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The evaluation metrics for Swarm emergent behaviors

WU Yu, ZHOU Kai, LI Yin-guo
(Institute of Web Intelligence, Chongqing University of Posts and Telecommunications, Chongqing 400065, China)

Abstract: To deal with the difficulties in quantitatively observing, analyzing and control the Swarm emergent behaviors,
we, on the basis of qualitative analysis on the emergent characteristics, propose several metrics for describing the Swarm
emergent behavior along with their implications and computation. The validity of these metrics is proved by the simulation
of a specific Swarm model; and the relations between them are analyzed. From the quantitative analysis, it is found that the
transition region of each metric reflects the emergent phase of the Swarm behavior. Meanwhile, the change of the metric
reflects the interaction between individual intrinsic behavior and the alteration of local environment in different levels.

Furthermore, the correlation between metrics shows the stability of the Swarm behavior effectively.
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1 5] (Introduction)
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H i, AATTE Swarm & 52 % 22 48 1) S LN % 34F
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A HHT: 2009—04—09; & ek H #1: 2009—11—10.
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FIAE, MR T R T8 A RN 1P AR ) S B A 58 35 1 08
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FET e, A SCHE e MR M s M ST S = AR 1
PR F AL, WE VP IR AR, 45 & Swarm R 40
FNSEIL &5 M e, AR PE L R S5 M R 8%

S5 7 TR HX B 2 T m] AN TR 2 2 B Swarm 5
PURFIE IR AR, FEREAT T A R PRAS R OCIEE: 34T
2 Swarm#% ! (Swarm model)

AR RLSCHER 4] B Swarm AR A S F 5T Sk fil, L
SRR AR RAT B RNTT 9] 1 H 5 8l )15 S 500 a5
FREZ P52 . NMRALE LI 2015 I I3 2 Ay

V=cVi(d)+cVatesVateVatesVs, (1)

B H: K 9737 VHRITTIIFTE W5 H (2008CB317111); [ 5K H AR K4 8 W30 H (60873079); Hi k404075 A A 3 FeiH I (NCET);
PRI A SRR 4 1 B BT H (2008BB2241, 2009BA2089).
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3 EMHRSwarm R E & 1) & (Qualit-
ative description of the emergent swarm
quantitative questions)
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7) PIENE. ARIL RGN N AN R AR U,

TR RGBS ERAR.
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Fig. 1 The corresponding levels for different influencing

factors and their relevance

4 R EEFERIERE (Selection of emer-
gent quantitative metrics)
B b B, RSO T8N E AR, K1
FARTR 5 5 DR 28 Z TR 2R AR

4.1 PR EE (Degree of average individual
cluster)
SwarmiE R ILF AR ERAE, LR RE N
WA, FEACAT R IRRIE, g T A
- i % 2F;
N = (ki(ki — 1))’

Forb N R MR B A i B AT kA AR A
PRI SRR B, by (e — 1) /20 Ui T R 2
KN 4O = 0, REA P MERIL: 20 =
1, RYT B TIAHIE,

3)

k1 B¥aB LR EHEFG RPN
Table 1 Relevance between influencing factors and

quantitative metrics

AN € BARbS
BN PSRRI A AR AL
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R4t R MNENINGIEs
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4.2 ARk AN 4K 43 A $8 B (Neighbourhood individ-
ual distribute index)

ANSRbRoR R 2T SRR AT S, &5 B S
oA TR, g R 2 2K
P é\’: log2(k x N, + 1) @

k=0 k x Nk +1 ’
Horh Ny by R IECR R AS R K. PRE AT I AN A B A
IR NTR %
4.3 “FIANMERE H PE (Degree of average individual

interaction)
DL 34 45 K B D A4, 28 it A 2
1

§N(N — 1)
Ferbe gy g ARG 1) AT 3 7 AS B B D AR IR,
N BAMKEL ML =1, 15 I A A T
HL > 1, F MR A B 4 2 ok ik,
ML < 1, W MELTEIX.
4.4 “FIAKINFIEE (Degree of average individual
recognition)
ZEA A IR T 1 SwarmBEF I, 15 R AR
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Forp: NOW BN N AN, [x—
x| AR BB 72, O INRNER]L M E =0, MA
BIR B, ME =1, MAYIE R BN EE.
4.5 4% (Entropy)
R T A R G TR R AR, R B
LS RS PN IR S /A W/
H, = - ilpj log p;, (®)

Horbp, A AH Y. 1 T8 B RE R AEL AR ST 430 BAAS
PR AR B R G215 0 Je@ 1k v Sp 1A
4.5.1 4EREAE(Colony entropy)
DAAMRIE A Ja P SR U SR H, A X R
Dy={j:jeN;Ni,j¢ D, 1}, )
p, = D,/N. (10)
H DoAEREsIIAMEE S, po AT AMELEE T4
FEsHIMER. M H,=log 2(IN), FLZ Mt AL, BEE
ZAH TR, ZREVEAB g4, M H =0, S —1L.
4.5.2 U (Balance entropy)
DA A B 2 A Jag ek SR EURUABT 8 H ., A X n R

li= > |z — ;| /Ny, (1)
JEN;
N
Pe=lc/D 1. (12)
=1

Horb LA RS AR IRAN R 1) B B B 22, A
JREBAUAET 77, p AAH N AR R A, H AL TIRMERES, &
g8 W TR B 2, B AR LT, HRE ) 1Y 0,
M H AT RGE, HAT B Rk,
4.53 I ERf(Power spectral entropy)

D218 Ky BEHLIZ 2 75 5 A M Ge T RE ), BLiZ
JE SR IR0 H, v IR GETUE A, A0 h

Pw :p(wi)/zp(wi)v (13)

Horp: p(w) 2k ZFourier 2 #4453 21 1K) Dy il % 2, pyo h
NE LI AT Ho 80K, A5 5 1) fie B A0 4 A S0 3 3
ARSI A), RGO,
4.6 AL E (Internal energy)

e P Pedrami' O 2 1 () Swarm Temperatureft) 2
73, ¢ T AL Swarm N B g = 1 T =, B
A RiE R BN L SwarmUsh AR # G J (2) « Swarm &
& 3l e Ex(v)~ Swarm'' /0 3)) GEE, (v) Je P 36 fig i

Nzl = {] : sz —.’EJH < g, € < d,] € Nz}, (14)
N .
J@)=3 (X (@i—w)+ T P -w), (19)

=1 ]EN{ JEN; Vi
N 12
Ey(v) = 22 [lvl% (16)
i=1
N
Ey(v) = > v* = Nv?, (17)
=1
5=1/N Y ||, (18)

T(a,v) = 1M () + Eu(v) — Ey(®)), (19)

Horpe AR EER . STE TIVE BFRRE, R
Gt B WOWL 2 1) [ It e 38 3 et
5 & BEIEbREA B PEAL R 43 i (Validity of
quantitative metrics evaluation and analysis)
5.1 SE50 % H (Experiment setting)
Swarm”/MAE304~, RGBT I KLT00/K. KA
A FIAN = HE SIS, 43 i X
{01 =5,c0 =8,c3=8,¢c4 =7,
cs =5,d=0.14, Ao = 38,

C1 = 7,62 == 10,C3 == 1,64 :5,
s =5,d = 0.7, Apae = 11,

FEAU TR 2R AT R L W2, Ho00, 410
15904 A IT I Z1). 134 & Fa bt th 2622 014,
5.2 PF4l5 4P (Evaluation and analysis)

5.2.1 2 4K43H1(General analysis)
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AT R IR ANEAL, 47 4 DR FEF T BoAse PE.

0B AT bR AR R 2 0T R A
SO 00 B i b 1R) R AH DG Ak
5.2.2 EE:ESHr(Connectivity analysis)

FH E13(),3(b) iT A, A3 S G N, S22 A2
REEAWT L TF, 10 B SwarmiZ: 452 11 2 i 4 5. AR A
PR A FR B 2 Se Tt Jia B 35, R B M Y o - 2
Sy WIET B W LA IE B R O AR Ik 3, i)
SRR R B B AN, IR /N, WL IE2(a)
ePNE 2 DA TORAT A s I S LA A A 184 oy 3=,
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Fig. 2 Swarm behavior of specific times in different situations

20

26.5

26.0

25.5

25.0

24.5

42

40

38

36

130

128

126

124

122

E 1 L 1

1
23.5 240 245 250

x/cm
=590

x/cm
=200




1090

oo 5 N A

27 %

- HIMAL
- —HHg

&}
0_0. L L 1 i L =
0 100 200 300 400 500 600 700
t
(a) T EERAEE LA
2-5 T 1 Ll T T
- TS
20F _'{!-%ﬂil!»ﬂ@.g -
1.5
-]

100 200 300

400
1

500 600 700

(c) “PHANMAAE AR

| —HEAA%

------ ERANE

100 200 300 4000 500 600 700

t
(e) HHFmAE e
600 T T T T T T
------ S %

500 —ﬁ'%éﬂﬂﬂﬂ.?ﬁ <
400 |- E
300 | .
2001 .
100

t

0 100 200 300 400

500 600 700

(g) WABhERAELE
3 ARG AT RIS GO P I 2545 b ih 242 14

Fig. 3 Metrics curve diagrams with or without emergent property
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523 {5 B3t 4 Hr(Rate of information flow
analysis)

WIEI3(c), ARG, T3 MAAZ T EEAN T
FEAUT 1. w0, Swarm MR B RS B A2
I E AR, B AL IS B AN Wi gsk /L, S 18]
{5 BB A3 B3, % HIA 21, Rk
AEHAEAL T e A, W IEI2(a) I Z1 24 590K AT 4 4
K.

524 RUIFiH 515 HT(Good boundaries analysis)

WE3(d), 17 RGN, -3 AN S0 BEAN K
FEAT 1, Swarm P FBAN A4 DA J1 RS R AN W7 B i, Bl
FHINE T, ANERAT R 2 AT 50 B,
Pl 2(a) B %1 4 100147 A K K.

5.2.5 ZFEHESr BT (Diversity analysis)

i 3ee), A RMING ], SRR 0BT %
ORI A FA, 2% BH Swarm J=) i 22 AN AH B ST (1> Ak
B B T R A BSCASE B R & ) B PR (R R,
P B AR A 2 B AR BE AT SR TE S IR R &
e Ik, WLE2(a) 41015 100 ZIff4T A AR .
5.2.6  FiIHRk K% 43 BT (Lack of inhibitors analysis)

w3, A RIS, B T+ B 23 1
[ A AW A G A AR T A T3 2 )5, %
fH AL T/ INTE L 1 22 3% 3, 32 WIAT A BUBE AR IR
Je— 350, AHES 3 AN AAAT) A TR R A, 3E T IR [T A
AR RIS, WIE2(a)7E200M14 10 2 ()47
HAE.

5.2.7 =45 Hr(Intentionality analysis)

TEAT I R R, N Re R AT T R4
ORI B R R RS, W3 (g). AT A s AL I,
T e BB K, 1 OO 2 MEIS 35 ER, i)
HES % N i = R N N TET -5 SN I M T PN
FHXE P AR, S BT #E IR Y Swarm AT 4, Ui El2(a) 1
1000 Z| AT 9 A, 2 W2 R a1 P4, Mh &
PR
5.2.8 T3 Hr(Watchful anticipation analysis)

WE3(h), ARG, D2 4 A T Uk
BIPRAR. AT A AR ARIT 2 57— RIS, X
I AR X3 il e HY B0 2 BRAT, I3 (h)FRiE X
WAL,

5.2.9 <B4 (Relevance analysis)

G55 SEIAT AT VAR, L2, FNFR PR LA,
LB, BT RGNS IR AN R E YT S AR bR AH DS

H 20 0, AR AR I F v, MR AR IE

AW 5, CZM I 21, ARG B sh#ETT,
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1. AR R S B )2 A RS N T A8 A
WHCEHTIE 2, KIK 34 Ja B /ME, 70 A WA
LPRAEAT NI B8, Ho 2B BUE P Aaett, 04
DR T8, H B FRE 0. IR, FE4LZEAT
N A 3 BUR GE SRR A, O Z ) S L
A TRAR, 17 W RE, R Z IR, Hy fEAT N
(V)5 A T B A A A 35 U, TB A A (2, %4
LN
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Table 2 The average of the metrics at different

stages corresponds to the levels

MEJZ R4 BRE
C L E K Hs Ho T Hy

B 0.71 1.19 0.31 2.88 2.23 4.70 88.42 32.53
JEA&1 0.85 0.98 0.63 2.19 1.53 4.81 36.75 32.18
1 0.93 1.06 0.73 1.27 0.98 4.81 35.78 32.18
JEA&2 0.98 0.96 0.81 0.29 0.75 4.79 33.96 32.21
Jail 1.00 0.97 0.81 0.01 0.01 4.71 25.32 32.22
JEA3 1.00 0.97 0.81 0.01 0.00 4.82 50.29 32.34
AW 0.99 0.94 0.82 0.27 0.00 4.85 60.97 32.41
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Fig. 4 Relation diagrams of metrics at different stages

6 %58 (Conclusion)

A SCEE X SwarmH () S LI 5, wF Fo v 4k i
PR ] B S AT TR R T R AT
T SwarmZEIAT Ny (e b, I 5L, VRS T &
PR RO X AT A REREAT T T,
AT FRARI A DG, AL T S T iR
B 5T S BRAIL I 141 7 v, R P S H8 A 2 IR S I
TR () 5 553 B S E AU M | R R AR R



1092 Bom o s N A

07 %

5 % ik (References):

[1] k58, B, R, TN 2 AGENT R Zei 7 J JL it
JET]. THELHLAAAE, 2008, 31(6): 881 — 895.
(JIN Shiyao, HUANG Hongbing, FAN Gaojun. Emergence: oriented
research on multi-agent systems and its state of arts[J]. Chinese Jour-
nal of Computers, 2008, 31(6): 881 — 895.)

[2] MORRELLA L J, JAMES R. Mechanisms for aggregation in ani-
mals: rule success depends on ecological variables[J]. Behavioral
Ecology, 2008 19(1): 193 - 201.

[3] WU Y, ZHOU K, SU J, et al. Kinetic parameter mining of
swarm behavior based on rough set[J]. Communications of SIWN,
2008,4(1):64-69.

[4] KWONG H, JACOB C. Evolutionary exploration of dynamic swarm
behaviour[C] //Proceedings of 2003 IEEE Congress on Evolutionary
Computation. Canberra: IEEE, 2003: 367 — 374.

[5] SEEL R. Emergence in organisations|[EB/OL]. http://www.
newparadigm.co.uk/emergence-2.htm, 2006.

[6] VE/NIL, 2551, BRI, AR 2% Bl L F (M. JEat: 3R
iR, 2006.
(WANG Xiaofan, LI Xiang, CHEN Guanrong. Complex Network
Theory and Application[M]. Beijing: Tsinghua University Press,

(71 REgEmk. Weh s 2 5000, RO EAE, 2001, 7(2): 50 - 51.
(TANG Xiaowei. A mathematical formula of emotion[J]. Chinese
Journal of Applied Psychology. 2001, 7(2): 50 — 51.)

[8] PUJOL T, FORT J. States of maximum entropy production in a one —
dimensional vertical model with convective adjustment[J]. Tellus A,
2002, 54(4): 363 — 369.

[9] el i, — A= iR RGNS 3] S P I]. 45 2
5 M, 2009, 26(4): 395 - 399.

(YUAN Di, HOU Yue. Chaotic movement and its control of a three-
dimensional nonlinear system[J]. Control Theory & Applications,
2009, 26(4): 395 - 399.)

[10] PEDRAMI R, GORDON B W. Control and analysis of energetic
swarm systems[C] //Proceedings of the 2007 American Control Con-
ference. New York: IEEE, 2007: 1894 — 1899.

Y A~

2 OW (1970—), L, AR, WA, BT ) 4
fie Z¥E2 4, E-mail: wuyu@cqupt.edu.cn;

A EL (1985—), B, WL WS A, WEIUT IR O W) 45 A g, E-
mail: kii.zhou@gmail.com;

ZFWE (19550, %, #%, LS, AFR 7o N T

2006.) fit~ AR A5, E-mail: liyg@cqupt.edu.cn.
(L#F10857)

[71 LU P. Approximate nonlinear receding-horizon control laws in closed
form[J]. International Journal of Control, 1998, 7(1): 19 — 34.

[8]  FBAE, WRPCAR, RHNAE, A5, — AR IR ARG 153G W F I 7).
PRI 5 R, 2002, 19(1) : 68 - 72.
(GUO lJian, CHEN Qingwei, ZHU Ruijun, et al. Adaptive predictive
control of a class of nonlinear system[J]. Control Theory & Applica-

tions, 2002, 19(1) : 68 —72.)

[91 GOODWIN G C, MAYNE D Q. A parameter estimation perspective
of continuous time model reference adaptive control[J]. Automatica,

1987, 23(1): 57 -170.

VA A

;O (1974, U, TR, mIEER, LEPIRGUECN B G
PP T 14, E-mail: guoj1002@mail.njust.edu.cn;

BRIRME  (1963—), B, Loz &, %, /L, ZERTA
AU A A7) i R G4 A DL N AR AE, E-mail: cqw1002@mail.njust.
edu.cn;

R K (1979—), 5, T LWFSAE, PRI, S0t 2 3
Pl S R 2 14, E-mail: wuyifei@mail.njust.edu.cn;

& (1969—), B, Fd, LA L, BTN w5 Pk A
P38 I 5 M sl B8 5 3, E-mail: Byao@purdue.edu.



