¢

(%ﬁﬂ%{ (23)

kpp  keol’

6 LERIE

LIRSS BRI RRS) 1A AE SARAT NTRAL . BB 5 B IG f ) S U8 A T IZ LA . 3))
AW BRI RET R M SR8 )5 SRS ARG, R SRR k. AR
HH P2 SR AN BENL S o2, I TA) ROBE 73 B S0, K shas W 2 L A% 5 3l 7 7 e Al 22 i AL 4 3 )
5, kTR 22 AL 38 3)) ) 57 07 R 5 5 M F000 3 25 WX 28 S5 i AL 3R 3 D) 2 i s RO, AT A
SNBSS LRSI DU PREIZN 4T A pe vk 900 RAT R 18] S — R AIAL 1R
TN, T ERE RGN, v LUK sh &AM 4 B AEI#A 2 E M4 (dynamical interdependent
network) 1481 FIZJAEE S (dynamical set) M7, WE% 4R FME) 775 1T DA e o T B A B A
TR 401 2% BRTR, FRATATHE H IS 2% b 0L 3830 /) 22 BR o ST AE AL, mf DAREATT it 72 307
W& 11K 2 AR5k 5 1524708, s 2 A3k 3 )22 S M _ERIEIRS) 122 58 &

1725



T IR ML E AL ARAT T

SRk

1

~N O Ot W

10

11

12

13

14

15

16

17

18

19

20

21

22
23

24
25
26
27
28
29

30

31

1726

Qian X S, Yu J Y, Dai R W. A new discipline of science — the study of open complex giant system and its
methodology. Chin J Nat, 1990, 13: 3-10 [iﬁi?ﬂ%, FHot, By, — MR TR RE Rg A H
g, HRZRE, 1990, 13: 3-10]

Guo L. What is systematology. J Syst Sci Math Sci, 2016, 36: 291-301 [5&%’ ARG RN 4. RERI S,
2016, 36: 291-301]

Mitchell M. Complexity: A Guided Tour. Oxford: Oxford University Press, 2009

Bar-Yam Y. Dynamics of Complex Systems. Reading: Addison-Wesley, 1997

Wiener N. Cybernetics. Paris: Hermann, 1948

Wiener N. The Human Use of Human Beings: Cybernetics and Society. Cambridge: The MIT Press, 1950

Guo L, Cheng D Z, Feng D X. Introduction to Control Theory: From Basic Concept to Research Frontiers. Beijing:
Science Press, 2005 [?B?E, *%’ﬁﬁ, L P S Sg: WIS B SRy, db e $+#Hjﬁ&¥i, 2005]
Cheng D Z, Zhao Y, Xu T T. Dynamic games and optimal control of logical dynamic systems. J Syst Sci Math Sci,
2012, 32: 1226-1238 [(FEAURE, BAEE, 1R, WAL IR SR EE RGNS RGER7 5507, 2012, 32:
1226-1238]

von Neumann J, Morgenstern O. Theory of Games and Economic Behavior. Princeton: Princeton University Press,
1944

Nash J F. Equilibrium points in n-person games. Proc Natl Acad Sci USA, 1950, 36: 48-49

Nash J F. Non-cooperative games. Ann Math, 1951, 54: 286-295

Maynard Smith J. Evolution and the Theory of Games. Cambridge: Cambridge University Press, 1982

Weibull J W. Evolutionary Game Theory. Cambridge: The MIT Press, 1995

Cheng D, He F, Qi H, et al. Modeling, analysis and control of networked evolutionary games. IEEE Trans Automat
Contr, 2015, 60: 2402-2415

Lu K, Jing G, Wang L. A distributed algorithm for solving mixed equilibrium problems. Automatica, 2019, 105:
246-253

Lu K, Jing G, Wang L. Distributed algorithms for searching generalized Nash equilibrium of noncooperative games.
IEEE Trans Cybern, 2019, 49: 23622371

Zhang R-R, Guo L. Controllability of Nash equilibrium in game-based control systems. IEEE Trans Automat Contr,
2019, 64: 4180-4187

Zhang R-R, Guo L. Controllability of stochastic game-based control systems. SIAM J Control Opt, 2019, 57: 3799—
3826

Wang L, Fu F, Chen X J, et al. Collective decision-making over complex networks. CAAI Trans Intell Syst, 2008, 3:
95-108 [0, tRE, B/, 5. A4 AR, B BE R G243k, 2008, 3: 95-108)

Cheng D Z, Chen H F. From swarm to social behavior control. Sci Technol Rev, 2004, 22: 4-7 [ﬁ'z’ft@, B/iﬁﬁﬁiéﬁ M
RER A 247 . BHECTIR, 2004, 22: 4-7]

Wang L, Tian Y, Du J M. Opinion dynamics in social networks. Sci Sin Inform, 2018, 48: 3-23 [Ejf,, ¥, #4
B tE Mg EEE 5. hEREE: FERE, 2018, 48: 3-23)

Watts D J, Strogatz S H. Collective dynamics of ‘small-world’ networks. Nature, 1998, 393: 440-442

Olson M. The Logic of Collective Action: Public Goods and the Theory of Groups. Cambridge: Harvard University
Press, 1965

Skyrms B. Evolution of the Social Contract. Cambridge: Cambridge University Press, 1996

Skyrms B. The Stag Hunt and the Evolution of Social Structure. Cambridge: Cambridge University Press, 2004
Wilson E O. Sociobiology: The New Synthesis. Cambridge: Harvard University Press, 1975

Minsky M. The Society of Mind. New York: Simon and Schuster, 1986

Diani M, McAdam D. Social Movements and Networks. Oxford: Oxford University Press, 2003

Etesami S R, Bagar T. Game-theoretic analysis of the Hegselmann-Krause model for opinion dynamics in finite
dimensions. IEEE Trans Automat Contr, 2015, 60: 1886—1897

Tian Y, Wang L. Opinion dynamics in social networks with stubborn agents: an issue-based perspective. Automatica,
2018, 96: 213-223

Lin X, Jiao Q, Wang L. Opinion propagation over signed networks: models and convergence analysis. IEEE Trans



HEBYEEREE B50E H 1M

32

33

34

35

36

37

38

39

40

41
42

43

44

45

46

47
48
49
50
51
52
53
54
55
56

57
58
59
60

61

62

Automat Contr, 2019, 64: 3431-3438

Wang L, Wu T, Zhang Y L. Feedback mechanism in coevolutionary games. Control Theory Appl, 2014, 31: 823-836
[Fe, FHE, RHa S, L b e b SOsLE. fEHI B0 5 R, 2014, 31: 823-836]

Wang L, Cong R, Li K. Feedback mechanism in cooperation evolving. Sci Sin Inform, 2014, 44: 1495-1514 [Ej{’], M
&, FR. GrEEAH RG], P EEHE: 5B, 2014, 44: 1495-1514]

Dorogovtsev S N, Mendes J F F. Evolution of Networks: From Biological Nets to the Internet and WWW. Oxford:
Oxford University Press, 2003

Anderson R M. The Population Dynamics of Infectious Diseases: Theory and Applications. London: Chapman &
Hall, 1982

Anderson R M, May R M. Infectious Diseases of Humans: Dynamics and Control. London: Oxford University Press,
1991

van Segbroeck S, Santos F C, Pacheco J M. Adaptive contact networks change effective disease infectiousness and
dynamics. PLOS Comput Biol, 2010, 6: ¢1000895

Wang L, Wang J, Wu B. Quantum games: new methodologies and strategies. CAAI Trans Intell Syst, 2008, 3:
204-304 [T g, Tk, BOR. BT Bk SHRng. BeE R SR, 2008, 3: 294-304]

Lu Q, Chen L J, Mei S W. Typical applications and prospects of game theory in power system. Proc CSEE, 2014,
34: 5009-5017 [F7 5, MRoRZE, MpAEMR. g R e ) RGP MU N A AT RE. P E BN LR, 2014, 34:
5009-5017]

Bullo F, Cortés J, Martinez S. Distributed Control of Robotic Networks: A Mathematical Approach to Motion
Coordination Algorithms. Princeton: Princeton University Press, 2009

Kennedy J, Eberhart R C. Swarm Intelligence. San Francisco: Morgan Kaufmann Publishers, 2001

Hassanien A E, Emary E. Swarm Intelligence: Principles, Advances, and Applications. Boca Raton: CRC Press,
2015

Eguiluz V M, Zimmermann M G. Transmission of information and herd behavior: an application to financial markets.
Phys Rev Lett, 2000, 85: 5659-5662

Zheng D Z. Linear System Theory. 2nd ed. Beijing: Tsinghua University Press, 2002 [?f‘Bj(%EF S RGHIR. F 2
fiR. AB3T: BRI, 2002]

Zheng D Z, Zhao Q C. Discrete Event Dynamic Systems. Beijing: Tsinghua University Press, 2000 [fﬁjﬁﬁj, BT
BHCEE A RS, dbat: TEHER WA, 2000]

Yang Y X, Niu X X. Hacker Cybernetics. Beijing: Electronics Industry Press, 2019 H‘ZJX%, H K. HIRERGW® -
HAEAT RTINS EHE, b BT Dk, 2019]

Barabasi A-L. Network Science. Cambridge: Cambridge University Press, 2016

Strogatz S H. Exploring complex networks. Nature, 2001, 410: 268-276

Barabési A-L. Linked: The New Science of Networks. Cambridge: Perseus, 2002

Barabasi A-L, Albert R. Emergence of scaling in random networks. Science, 1999, 286: 509-512

Albert R, Barabdsi A-L. Statistical mechanics of complex networks. Rev Mod Phys, 2002, 74: 47-97

Barabasi A-L. Scale-free networks: a decade and beyond. Science, 2009, 325: 412-413

Arenas A, Diaz-Guilera A, Kurths J, et al. Synchronization in complex networks. Phys Rep, 2008, 469: 93-153
Boccaletti S, Latora V, Moreno Y, et al. Complex networks: structure and dynamics. Phys Rep, 2006, 424: 175-308
Newman M E J. Networks: An Introduction. Oxford: Oxford University Press, 2010

Cohen R, Havlin S. Complex Networks: Structure, Robustness and Function. Cambridge: Cambridge University
Press, 2010

Menache I, Ozdaglar A. Network Games: Theory, Models, and Dynamics. San Rafael: Morgan & Claypool Publishers,
2011

Bollobas B. Random Graphs. London: Academic Press, 1985

Godsil C, Royal G. Algebraic Graph Theory. New York: Springer, 2001

Szabé G, Fath G. Evolutionary games on graphs. Phys Rep, 2007, 446: 97-216

Mesbahi M, Egerstedt M. Graph Theoretic Methods in Multiagent Networks. Princeton: Princeton University Press,
2010

Shakarian P, Roos P, Johnson A. A review of evolutionary graph theory with applications to game theory. Biosystems,

1727



T IR ML E AL ARAT T

63
64
65
66
67
68
69
70
71
72
73
74
75
76

77

78
79

80

81

82

83
84

85

86

87

88

89

90

91

92

1728

2011, 107: 66-80

Allen B, Nowak M A. Games on graphs. EMS Surv Math Sci, 2014, 1: 113-151

Newman M E J. The structure and function of complex networks. STAM Rev, 2003, 45: 167-256

Liu Y-Y, Slotine J-J, Barabdsi A-L. Controllability of complex networks. Nature, 2011, 473: 167-173

Li A-M, Wang L. Controlling temporal networks. J Syst Sci Math Sci, 2019, 39: 184-202 [ZEFTHH, T 8. I ¥ /4%
. RGRESHE, 2019, 39: 184-202)

Ruths J, Ruths D. Control profiles of complex networks. Science, 2014, 343: 1373-1376

Rohr R P, Saavedra S, Bascompte J. On the structural stability of mutualistic systems. Science, 2014, 345: 1253497
Onnela J-P. Flow of control in networks. Science, 2014, 343: 1325-1326

Duan G, Li A, Meng T, et al. Energy cost for controlling complex networks with linear dynamics. Phys Rev E, 2019,
99: 052305

Liu Y-Y, Barabasi A-L. Control principles of complex systems. Rev Mod Phys, 2016, 88: 035006

Wu C W. Synchronization in Complex Networks of Nonlinear Dynamical Systems. Singapore: World Scientific, 2007
Guan Y, Wang L. Controllability of multi-agent systems with directed and weighted signed networks. Syst Control
Lett, 2018, 116: 47-55

Barrat A, Barthélemy M, Vespignani A. Dynamical Processes on Complex Networks. Cambridge: Cambridge Uni-
versity Press, 2008

Lin X, Jiao Q, Wang L. Competitive diffusion in signed social networks: a game-theoretic perspective. Automatica,
2020, 112: 108656

Blonder B, Dornhaus A. Time-ordered networks reveal limitations to information flow in ant colonies. PLOS ONE,
2011, 6: e20298

Ren J, Sun W, Manocha D, et al. Stable information transfer network facilitates the emergence of collective behavior
of bird flocks. Phys Rev E, 2018, 98: 052309

Scott J. Social Network Analysis: A Handbook. London: Sage, 2000

Wasserman S, Faust K. Social Network Analysis: Methods and Applications. Cambridge: Cambridge University
Press, 1994

Girvan M, Newman M E J. Community structure in social and biological networks. Proc Natl Acad Sci USA, 2002,
99: 7821-7826

Vicsek T, Czirék A, Ben-Jacob E, et al. Novel type of phase transition in a system of self-driven particles. Phys Rev
Lett, 1995, 75: 1226-1229

Reynolds C W. Flocks, herds and schools: a distributed behavioral model. SIGGRAPH Comput Graph, 1987, 21:
25-34

Hatano Y, Mesbahi M. Agreement over random networks. IEEE Trans Automat Contr, 2005, 50: 1867—-1872

Wang L, Fu F, Chen X J, et al. Evolutionary games on complex networks. CAAI Trans Intell Syst, 2007, 2: 1-10
[, fREE, MRS, 55, EAM% EISGIEZE. Bhe R %, 2007, 2: 1-10]

Wang L, Fu F, Chen X J, et al. Evolutionary games and self-organizing cooperation. J Syst Sci Math Sci, 2007, 27:
330-343 [T e, tREE, MR/, 55, LIRS BHSEE. RARIFES5HF, 2007, 27: 330-343)

Tahbaz-Salehi A, Jadbabaie A. A necessary and sufficient condition for consensus over random networks. IEEE Trans
Automat Contr, 2008, 53: 791-795

Altafini C. Consensus problems on networks with antagonistic interactions. IEEE Trans Automat Contr, 2013, 58:
935-946

Pastor-Satorras R, Castellano C, van Mieghem P, et al. Epidemic processes in complex networks. Rev Mod Phys,
2015, 87: 925-979

Wang L, Xiao F. Finite-time consensus problems for networks of dynamic agents. IEEE Trans Automat Contr, 2010,
55: 950-955

Jing G, Zhang G, Lee H W J, et al. Angle-based shape determination theory of planar graphs with application to
formation stabilization. Automatica, 2019, 105: 117-129

Proskurnikov A V, Matveev A S, Cao M. Opinion dynamics in social networks with hostile camps: consensus vs.
polarization. IEEE Trans Automat Contr, 2016, 61: 1524-1536

Ma J, Zheng Y, Wang L. Nash equilibrium topology of multi-agent systems with competitive groups. IEEE Trans



HEBYEEREE B50E H 1M

93

94

95

96

97

98

99

100

101

102
103

104

105

106

107

108

109

110

111

112

113
114

115
116

117

118

119

120

Ind Electron, 2017, 64: 4956-4966

Etesami S R, Bagar T. Price of anarchy and an approximation algorithm for the binary-preference capacitated selfish
replication game. Automatica, 2017, 76: 153—163

Chen X, Liu J, Belabbas M A, et al. Distributed evaluation and convergence of self-appraisals in social networks.
IEEE Trans Automat Contr, 2017, 62: 291-304

Duan G, Xiao F, Wang L. Asynchronous periodic edge-event triggered control for double-integrator networks with
communication time delays. IEEE Trans Cybern, 2018, 48: 675-688

Wang L, Du J M. Evolutionary game theoretic approach to coordinated control of multi-agent systems. J Syst Sci
Math Sci, 2016, 36: 302-318 [LJ8, tt&%. ZFaeMh A EIIEZ T KRR 552, 2016, 36:
302-318]

Parsegov S E, Proskurnikov A V, Tempo R, et al. Novel multidimensional models of opinion dynamics in social
networks. IEEE Trans Automat Contr, 2017, 62: 22702285

Jing G, Zheng Y, Wang L. Consensus of multiagent systems with distance-dependent communication networks. IEEE
Trans Neural Netw Learn Syst, 2017, 28: 2712-2726

Ohtsuki H, Hauert C, Lieberman E, et al. A simple rule for the evolution of cooperation on graphs and social
networks. Nature, 2006, 441: 502—-505

Kerr B, Neuhauser C, Bohannan B J M, et al. Local migration promotes competitive restraint in a host-pathogen
‘tragedy of the commons’. Nature, 2006, 442: 75-78

Reichenbach T, Mobilia M, Frey E. Mobility promotes and jeopardizes biodiversity in rock-paper-scissors games.
Nature, 2007, 448: 1046-1049

Helbing D, Yu W. Migration as a mechanism to promote cooperation. Adv Complex Syst, 2008, 11: 641652

Wu T, Fu F, Zhang Y, et al. Expectation-driven migration promotes cooperation by group interactions. Phys Rev
E, 2012, 85: 066104

Chen X, Szolnoki A, Perc M. Risk-driven migration and the collective-risk social dilemma. Phys Rev E, 2012, 86:
036101

Fu F, Nowak M A. Global migration can lead to stronger spatial selection than local migration. J Stat Phys, 2013,
151: 637-653

Limdi A, Pérez-Escudero A, Li A, et al. Asymmetric migration decreases stability but increases resilience in a
heterogeneous metapopulation. Nat Commun, 2018, 9: 2969

Li A, Cornelius S P, Liu Y-Y, et al. The fundamental advantages of temporal networks. Science, 2017, 358: 1042-1046
Wang W, Liu Q-H, Liang J, et al. Coevolution spreading in complex networks. Phys Rep, 2019, 820: 1-51

Gross T, Blasius B. Adaptive coevolutionary networks: a review. J R Soc Interface, 2008, 5: 259-271

Perc M, Szolnoki A. Coevolutionary games-a mini review. Biosystems, 2010, 99: 109-125

Wu B, Zhou D, Fu F, et al. Evolution of cooperation on stochastic dynamical networks. PLOS ONE, 2010, 5: e11187
Wu T, Fu F, Wang L. Moving away from nasty encounters enhances cooperation in ecological prisoner’s dilemma
game. PLOS ONE, 2011, 6: 27669

Wu B, Mao S, Wang J, et al. Control of epidemics via social partnership adjustment. Phys Rev E, 2016, 94: 062314
Feng X, Wang L, Levin S A. Dynamic analysis and decision-making in disease-behavior systems with perceptions.
In: Proceedings of 2019 Chinese Control and Decision Conference (CCDC), 2019

Wei Y, Lin Y, Wu B. Vaccination dilemma on an evolving social network. J Theor Biol, 2019, 483: 109978

Fu F, Hauert C, Nowak M A, et al. Reputation-based partner choice promotes cooperation in social networks. Phys
Rev E, 2008, 78: 026117

Santos F' C, Pacheco J M, Lenaerts T. Cooperation prevails when individuals adjust their social ties. PLOS Comput
Biol, 2006, 2: €140

van Segbroeck S, Santos F C, Nowé A et al. The evolution of prompt reaction to adverse ties. BMC Evol Biol, 2008,
8: 287

Cheng D Z, Qi H S. The Semi-Tensor Product of Matrices: Theory and Applications. Beijing: Science Press, 2017
R, SRUbfE. SERERE TR B - B 5 A, Jbat: B H AR, 2017)

Cheng D Z, Xia Y Q, Ma H B, et al. Matrix Algebra, Control and Game Theory. Beijing: Beijing Institute of
Technology Press, 2016 [F2UE, B ouih, D% E, %, HMEAE. =l 528 Jbnt a3 TR R, 2016]

1729



T IR ML E AL ARAT T

121

122

123
124

125

126

127
128
129
130
131
132

133

134

135

136
137
138
139

140
141

142
143
144
145
146
147
148
149

1730

Cheng D, Xu T, Qi H. Evolutionarily stable strategy of networked evolutionary games. IEEE Trans Neural Netw
Learn Syst, 2014, 25: 1335-1345

Cheng D Z, Liu T, Wang Y H. Matrix approach to game theory. J Syst Sci Math Sci, 2014, 34: 1291-1305 [ﬁz’fﬁ%,
XIHE, Foote. HZRR MR k. RARFESEE, 2014, 34: 1291-1305)

Taylor P D, Jonker L. B. Evolutionary stable strategies and game dynamics. Math Biosci, 1978, 40: 145-156
Hofbauer J, Sigmund K. Evolutionary Games and Population Dynamics. Cambridge: Cambridge University Press,
1998

Matsuda H, Ogita N, Sasaki A, et al. Statistical mechanics of population: the lattice Lotka-Volterra model. Prog
Theor Phys, 1992, 88: 1035-1049

Gintis H. Game Theory Evolving: A Problem-Centered Introduction to Modeling Strategic Interaction. Princeton:
Princeton University Press, 2000

Nowak M A. Evolutionary Dynamics: Exploring the Equations of Life. Cambridge: Harvard University Press, 2006
Webb J N. Game Theory: Decisions, Interaction and Evolution. New York: Springer, 2006

Tadelis S. Game Theory: An Introduction. Princeton: Princeton University Press, 2013

Nowak M A, Sigmund K. Evolutionary dynamics of biological games. Science, 2004, 303: 793-799

Schuster H G. Deterministic Chaos: An Introduction. 3rd ed. Weinheim: Wiley-VCH, 1995

Sato Y, Akiyama E, Farmer J D. Chaos in learning a simple two-person game. Proc Natl Acad Sci USA, 2002, 99:
4748-4751

Sato Y, Crutchfield J P. Coupled replicator equations for the dynamics of learning in multiagent systems. Phys Rev
E, 2003, 67: 015206

Wu B, Fu F, Wang L. Imperfect vaccine aggravates the long-standing dilemma of voluntary vaccination. PLOS ONE,
2011, 6: €20577

Wu B, Zhou D, Wang L. Evolutionary dynamics on stochastic evolving networks for multiple-strategy games. Phys
Rev E, 2011, 84: 046111

Pennisi E. How did cooperative behavior evolve? Science, 2005, 309: 93

Axelrod R, Hamilton W D. The evolution of cooperation. Science, 1981, 211: 1390-1396

Axelrod R. The Evolution of Cooperation. New York: Basic Books, 1984

Axelrod R. The Complexity of Cooperation: Agent-Based Models of Competition and Collaboration. Princeton:
Princeton University Press, 1997

Fehr E, Gachter S. Altruistic punishment in humans. Nature, 2002, 415: 137-140

Nowak M A, Sasaki A, Taylor C, et al. Emergence of cooperation and evolutionary stability in finite populations.
Nature, 2004, 428: 646—650

Nowak M A. Five rules for the evolution of cooperation. Science, 2006, 314: 1560-1563

Pennisi E. On the origin of cooperation. Science, 2009, 325: 1196-1199

Nowak M A. Evolving cooperation. J Theor Biol, 2012, 299: 1-8

Rand D G, Nowak M A. Human cooperation. Trends Cognitive Sci, 2013, 17: 413-425

Traulsen A, Nowak M A, Pacheco J M. Stochastic dynamics of invasion and fixation. Phys Rev E, 2006, 74: 011909
Wu B, Arranz J, Du J, et al. Evolving synergetic interactions. J R Soc Interface, 2016, 13: 20160282

Tang C-B, Wu B, Wang J-B, et al. Evolutionary origin of asymptotically stable consensus. Sci Rep, 2015, 4: 4590
Wu B, Park H J, Wu L, et al. Evolution of cooperation driven by self-recommendation. Phys Rev E, 2019, 100:
042303



HEBYEEREE B50E H 1M

Spreading dynamics on complex dynamical networks
Long WANG!", Bin WU?, Jinming DU, Yuting WEI? & Da ZHOU*

1. Center for Systems and Control, Peking University, Beijing 100871, China;

2. School of Sciences, Beijing University of Posts and Telecommunications, Beijing 100876, China;

3. Institute of Industrial and Systems Engineering, Northeastern University, Shenyang 110819, China;
4. School of Mathematical Sciences, Xiamen University, Xiamen 361005, China

* Corresponding author. E-mail: longwang@pku.edu.cn

Abstract With the development of network science, spreading dynamics on networks have attracted intensive
research interests in a wide variety of areas, such as control theory, game theory, system science, artificial intel-
ligence, social science, economics, biology, psychology, physics, math, and computer science. Network structure
plays a key role in spreading dynamics, although spreading dynamics differ from one another. In real networked
systems, the neighborhoods of individuals evolve with time. It is thus necessary to consider the coupling between
spreading dynamics and network dynamics. Nowadays the research on spreading dynamics on dynamical net-
works usually use Monte Carlo simulation rather than theoretical methods. So, we propose a stochastic linking
dynamic in this paper. It is proved to be a reversible Markov chain, which facilitates the analytical investigation of
spreading dynamics on dynamical networks. With this method, we study three spreading dynamics: the evolution
of cooperation, the spread of epidemics, and the evolution of vaccination behavior. Furthermore, we show the
similarities and differences between evolutionary game dynamics and epidemic spreading dynamics. Our method
could provide a universal framework to study spreading dynamics on complex dynamical networks.

Keywords spreading behavior, dynamical network, evolutionary game theory, epidemic spreading dynamics
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