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Abstract With the development of information technology, more and more complex systems show the characterist-
ics of the integration of society, physics and information. Because these systems involve human and social factors,
their design, analysis, management, control and synthesis are facing unprecedented challenges. In this context, the
computational experiment emerged. It algorithmizes “counterfactuals” as a digital and computational method for
quantitative analysis of complex systems. This article reviews the development status and future challenges of com-
putational experiment method. Firstly, it introduces the conceptual origin and application characteristics of compu-
tational experiment method; then elaborates on the method framework and key steps of computational experiments;
then shows typical applications of computational experiment methods, including phenomenon explanation, trend
forecast and strategy optimization; finally, some key problems and challenges faced by computational experiment
method are given. The purpose of this paper is to provide the technical framework of computational experiment
method, which will facilitate its rapid development and interdisciplinary application.
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Fig.1 Schematic diagram of computational experiment

THESEIG A, AR s ik, Bl
ol Izl T ILALHIA 2 A AR 5 5 S
NEEG, R TR % R GRS R AT
FATETY, S Sig AL, tHESER EA LR
R 1) Ferf el £, e i BB S (it PR R

N A A S ), DL R S (Ani Ta) s A RA
FURLEE), 7T AHER FEEL 5 M 54 9 RGBT
155, 2) #RARf . £ RGHERARE T, RAE S EE %
Pl SR VP Ak R G RO A [FIPERESR B, A0 IR A .
Wi B FR 4. 3) A E R M. X — LB AEAF AT 5T AT LA
BOFAFRSER 7 5, 2B A R R (it
B il R SR RAE RS ) X R GEPERE .

ST RERNRRE, HHERETTE DAY
PR RGN ERITIELZ —, RPN T X
BRSO v B L S R eV B AT SRR I R
Gt 7e, WARE R RGN G R g
M2 RGN R E RGN AR
Gl BuR AR RGN A (HAE, KA REEIE
— R, BRI B LU AL S IRIE TS
LAt 47 W RSN AL Ie7 ES k- € P e D] )
XL i R AT T, B 2 T SR T2 1
P F RN, B IR SR BRI REA. S A6, BEE TR
)N BT AR U T E A BOR KRB, TR SR
B EAW SRR, B DRI S
560 73 T AR R T PR I P A A

ARSCEHUNR: 5 1 BB RIS T
IR & A2 IR 5 N TS 5, DA RCAS SCRBIE B 55
2 TR A 7SS TR, B N DAk
AL SIS RGN SER T SRER BT S SR
WAIE 5 NI 5 3 g T =R SRS Y S Y
R, WIEDLR MR @ H TN S fui; 28 4 795
PRI T USSR T R T I A B AN AR SR I a3
555 WX AT T RS

1 BRS3

THR SIS — AR HE 28 X 22 B FT A,
KIENI L SR AGMB T, LN JEBR
IR R E AT 43 AT T B GBS 08 T VR A
IR N RFAE DL R A SRR FEENAL.

1.1 HESLEHER

BEE BLEBT TERIRN, AT R R 700 3R
A RIS B A B P K, ThREANZ5 4 Ha R 2%, s 1
HARIMAR. TR 25F. B FH, BUANE 5%
2GR WIT AR ER, THE S B E
FAFFEHLSUR. B TR AR el g g
DERETCRI T REVE. WETCE AT SN AR 303
K, EHEFVL Y R 2] 7 AL 2K, JFLL S
[[7 R R, 5 AU L KGR T2
AR, & 2 Pros, HARRGEHTE (R
GUER) HFEHUEIBOR AR (17 HE ). 7
FELRBATN, AT T TSI TTERIR .



248

49 %

1) FSERB NIRRT MR, R
Z0FL RIS, TR TR
2 AR TR AR,

2) 2050448, Neumann $2H 7 JcHE 62
B,

3) 19704F, Conway iS5 T “/EdlEak” B
[ifiJ5F, Langton #&H 7 AT AEMmHE S,

1) 204 Z0904E AR AR, 2 F g7 AR
TG4, B Z 0 5 T A
Swarm. Repast. Ascape il Netlogo.

2) 19954, Nigel Gilbert #1 Rosaria
Conte IE3UHEHH A TAL S IOES.

3) 19964, Epstein 1 Axtell 58/ 7 A T
the R K.

1928/5\ 1969 1994 /a\ 1995 ~ 1996

1) ERERRH T RG, f5 i BN RS
4

AR L — 1l 24 HE AL AR 9N T R Gl

EilAE

2) 2002, Michael Grieves ¥ R4 H 1 8725 1)

AR, ARV SRR S ] i SR SAAE 45
Ik e S L

3) 20044F, ERBR ARG U 5T 900779k

MEA B BESRTT ik, SR T — R A5
T BT LR R TAT RGBT AR R,
W CNTRS + HHSER + AT Tk

1999 /.\ 2000

1) Bertalanffy $2H T “SAME" MHEE.

2) 1950 ~ 19604, RN LA R4
N LN NS

3) 1970 ~ 19804, fRFM: TIE G AHHFE
i REER. A

W -
W

K 2
Fig.2

HRMREEA AT U TR S S TR 2%
(R, Hofg FEVE T 20 ). B R Ak 5%
Bertalanffy!™ #x$&H 7“4 M fMES, HEAE
S VB AL FE 5 [ A ) K Darwin 3546 16 R0 B8
YEL 25K Boltzmann MG iR, BEfG, HR A
G TR RIBL G, 5 & 7 =AW R
I BE: 1) 1950 ~ 1980 . XA ELIIAZ OLET &R
Gkl HARERME TEAREZ = (RF L. #H)
B S BB 5 =it (BOES IR, kR4
WL PR 2ERD X — B B RS T R AR AR
AR TR, FRRE T B AR AR, 2)
1980 ~ 2000 . EAPYEMIRVE R T RANF)
SHS5ENY, AR TR HALER R
TR 201 Zp T BAR P, g SR EAR ) 5 R R A& N
REFIRM. X —Fr Bt T B R R T TR
BT, IRt 7 N LA HAR. 3) 2000 24
XA BOT a9 R 5 R R IR R 45 &, RN
TARIEE 2031 ik oW (5 B R4l 2.
B, SR T HAR.

FEBEE Z ok ARGV PUE R, H T i B
B TH RN B AR A3 3] T2 e, THENL
TR A I R JR AT AR 7 A J2 25 1] P B B S R B Rk
AT RE. ARG AL AN SEBR 5 Gt ME— A
TE, JF¥ 15 B45 R 5 SR R G0 15— BUE S 56 5k
U5 25 SR ME— bR, T U ARSI G U OE b B A - o gk
=, EUHENERN AN TS E" R K F 758 br
Rl e I Z IR, SHWATE 5 R, X

©

1) 1980 ~ 20004, fRFME TAEELES 4145
MR (REEE. HBEIR. ImER)
553 0% HIE N R G .

2) 19944F, Holland #2115 Ad& M1 R 4t
MM, CASC AR, SR SRS T
ARG SR, B[] PSR

1) 19994, Science K% | —WILL “H.
ARG NEMILE, S
AN Y/L N A N L/ N
RULER, RS GFF SR

P ST A VERIE FEAT 7 4RI,

2) 20004F- %4, TFAATRIE 5 KU FHE
S &, IR TS
4 54k SRS BLARGE.

PRSI0 IR SRR

Conceptual sources of computational experiments

N E A RGAT AT & Fh T TR $E 4 7 —
AT AT 7 2 THREEA BRI AR I R AT

1) o HEIHL. 20 4 50 448, Neumann!*?
Pt 7 oul B SIS, Ay N B AR RS R BLL
S At A A AE SR, Jo i E B PSRRI B 324
AT B RE B A FH R4 AR, B8 S0 o IO AR 1D ] B2
AT NAEZE W Z IR B TR LE P 1A 8 B0 ) 5
IR R R PR T RO A .

2) N T A, 1970 4F, Conway® w5 | “4
R, R TN LM R TR MG,
Langton® $2HH 7 N LA # @, B TFHEISE
N TRt B H AR a7 RGAT NRHE A
A&, WE RGBSR b, 5 A A
F A TSR N A A AR A 5 B
JLE BATL, S B A AR B0 IR ABE AR T R < oK
B & AT oM E B, N LA A BN RN
I, ABARIA R SEAMAEAT .

3) £ Agent iR, £ Agent i EH AR T
20 40 90 AR, BIFAE R ARG EETFEL.
Agent 18 B A — & 19 IR PE B Be 1 F0IE B
. N EEE 2 K12 Agent £/ H T B AFE Swarm®™.,
Repast. Ascape!”!! fl Netlogo"?. 1Xt T H&H
%, TR T RKATIERE. 2 Agent FARKIEAN
A Z TR 1L, BIEFEane] AAMAJE T BT BB A4 1.

4) NTAE4. 1991 4F, Carl 2509 85— U H
CNTAE27 X — &, BIF A Agent FEARTETHHE ML



2 # B A TSR VA YE. BUIRE B 249

HOR R AL o SR X AN [A] A B 1 AT 8 DA
DLRA PRIBUSR A A 2. 1995 4, Nigel™ g4 H il
1 Rosaria Conte: Artificial Societies, The Com-
puter Simulation of Social Life — 45, N Tttt
1E 33 H I B — AN A X ST ) A 2 Rl A Ak
1998 4, e [H i LK% /0 1 bR R T The
Journal of Artificial Societies and Social Simula-
tion JTFIAKAT, br&E “AN Lt HT Agent
R 2 2 7 7 XA U R . — b E Mg N T
FE AR A AR VR I K, 45 Epstein 551 ¥ 0 1
iR, Arthur 299 9 N TR, Basu 17 (1)
ASPEN #RISE. N TAL MBI i REEAR T e
7 BARRH 2 RS

5) BFAEA . 1994 4E, Wang! ™ $2H “f2T R
gu7, 6t H AR BLSE R G AT M — AN a2 A
WELF AR N TR G r s 3L 7 R 4. 2019 4F,
BHAR K F K] Grieves™ IEXK R T H KRB FEE
83, A AL THSE LR H00 25 (A vh i) gt 5 ) B s
W58 4 S I B 2R AR AR, iR ST R S A Bl A
S, A TP, B 22 T R 5
A R A M I 2 W T AIAR AL, 1 9 E I,
W B RIA, B2 RR RV IE B R IT R
AN [F) ) S, SRAIC AR I T 1 AT 4R 2 A e Y B AR
A iR DL S S A B S A iR, (R
YT XS

B85 SR MR 5 SN ADL R 1 Tk
J&, Wang™ 7£ 2004 fFIER 2 H 1 “THHE LI 1)
MES, FFRRCT “ANTLRS + tHHE S + AT AT
Jiik, BN T RSS9 hr R G0 (R AEFE R
ok F o0 G ReAE | A A E P H AR AR
S ) BRI R S5 AR AP SRR B, AR S
JHER N IEEZS HmF 2. /EAERE
S S LS S e, TH RS B AR I R R
RGBT o0 B PRI LR A 55 ] S ghE
() H S A ) vk R B AT B

1.2 HESEAFS

TSR RS T oA S AR, R AR A L
(37532, R T ol L R B AR AR ORAS DL B S A 7
B SRS I ROWAT o, BRI I B I LA R K
MEAF R RE IR, Wi EES R G AR R
L T PRV AL . AR O BT O T SRR R S A
DT HAEL, TR SCIR TN R G R A R S
By DA R fe 4 B 5 K . M TR R Tk,
THE S U VRl SR AN R A A7 5K, T
DU 725 Fft B A (K SRR A B8 (BRI SE37 A AR
KA PRI ). XA R R B AR R G AL A 4R

FUBAT AT WA SR, RALAHTTA, BT
LAY SR LT 5 IE 75000 DL B I 3
AT 4 2 5 R S R (TR 408
AR F TG,

HELS R R ARSI < LR
B, IR 5 2 R GEHEAT RN, P LLEIE A —
SEBR G RORRIE (00—, TR A A R
it LS, RESBR RS A TR B RS
FIOT A 0SB 8. 926 3Rt PR T L B
i), FAT RS BB T R L %
7. 1A S BFSEYG LG SR
SIS AT T XELL. R, ISR
BURSCHR RGIMAFAL “0i 0, R ICT RGHT
BARRAS (SRICA TN IY). 71 Bty R 4eH 2t
T VT L BRI A, SR T A
USRI S

TSR A R USRI, A B O
JOHVRRIE. {91101, 5 SEDLSE 0 BB AT R4 AR
SR, {1175 TR X R DU, k2 S
P, TR MG UM R, #5190 R B
T R OLR 2B SR, (LB ST 2
H TR T LR B S 045 5. R SR
GBI, VSR ARSI T LB T 4 2%

1) I R

BUBALS 2 I RS S HOE AL, Sk
AR S E T RCHFE. XSO0 98P T 350
FREUEG AT, T2 25 0007 . 00—
20 PR R T, s BRI, 1
BB 45

2) B RLHIS:

U A5 G 4 N (5 RIS PERAE FLET £33
SRR ORISR ) 1 B RGP, (R
T B (RS 0 URR, B 0 0
B, LA S AR WA BB, AR 0 R
KRR T 5 T4 2B B T AR, IR0
AR TR,

3) BRI

O B8R TS P, (LA BB
SR SRR, LA N SERE O 25 B S
BSR4, (10, IR R IRBI, 1T
S BTN R, UM — S SR R PE R A
LUK WL FIR, BRI A BE AR
AR, T DL R B V2 P 179,
PRI,

4) FRREDLSE

SRt I 0 2 e B PR
o . RSO LT LM AR 5 B I8 R 4



250 H ) 1t 2 i 49 &
£ 1 RS 5 AE RS X )
Table 1  Differences between computational experiments and similar concepts
W S RS (HEFSE) WAL e Ea
e ) 2y 5 = 5 ik 4T e ) 2y F o AT FL 24
B R  EmA R S ek e R s A RIRAPIASAT 5O AL S SR
SWE BT S
HETF AR L BRI SRR 1 BT
N g S RBER R EE RS BRI LS SR T ARSI, R AT
i LG . L) EAkE - . A : ’ ' .
BT B %%§§;Mi%;§ﬁ£i% HHFEE AR,y BRRBZ WA FERRMN i k7 A bR RGN
LT o B WMgESIh A SRl A o fe bR B SRR s gesl Mok R A 0135
RIS W HEAT 5256 TEPIT RS, M S ST
RGO 1955 5
e ORI A, (g CTERBOGRIE, Mg mRene
L MmR SRR, AR T UM R AR, IR &SRR it
B AR PRSI, RIS, D AT SR R P NT IR BRI Rt
(AT S A LA H R Jlpieinioliy it EE L
S e SAREZERE XA, WAEE
SR A o Rl DA AR, 4855 ;A
FE R TR, Tk, #lis V{\zﬁ)ﬂ?l’%?—"ﬂﬁ:%ﬂ?—‘ﬁ’] Ef{iﬁiﬂf%] 8 2’ @%:“ PURMEE TR, flanit it
87 FH AT Brgerd, OB a s —f  BIEHL AUEAUR. TR, T e i,
2B A5, A, SR BT B L PHEN . ITHE AR,
ek o R A AT
SIS, TR, ik = 78 4 W RIS A 5 ST, 5 T (1 e e
g G A AR T IO TEERAE Wi, B oo T LSRR
" g fy A T L 7 FASRGAETILTE o D T
A SRS TS I MBS A S

BEAT ECHE, 03 A (AVRFAE S I TR AP AE 2 S X 4
BRI AE B M B A B IO 5. A3
BRI e BA 2 R 28 AN AT 3R 28 i AN 3 1k
FROABI, S S B ) A0 S it S A B o A
N A2 A SEbr R G AR, T AT A
PV SS9 05 5 70 I BUR. (B a0 22 55 RIBOT 5 ¥
FRVERUANAR 45 ) St Ja IO ROR, AT $ETH 22 SR BUR
il 2E IR AL AT

1.3 Rz

B & B 7080 T SIS VA H 28 0%E, B
5 28 1) A 2 RS X G, ©A BT O
ZHEE T A, flant & sl it E e
20 R ZE T RRATIR O TR 2
52009 4F 2 H, BB RS BRI A e A A 5
—IM KN 15 S TR2EHTE Science LR A KR
T “UFEASRPEERAR R BRI, 2020 4, X
UL 22 #1E Science bR KR W, 58I 71T
HA 2R 22 A kR i R R B T i ) i R Bk R

{HI2, THESLIRAE R 2 RS XA — AN 5 40
W (SRR T EALRLE, ok Rkl N L
BEes THENU B 2 k). REREA AT H
TIRZ %%y, HuTEBA T B — 8 58 B A i 2
Wk R, HER K AN SL RN H 2 AR AR E B K
M ZERE. DN T BB X AR G (1) & e A B s B, AR S
WEL 7 oH SIS T VR SR R 2k, Ay B A B
TS SIS VA SE R AR R TN JE B2

T3 B8 WS A A SO RIE R N AR
BLFE = AT T

1) TSR T IR BOARME R A A7

THE SIS T A N — A 2 2R A UK,
LSRR 2, IF HIREABIE K2 F. 4]
3 WIS 3 Ak T S S I0 R I i, AR 25 5 MR IR AE I
AR R SCHR T, s DABEYS TR B SR U5k B A R
ARZIAFISRAR, 12 HANTT I H B 53 R 50
JE T XA N e SR R R A, e T —
NG R RJTERESE, T8 S BIA AL
VA i N P NN 1 S R R i
TAEEE. FT Uk, 5 2 95X 2 EOIE A 1 STk BORE R
S 2L, T T R SRR DT ERE Y, IR X T
ERAALBRIAT T R,

2) THELSEE T VA I SRS E R

H T 82 450 1 22 R PE AN E 4, b BN
b2 BOAE S B ORI TR, 0T B A 2 F) S 56
RGERGREWRRIERS, E£ERFIBEAFEE A
[ L. B AR T R SR AR 5 RS DURIEAE
FLfl, BR U AR SE0 YT AR R IGAIE R T THHRAS R
B, 38 7 NS T R S SR AT 73 B, Wl
a2, RA R, SR E4F 2 HiE%
3, HHAR T EBORANE, BOVBR R I RYe AT
MEERA /LR, BT, 55 3 570 M By (i sk
B RBIHEAT T REE, $ I SRR A T AN SR
WP = AR AT 19338, A7 BT SR AR N
FRIE s



2 # B A TSR VA YE. BUIRE B 251

3) RS TER K SR A7

THERR R LS I A L, R AR A
BN AR IR A . IR, B RBHRARE
NG5, BN 2R AR AR BRI 28100 Ak A
>0 25 SRR T SRR (R A AR T A
E N0 AN ol T LR DR e S RN AP g ]
N TEBEBARET T FRR BT, HUsoy 5 s8
W VAR SR R T B I A S B P . Tk, 2R
4 75 FHESE AT a) G R K E O & A
LAk 2, B RE; b) a0 el A v 55 s 46 T oK
ok, RTINS RE; c) fnfer ST B S i S ) S 45t
T, RIS SR HE.

2 HESEWHIAES

MRYESCHR (8], THR LI TTVE R FOHEZE T DL,
49K 3 FoR, BE N A @B, SLih RS
ARSI B THRE SRR AT TR SEIR AR 5
AR, IR T — D RBUH. FINZ Agent K
FEVHSLSEIR A T I ERER, B LA R
DA M BRSO B AN 2D PR AT VR R

2.1 AI#EE®E

N TAE S — M R R A i
BT R AT AR O FAE T, N T e Y
Pk K R G E IR 2%, AT NAEAEE A
SEVE, T HAMEZ B AT B AR M BAT N, R
BN AR 2 NGRS ZRAR IR, & 20k

FITRIE FC ) 52 2% R G 95 B A P £ Agent
ARG, BT GEARBERL, SRR JUUAE AL A
AR AR Agent MR H & RAT AHLH]; PA8T
B IR Agent M #E S & VE; AU AL R 0t
RGN R, BT a0 R

1) AN As Y

NT 291 Agent & HA — & HFERE SN
AN, SIS RE 2 B A AR B AR AR X R
Agent MY I AN [F] SHUECRD R R FE AR FH 45 2%
AT AR RS € B HEAT € ik, 4% Agent 45,
B BRI Z NG N TSR
& Agent W UK H [R5 B4 i 254, tH AT AR FH R
RIGER. G 4 Fras, Agent AN ) i 71 25 1 Hy Js&
B PSE AT AARAL 4 AN R R

Agent 2516 H IR 245 B AURE 2 AN 40 BE R L
TAEAR (1) 4 T Agent SR MK
LT, H—2H 5 TE] ¢ A OB PR IR

Agent =< R, S;, £, Yy, Vi, N > (1)

A, R FIR Agent ANPERT ]S ITRHE, WiARiN.
S, Feor Agent BER (B ARAL FIRFAE, 6140 Agent 11
. B, 5% Agent BAIEIM) X FORZES B AT AR P24
FBUE I AME RIS, Y, /2 Agent 7EBSZ A1
TE AR L 5 Hofh Agent 347 22 B FE H By
KU EALE]. V, /& Agent II4T NES, HHE
Agent H AR RHUH LA S 52 AE AR RIBCR U BT i
ITN. N & Agent T2 2R 5A4F, SR, H
fih Agent LA ATS5 HARXT 1% Agent PRI

%
N 4

HESERE S
Netlogo. Repast. Mason %5 //”

o e |

Bl

1) NTHLHEE

| xa
"

3) LR
7y

5) W SLIR AT 4) WESR AT

dAm N ERR 7 v
e it

K3 RS AR BORHESR

Fig.3

Technical framework for computational experiment methods



252 =l 3

Eitd 49 %

A

> |4) AL HLH]

Eedii|
2R | S E
00O

ZHEE
% ST N H1E [©O O O

3) AT H

B4 Agent FIZ5HRAY
Fig.4  Structural model of individual Agent

ENTH2H, Agent MEFFA R Z TR
Rz e, H )R R EE D) 6L
fil. Agent fEBAT RS, il SM B B AW
SRAS AR UL 1) @ 2206 AT 53T B B AL 22, gk
X B S B R SN = A . 3 AR R (8K
HEPE) BURRES, T LKA B S ST B A g0 =
Fra) HALE ST, RIf Agent AT R EH T3 BRst
’ﬁz: b) k22 2], 8 Agent M 5 AR AL B

c) 24 2], 48 Agent B 2LEAT N T H
%. 5%5’9;%@%&%4\%5@%&%&%%%, N}
i =IPA DA (B2 A P NA el

2) MEE ALY

TEN Tt 2, PRIGEABE A Ak A2 S BR A B PR S5 7
THEHL R RIS, 2 Agent #i AAELE BOTE 837 BT
F R ARy 30, PREEARETY BT DLy Ay SR TR AR AN Y
g B ARE. SRR SRR P L S A i R AR
W) T8 PRAZIE S SR SRR 2 I8 1 Tl A B R A
FAESLARA. BT, R 2 AR N T2 R H
PLIX R 5 3 S2E, 0 EpiSimS© 25, o 7Y 2 4% )
ﬁT%EE%%HPﬂ%'ﬁmﬁgﬁﬁﬁﬁﬂﬂ
2 [ (1) R ARE b R P B ) DX SR IR % ] (1) A7
TERNERSG 1) J8 1, 451 Grp el s 240 o],

T AN LA 5o NANE], 55t 2
R AR AR RAMIE. X T Kpsi AN T4,
IR B Y [R5 AE G R, T8 R SR X R TR AR R
RS G N0 B AN 7/B =1 N B 7 Y i
()KL PS5 AR EC 40, 368 R FH SR B AR 5 4 1 4R
RS ) A B B A BRI X T R R
N At a5, i i H S B R gk vy Hh 3
AL X T /NN A3 5en] R 4k
B =Y R BORE LA S 5, RN SR A 4
AN S Hb B A () PR AR AR AR R, DA s 13 2 (] (1) 4
XHLE (A 5 FTR).

n
*EW % AL 415

**%;-—«*«quqa4*~~ TP 1 7
- : , F
LAy 5020-01-05 8:30 7
" ‘ e - ¥ e
IS LE Y e HR e

5 B RHIRIEX

Fig.5 The abstraction level of environment model

AT SR AR I R, PSR A TR ﬁﬁﬁ%
R B gt Re b Bl Bl 75 ZEOT N T4
SEACEAR A B, B3E Agent GETHAFAE (& ﬁl\
PERILE ] AE0E 0 AT 55 ) Agent MR AR50, A
A2 R RV SR G THRAE (S8 2878,
AN VRS ) P BT SR 1R b 28R 2 A 1 100 4
MAEAREE B S8 TR AE PR R R H AR R A A
) AR RR AIE A2 A 45 ABE 1) B A S B . 38 5 RT DAAR s
DA R G B s MR A, s FHIS AL
B ITEAE ARG RO, B R 8 BARE 5,
PATRFIRHIN TN AR S5, JF H 20K A il s
R B SR AT 0 LG v 20 b R AR T A A )
B XA, 7 EE 2 T TH K — B a) PRIIE
A B Agent R FL S FUAE G ERRAE b ORFF
—E: b)) LRUEAE AT Agent PN EIE L5 R RHK
KEGALMF—F

3) ML

RN T N TAL = I LE], 45
Agent Z [0 I3 2 8], Agent 5IRE 2 8] “4T754b
HH A DU o R D B RT DA S e D p ke
55, W] LR ARSI BAE RN & 6 frs, A
TSR HIE A _ERRHESE —— Fh sl A A
4 (Social learning evolution, SLE) M =AJZ il
5E N A2 A RR 7 2 2 AR T8 AL 2 1]
T RERAMRIE A 2 R G0 2 Py st A d 4k I I 4 ;
EPIEW:' e HZUE A 7 ), B A A E A0 R ¢

= B &R 7T TZ 2tk i s a), H T4
MY%TﬁiﬂE@i‘i%?\?ﬁmﬁ?ﬁiﬁfﬂ%, M Z R
P75 FVR T SL B4 230k, AT LLR R R E AR
AL

BRI A 2% 18 380 45 2 % T A AL Al ) AH L 1R A0 L
PR, XA BT HE SR B AR RS IR 1R L.
SLE W =ANE IR a3k il 1 N LAkt



2 R A TSR TT I AR, BUIR S R 253

SLE 44#) R e
SQIA T P TNET
Tz () =

R () IR N

et ()

PR () AR
! )

( ML B,

K6 i B A Y
Fig.6 SLE modeling framework

BN e 8 H A R IR W 454 & — 24y
MIEH AT R AFZH (F A4, A
1, SRR E KA. AH OGS AR T DU 5 e
7 RIFEATIERE. SLE RSN B 1 s,

B3k 1. SLE KBB4

Agent: FH FAREN LSRG H A,

1) M 728 e 2 A1 1 AR L), 2
the RGEHAMIESN J7. R EA A R FEH, 5t
TEATIE L. fERBINERE R Agent A AL FI
AT DA 4 25 b b Bk b AT i e . A SR B AR
YR G R T Re AL WU E R, Bl N AR
BN i o= R RN e

2) LAk BN 2 22 A 1 ek 55 R AL 1
B S S A 4 R S T A o P 3 R R M vy
(A0 B G Y PRSP AR )V AL B G . FE B B AE
Zarh ) 202 TE AR T DARR AR AR PR IR B AL RS
AEREAT 1B . A9 Qi S I SRV 07 R B AR
EE N TR R 45

3) Fh VI ZH 2 AN A A 1 e v
AR TG, T A2 Y IR B ) B T At AN A TR
RN 52 2] FEWEI g 2 G, — SR e MAS
A A IR L AR A B s T A ST AT T AT A,
AU E EH OEAES REFHREERE ), XM B
AR S TEHACHY B AR =R R p T O A%
G LAY ) ek o ) (BB Y 1700 04 £ 2 Y BRI

4) ZHrimIl: W TR AR A A 2 A AR A
25 (A ) S A FH 3 A2 22 00 B0 G 5 AOM A A4 7= A A
AL, DR 7 REAEL S Ak AT DI A A g Ak B X —
MR, ACAEBBIMER i h 1 BN, @il T
TSR B () 3G B LA AN 52 e AN BARAN A AR 7K
e, A A RGAR K

5) N —/MEI: BEE B A P HERE, — ek gen]
RES V& T, —LLRE SRR IE AR BCR B (RS .
WA, A2 REREA AT R T, N —
L ITEZD

2.2 SLINARGHE
THEL S0 R GE 28 KR T N Ak 2t

B SRH BRI R T VAR RN S IR RS
T 26 T AU 5 R R AR SR I O AT
38 3 X A ) PR A LA FH SR S IR BEAS R 48 1) %
MR, SEEN H 14 B8 70 25 ELAHAE B i T8 B i) 52 2% 300
R VHE S R G R A O AR T a0 s T R 32
LR MR, ST N LA, A
T34 B ) - TSR s

1) ARG

THRSLIS RGN R FER P a) H
Comts, HFERAERIEBE HEE; b) K%
V6, HRRIRMSE IR, B, AT
SIERITT R AL T I B, TF R B B B vy
TR EHE. SRR IR 6 H3)
A2 R — SO HESRARRY, AR5 T L4 5 R € D Re i) ARRY,
Mgk fE TAE &, Wi a2 ER, el
AR ER. BHEr, FIAHFEEHF KN
AR C oy FimEas, B3 Swarm™., Re-
past! ", Mason"" Fll Netlogo” &%.

i 7 pros, N LA ik R a5k mr LUk Oy
TRALER . T RIPAT A% 1 3 AMEEEL. R IE Tkt
PR BRI Agent IRAE, 2 BEIR AL S5
RIS HE 2 Hdls, e FE R0 v 0 il )
AR e rp A, THR AT %98 Agent 7E07 H
I AT A, R 2 R A BT kR s
WE Agent T —MZIMT HAs. 7T NIEHTEH)E,
FEAT Fy3ds 35 45 SR AN M0 IR A I A5 40 1) Bt -, A
R ZE R Agent 1T AL % 2SI U HEAT Agent
ITNEAECE, H AT DU S o7 ik B 2 HoH
ITEIE. BJa, BB Agent N ERIRSAE, FFK¥AT R
RAME BAL 45 07 ALY by g 1 R 4 855, A
SR R F 258 5 ST R0 ST 3 R 0L B 955 (1) B 2 BT
FHENT —N ZI I E

2) #vFE 4k

HHEER RGN ERZ - PMEERNZHE. £
R 2 . ZRAE R, P AR, THE S R
GISAT IR OGS ALY | B 18 AR AL A 47 LA
RUSERY B, R A AH BRI 2 ROk & EE &
J2, N Lo AR 0 S R 5 1 AR AT 2 23R
Gih, A TH SIS AR G R4 2 AL BRI S A L
TN, ZHREMNEM S-S ZEVIMEX, ZEM
M FEE T TIRE TR BN KR, B RS
oh, XA OC AR IE W R I T R ECH By AR R
T IR RGIX LT REAE LA B AT, P DL A5 225
BT BE TR RO 5Ll sE pk bR
B (BRE) BREHA (BUE T AR () T
1B, ATLLARTFR S R B TS, &
BB E IR,



254 H o o E R 49 %
axr N i Yy ~
a) B AT N
e Y PAVAN
Bl i > a) AT b) 4T itk % S as
ClE e A [) 2
= V=3
N 2 B
v -
BhHIE S ¢) 1P AIE —
b) IR R /P )
VAL H b . .
VAL TR Ny
N AN Y,
/ Znsk
i " TR
IR L MRS [ y
IR >
AR S HEMAL
- RN

K7 RS ARSREITREE

Fig.7  The operation flow chart of the computational experimental system

Uk, ARSCR Tl HIER R <y B g
RIS I AN THEL SRS T3 1%, F DA MR R B i 5]
BAT A LR, SR ICHE B R UL RO
(B 2p ) MM B Z R RBR & . A 8 R,
By BT UIBCE TRER AR N2, K H bR
FET JR 7t S8 A T o AR G 8 AR g SE AR ) AR
A 3K W] DALE I 1R IR 8] DA TR A 1 07 200 S5
PG HEAT 1] 1 AT 5 A8 3], AT AT DA B SRS DA
TFFE A2 SR 434 R B [l o3 45 i) .

3) T AL

THE SR IS AT I R SE R A T8 B KA
(USSEINT PALT RN ELAIPUR Ny L FES P
PRI ILRE ISR, AR A 22 W A
AR, E BRI 26 DL ANER AT, A
e AR AT, T E AR R
TS WA SEms AN B P B 55 W R BT AN A R
T, Si6 & Gofs = 34T B AR AL, AT DU R 2>
Braaa B E 5 A EHLEIAE R el AL h A fE . R
X S8 28 LRt AN A BT, DU RT DR SRR T i
BEATHEBEANOUAL. D9 7028 SE IR R Gt [ Uy 1e 38
A, A7 05 B HL S AT PR A A BT

Wk 9 Pos, IR TP A A T2 (B
5 A LA AN R K 32 T RS M 1) 2 K 48) Mgk
TR AR, JE A B NI N AL S R 4T 46
BEAE , KNS T F SRS )RR AT I

WRYE T HURE, TIHE AT AN 3 2K a) K
T-PABE N EI N LA Agent BRI 720 F
AR AR v FT BE XM B AL AT 3 R
FETE N B AR S 06 vy, AT AR RS 4 l) 2 A
HEAD B SR, & T IS0 b) K
TS AR N Tt 2 I H SRR h A2 0 JU i
PR AT BE R AR RS LT 3 2 ST R 3 B
c) KT TS AN LA Mtk i i b #2147
FLIE R AT gE 2 xt Ak & AR U7 A AR E
JEFE . N LAt geid S, 4o th T F00SE Bt v RE 51
BUREER, 9000 E R 3 H AR A i 455 % HH 46 R
BEAT BEXE, AT BUgh TS0 wT AT VRS . X R i
AWt RIS, ot i i T HUE BRI LIR.

2.3 SEERIT

B W SO RN R 2% EEIE N, e ma 7 A
R ERBIEK, I HREZ RIS R4
RHAEM. EEARKER TR ESLR T, iR
XL AT AR R AL I AT, 2 3 B
BRI, RATE RN . A A7 8
B S e, 4 REN LLEORIE R B ITT
W, SR EARK SIS 45 IR S BRI vt &
FAFE BB B FANBUE A =5 T

1) Beit

A E 10 Fros, vF S AR IE T AR D £



2 B A5 TSR IR T VE R BUIR S R 255
2 B
g - ,
é‘j:l: T —— ——
| SN
ARG —) e T’%ﬁ%,/, —
e i
PSR . L b, G S SR %
oSO EE NO A0 N mw N\ - e %t
Lzt gt S &;; 7 E D% ﬁ%lﬁ >> Agent SEAE i;""?I iz
- Z § — E%}T o »ﬁ‘
Hlr 27 Y- 4 —— —_—
e 151 % T ﬁ
DLIHUR: RIS A4 250 1% S — e L
M4 POEiN
. =
WA Agent BEH, AMEL 421 Hx _owk
é >~ O\\ IBATHE: SR IEAT B J%J,ﬁﬁ
\ S
O ) —
N / BT
AT £ Bk
8  IMESLIG I T F
Fig.8 Digital thread for computational experiments
\ v u,
Y ATHE) l l l l
TRy ) [ D Ay,
I T &) | o BTN A WATESL | "
MEAT R —‘/H o || —> >
MEITH T Ppp— >y,
&’Lﬁ%”ﬁ/l\%ﬁ?ﬂ\ 3 ARERRERY | PRI | RO ik
: ARSI
B9 RS TR U v,
Fig.9 Intervention mechanism of AR R R B A
computational experiments N A LA .
P P B0 s it i
VB R vk, ALK HAh @ VR — a4, % Fig.10  Schematic diagram for computational

N (B & —MAE) BRNE A EZ A
LN 6 g AR B — A P 2y, 2o, 2
RNTLRGEHN, v1, v, -, yn R N LRSI
Hy owr, g, oo up EFTERREFE R, 01, va, -,
vg e ANATHE R R ECH FAE. THR SRR R H ]
PAR 2 a) Sl TH AR SO0 E B e S R 2R G
I 2R 4R b) 3 v 55 S8 B 5 foe 3 R0 AT 4 A 3R
i, (25 R ARG B/, HSE e BEAR 7K
c) 3 THRSLIG T TE B A RN R AR R R, B, A
FFAN A2 R R A o, X RGN F B/

experiment design

TS st 5t H S 2 KX 5, Y25
S8 v B Ve 5 3 2% AR A U B S 0R TR O AN
JE. S S vl R AR UE R ZE R SL R AT, A
SE SIS IR N S TR 22 AL IR AS A, AR T TH B SE
6 PO H A REWE AL X LB BUE . BRI IR] B Dy B
HLURF BT AGRAE 15 22 B AR S, SR [R] 20 A i — 1
JRATS R AE CAORAIE. AL VF 25 20 3t (1 SE s 3R e it
PN A= K AAE s g A e S L il S ES e

o B R A 72 FL AR s LA AE



256 H 3

S 49 %

BN, SR TR AR FER R E, X R
ARAE 35 2.

N T A R AT S, it R R I T
BEAT VTR, BTIE LG MG BT, R Bt SRR
AR, DMEWERE S TSt IriE o i i8R, m
BHAAEER LS. R ENGIE A HA R
S5, WA Gt J7 ik S g B 2 b EE ).
24 ) R B % SRR ZE R OB N, A et U7
AR M BT T R SR, e
BT R FE i 2R A A ST A RERL AL . RN X4
A I = AN FEA TR,

2) itk

AR SCRHA Z MR R TR N T
e e B IE AT 5, ASSCIEAE R R R B A D 4141
R R, A 11 Fros, BO% R RN 5 #
Wi 7 A e o DR R P (R i b, TR A R PR B
Ry 22 HEE — R A b DL O A, #EAT 250 1
TR, WA SR H 1. B REMNARE (ER R
) BIEISERAIRT, AR XA B R
FoAt BT A R A 55

KHA o FHB

%‘h%"l &y ERbN\Sy W R B abycid,
J& HRa\ EHRD o abed, | R
% The) LA @/ = azbicsdy
(\ TR \%\@%d; & = asbacady
\%:: \‘% azbscyd;
0 7 FHD T
K11 RS A AR 1A
Fig.11  Cause and effect diagram for

computational experiments

BAITEASEW T AR a) IR SRR
N T AEBLE AN M SRS A e i T3, BT
EES R T T 1) 5 A4 RA S an T Wi SR 4
PS54 —MIBMTIAR, 2D B0 73 By 1 He
A — N EVER) TR b) W NAR B IERE. R
Wiy S AR BN, BIF S0 A X A B S e 0t i
WA R A HIE R o) BT RIEFE. BlH
TR SR K KR 7, BRSO R
WEE T W IRE T d) KFRVEE . — B
WEFE LR T BT, Ml Tk FRIX 2L [N 1 A2 A
(RIS ) S FUAR S KT 3 a0 2005 R AR AT 3K 6 ]
P 1A BT Ay B2 0 5 B DA B e 0 R T S AR

N RAE HAE FAEAE, Ab3E 2 AN H 7 (1 IR 4 5 12
FEREAT AT RIS 46 Y, X A S S 2 BT I 1 — i
AL, A — A e REE 2 M1, B
BT AR, 25 22 Je b R SE g6, it mT A
i Bh S B WF TOEREA B 5 ARSI [

B EARH. —fat, WA & AHT, 84 H
TH AN, A2 M S 56wt 23047 28 5. HrA
WU 1 B U S W DA BRI ] Se e . —
M &, WRA 4 ~ 5 DMEEEZ T, 8 H B
FX A AT BRI K A A AT k. 2 3T A
SRR B AT K T AR T, A R B B A
— AT ERHEAT SR

3) HUE s

FEEHRER TS+, st AR
G AR B R E BT R 5y 5, B i ) sk
BB R AR BRI, A IR A IS TR) A BAS B SR AN T
RESE R AT A IR, Tl ASCHERM —&E
P AR SRS, — 7 T P AR PR R R IE AR B AR, o — T
T2 i il R 0.

X LRI SR R T BUE VS E S 0L, 428
SR AR SRS S BRI S ) S IR (B 5 9. XA
HAEL S I AN BT X R — e S B JC R, T 2 SR
HH AV S8 N T8 S e 2 B ST 5 PR B T
Gl IRt Ji0 L EitP oS > S R OR L oA I SRV 4
5 BB R T B SR B s = i L, TS
S L AU FORAE O 4R B 12 45 7KL
JIENI 7 SCUL BRI IR AR Y, 3 B A5 B PR AN 5
R PR B A T T

USR CLAA T — S I TR ST PN A D s Bl T
DAL Dy R Gt AT U (H2, XS Hl AT R
BRI, i AR 5 B, 9 1 N IR O,
FRAFHORYE T2 R . EERAE A FR I I 5 B
B df B T RRAE R AE ORI ORI B 1) Bt
. HORFET LU E MR, ] LU BEHLI. #5E
P F R A S A0 475 A8 IRV (B %) AR &
BrAEVE (B B0). BEALE AT 1 SE ) R 45 0 15 e
FIBELRAE (7 2KHFE) A B AIBENLRAE (H259%).

T A L AT LR 3 AT B R L R B AR
BV SRS RIS Tk, I — RPIFEAR S, 515
AL FBE RO SR RIS S AT DL S AU,
WA LR AR HAL ). S5 T7 AT Lok 2O 54
TG BT, EH BRI SR W H LS. H
i&, ZHASRF RIS — Dok 2, BEf sl i
A RE L — AT FRAE R U R A FE N R % 1E
RAEOLT, SRR RIS SR Re A T B,
Bl oy F Zheminas H 22 AR s 4w 2% .

SAL RS K

FETHSE I, AT DA R 07 2 410 Il
A7 H I3 AN T2 (0 2 8l 022, sl i n s
ST 1T TG e, I 7E 2 B AT 2 OK 21 A

24



2 R A TSR TT I AR, BUIR S R 257

P, TR U S0 Bt 424 2 2R R W 5 IR E
DR B — i &, TSR AT LA I M
ST S W AR AT SR b, =FH N
KIS, AAAR . <M A R A RE A, B
ENA M N T BOR M RG I R 2k W
YU SR FH S5 RO 8 5 4R B AF R A I BRI “Rton
3 b7 S i A AOW AN AR BCRE R AT D 1) A FE LR,
A X TROULAT A R 2 BT R AR BTN 2 L R

1) MM (H L)

W 13 fros, A T HE R R R ARG NIE
AT AR, 2 W Z T CAh A& R 2 o B v T B, i

i n 22 BR: B F)— 1847 — IRZS — i — i S
B, AR E T ARSI AT IRE) S S AL,
8 1 HE o B S R R G AT A DIRES. 2R
Ja, LB BT, PRI AN AL BE S S IATT,
AW RS IZ 4T AR 2L,

a) WKBh ). AL HIARRF M EW T, BT
ZE HEAL IR I RAT A — N E, R
e LA 7 Y S I [T a7 S = I T e PTEEE 2 S
VR, — T3, B EAmEl, sCEBUA FRmI
WG, AR A 2 GUiAT ) B B2, i
SGEBUNS RS S8 SRS HERAC R A R e 0 S S I e T

HRH SRR
. | , | | |
T e 1k BaATLTE ZHk =8k
[ ‘ 1 [ | 1 %

J— vmd [ TR Fsk WA SO | .
i B NIy 51 S FE

(FEZ R BERE )

K12 TSR R S A
Fig.12 Dataset generation methods for computational experiments®™

Response #88 SE & REHUIRTTR
0 - TR e, AN R A7 B A O 1
AR GE T 0 B

Driving iR T NS E RS
AL RRAE A, BB BRGNS
i RAKEl, —HILFED) TSR
GERYIBATHL.

Operation AJ DL Z= 1% (1 ff1 2K
RS E R RFE IS T, B

(AR N &g Tk T (S S

Reasons fiiB i AL S RGRE
R AR SRR S AR, C A FRR bk
M H AR A B AAE.

Status “EEIA AN F WA Tt AR
SHIRBERLMN, IR ESRS. 2%
WL SAL AT R =2RAHE, A HTA
PEA 2R

K13 TSR R i

Fig.13

Macro analysis of computational experiments



258 H 3

49 %

¥ i

FERS IX AN AL RS 2 Tk s BELAS B .

b) 81T, B RAGAR LMo
REGE, WA Z R 57 4 AT Hi g, stk =
2% 5 2 2% DL A B I 2% 42 P ROR R 4t
BRI TR &, AR, BRI, 2=
LRI A HoR 2. A5 B 248 B A T M5
BRSNS, o BA FE DB E R
FRIIR 55 LA IR 55 ) B 58 9% 2. AR I % U TG R
b2 W4 5 R 55 N 4 IR L, o AR 2 TR) 3R I AR
S5 RS R R I E R AR, SR T B
RAES ARG M RE R T RE .

o) W& LB RAGLE T ERAGHAA
GURFIEAN A 25 R GEH O ) HEALHRFALE, LA R 22358 R 4t
R E RS RFAE. PRIk, H 2RI RGN R 5
i, WEMN “EERG-LT RE-EIRME =
YEREFEAT. AR ARV 3 IE R G b Ak [a) g
ZHAERE R AESAL, KA Z . )2
UUVESE . A e 32 B 36 LE 23 BT AN ) R e ) 2k
ARG A ELAR R SR F IR R b 475 I 4 A
BEARACSE L AR A A e AT AR TR AR PRk
RE TR RGBSR, AR
KNPE AR SNERE XURG: /224, 15 L D55

d) . AR ARG R I H RS
B % HAELLwRA, 17 HE 2 2 BN H B s
EWLREB L, A7 ¥ I 34 2 PR O A 5 A T X
AR ERAR. N T R PR RAE X LB R ) A,
AR ENBIR GENES B A AR LR 2
=TT RERT T, AR R e VEAEAR KRR gk
TR A 2 RGEATS 5 AL IR U (61 W 2%
k). R IX LA O] BE H AT R BOR 2. H
g PR ADL 7 2 A B RS 5 AR
B X it R G AN B B B A T TR SR
WS FNSE K. BEALE R R BT NIRR SR, B
AR BN AR A S5 R AR I 26 B

e) T H2BRARGHIHATT B2 LA
s, BEA ) RE A 2E R B 4, hifal ;21 R
AL A TR B s RS, Rk B
a7 PR AR K. TR A RS R R, AT N
X FL AL S A BR E Y A BRI L H AR
TEFEHNE B AR AR, I3 TR RGN B
SRAB 7S SE R AT B e 2 B B 22, JF R B IE S
IR S R G AR 8 A TUE 1 H AR . X%
B RN 51, A AR — MRT R AR BB A
X MR A, AT DA T AR A L ) S5 S AL,
SOETII RS Z 55, AN E A AR
R, T DLE T4 2 ROHT PRA Sk S BT 158 B ML,

HES) T A H 0, SEELALIE 25 IR

2) HORL B (16 2R 25 AR )

HOUL 53 BT B HE A R AR AT AR R 25 SR A
SR i A e 4 SR I AR ER R AN T 1Y, B SR T
TIM A SR 7] e & A G 5, DU 8N 530 mT e 1
SCHEAT A RUR . S S S ot S A R RE
RAERBEH IR, OF = HNE: a) b H
PERAERNR ISR, 73 1R B 547
b) FEE IR AR b, a5, B
AT ER MBI, o) R — 1L R b Fr AR 3
I TR 17 S5 2 TR 2 2 B sh A A S Ie e, S [A] 28
HAE A ARG RO TREZEZEAN
AR GORHERR ) T S S0 v T DA A A R
AR E FACATEAR ) CRTAk 5 . IS S
R FAR R, AT AR 0 R

S =< T,, Des, Actor, In, Action, Out, ES > (2)

b, T RS R R Sl A 26 A, Des 72X 1 5%
(Tl 208 5 ik, Actor RIGR P ANZ 5 A0
In 3& NAP TR A5 B 8 sl 261, BEE AR 54
ARG Action /&1 508 3G AT 19T J9ER
;. Out RAIGFAT APATIERE L EHE; ES
R R R DU B AU L RIE S (2) T
) 25 16 37 357 RE WG IR i ANl A TEXS AR GE RS, 0
BN TA ST RE S 2 A BT 3h KA EAE T
RIKRAR.

R T B R R, 1 5t T i B R =
SRR, 16 52 18] RE AR RSB AL, 18] 14
B ML T 96T Simon BRI —PMRAE, EEL5R
N Q RN AR S R AR AL A A A
FLEHTIR I 8] v, FERFRER B KA T HMFE.
EJa BRI 8] vy, N T R AR B, S
FAR AT PRER R R S R ARl BT AR, B A
D. QEREATIFAR M SRR g (W~ D),
WEERA E. A EANT P EE R, WAl % %42 15 5%
BR AT RSNV S MR (B fE A). e
IR BERRINPHAT HEAF (BN FHAF ~ A), WS R
E. AIRIEE ~ B*. WERANMA DGR T K47,
WAE rg IS 20, 47 N RGEATREH 20, AT RECAL.
R (FE W), WEER e HAEAERNE
IRPE. T RBTCRL (FAF ~ W), W5 R R ATh
A B W (45 R E). ATIRIES(ET) >
S(E), Hrb S(X)REEHT X A RIS,

FEN 2 AR T N, R G R O 1 DL
BN Z RN > SRR P, AT Q K
f—Fp g 2R, BIATREFHAE 2 —. Hil&l 14 AT LA
5% C B Bl /b 75 2 4 b ZIFR AL, BA



2 R A TSR TT I AR, BUIR S R 259

K14 53R UROIFE BRER 2 R
Fig.14  Sequential causal logic trees of system
scenario emergence

WENAME. KR (B Ex M E~) KAEM
KM R R KA BT, AR A 5
KA SR, 400 BE 78 45 25 AR R AT R FE.
B, s C IR 2 Pifh ol B3 3L T
BRI R HI (FAF X, Xo, Xa, oo, Xy il
AND E£); SEE T EE— R FHMRE (FH
21, Zay Zsy -+, Zar, I OR HEEHE).

3) WO A (A R k)

BB RARNFET R AL ZA EE
1TE A EAE G RIS, “ER AR &
BRMNMEEH KT IR 5 A, FEE A
G 5B 53 B,

BG T R I R S R A RS
() AR A A2 AT SR 455 2R SR R AT TR 1 5% 1 3
FHUERE S 2 (B 15 §i3k 1)), XESHrE M
s Agent 1T NEHE 124 B Agent 17 A
(B 15 Fi3k 2)); A2 TR R ALY (PP N 4% 15
R BER R BE. 52 21 58) S Agent 1T R
H & 2] (gAY Ryl (T S — B )
T2 T A8 X FR 2R ) A gent AT DA MR fdE AR B T
B2 (B 15 #isk 3)). XFAT R H 7 AR € IR
St 1 5 HNE 5 2 2 8 B & 51 Agent 17TH4
PENH A, RIS I G 0] 94T 8 2% 2 mT DL i 3
R A B 1. (H2, IX P02 M 2 LA Ggi it 5 Bl
), B REA AL = A2 AT R A B AE I S A ] g
ANLEAE; R AR, e R IR MG 5 1 B 5% 2
) “BRR KA.

FEVHE SIS, AT RALEI #7238 40 b 4k
AT 9 B AR BCHRU AR AR TE) AT 9 B BB F, DA A T
I e s R AENLEE. Wil 16 B, & T
AT AL P 23 B A2 e AT DR SR e 2% )t 2, T A
roe AR NERFAT AR T a) B TS
se 1 EAAT AU R RS S R
A B R, BRI At 5t 1 547 N HUR) 2 T8] 1

M

Agent

Bl 15 T BIBRE (1 o Hr s 2y oY
Fig.15 Analysis model based on model fitting!™

s 0 5 2
I |
2) 4)
Agent .—»
s 3) o
17 LA 1R

[16 ST AT AL 447 s

Fig.16  Analysis model based on behavior mechanism™

R4 (1116 % 2)); b) SRR, AT E A0
W {5 S B 1 5 H A 2 AR S BR B 2 6] B £ FD L
B R AT T AR OHLE) TR AT o B
(P 16 73k 3)); ¢) e B4 F 30 3 (1 170,
HETTIBL L A % 2 OIS (0 16 7k 4).

ST A7 F LR 10 504 2 BRI <R IR
SR, ST M LI G B O AT A T ) L
G B~ - BL LB AT XK R
7 5 e B 2 R 2 B R I T A 26 T
RIEVIAT A TR S WA R G, 355
T BRI BRG] B, HLE 07 2 5 520 B
B, it — b BN 5 2 o T 5,
L FF A R SR TR0 100 S T 5 s SUAI SR

2.5  SCIGIGE

SEIG IO MITFSLIG M B bRl R, B
SEIG AR GUAE LN Sk N 2 S AE AR b S T R A R
Gr. N T RRSLIG B, B AR — R T (S
(IIE B SR Aff R ASE LB ARER T R S A, =)
B BT SO0 A5 DUl A 3t Al R e
66 UF 7 TH B 288, vHE SO A e oAt 2
SRR F T, S H A T K AN,
HigE Rk AG T ENE h TR, B, B
TIEERE T &M ST TR S2 36 M E 2058
WEJ7 R 17 Bs, R BRI ST IS AT IR
T, SLIGI0AIE AT LA4y R 45 R B0 AIE  HRHE 36 10E Fn 45 IR
IOAIE 3 N7



S 49 %

+ (mwsn )

[ semomtr | + [BomEs )

\ﬁﬁ? | Bl \gﬁ?

s | + [ seesgsn | = [ Rgin |

: § s S —
LRI E o | ARRE
LD AR 1) R

1) RGHME

N S A : 2) Hudi : : 2) Werker-Brenner
2) TSI E i 3) I RCHE i 3 Jik
RGBS L 3) T
17 SEIRUGE 52K

Fig.17  Classification of experiment validation

1) 2550 E

RGBAEN BHL RGNS, &1 gmfE Ll
79 BT S BRPUAT BT SRR AY . 25 4 B IE A2 R AR Y A
IS FEREAT IR AE, TR R R L S R AT A
BRI REAE, PRUEAR 1= A A AT D 1) o ) et 72 2
IEHA, RPRE BB AL 2 = A AT N R 78 4 2%
PR, TSRS R Gk i FR AL S R G A WA
SRR SZER A D IR, KL I IE & T R4
ALY 56 SIF R A B B0 AIF 79 7 TH

a) RGBAIGIE

XA B R RGO S0 H . 4
M LA ORI RIIE 8 A2 75 PR — 5, A e A5t
TR 7 14 b B AN 2 77 B R0 A5 Y 1) R (5 PR AT B
ARG EERFAE AR, [T 28 SeA A B N 72 58
BN — SO AN IR A . AR B 3 ) TR 32 R
£ B LR STIE SR LA 3 FhoiE, R AE
JE T T BT AN A& AR IR BA 1. 38 A A Y
[ LB A 5, B FE 3 AT AR R HE =y RS 2 (1 56
TEFEE, BLFE: 1) Ui B ¥ 3& FH VO BRI RN R 1) 2
BV R T AR R v, B AR 0 5 o i 28
BARIE FE R0 K F B AR AR 15 i) T AR 70 B — 4 R
A M FRZ BT, A EA A FIB s s 2, iv) w]
VLS 55 Agent AT N B AT BAUFAE 1 T7
FEABAY.

b) THEARRLGUE

XA B E B AG A L Wi, BT RS R
T 5 RGN — . RGP R A2 7 SR
THEVLRG AT LUSAT T R I AR R 3R
B2, KO ERG SRR R. BT Agent fAY
T B HUERY | [R]  Fh g RE R S A EAHL R G
BERZR, GRFE RGN R g5 5 H A B R
H AT AR A BGE R FH 1 5k R A 1) AR A

A, W TH AR SRS R R I — B D) R IR
THEHL b, R FE A RS, AR Dy bE L
KA AT AR [F ARSI HEAT LU 1id) R AN [F 1Y)
PR iE S S R GBI I AT LR iv) AT
BEAVE AR AR AR 50T P4 T 00, TE VR A 17 B0 R 5 A
ARADRE AT, MR B E 3, A 2 m] LUK AT A 1
GmFEES IR

2) Hf 4RIk

FEVHRSCE T, AT BRI + BTSH =
BT R VRN SR S B sk A IR 2, SEBs |
MR TR 7 — MRS, HFAANZMRRARE T H
SR G, I AT TR ST, SR AT
SEOL, RN B ST ZR G AN R AR i N B )
BIFRNG BAE B S I  BR ASE R RERE I B
PN 2 S ES LPRIG A 2 B, B —
AN SELS R G, 5 TR AR Sk EORIERE
AR, AT 10 R BT T M
W A, LG — B RS SE R I P A S A
[F]—VESEPE BT, XTSI, fF A mE R
[UNNFSE

a) AI{E FE. HH WU AR I R L SR AR A R AR
AR N2, B LA TFGa oty A e 4, #4E
AR VA ORI e A LS. BEARWEH 40T 1) “H
27 AR A AR S D B
B CEIM, REER. — RIS, BU IR
JEAT LA PR B T A B A .

b) B i E KN, FEG I, FEARR R K/
S HEWT b TH R I A BRI R, R RREE
FIE DL, FEAZS R H Gl B AR R 1R
FERIB/N; R, FEATS BN HAN TR 22 K
FEAS THE Y Z 40, X T [F) — AN Bk (A —H X))
M5, Bl 5 5 AT DL B AL R 22 H IR A 2 A0
ARFNEA 2 1 1] .

c) B &, ERAAMIBIT R —ANIELE,
Kl A n] e 2B A 1 5 B ANB T T2k T
R 4 Bl TR, B I R R B e S 56 45
R EBER R, SIS T I L i M 5 ) 1 H
& . SR, A — AN W] G ) ) 8 2 Wi B8R 2
T I a), S SRR AW R U R
G TR L A A, B R 1 1) R R
. TR AT e BRI AT 2 A SRR A
B A, SRE R LT

d) AHCHE. R ZAHNLT, B TR b A AR
WF R, B0 SR IE in) A G 1) BB R AR
R, TR A T BN EREATI A,
LGN RS BRI RN, B ses g



2 # B A TSR VA YE. BUIRE B 261

RPEAE R,

3) &5 Rk

SRIEFEH TIPSR R R 5 1L R
GUAT A — B B SR AT DL St SR AL TR,
T S 84 4 b ) 5 2 158 (R R S8 AT AL 7 2
W AR = A R B 5 S B X L, DAHENT 2 S T
DL “h b e ISk, M IE B 25 FE0IE 1 H 1.
B2, THE S 20 A R IRIZ AT 13 B AU Bk
WA BREEAS, I BB R R R AR E 1 S50
. R, 755 BSERGUAT N, T 5 52501
S IO UE 2 TH I DA R 1) 75

[BIRE 1. Wfa] B S 40 B B N 5 R 43 B ?
X IR SR04 SR AR, BN d g 5 5 sk
B — 80, e DU e P A B & g B wk i PR RS
K&, AR A g B AR T, ZRIVIMR A
SRR K. H AU T3 AR LR A V46 /N5
s, 5 1 R oOrORIE BT 4G, Wil B AL
P FSL AR AR S B DR KA IR HTR
Kedii /NS H S 8] X PR 7R LIS A A 2 HE,
(AR5 5] ARMIGAE 05 . 56 2 Fhogikt
Y5 —Ph e IG asR), ER R ST IRE AT S, B R
B I 3R BURS B, 46 /NS 802 1] I Ff
FEBR I H RS20t it TR SRR T
A R RA RN VR, (IR 2150 S
A R . X AR BB g Al 4 AR A
J7 T EAT 25 1A 45 k.

[B)RE 2. Gn ] b s S 8 S SR O 2 1S —
Y LIGIBAT G R — AN A, T B S AL
i R —AFEA, MDA — NMFEASRAS 56— AN 0 A5
SO A AE T RP AR B AT DL S B SR
C—FUY B RT3 B R WA, R —
LB RIS B ST, s FAR KRR 52
T AT N B2 500 AR 3 el ) DR NS T S R AR AR
B — 3bE, b A5 R A N — B, B
BN e AT AR HERIE 7T, SR A Re B e 25 R —
B, B AT S AR E R AL T AN AT I R T
V5, X SIS IR AR 1) — AN T A

B R 3. G fe] 5 Ak B SE A R AR B g R
EEEOT, LR IGUE &R H O f M 565 31T
e, (HA I, T8 SEI0 B 45 BT Be IR R E I
SEA e AR R FEIXFE LR, 7 e 4 R A
WA, ZRF AR R AR 24, S
TS G — AT BRI R R A DL R I
SEIG A AL gl AR KRR B2 3040 br N 5L B
AR I RS ] 5 0] 84 AT e 7D i1 2

AR, M SR FH 1 25 SR G UE 5 VA B (R 2 b

5E J7VEM, Werker-Brenner 777221 F1 [ s £ 4 5100,
HEFBA N2 ANRKITERAE R 72 e o b
I P A a) L DR ERLAE U R s A T B S 5
E B3 e [F) I 5 At S UE 77 9% (A0t 7 k% Xtk
FRAEST M A BRI SRR 2 4 5030 45 ) [R) ) A
A BEHAS L (PR

3 MRS

TR SIS AR N —FoBT B2 BT T 5%, FE N
V6 B R EORT BLR B R R e 3 T 5 SR AL AL
ZANTTI. ARG ) 4 B IR = A5 TH ) — e
Z9, DA B iRt v B S8 7 2 ) A

3.1 DIRERE

IR ARRE, FEAEEN AR E s Sl R e |
SIAt o RGUHAT @A, M ASIE SRR — A2 RS
PGB R, A Eil i LR R IR R A2 A i
SR T N et 22 B i j i DA TIOR ) 45 3.
PLIBAE T NI UE NATTRT 46 H 1) %5 Pl B AR SR 4 T F
B, AHIX A S RNRE 1 ST PR a2 BN Tk 2 g
), BT RESs H AR R RR T o s AT E PR T
AN AR AT % r) R (A i [

1) B Ay

1996 4, Epstein & £ 7« NGt o7 #5
M SugarScape, 1] PABEAT 28 5% S A HAh 41 2 Bl 24211
AHRSEEG. Wil 18 fiizs, SugarScape FE j&—ANH
J7 A% G S P AR B [ SRR Agent, (UL RELE
XA AL e RS E —— B,
HIREZ R RPER AR L. B Agent G5 175
r o TR BT R R o AR E s =4
JEVE. Agents # B LL R AL AE: a) XHAR A7 Va -
) T B O RS BT LS, R E B A K
JOKE; b) WA B K0 = ) B T AR A 1k — A,
ML IR o) Bsh BT d) WS 1% ook
(R S X AH AR A AR T AT BT

Bt 5 SEEG IHEAT, — 4% Agent RIBEH TN A BE
JIH AR BT b Ar B ) B0E o A AR 458, RRIEIRAF 4L
ZHME: TS /D PR Agent SR EILT:, FEORE
53 Agent #RIZ T IR B HE & & HURR B AN X3
w4, DE Agent A KERIFE, 2% Agent X
INHRE DB, XL SR E AR
B, B2, 3@ A SugarScape N Lit&Higsin
Z IR (FlangEl). DA R 7T E S A 2 Ak
[B) Gn AT 3 ik SRR AT e T 3. Ak, AR SCIETT BL
I S Agent FITEAE IS RN, KRB SR AR
I LR SR G AR, T S AR



18  SugarScape FHERI Agent K534

Fig.18 Distribution of sugar and Agent in SugarScape

2) AR Y

MRS R A Y AR RE BB 36 &3 K
Schelling™ $2 H, B85 A {22 [7) o P06 T 25 ()
KBS sz 5 VE R, $8 7 Fp AN B B S 1
JRER. ZAALE 24 AT N Agent. Agent A1)
AT NN BA f Agent 47 8 B S B 22 M 46 R = A
JLE. W 19 FoR, St HOB BN T EE —RE
KRR, A8 B —AN/ME T 1 Agent fEAEEL
TN, AR 2 Ff Agent, BE KBS, K4
10% IS N2, BEAS Agent A — N EAK I 76 &
FEEIME, — B RILE AN & B B T e, WaiE
% 28 AR AR 7 A0 HL R FLJE A R AL B . Agent
(AT 9 REIN Ay: ) v 45 6] 1) 28200 = i) # i b)
RADEHE R T T HmirE, W Agent NI,
5 1ki23h; FHNkLE5); ¢) Agent 2> B4k 2 H
P 5 R B 5l (1 PR B A, #2230 22 A,

B & I 1A] I HERS , ANRIFRSE Agent 22 [B]RR &5
R Ao RO AR B B AR . i B s
WIE, il Agent ZEdn e IR B 235, A7 LUK,
IO B 5 R R AN A2 DA S e AR R R R S, A
JUFREAS Agent 318K G 48 J& 5 H M RAHE. %
MGG R AR T Hh 2 1) ) 2 Pk 2 SR F)
AT RE B 2 e 78 Ry M S B A 7

L] e T A P IR B RIR L7 I T AT TR IX
RABBAT TR, I TAS [B] DX e e 2%
W FEH, RAG T At 2 SR,

3) RebeLand 47

TRIRMEAR K220 Cioffi 2517 $2 HH 7 MASON

19 LTI R iR 1 S

Fig.19  The segregation experiments based on the

Schelling model

RebeLand #84, H T8 W6 (WA) BB (FF
A) WFE (Bl sr A L. N S0tk B ARIRES)
YR AT L B R R e . RebeLand R — M T
H AR EE v B B B E 5K, — M KB 1) 5 05
H Rk, VL2 S HAR SR E 21 H3). RebeLand [
PR b % AT B R SR G K, R AL f
AN (BT 5 SR 2 5.

W& 20 Fizs, RebeLand FHE 7R 3 2
AR 2 HREE. B XA RIS RE R, BARTIE
M =MARR, EFBUTERAMGEIZIRE R, 18
PEANAE I S AT 2B B, B IG5HEFE L. Re-
beLand A 4L B8 7> O — N2 KRG — ANl

20 MASON RebeLand %!
Fig.20 MASON RebeLand model



2 R A TSR TT I AR, BUIR S R 263

HABORA S NBUR RS0, &b], BURHE
SR AR DR ST A 2 ) ) R AR SRR B0, ARG
SESAET, ARSI T LU A S BUG ZE T REL
T UL AR LI .

XTSRS T RS AR E ARG 3 MBI
WA 8T KA BUAR R S RS, T8 A
FHAT — A B U S TR, 38 7 2 kAT KR K
WAL (Bl SRR Bl 5 P88 1 7 [R]
BRI, 1K RAT e AN 2 SL RIS B4Ry E BSOS
AT BRI, B2 DT DONHE TN AT 2 Hr
UG B0 A B LA X SR T IR T T
T HE IR AN R FH B 210,

3.2 FaTEFmn

TF O SO A A I T 1) LS A s R
B s N TS REMHELH S RS2 BT =
VGHT, HAZE ok A 2 i S A7 AR B ] BEA7A A
[ Ie) R IX SN AR A i B B STt 2 i BN T
FES A SO IRAE ) A M AT A A A T
26 338 1) A SRR Ab B AR A v, M A5 S 56 &5
REENE I LA AR Tl AR BN
G AR 2R S0 TSI SR S 3R AT VAL, (EL A T 45 SR 2
TR A AR T I S 2 15 78 40 DA B A R
TR G, AR TEiEsLEx) g it te.

1) N TR

RN RRE—NERRR, ZHHBER
I IR G R A T R AR SR B 2 MR S T
YIS IR Z PR 5 gt 0 o s s R AR e v v
Arthur S0 $EH 7 N TR AT B, FH —Fh 408
I ROR AR 22 T RS B 28 1. XA 45 57
TSEA TR, AR “&BF N ik, Uz
()2 BEBE 2 S G RLFASE (A PREEME N, 25 &
G AT HEAERB MR T L B R R
G AR BT H, H T2 5 Agent JHid M %2
B0t A A AR JE R AN W A 8 T ik L T,
LA TR S ) i S s 7 ) S G 5 DA B g S 1)
Wik, DME A AR SR, BT Agent AL TE
BCE SR, FERAA S 216877, o] DAAR AR DL il
T R M AT Ve SR #E . it oKk, BT 28 5 & Bk
HTXYE T RGBS RPRAS, ke
JEEZE I A

w21 Fros, BANREAZ S 7 —
A ERE T R G IS AT I 8] 2 B EUT
LI AR AFEAT R & N LIRZEM gt 7 — MR
U 1 IS e T ) B, mT DU TR 6 A [ B A 2%
A 2 e A A AR ) AR T DA SRR AT 3 EE

W AEFERZRMALZ IR B IR 1T
N, T DASTRE SRR B 3 AL AR < Rl iy 3 1)
SEERILR. BEJa, AT TEE N TSR 7 i i Y
BEAT 1 SR, DAIHEAT SEIRJZ O 2 A, B AR ek
WEBETEAT N5 2T B AR A A A % R 1 )
A5 2550 S loo. 110-111]

(B )| | TEAREL s
3 3 i\ﬁ%i, ZLIER
i — ]
(I A | %

BB S

s I
=

______________________

K 21 Agent 5B TAHEAEH 451
Fig.21  The interaction structure of Agent
and stock market

2) 020 %%

% 2 FL I 0 P b A i LA SR A T R KR,
HlEoamEi@Et 7 AMMES. 020 #04
BN VE 248 GeAT R s B R e X, 90 2
R iR BT A TR RS S 2 . |
B 28 06) AATT AR AR 3% ST 077 A T B OR )s2 ),
el RS Waah | A N P S v T | 11 A0 i R R P P
M REHUE AL g\ s g A s, Bl vt BRI AE 2
KAEFE ERe AL i s, AT R R AR X 5T
BFXHZ ) R, SRk [112] DAL FR LR EE 8 v 2l 12
W “BRSSH J7i%, CAVEAS B 5 sz )
FLFE LA M BE B L 75 SR AU REAE A 2R A g 55 MR A
R = AN E B

Wil 22 Frow, 1A H R L GAIE 5 AR 45 ) A
TR 2 B RS AR OR TR RO AR, AiAE
NS T AR RS R RS A TR SR TR R
kR, H T A Rz E B e 7. 721t
HSms R2gih, (LR Agent )& 1t T AT
Re 1 (s P P EE S IR S5 HETR R A it
) FMIERIBERE 71 (WL RE TS G R, AT F
L) P2, TR Agent fJE M N ALHE 2 Rl H &
W ARAETT TH P AT X IBAFAE S A% TR 2R L I (]
Rl (BT 1) 22 B i) [A) 56 ) 5 Jo R 25 FH 45 H R
R EI LM E RN ERA S, v LLE
il BT 75 & RS g e, INIT 20 B LR A =X
Lt gt s A AR 55, STk [112] SR Z AR R X
T Sahlk. FE A ETF AT T TITZE
R AT, FEga T A RIS i)

3) AT T

BE#E SARS. HINT. 37 jeh 2 185 55 R K AL G4 1



S 49 %

K 22
Fig. 22

IR 25 A AR

Service bridge model

AT, AU R BN T WF e AL B, 1%
Bt — DS AT E LR, AU R R
X%, T HAFAEIR 22 R AU RO AT, 15T
DB TR g PRI T 55 S 56 R YN Ak S B A S B
SEREECE BT IR R A R ISR G R AR, 1
WR=ATTH: PRSI (Bl eI s &g N
B PR AR R R SR RE
WEAR )L B B AE A R (1 kT S 52
W2 N R R RS AFFERBA D
B I T At Yt % )« BRI IR RE T I (191
NPT BRI IR EE L A BiE R, B R
BEHIRERE). K 2 0 LRI G AR < KA R St AT
TR LR, AR GEE LB 3 R T3 3
AERF R P2 077 T 5 A e

FUAT, THESeS6 C 28 O T AT R K AR A%
RO — A EEF B, EENHE 3 NI a) L4
FF T, R IK A RS HORIRAT N A 5

TR AR ) e 7, A2 BN 19 R 20K 5L — X 4
X A% SR 35 0 23 A 5 0 W N o 5 1) LT
& b) M TPFAL. BERSLE RN IR L SR, &
PN R R B e, Ead 2 e it h s
PRI, FE RVPAG IR B S A TR
SR EAKE; c) THURIS L. BEORTAT IR 2
IR TEE) e ZUE 2 SN S iR ULy R S N
)T F500 ORI 5 B . AE S R Ui ik %
BT P A LR, TR S T TR, B
REFZ AL B, SCREI D> T TR, & N S 3R
Fi 2 S0

3.3  REEMLIL

FHERF ST B PO7E THRAE—FhaRRs O F 9508k
RE— RO ELRB . R RN N T2
BRI Tk Fhopi e, A8 A8 2 (1 4 Hh AT At
XISt B AR R . AR A T 5 s
B FESRAMAN TSR @ =% 1
ITPAT SIEFR 5, T LASCRERT ISt B 4% R G
H ¥R LB A 7 ISR S SR A
PASEINT N AL 2 AR A o, B S P Ik s A
DASEIL, B ReSRA HdE, B FER M TES
NN

1) AR =

HEMERNE N BRI EEEG 22—, B
FAEHAZ NS T RS B bR I s kA
a2 BT JE s (0 DU AN TS 4 5 . B T 7
(¥R S 5 B T DU 51, 7 A 2R 51 BRI
HOAE M ERET. SR S A T A K 2 T T
PR B KK IR . (B2, BN sk 3]
(R — AN F= BERRAT A, A SR A o) BRI T
ST K E ., B S 0 SCAR, 655 4
IF I R (V) FH P AR 56 25

T PR AR, BF TN A AL A (B R AL
)E) AT SRS STUIER, AR5 (EASAULAR o 6t DL T

2 MR RHUBERAT o A& R AL, R SRR DX L

Table 2 Comparison of characteristics of typical large-scale epidemic spread simulation systems

A BloWar" EpiSimS™® GSAM!™ CovidSim!"" ASsocCCH STsaR!"
g AR W R, v PSR gmiekmas SSRGEIL R
TS RO B O T i sk RO
[EEDYNE e [ &g T Lk 2l K2 S P EES
[ ED WIS EZ- Tz EZSHiii EZ N Hh FE 2 [A] AT EZ NN EZ NN
HRES C++ - Java C++ Netlogos RIEF Netlogo

ATRAL i 2= 2 2 & 2

AR o i w = = & (FTLEM R181T)




2 R A TSR TT I AR, BUIR S R 265

SRS SIS LN 2517, R S0 5 1) P AR (]
(5 TR A, an e 23 BT, B A1 AR A
XU 2% F AL R g 7, BLRARATTIN R K 2
BRI 2 ST T AE S B SRR AR
R, REAUE R AR R AR R AL T RS
PE. R A 5 T TR 6 SR DL K2 b4
SN S AR GBS S U A AR B, AR R
IR IR SRS A SE PRI RSB T 29 DA ERJURON
Tt

mmmmmmmmmmmm A BN ERLIE 2 SR 3L 2 5
L5 -
WA A e AR A
BT ISR [ a2]
REFN B EF &

il - e 2%
il = NS0 Yo R IR
e R,

IR thrt pot 2]
A —— RS

Kl 23 A AT S 2 5T IR AU 5 R A

Fig.23  The architecture of virtual Taobao using

reinforcement learning

2) N

LG AR IEAE A BRu A A @ 2, 9 HA
XA BN | A BRI+ 2 4 1 1 47 T 52 1) 17 2% 52
Wa H . X T UM, AT DU RIS 5 ok i 3 4
SARF. AHRZ, BT B ET Bl ) 2 M AR R A R
R, BT RE 2 PR AR = 2. Rk, AT fE BRI &
BEANT-55 B [ I DR A A 7 2 AT & — AN AR A R 1) )
AT 2 0 Y AR A AT SIS L2
E S B HR AR HE X IX 2R & 5 i) /@R AT A AT, Rtk
Zheng ZEM FEH T — 14N “The Al Economist”
AT AL, i N TR Re it AT @B gL, DAk
I BB AE 20 5F T S5 AN AR 7= 28 2 [A) g 8T 4R P4 A
B A mg . A i T R AR SR i 8 B A 22 S Rl
NINRE, TERK T — AP gam b 2 I HESR. w24 B
7~, “The Al Economist” 4% 0 SEEHEZE A& 117 B A
B R s B ZR s AL, B ey {8 A Ak 2% 5 S
U BT AN B SR B R L R Ak,

5 E R “The Al Economist” iz f7 45 R 5
H T3 (EFLECE B ) B0 1 52 B BRI
THRIBL A Saez HESE ™ A2 (RS mE ) 3647 T L
BRI RY, 5 Peter MY $2 H KIBUHELLAH L,
“The Al Economist” 1] L& 555 E =R 2
() IR AET 2 157 16%. 12 HE 2R AN FH 0 56 0 1 Bl 2 A
vk, BefS BHEE ST 20 B brift 1T 4L,
HHAM T EZ G 5 2] FFREAE “The
AT Economist” &5 fift L i &8 BF it Fi 0248 b Ak

SR FERIIT 4T 50

) N (A% 1)

ﬁm&r;: S A | KAEWHCL R iR C
AN LY J

(R ES% )

NI

ARE CPRARE RERE
LS LSO N2
LR S A 955
A A s
O® O ©
J i RAATE)
il R i)
E / B
) BARR P AR o KRR % » 4 iR }—fm%ﬁ
O BEmmmg - 7
—(%5)

[SRHRTE

K24 NHZTF

Fig.24  Small island economy

PR R M ) B, T DL VP O B 5 2 B 1)
AR

3) T NELH

T N2 b 5 R AN 6 AIE T N X B 4 AT i 1
BB AT B P SR A g, o N TR R Ak T i
I Kk —. (HR, Bzt 5 (B2,
W G XEW ) S @R AP, JEH I
. B HIFER IR ARG, XILT AT fE5E
BRI R, 7E R SO0t S mp ot T8 N 2 e 5 e 114 9
5 AR A — Rl AT B R IE B, A AT, 1T
EE, MHAZEHR RN TR E R 50
S FUG PRI 1 E 20 2 Gk, 7 B S =R
UHIEJE: a) JURTIE R . 75 B4 3 = e85 505 JZ M
FE R AT B, AR FRBE AR ZE 50 25 1F #1850 stz i 57
FIF; b) B0 SR, BEAE B 0L SRl R 4
TR e SR o) MBI A
3 4 5 5 e 45 1. [, T EF A8
B L m IR R SEBUIT A S5 SR R
RLHESIA A BR, AT 5 2] J7 R 2 Hh N
FF R 037 5t Az e A e N 28 3 2 405 1) 2 AR
DP [10-11, 79-80)

Wi 25 Fiow, B RERHT BT & s b A
T EMEUE = AR B, WET —ANBITE
Uiy, 5 IS B A ST AT IR R AT . 3T 0
MUEEFHESNHERS L, haETE. M%)
AE R, BER S8 A 30 3T R A2 A 50 00F, ik
AR BT B RSB B . N T iR R
SREE TR FH 2 R S i 4= & 1, W DR R
BRI 2558 380 Agent AT, A RGBS &
28 H R AS @, HEAT IR B 3R AR
R PR R, F Wz Rk 1) B 228 3 3 4248
TR, WL Agent AL SRIZHINTE RS T
TR S S R B L B AR SR AT .



(8

¥R 49 %

266 H 3

K 25

The scene demonstration of Tencent TAD Sim

S TAD Sim 0 2 R Geb st R
Fig.25
simulation system

4 )RS Pk

THRE SR E O NMITARAMIIT ikt B2 R GE
R B Ae. (HAN TR Z RN, TR
AR — R iR R M B AR AT 58 A . AL,
N T RENBE T W R T RAE, v B S T % i
fER AR 3 AL 1) fn el A O EE E CN TA
=, B BE; 2) Wl A v SESE AR T AR Ok, Bl

TR e 5 3) T a] S e B St A s A T T, B
51 SR RE.
4.1 [O)FE 1. GNfRTSCERNIEIA B AR

I H A RGP R AT MR I G
BEAT IR AN AL, 2 SONRES R RNLT & iz
AT RS R B R A BRI IR MR AR Y,
FEREAT U SIS (R B ATION LA e 4 2
A2 FTFBE 1) SRR R A, R
RGN B, KM 2 W R R, A
Xt R GE N B R 2% I RE AT AL, 7 SRR
HIrh, R RGAEAE 2 9 AON 2 T 2 A e 5
ERIGETE Y G R R 25 L SCRF IR R AL
W7 %5, 2) ZETHLER R R i U ik AR A
X SR BR AR IR S R G AT UOR B A A,
1 “fy s —S0 RN, it IR IR AR G I 4h
R NI RE. 2+ 18 B b SR R g v SRR g ik
TR JER 2 WOV AR Y P o4 0 B2 AP 5 2% P o) A 5
RGEA R A B R E E .

HE, BIRRGER DI BUIE. KRS
Z RGBT, 5 BB AN AR R B 4% £S5 HL
PRS2 1 T 2 I A BE 7, R4 DURS W Fi ik
Bk ARG RIS AT AL B 9K ah i dy 1
i Z 3 AR B0 P ER A M ALEAE B, P AR T4
FEAEA B AT &, e DU RGBT IR R IR
I A ANERE. DRI, ey x4k & B0 R G M
N AL AR Al oA I A 5 L A AT A St

T Az — . HLEL M A T 9T R S8 A R RFAE
MNP &, IRATA R R Z5 4 B Sk sh i) 7
AT BLE B3R O A S s SRR, 2R
& EHRR, R MR AT AR R 5 g it
BRAERE &, GESLRAh S RGNS b RO B4 VR
AR AR T ElE RO, T HL R T
PR GERE R ME LU AT R AN 2 . R SRIX
PR A IR K B A e 22 18], AT+ 3 R SR AT N
AR REAN At 2 A Ay .

B f EE R A, BT Agent B E K,
R Z PR A DR R, R i AR5 R E O
FR, IXARA B BV, Bk, fEX 2 2% R G idkAT
B, AL REER: 1) AR
B 5 — AT LI AR IR, A2 LB T AR 1) 4 B A
W, FRAE T SRAGRERMZLER. 2)
THEAL R PP 5 AR BE R, 6 A0 58 Fl o 4 A Y
feftid kU H B 3) BT R R, B
R W B, (ERG BEIE L. PRy RN B A
el AN RGN, AT ER Tk = A I SEAIE SR I B A5 .
4) HE S IR R GUN R AR KA B, A
ik 2 JEPRIRES: T 2.

o) 7R 2. Gn{aT SCE PN S RE?

ERRARG T, NEMRPEEM,, B F44KAT 4
AR EE, P2 R4 AT TS 2, &3
ERFRG T AMRAT T 1R I AN E i3
3 BOCTE 4 e TR0 £ B 2 ER A e M 5 R R 2
P RBHE AR 8 R BT sSE O 1 4 A, R
G ST L — AN B EE AN, SR R AT A
W FrF, BRI EREN 1. R, WX 2R R
S0 {0 HE VR 1 B A2 TOUN 2 11 B S 36 T LA R R B AR
I 2.

N A2 AT DATE 401t 530 e stof B si2 th Fit 1 i) it
AT RS RER . Rz T, e AR R E
RGN ISATEHE. T 55256 10 i HE I S A S A
AR AEE 375, AT LR B R Geia 4T A (1) 1n] /R0
FEGGIRTT, JRER R DR B H 157 A S B 119 1) Ao
J7 EE . W RT Pearl &0 (= ZER R R R (55
I, PR S A, SR M ik R B A N 4%
IIMTS A EE BT UL AT AL 3 BT 4. B N 4%
I3 W 32 BLICTEANARTE RS (8] A1 23 (8] LA AR, TG
FLR S I RN 4% ) O AE BA I . SR A T DUR T
FRHELSZI R R 5 e 3 5t 2 M0 R, #ie B AT
RETE I R AR A7 AL A I ] DLASE o5 A
SRS XIS R IR RO RIEATIEAR
IR

DL “yR SRR AR (1) A FL R 17 AR B th

4.2



2 R A TSR TT I AR, BUIR S R 267

PRBL T XA R R, R AR, SR R &
vl 27 s 2B, AT DA AN R BOR ™ A 1 Ja 2R gt
PR, HEATAERBENT: 1) X FRE
e phe B e, WSCER LA G ) K g s e, A
ANTE] A AT BB 2) HTBURF IR SR B2 A& 5t
Al &1, f S ) U P s U B S K i 5
TR HREACN R IEZ 3757155 3) K
RIS 1) 9 I o Sy 5t = 4R T AL, VBRI E
BARMEZ DB 57 A R 4) £ —
IR R FEIAIES, 25 2 A O B 1 ik 5%
— NI R R AR R T R 26 B R SO MI SR
A7 R PSR B PR A A L 7R ) 7 P S 41,

4.3 [o)FR 3. NfISCIN S| & RE?

ERIRR G, MEEEHBEE R, 2H. ER
A, U AR AR G P g Az
. BB AN KB A TE AT 2V, TR
I NSl 2 SRR AR A B S A A
M AR, T B AR T IS 1 R R R, T
TSNS K e AR — AN R I AR RS, 1T
FE i AN AR 1 8 A S5 10 A2 A 1 2 AT 1 R A
. TSR T AT 8 R AR S B S B v
A s S SRR 1 R AN AT AT A SRS, R LA I f
SRS IR B S (| P 5 T SR R SIS AT

FETHEESER T, 5] 58 fe X 2l AT AR
SEPL, HAZ O HUE T B SE o SEI Bl 25 3R BRI
SEHLN LA & S SEAE S i RD R HE. 725250 R 4t
T DAGNE R 2 i3SI T B e v DA B R
st A, HEBELRTAHE. Z BbsRET
MIPEALEEAE, T PSS BEAT AWt Il 2R 1, DA
JASRAT R A RO X0 LR RAL A T HE4 A
WA LA ABATIRES, R BUSK IS AT RE - A2 AN R
SR 7 & PR AR G R A5, D9 NI AT RESS DL 1R
(i T NS TR T e S i S P11 <0 £
fif, B RS2 M ERBA (BHFHEAR T 3L
) IRBE A 214 ) T S BT TSR G ) 1 B
PeAl, MTmsEIl 5] &2 5.

2%, THE SIS M S PR R Gt 18] W] AR p— A
MBI ERILAEN SIS R BEER RS B, @
AT B S AT IR IOR 2R, R S B AR Y ) R
R BNFIAE 8] SR )5, RN RS A g S AR A gt
ITTHRSENR, 19 BRI 4R 7T LA & s T sids il 5
S SR G ST B, I T TS S B Sk
T2 R R R, SRIRRTAT RS Z 7 K
Bl 42 8], T8 B BRI\ T AR 48 AR 2 A TR
WS PAT IR ZE (1 H 15 fe)m, ST AR AT 45 R e
SRUASD RS A I 2, AN W 3 R0 4[] O A

R T — M R 22 S IR R G LI R
HE S HLE PAT AT AT AABEAC, Bk £
AN\ RSOR B 22 Kt 1 AR R, N A2 (1 25
ARSI 2 AR 45 SN FCSEAERA, JF I8 55 I S 1 57
ZHRBRA BAE K. B RE

5 #£ERIB

FERHEEWETO, VRGN AE S B TR B,
J 2 T A R R M T R S
X—BERH, JHEW] HX L2 PR REHE T I 4518
59 A PIRARHE T VAN B, TR SR IR T DA
EERBATRIART TURIEE 3 M7k, WRESE 1,
BRI T E X B R R HSEE AR,
EIFAUEI B, THESe 6 P AR AU B, X 25
A8 W LU VA0 (0 D5 3528847 3 s (B A S R [ )
ANIEANR], BV R B RS AT 7 A BT,
AN X FL S ) B I . U9l 5 AR A Kl
RN, AR ERIEBNEE R, i E s
O i 30 o Rl AL A 5 o f 2R G I R AT, R
BUEA S ELE

AR SO VSR S T VR BUIR 5 PR AT TR
g, AFE TR S A BE SRR, 7 IEMESE B A1
PARBARBRAR. T SER I T ERE R EEA G TN
TAR SR, I R SR SRR M A
SN L AT R R VE SUESR-PYEIE S (3 e N
T SR A 3 AT REAT 1A, B AE
WU 25t il AT AR TEN BB ZREEE
2 YUk THRSEIR A BOR PR T B SCUE A GU  E
FREHETE A% 0 ) A, BRI A R e TN e S

51 BE.

THESZIS P N E 2 RG0S TP A
TS, REMCH R CE BT TIR K,
{HRAESEIG T SEI0 20 T 5 S 56 50 1IE 55 77 TH I AT
R Z MBS PR, Bl Haeit s R w5 M
ARGIEMILE (IERTE); FEAAER KRR
A, AR 2R, A7k g5 M DL R AR AU AR AR &5
T (TR ) s TE 5 S0 20 M A2 75 e 6 %o o500 I s
FERIEAER (A 3E) 4.

AR L, IPESL BRI TS S R A S
JIT 5 SCH)— N B AN 7T 1) . — MRk, TS
55 R IUE X LLRL T 3 1 SE bR R HIB 1T R
X MR H ARG SRR A, S DL B s
A RS AT . SR R G0 dh SRR FE AR
BB E R RS RS, BB RER = E
AR [AIAS 2 HR AR R AR 55— R ] L
PRI, T 5 S50 5 V2 16 R 75 BEAS T 70 Sl i R Vs 1



268 H ) ¥ i 49 %

ST LD RT00, O EABM09% 16 g © Y. S C . Hiieh J L Lin B Similaiing SARS,

NN N NN mall-world epidemiological modeling and public health policy
N 3 > Ju N psen

ﬁﬁ‘]—ﬁﬁ *ﬁ 75/27 jﬂg;k ,%é}ﬁ E(Jéj *ﬁ A &VI“ EHL assessments. Journal of Artificial Societies and Social Simula-

T2 1 A0 45 S5 I e AR 19 B R T SRR AN tion, 2004, 7(4): 1-2

73‘]2 17 Cioffi R C, Rouleau M. Mason rebeland: An agent-based mod-
’ el of politics, environment, and insurgency. International Stud-

ies Review, 2010, 12(1): 31-52
References
18 Mitchell W. Complexity: The Emerging Science at the Edge of

1 Wang Fei-Yue. Artificial society, computational experiments, Order and Chaos. New York: Touchstone, 1992.
parallel systems: A discussion on computational research of ' .
complex socio-economic systems. Complex Systems and Comple- 19 Bertalanffy L V. General System Theory. New York: Braziller,
xity Science, 2004, (4): 25-35 1968.

(FCER. ATALS tHESEER. FATRSA: RTERERAFR 20  Bertalanffy L V. Problems of Life: An Evaluation of Modern
GUIFERF AR R. B3 RA S H MR, 2004, (4): 25-35) Biological and Scientific Thought. New York: Harper, 1952.

2 Wang Fei-Yue, Steve Lansing. From artificial life to artificial 21 Norbert W. Cybernetics: Or Control and Communication in
societies: New methods for studies of complex social systems. the Animal and the Machine. Massachusetts: MIT Press, 1961.
Complex Systems and Complexity Science, 2004, 1(1): 34-41 . L
PO R TR G T ki % Shaen CE & malenatial e of conmnicnion. S
FMBLRFIRE. F ARG EE MR, 2004, 1(1): 34-41) 4 Journat, L9588, ‘

3 Prigogine I, Stengers I. Order Out of Chaos. New York: Ban- 23 ?rfc})gufea(]. g,t}ru(:tir‘ef ]d;f}smat{on an. l;fe, tlizcgr; t12c§i5p2hys1cs
tam Books Tnc, 1984, and biology. Theoretical Physics and Biology, :

4 Xue X, Wang S F, Gui B, Hou Z W. A computational experi- 24  Thom R. Structural Stability and Morphogenesis. Boca Raton:

. . . CRC Press, 2018.
ment-based evaluation method for context-aware services in
complicated environment. Information Sciences, 2016, 373: 25  Haken H P J. Synergetics. IEEE Circuits & Devices Magazine,
269-286 1977, 28(9): 412-414

5 Pearl J, Mackenzie D. Why: The New Science of Cause and Ef- 26 Li TY, Yorke J A. Period three implies chaos. The American
fect. New York: Basic Books, 2018. Mathematical Monthly, 1975, 82(10): 985-992

6 Boschert S, Rosen R. Mechatronic Futures, Digital Twin: The 27 Mandelbrot B B. Fractals, form, chance and dimension. The
Simulation Aspect. Cham: Springer, 2016. 59-74 Mathematical Gazette, 1978, 62(420): 130-132

7 Wang Fei-Yue. Intelligence 5.0: Parallel intelligence in parallel 28  Bak P, Tang C, Wiesenfeld K. Self-organized criticality: An ex-
age. Journal of Information, 2015, 34(6): 563-574 planation of noise. Physical Review Letters, 1987, 59(4): 381—
(E®ER. 54K 5.0: FATRACKI AT RSk & . 15224k, 2015, 384
34(6): 563-574) 29 Holland J H. Adaptation in Natural and Artificial Systems: An

8 Xue Xiao. Computational Experiment Methods for Complex Introductory Analysis with Applications to Biology, Control,
Systems: Principles, Models and Cases. Beijing: Science Press, and Artificial Intelligence. New York: MIT press, 1992.

2020. ; : « »
. . 30  Watts D J, Strogatz S H. Collective dynamics of “small-world
= g G Ty i JE ) 1 s Rl
(BEF. SLARRGIT SR id: U, USRI, Jost R networks. Natue, DOL: 10.1038/30018
H R, 2020.)
) . . 31  Barabédsi A L, Albert R. Emergence of scaling in random net-

9 Wang Fei-Yue. Computational experimental methods and com- works. Science, 1999, 286(5439): 509-512
plex system behavior analysis and decision evaluation. Journal
of System Simulation, 2004, 16(5): 893-897 32 Nel.nnar.ln J. T.heo.ry of Self-reproducing Automata. Urbana:
(CE IR TSI 35 Rk RGUT A ISR A . R Gi007 University of Illinois Press, 1966.

JLAR, 2004, 16(5): 893-897) 33 John Conway. Conway s game of life [Online|, available: https://

10 Li L, Wang X, Wang K. Parallel testing of vehicle intelligence conwaylife.com /wiki/Conway%27s_Game_of_Life, June 25,
via virtual-real interaction. Science Robotics, 2019, 4(28): Art- 2022
icle No. eaaw4106 34 Langton C G. Artificial life in 1991 lectures in complex sys-

11  Li L, Huang W L, Liu Y. Intelligence testing for autonomous tems. Addison-Wesley Reading, 1992: 189-241
vehicles: A new approach. IEEE Transactions on Intelligent 35 Wolfram S. Random sequence generation by cellular automata.
Vehicles, 2017, 1(2): 158-166 Advances in Applied Mathematics, 1986, 7(2): 123-169

12 HuXF,LiZQ, Yang J Y, Si G Y, Pi L. Some key issues of 36  Teruyam, Nakao Z, Chen Y W. A boid-like example of adapt-
war gaming & simulation. Journal of System Simulation, 2010, ive complex systems. In: Proceedings of the IEEE Internation-
22(3): 549-553 al Conference on Systems. Hawaii, USA: IEEE, 1999. 1-5

13 Wu Jiang. Theory and Application of Social Network Dynamic 37 Dorigo M, Birattari M, Stutzle T. Ant colony optimization.
Analysis and Simulation Experiments. Wuhan: Wuhan Uni- IEEE Computational Intelligence Magazine, 2006, 1(4): 28—39
versity Pross, 2012. 38 Gilbert N, Troitzsch K G. Simulation for the Social Scientist
(L. A 22 B30 507 50 20900, BRI UK L, ilbert N, Troitasch K G. Simulation for the Soctal Sctentis
2012.) 2nd Edition. Berkshire: Open University Press, 2005.

14 Acevedo M F, Callicott J B, Monticino M. Models of natural 39 iwarln; I;l;;rll page [Online], available: http://www.swarm.org,
and human dynamics in forest landscapes: Giorgio-site and prit 3,
cross-cultural synthesis. Geoforum, 2008, 39(2): 846866 40  Repastsource [Online], available: https://repast.github.io/index.

15 Carley K M, Fridsma D B, Casman E. BioWar: Scalable agent- html, April 1, 2021
based model of bioattacks. IEEE Transactions on Systems, 41 Parker M T. What is ascape and why should you care. Journal

Man, and Cybernetics
36 (2): 252265

Part A: Systems and Humans, 2006,

of Artificial Societies and Social Simulation, 2001, 4(1): Article
No. 5


https://doi.org/10.3969/j.issn.1672-3813.2004.04.002
https://doi.org/10.3969/j.issn.1672-3813.2004.04.002
https://doi.org/10.3969/j.issn.1001-9596.2004.05.024
https://doi.org/10.1016/j.ins.2016.09.003
https://doi.org/10.3772/j.issn.1000-0135.2015.006.001
https://doi.org/10.3969/j.issn.1004-731X.2004.05.009
https://doi.org/10.3969/j.issn.1004-731X.2004.05.009
https://doi.org/10.1126/scirobotics.aaw4106
https://doi.org/10.1016/j.geoforum.2006.10.008
https://doi.org/10.1109/TSMCA.2005.851291
https://doi.org/10.1109/TSMCA.2005.851291
https://doi.org/10.1111/j.1468-2486.2009.00911.x
https://doi.org/10.1111/j.1468-2486.2009.00911.x
https://doi.org/10.1111/j.1468-2486.2009.00911.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1080/00029890.1975.11994008
https://doi.org/10.1080/00029890.1975.11994008
https://doi.org/10.2307/3617679
https://doi.org/10.2307/3617679
https://doi.org/10.1103/PhysRevLett.59.381
https://doi.org/10.1038/30918
https://doi.org/10.1126/science.286.5439.509
https://conwaylife.com/wiki/Conway%27s_Game_of_Life
https://conwaylife.com/wiki/Conway%27s_Game_of_Life
https://conwaylife.com/wiki/Conway%27s_Game_of_Life
https://conwaylife.com/wiki/Conway%27s_Game_of_Life
https://conwaylife.com/wiki/Conway%27s_Game_of_Life
https://doi.org/10.1016/0196-8858(86)90028-X
https://doi.org/10.1109/MCI.2006.329691
http://www.swarm.org
https://repast.github.io/index.html
https://repast.github.io/index.html

2

Ll R A TSR TT I AR, BUIR S R

269

42

43

44

45

46

47

48

49

50

52

53

54

56

57

58

59

60

61

62

Tisue S, Wilensky U. Netlogo: A simple environment for mod-
eling complexity. In: Proceedings of the International confer-
ence on Complex Systems. Shanghai, China: 2004. 16—21

Carl H, Steven C B. Artificial Societies: A Concept for Basic
Research on the Societal Impacts of Information Technology.
Santa Monica: RAND Corporation, 1991.

Nigel G. Rosaria Conte: Artificial Societies, the Computer Sim-
ulation of Social Life. London: University College London
Press, 1995.

Epstein J M, Axtell R. Growing Artificial Societies: Social Sci-
ence From the Bottom Up. Washington: Brookings Institution
Press, 1996.

Arthur W B, Holland J, LeBaron B, Palmer R, Tayler P. As-
set pricing under endogenous expectations in an artificial stock
market. Physica D: Nonlinear Phenomena, 1994, 75(1-3): 264~
274

Basu N, Pryor R, Quint T. ASPEN: A microsimulation model
of the economy. Computational Economics, 1998, 12: 223-241

Wang F Y. Shadow Systems: A New Concept for Nested and
Embedded Co-simulation for Intelligent Systems. Tucson: Uni-
versity of Arizona, 1994.

Grieves M W. Virtually intelligent product systems: Digital
and physical twins. Complex Systems Engineering: Theory and
Practice, DOI: 10.2514/5.9781624105654.0175.0200

Farsi M, Daneshkhah A, Hosseinian F A, Jahankhani H. Digit-
al Twin Technologies and Smart Cities. Cham: Springer, 2020.

Wang F Y. Parallel system approach and management and
control of complex systems. The Journal of Control and De-
cision, 2004, 19(5): 485—489

Wang F Y. Toward a paradigm shift in social computing: The
ACP approach. IEEE Intelligent Systems, 2007, 22(5): 65—67

Wang F Y, Li X, Mao W. An ACP-based approach to intelli-
gence and security informatics. Studies in Computational Intel-
ligence, 2015, 563(1): 69-86

Mei H. Understanding “software-defined” from an OS perspect-
ive: Technical challenges and research issues. Science China In-
formation Sciences, DOI: 10.1007 /s11432-017-9240-4

Busoniu L, Babuska R, Schutter B. A comprehensive survey of
multiagent reinforcement learning. IEEE Transactions on Sys-
tems, Man, and Cybernetics, 2008, 38(2): 156—172

Xue X, Wang S F, Zhang L J, Feng Z Y, Guo Y D. Social
learning evolution: Computational experiment-based modeling
framework of social manufacturing. IEEE Transactions on In-
dustrial Informatics, 2019, 15(6): 3343-3355

Wilensky U. Netlogo heatbugs model [Online], available: ht-
tp://ccl.northwestern.edu/netlogo/models/Heatbugs. Novemb-
er 16, 2020

Schelling T C. Dynamic models of segregation. Journal of Math-
ematical Sociology, 1971, 1(2): 143-186

Zhang Wei. Agent-based Computational Finance: An Alternat-
ive Way to Understand the Markets. Beijing: Science Press,
2010.

(k. THRSEIR R AL. LBt Bl HifRAL, 2010.)

Carley K M, Gasser L. Multiagent Systems: A Modern Ap-
proach to Distributed Artificial Intelligence. Cambridge: MIT
Press, 1999.

Marathe M, Vullikanti A K S. Computational epidemiology.
Communications of the ACM, 2013, 56(7): 88-96

Sheng Zhao-Han. Experimental Theory and Application of Co-
mputing in Social Sciences. Shanghai: Shanghai Sanlian Book-
store, 2009.

(BENE. AR E R I SN A . Bl Bl =R,
2009.)

63

64

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

Lazer D, Pentland A, Adamic L. Social science. Computation-
al social science. Science, 2009, 323(5915): 721-723

Lazer D M J, Pentland A, Watts D J. Computational social
science: Obstacles and opportunities. Science, 2020, 369(6507):
1060-1062

Goodfellow I J, Pouget A J, Mirza M. Generative adversarial
networks. Advances in Neural Information Processing Systems,
2014, (3): 2672-2680

Nigel G, Rosaria C. Artificial Societies: The Computer Simula-
tion of Social Life. London: University College London Press,
1995.

Xue X, Chen F Y, Zhou D Y, Wang X, Lu M, Wang F Y.
Computational experiments for complex social systems part I:
The customization of computational model. IEEE Transac-
tions on Computational Social Systems, 2021, 9(5): 1330-1344

Mniszewski S M, Del Valle S Y. EpiSimS: Large-scale Agent-
based Modeling of the Spread of Disease, LA-UR-13-23236, Los
Alamos National Laboratory, United States Department of En-
ergy, USA, 2013

Qiu Xiao-Gang, Chen Bin, Zhang Peng. Artificial Society Con-
struction and Computational Experiment for Emergency Man-
agement. Beijing: Science Press, 2017.

(BRIGERN, By, SRS, T RS B A Ak i i 5 v S S e
Jemt: RBeE i, 2017.)

Jain A K, Mao J, Mohiuddin K M. Artificial neural networks:
A tutorial. Computer, 1996, 29(3): 31-44

Whitley D. A genetic algorithm tutorial. Statistics and Com-
puting, 1994, 4(2): 65-85

Alavi M, Henderson J C. An evolutionary strategy for imple-
menting a decision support system. Management Science, 1981,
27(11): 1309-1323

Kennedy J, Eberhart R. Particle swarm optimization. In: Pro-
ceedings of the ICNN International Conference on Neural Net-
works. Perth, Australia: 1995. 1942—-1948

Karaboga D, Akay B. A comparative study of artificial bee
colony algorithm. Mathematics and Computation, 2009, 214(1):
108-132

Dodds P S, Watts D J. A generalized model of social and biolo-
gical contagion. Journal of Theoretical Biology, 2005, 232(4):
587-604

Chen W, Yuan Y, Zhang L. Scalable influence maximization in
social networks under the linear threshold model. In: Proceed-
ings of the IEEE International Conference on Data Mining.
Sydney, Australia: IEEE, 2010. 88-97

Hoppitt W, Laland K N. Social Learning: An Introduction to
Mechanisms, Methods, and Models. Washington: Princeton Uni-
versity Press, 2013.

Bachelor G, Brusa E, Ferretto D, Mitschke A. Model-based
design of complex aeronautical systems through digital twin
and thread concepts. IEEE Systems Journal, 2020, 14(2): 1568—
1579

Wang F Y, Zheng N N, Cao D. Parallel driving in CPSS: A
unified approach for transport automation and vehicle intelli-
gence. IEEE/CAA Journal of Automatica Sinica, 2017, 4(4):
577587

Li L, Lin Y L, Zheng N N. Artificial intelligence test: A case
study of intelligent vehicles. Artificial Intelligence Review,
2018, 50(3): 441-465

Montgomery D C. Design and Analysis of Experiments. Hobo-
ken: John Wiley & Sons, 2017.

Cui Kai-Nan, Zheng Xiao-Long, Wen Ding, Zhao Xue-Liang.
Researches and applications of computational experiments.
Acta Automatica Sinica, 2013, 39(8): 1157-1169


https://doi.org/10.1023/A:1008691115079
https://doi.org/10.1109/MIS.2007.4338496
https://doi.org/10.1007/s11432-017-9240-4
https://doi.org/10.1007/s11432-017-9240-4
https://doi.org/10.1007/s11432-017-9240-4
https://doi.org/10.1109/TSMCC.2007.913919
https://doi.org/10.1109/TSMCC.2007.913919
https://doi.org/10.1109/TSMCC.2007.913919
https://doi.org/10.1109/TII.2018.2871167
https://doi.org/10.1109/TII.2018.2871167
https://doi.org/10.1109/TII.2018.2871167
http://ccl.northwestern.edu/netlogo/models/Heatbugs
http://ccl.northwestern.edu/netlogo/models/Heatbugs
https://doi.org/10.1080/0022250X.1971.9989794
https://doi.org/10.1080/0022250X.1971.9989794
https://doi.org/10.1145/2483852.2483871
https://doi.org/10.1126/science.1167742
https://doi.org/10.1126/science.aaz8170
https://doi.org/10.1109/2.485891
https://doi.org/10.1287/mnsc.27.11.1309
https://doi.org/10.1016/j.amc.2009.03.090
https://doi.org/10.1016/j.jtbi.2004.09.006
https://doi.org/10.1109/JSYST.2019.2925627
https://doi.org/10.1109/JAS.2017.7510598
https://doi.org/10.1007/s10462-018-9631-5

270

H Zlj

S 49 %

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

(EEDURE, e e, SCT, B, RSB T iR kM. B3
1h4R, 2013, 39(8): 1157-1169)

Fang K T, Lin D K J, Winker P, Zhang Y. Uniform design:
Theory and application. Technometrics, 2000, 42(3): 237-248

Marcos L P. Machine Learning for Asset Managers. Cambridge:
Cambridge University Press, 2020.

Xue X, Feng Z Y, Chen S Z, Zhou Z B, Qin C Z, Li B, et al.
Service ecosystem: A lens of smart digital society. IEEE Inter-
national Conference on Services Computing, 2021: 263—273

Xue X, Zhou DY, Chen F Y, Yu XN, Feng Z Y, Duan Y C,
et al. From SOA to VOA: A shift in understanding the opera-
tion and evolution of service ecosystem. IEEE Transactions on
Services Computing, 2021: 263-273

Frow P, McColl-Kennedy J R, Hilton T, McColl-Kennedy J,
Hilton T, Davidson A, et al. Value propositions: A service eco-
system perspective. Marketing Theory, 2014, 14(3): 327-351

Vargo S L, Maglio P P, Akaka M A. On value and value co-
creation: A service systems and service logic perspective. FEur-
opean Management Journal, 2008, 26: 145—152

Kil H, Oh S, Elmacioglu E, Nam W, Lee D. Graph theoretic
topological analysis of web service networks. World Wide Web,
2009, (12): 321-343

Huang K, Fan Y, Tan W. An empirical study of program-
mable web: A network analysis on a service-mashup system. In:
Proceedings of the 19th International Conference on Web Ser-
vices. Honolulu, USA: IEEE, 2012. 552-559

Ma Yu-Tao, He Ke-Qing, Li Bing, Liu Jing. Empirical evid-
ence of complex network characteristics of networked software.
Journal of Software, 2011, 22(3): 381-407

(BT, T 5aid, 205, X005 0 45 LI 1 52 2% Do) 44 5 P S
AR, 2011, 22(3): 381-407)

Grieves M. Digital twin: Manufacturing excellence through vir-
tual factory replication. White Paper, 2014, 1: 1-7

Burt R S. Structural Holes: The Social Structure of Competi-
tion. Cambridge: Harvard university press, 2009.

Fischer R, Scholten U, Scholten S. A reference architecture for
feedback-based control of service ecosystems. In: Proceedings of
the 4th IEEE International Conference on Digital Ecosystems
and Technologies. Dubai, United Arab Emirates: IEEE, 2010,
1-6

Diao Y. Using control theory to improve productivity of ser-
vice systems. In: Proceedings of the IEEE International Confer-
ence on Services Computing. Salt Lake City, USA: 2007. 435—
442

Kahn H, Wiener A J. The next thirty-three years: A frame-
work for speculation. Daedalus, 1967: 705-732

Douglas H J. Time Series Analysis. Princeton: Princeton Uni-
versity Press, 2020.

Li Da-Yu, Mi Jia-Ning, Xu Lei. Simulation methods for public
policy: Principles, applications and prospects. Journal of Pub-
lic Administration, 2011, 8(4): 820

(FRF, KT, . AFBORGT ROk BB, R ST
AR, 2011, 8(4): 8-20)

Bar Y Y. From big data to important information. Complexity,
2016, 21(S2): 73-98

Zenil H, Kiani N A, Zea A A, Tegnér J. Causal deconvolution
by algorithmic generative models. Nature Machine Intelligence,
2019, 1(1): 58-66

Yang M, Xiong Z J. Model validation: Methodological prob-

lems in agent-based modeling. System Engineering: Theory &
Practice, 2013, 33(6): 14581470

Gao J, Zhang Y C, Zhou T. Computational socioeconomics.
Physics Reports, 2019, 817: 1-104

103

104

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Lu M, Chen S Z, Xue X, Wang X, Zhang Y F, Wang F Y.
Computational experiments for complex social system part IL:
The evaluation of computational model. IEEE Transactions on
Computational Social Systems, 2021, 9(4): 1224-1236

Sundberg R. Multivariate calibration-direct and indirect regres-
sion methodology. Scandinavian Journal of Statistics, 1999, 26
(2): 161207

Werker C, Brenner T. Empirical Calibration of Simulation
Models, Report No.0410. Papers on Economics and Evolution,
Philipps University of Marburg, Germany, 2004

Malerba F, Nelson R, Orsenigo L. “History-friendly” models of
industry evolution: The computer industry. Industrial and Cor-
porate Change, 1999, 8(1): 3—40

Markisic S, Neumann M, Lotzmann U. Simulation of ethnic
conflicts in former jugoslavia. In: Proceedings of the Internati-
onal Conference on Energy, Chemical, Materials Science. Kobl-
enz, Germany: 2012. 3743

Ravi B, Miodownik D, Nart J. Rescape: An agent-based frame-
work for modeling resources, ethnicity, and conflict. Journal of
Artificial Societies and Social Simulation, 2008, 11(27): 1-7

Laver M, Sergenti E. Party Competition: An Agent-based Mo-
del. Princetion: Princeton University Press, 2012.

Paul E J. Agent-based modeling: What I learned from the arti-
ficial stock market. Social Science Computer Review, 2002, 20
(2): 174-186

Yeh C H, Yang C Y. Examining the effectiveness of price lim-
its in an artificial stock market. Journal of Economic Dynam-
ics and Control, 2010, 34(10): 2089-2108

Xue X, Gao J J, Wang S F, Feng Z Y. Service bridge: Trans-
boundary impact evaluation method of internet. IEEE Transac-
tions on Computational Social Systems, 2018, 5(3): 758-772

Epstein J M. Modelling to contain pandemics. Nature, 2009,
DOI: 10.1038/460687a

Schneider K A, Ngwa G A, Schwehm M. The Covid-19 pan-
demic preparedness simulation tool: CovidSIM. BMC' Infectio-
us Diseases, 2020, 20(1): 1-11

Ghorbani A, Lorig F, Bruin B. The ASSOCC simulation mod-
el: A response to the community call for the Covid-19 pandem-
ic [Online], available: https://rofasss.org/2020/04/25/the-asso-
ce-simulation-model, April 1, 2021

Pescarmona G, Terna P, Acquadro A, Pescarmona P, Russo G,
Terna S. How can ABM models become part of the policy-mak-
ing process in times of emergencies The S.I.S.A.R. epi-
demic model [Online], available: https://rofasss.org/2020/10/20/
sisar/, April 1, 2022

Shi J C, Yu Y, Da Q. Virtual-taobao: Virtualizing real-world
online retail environment for reinforcement learning. In: Proce-
edings of the AAAT Conference on Artificial Intelligence. Haw-
aii, USA: 2019. 4902-4909

Zheng S, Trott A, Srinivasa S. The AI economist: Improving
equality and productivity with ai-driven tax policies. arXiv pr-
eprint arXiv: 2004.13332v1. 2004

Peter D, Emmanuel S. The case for a progressive tax: From
basic research to policy recommendations. Journal of Econom-
ic Perspectives, 2011, 25(4): 165-190

Robert E, Kelli L. Decision making in a virtual environment:
Effectiveness of a semi-immersive “Decision Theater” in under-
standing and assessing human-environment interactions. Auto-
Carto, 2006, 6: 25—28

The decision theather. Arizona State University. [Online]. ava-
ilable: http://dt.asu.edu/, April 1,2022


https://doi.org/10.1080/00401706.2000.10486045
https://doi.org/10.1177/1470593114534346
https://doi.org/10.3724/SP.J.1001.2011.03934
https://doi.org/10.1002/cplx.21785
https://doi.org/10.1038/s42256-018-0005-0
https://doi.org/10.1016/j.physrep.2019.05.002
https://doi.org/10.1111/1467-9469.00144
https://doi.org/10.1093/icc/8.1.3
https://doi.org/10.1093/icc/8.1.3
https://doi.org/10.1093/icc/8.1.3
https://doi.org/10.1177/089443930202000207
https://doi.org/10.1016/j.jedc.2010.05.015
https://doi.org/10.1016/j.jedc.2010.05.015
https://doi.org/10.1016/j.jedc.2010.05.015
https://doi.org/10.1109/TCSS.2018.2858565
https://doi.org/10.1109/TCSS.2018.2858565
https://doi.org/10.1109/TCSS.2018.2858565
https://doi.org/10.1038/460687a
https://doi.org/10.1186/s12879-019-4717-5
https://doi.org/10.1186/s12879-019-4717-5
https://rofasss.org/2020/04/25/the-assocc-simulation-model
https://rofasss.org/2020/04/25/the-assocc-simulation-model
https://rofasss.org/2020/10/20/sisar/
https://rofasss.org/2020/10/20/sisar/
https://doi.org/10.1257/jep.25.4.165
https://doi.org/10.1257/jep.25.4.165
https://doi.org/10.1257/jep.25.4.165
http://dt.asu.edu/

2 R A TSR TT I AR, BUIR S R 271

B B RERPEESIEHA
B, EEGRTTENIRS I, HE
SEIRIRF AR BE. A SBE IR
E-mail: jzxuexiao@tju.edu.cn

(XUE Xiao Professor at the Col-
lege of Intelligence and Computing,

Tianjin University. His research in-
terest covers service computing, computational experi-
ments, and swarm intelligence. Corresponding author

of this paper.)

TilEE  RERARRE S T AT
B S et W IS A
AR e

E-mail: yxn9191@gmail.com

(YU Xiang-Ning Ph.D. candidate
at the College of Intelligence and

- 0 Computing, Tianjin University. Her
research interest covers computational experiments and
swarm intelligence.)

BER LR B S
AL EEHRTRONIRS IS, HE
523G, E-mail: zdeyu815@163.com

(ZHOU De-Yu Ph.D. candidate at
the School of Software, Shandong
University. Her research interest

covers service computing and com-
putational experiments.)

g B REKARRE S T A AT
LR FEREFTT A T A,
TR RE.

E-mail: pc20184274@gmail.com
(PENG Chao Master student at
the College of Intelligence and Com-

puting, Tianjin University. Her re-
search interest covers computational experiments and
swarm intelligence.)

F OB PEBER AT TR
7% F G0 P A o) [ o R S
WEFE 0L, 2016 £E3RAF h [H B2 R
AR NN R el A e S T W P
A, ShAPIREALE, AT R fe
FHESE 25 5347

§ E-mail: x.wang@ia.ac.cn

(WANG Xiao Associate professor at the State Key
Laboratory for Management and Control of Complex

——

Systems, Institute of Automation, Chinese Academy of
Sciences. She received her Ph.D. degree in social com-
puting from University of Chinese Academy of Sci-
ences in 2016. Her research interest covers social trans-
portation, cybermovement organizations, parallel intel-
ligence, and social network analysis.)

AR SEME R (b)) FE
TREEBE AR, EET TR RS
T, WG

E-mail: zbzhou@cugb.edu.cn
(ZHOU Zhang-Bing Professor at
the School of Information Engineer-

I samil

i i« ing, China University of Geoscienc
(Beijing). His research interest covers service comput-
ing and edge computing.)

FRER PEFBEEG AT TR
7% F G0 P 4 o) [ o) S e =
FR. EEBRITIRONE RS, B
IRRGUEM, i S E .

E-mail: feiyue.wang@ia.ac.cn
(WANG Fei-Yue Professor at the
State Key Laboratory for Manage-
ment and Control of Complex Systems, Institute of Au-
tomation, Chinese Academy of Sciences. His research
interest covers modeling, analysis, and control of intel-
ligent systems and complex systems.)



	1 背景与动机
	1.1 计算实验的起源
	1.2 计算实验的特点
	1.3 研究动机

	2 计算实验的方法框架
	2.1 人工社会建模
	2.2 实验系统构建
	2.3 实验设计
	2.4 实验分析
	2.5 实验验证

	3 应用案例
	3.1 现象解释
	3.2 趋势预测
	3.3 策略优化

	4 问题与挑战
	4.1 问题1. 如何实现描述智能?
	4.2 问题2. 如何实现预测智能?
	4.3 问题3. 如何实现引导智能?

	5 结束语
	参考文献

