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Abstract: In the study of particle swarm optimization, propertly using the individual experience and social
sharing information of particles has always been a problem. To solve this problem, this paper analyzes the random
factors in updating the velocity eguation in the view of cognition and creates the intrinsic cognitive relation between
individual experience and social sharing information. First, a correlative particle swarm optimization model is
developed, which uses the Copula function to measure the dependence among random factors. In the new model, the
different correlation structures and degrees of correlation between random factors can denote different strategies,
which are used to process individual experience and social sharing experience. Meanwhile, this paper provides a
flowchart of the correlative particle swarm optimization model, based on Gaussian Copula. Second, the relationship
between the degrees of correlation and population diversity is presented, which shows that the random factors with
positive linear correlation avail to maintain population diversity. Finally, the relationship between the degrees of
correlation and convergence is analyzed and the convergence conditions of the correlative particle swarm
optimization model are provided. Experimental simulations show that the correlation of random factors have a much
greater influence on the performance of the new model, which can greatly improve convergence velocity and
precision when the random factors are a completely positive linear correlation.

Key words: PSO (particle swarm optimizer); correlation; Copula; convergence
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EX AP A TG C:[0,11° [0, 1], 4 S L LR BIAN

(1) XFTVveel0,1],C(¢,0)=C(0,/)=0 H. C(z,1)=C(1,0)=t;
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HA Gaussian Copula it AH I Bl AU 19 A= e B4 g ] 5 A SCK SR Gaussian Copula 3R BEAL 7 rq,r, BIAH
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TR UL PSO S BENLER T 1,1 A AL 1R [0, 1134050 43 AT REAL AR &, 550325 5 B0 Jy vok 15 B 70 AH DG 2k PSO Y
U BEALER Ty, 9 AH SR B AL AR S AR ST EIL 1) M 252 Q] A G S AH DG I LT 45 52 Copula BRI REAILEE T
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Fig.1 Bivariate scatter diagram of Gaussian Copula with different correlation coefficients
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HA 1
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P([Pia(t)=Xia()][Poa(t)—Xia(£)]>0)>2/3.
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1 ;rngUﬁz YALRL (0~ Xy D2, (1)~ X, (O} -
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Y
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B s I, p=1. 85555 2.1 1 52 5T Gaussian Copula (K4 5P PSO R (1A 501 S0 20 87, 1) LAAS e fn K
S
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WRALLAT S Poest T @pes, W38 ) FE R EE 10 42 v T T 484 .
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V(t+1)= oV (t)+ciri()(Pi=X(1))+cara(6) (Pe—X(1)) (14)
X(+1)=X(£)+V(t+1) (15)

KA PIBENLE F 7 B rp SZ[0,11355) 43 A1 BAH S R BN ol A R BEAL AR = (RS o M i A2 o b AN
W K BB AL R 7 R PR G 45 440, DRk, AR A5 DG IR S P 23 17 45 SR BB AL BRI 7 A [R] PR A DG 45 #1802 3 5 1),

A 2 3 (14) R I 1o 251 1) 4 — 28 0 A A5 AR 2 2 (14) T 15

X(t+1)=(1+ o—(crr1(O)+cor())) X(6)— @X(t=1)+c1r1 () P+ cora (D) P (16)
7525 30(16) X (1) & BE AL AR 5, I 2 0k AR R LX) AT 1t — AN BE AL e o6t 23 2 (16) 1 i R 4027 1 22, )
T XOW— B 25y JiFn
E(X(t+1))=(1+ o(c1+¢2)I2) E(X(£))~ @E(X(t=1))+(c1P+caPy) /2 17)
FRIETTFE N
A1+ o—(c1+¢)I2) A+ w=0 (18)

{ECX@O)) I SIHE 23 s LA B 22 43 J7 B2 (18) Ay 1o i S il AH DG &5 1t T

EE 4. W oc,0,=0,0< o<l H 0<ci+e,<4(1+a), )7 FI{EXO)V ST (c1Pi+caPy) (citey).

IE B R 2 2 (18) 1T LA 5 34 40E 7 B 5 i AR 1 4=0.5](1+ o—(c1teo) )+ ((1+ o—(c1+¢2)/2)*—4 o)), it TR 5 B
F2 BIE X)) PISCSI TS0 AR AR 1 5 KBRS T L AT TIPS 7 T K % 1

1. 1+ o—(crten)l2)’ <4 ol AT PIA M, 2 H kA, Ao, WA |40 °= | A0P= 0 B T 0< <1, JiT LA max{| A4, | Ao]3<1,
I T3 2(1+ 0-2 )<y +c,<2(1+ ot 2 ).

2. H(1+ao-(cr+e)2)? = 4w, B et =21+ o2 ") B 1+, <2(1+ -2 %) A I SEMR AL 40,28 crte, <
2(1+ 020" %) I, 72 max{| A, | A}<1, 4 0.5(1+ @—(c1tea)2)£((1+ o—(cr+e) )4 0)*|<1,43 5] 0<ci+e, <2(1+
@-20"%).2 c1+e, Z2(1+ a2 %) I, 7 B max{| Ay, | Ao[3<L U 0.5/(1+ o—(cr+e)2)H((1+ o—(cr+ep)I2) -4 @) *3|>-1,
133 2(1+ @2 %) <cr+e<4(1+ ).

gt RPN IR A LEX()) PRSI £ At 2 0<< o<l T O<cy+ep<d(1+w). 4 15 FI{E(X () P S, 7T LLAS
B EX=(1+ 0—(c1+co)[2) EX— EX+(c1PitcoPg) 2 BRI 13 EX=(c1PitcoPy) (crtcy). O
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32 WFHNEAERWSS
h T R T B A B I SRR S T TR S kL T AR Ry 2 (RS
H T RERIE, A
o v=(c1tcy)l2;
o u=(c1PrcoP)l(citey);
o y=ltw-v;
o Z(t)=ciri(t)+cora(t)-v;
o U(n)=cicao(ra(O)—ri())(Pe—P) (c1tcr);
o Y(O)=X(t)-u.
A3 (16) AT LR 2
Y(t+1)=(y=Z(1)) Y(1)- Y (t-1)+ U(1) (19)
AR, V()W EBEHLAE &, H E(Y(0)=EX(£))—D(Y(£))=D(X(?)).
H T BEHLIA T ro(e) B ra(e) EAH DGR [0, 1189 29 23 A BE ML AL B, HLAR OC R EK o, T2 T 45
o E(Z(n)=E(U(n)=0;
o D(Z(0)=D(crri()*+cora(1))= ¢ D(ri(0))+ ¢ D(ra(t))+2creacov(ri(t),ro(0)=(cf + 5 + 2¢ic,p, . J12;
o D(U(0))=(crca(Pe=P))l(crtc2))*(1-p)/6;
o E(Z()U(A)=cica(Pg—Pi)(ca—c1)(1-p)/(12(c1tc2)).
X I ot TR X (O M E M AE Z=D(Z(1), U=D(UO) A T=E(Z())U(1)).t1 T Y(O)F Y(r=1)H%,
M0 Y(2), Y(e=2)F U(e), Z(2) 2 102 A AT (9, T LA E(Y(1+1)2), E(Y(e+2)2) R E(Y(+1) Y(0) 4 T o4 445 L

E(Y(t+1)2)=(y+Z)E(Y(1)*) + & E(Y(t-1)*)+ U-2 oyE(Y (1) Y(1-1))-2TE(Y(1)) (20)
E(Y(t+2)2)=(yA+2) E(Y(t+1)?)+ " E(Y(1)?)+ U-2 wwE(Y(1+1) Y (1)) -2 TEY(1+1) (21)
E(Y(t+1) Y(0))= wE(Y (1)) - wE(Y (1) Y(:-1)) (22)

i 2 30 (22)1 2 4 20 (20)F1 4 S0 (21) R & T E(Y () Y(e-1)) A1 E(Y(t+1) Y(2)) rl 45
E(Y(t+2)")=(y/+Z- ) E(Y(1+1)°) - X '~ Z— @) E(Y())*)+ &’ E(Y(i-1)*) + U(1+ o) -2 T(E(Y(1+ 1))+ 0E(Y(1))  (23)
s DOY()=E(Y()))~(E(Y(1)))2 E(Y(e+2))= yE(Y(1+1))-wE(Y(0)) F1 0E(Y(-1))= yE(Y(1))~E(Y(t+ 1)) {R A 4 5 (23)

DY (+2)=W?+Z-o)DY(+1)-o(?—Z - o)D)+ *D(Y (1 1)) +

24
ZIEY (¢ +1))° + o(EY (1)?] - 2T(E(Y (¢ +1)) + @E(Y () + U1+ o) @)
T 2 3K(24),D(Y(2))=D(X(2))F1 E(Y(2))=E(X(2))-u" 153 D(X(?)) FIEAR TTFE:
D(X(t+2)=(w*+Z - 0)D(X(t +1)) — w(p? - Z - w) D(X (¢)) + @*D(X (t =1)) + 25)

ZI(E(X (1 +2)) = 1)° + 0(E(X () = 1)*] = 2T (E(X (¢ + 1)) = pt + 0(E(X (2)) = 1)) + U (1 + @)
t A Q25) T 51, {DX D) & — =B 200 8 % R G, IR E T 1N
(47— 0) 22+ o P~ Z— ) A-°=0 (26)
h T AT BAR R GRS T PR A A A B SCHR[1614H B 7 B2 (9 T B2 A, A, Ag SERFAE J7 R (¥ 3 AR
WA=~ +Z-0) 22+ o WP—Z— ) A,
W) =1—~(P+Z- o)+ o WP—Z—0)- .
I 4 R B Bl B
SIEE. 2 0<< @<l FT cy+ep>0 Isf,max{| Al Aol | Asl3<1 78 23 A B2 4 A 2 h(1)>0.
PN e AT LE 7 SR R
1. =0 IN 51 75 72 20(26) T Ak A A2 (A— 17— 2)=0 1TE 30, JERF HE AR 23 59 4 Ay = yP+Z=0,25=25=0.
BB max{]Aa].| 2l | Asl}<1 YA A A At | Ag|<1 BR A(1)=1—|44|>0.
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2. Y y=0,l1 cyte=(1+w)l2 I HFEAET7 L (26) T 1k A (A+ @) (AP—ZA—a?)=0 FRITE R, AR AEHE 23 50 K Ay=—0,A,=
0.5(Z—(Z%+407))"3, 25=0.5(Z+(Z2+4 ) > B AR | A= a<1. i1 T Z>0, & = 0,max{|A2],| A5|}=0.5(Z+(Z2+4 &*)"®). Kl It
max{|Aa],[ A2l | Aal}<1 IIFE B AE A 0.5(Z+(Z%+4 ) %) <1t — L itk 0.5(Z+(Z%+467)*°)<1,13 8] 1-Z-o>0. 1L 1,
h(1)=(1-Z— ) (1+w)>0. K e 7EAR B 0<< o<l Fl ¢+¢,>0 HIRTHE T maxq{| Al Al | Asl}<1 FI 8 ZE 412 h(1)>0.

H PR R I L, 2 0<w<l,citc;>0 B crterz2(1+ o), 77 FE 0 (26) 7T 41, Ay Ap A= 0°>0,3% 6 W], 1% 77 72
B 3 A IEAR L A GO AN — AN IEHR. T T 0 2 0 78 43 2 P AN J7 1T T LAIE -

DB (RUE B R B ROUEVE B h(1)=0,84 1 2 U5 FR IR, max{| A4l | Al | Asl}<1 AN TT R oL A K A(1)<0,1:
= 2 1(0)=-*<0,h(0)=—-2 &’ Z<0,h(- @) =—2 y* &*<0, 3 4 ,h(1) 5 h(- ), h( ), h(0)[F] 5, J5 2 h(A)=0 HIHL K% H AEIX
i1 (-,0),(0,@),(@,1) 2 B E B4 55 — A HEAG T AE X T (1,00) P9 AE max{] Aal | Aal | Aa3<1 AS BT B8 57 R, (1) >0.

Fo A PEIUE 8. 01T h(1)>0,h( @) <0, BRIt J5 A2 1 AR HIEL H 782 X W) (0, 1) 2 AT B (A 202 34N, BB 2 dn S ax 3 A4
HRABLE (0,1), 82 A 2y Ao Ag> @0 BT LAAE X 18] (@,1) A — MR LH G h(-),h(@),h(0) A5, J5 R (R A 35 H 78 X
5] (—@,0),(0, ) A2 18 $. B 4 55 ¥ AR B4 V% 75 X W] (—0,0) 3 (0, w) PN, B4 9% 7 X 0] (—o0,— @) BY (1,00) N . T T
Ay Ao la= a7 FE IR AN 23 T AE (—o0,— ) FT (1,00). £ 45 Bl 1T 6T 75 R OO AR (R0 T8 ) i 8, 06 45 max{| Aal, | Al [ Aal3<1. O

EIE 5. W o,c1,6,=0,24 0< @<l c1+¢,>0 Fl A(1)>0 #is L I8 FH{Var(X(6) P st T

Var(X)=((crca(Pe—P)I(6(cr+c2))) (1+ @) (1-p))/h(1),
ot h(L)=—(crter) P+ af(crter) Hereo(1-p)lIB+crter—(cites) 3 +cico(1-p)/6.

IEEA S FEAT 40,2 01,0, =0,0< @<1,c1+¢,>0 Fll A(1)>0 I5F, 77 FE(26) B4 AE AR 5 2 AN 2550 max{| A4, Aal,
|Aal3<1 I, 7 22 7 5 Var(X(6)) PS5 2 X (25) P iy, 24 t—>oo BUAR BRI, ) 7

tILrQ Var(X(t+2)) = (w* + Z - w)!Ln; Var(X(t +1) - o(y* + Z - o) tILrE Var(X (t)) +
o’ limVar(X (¢t ~1)) + Z[(lim E(X (¢ +1)) - )’ + o(lim E(X (1)) - w)°]- (27)
20 (M E(X (1+1) = 1+ o(lim E(X (1)) - ) + U (L+ @)
Flim X, = p N 22 sU(27) T4
PhMX)=ﬂme%XU»=(qq(&—JD/&q+c»Yﬂ+aﬂa—pﬂha) (28)
Horh h(1)=—~(erter) &+ ol (ertea) +erca(1-p)l/B+erter—(crter) I3+cica(1-p)/6. u

%pmWﬁww%ﬁﬁﬂﬁwﬁﬁﬁ%oﬁﬂ%wﬁmmmmz@qg—@M@+@ﬂu@mméﬁ
p=1H, !Ln; Var(X) =0 BT BT X BT T 1= (arPiteaP)l(cite).

A SEPE PSO BRI SICEE M, rT A5 0 R 4548:(L) ZiA e B 4 FEH 5.5 PR MM R %, 0<
@<1,0<ci+c<4(1+w) B A(1)>0 i I R A7 B B ST (crPrteaP)l (citer)i(2) BB 4 45 IR T
7T 7R RS BEALDR 7 HOG R B p, ) K96 AR A 5T T, AR WSS A R 5 £ 04 80 1 52 5 B AL
DL P A DGR JBE A DG > BT DR 100 56 4 1 e P A DR s 37, 5 A e 3 T WAL S o7 A o B4 4.

4 HERR

4.1 LWIRIT

T AR T LE T st T Gpess AN 7 (R A KL S I (BD AN [ AH 6 R BUK ) T, 25 T Gaussian Copula #1351 PSO
IR () P 8, A SCUETE T PIAN S5, 4390 49 AH 5% Z 85 1) 5 22 43 W S50 A DG 1 PSO RS P4k 1 fi S 36 58 1 A8k
06 F TR 30 76 A0 R IO S 36 45 T N A IR AH 26 R BT S Sk M e B 5 B B s 2 AN H T4
AR (2 A (42 R SRR AR R BE )R e SEI R 6 AN W FH D AR B35 L A2 1ty e e AR 22 6 o4 Ry 400, 3L b
BoeA . 4i. WRVGEMEERAE LR L L ASSEI0E M T BN R 4L, 2 B0k g iR 5 Sphere i 04
BR % Schaffer; 25 2 ANSEB0E T 9T A Il s 4.
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Table 1 Benchmark function used to test the algorithms
F 1 T IRk e o B

Name Fomula Dim Range (Xmin,Xmax)  Optimal f
D
Sphere f; fix) =57 30 [~100,100] 0
i=1
D ( J 2
Quadric’s f> fo(x)= Z[Zxkj 30 [-30,30] 0
J=1\ k=1
D x? D X
Griewank’s f3 fi(x) = ; 40’00 - gcos(T‘i] +1 30 [-600,600] 0
D
Rastrigin’s f3 fo(x) =" (x? —10cos(2mx;) +10) 30 [-5.12,5.12] 0

i=1

12 12
Ackley’s f; fs(x)=—20exp[—0.2 /Dfo]—exp[DZcos(Zx,)]+20+e 30 [-32.768,-32.768] 0
i=1 i=1
2
f 2, 2\
(S'” VA ”2) 03 2 [~100,100] 0

Shaffer fg —05-
Jo(x) 1.0+ 0.001(% + x2))?

BARZ R B N AR h 40,240 ARHCh 2 000,38 8 1K 55 R AEL Vimax=Xmax B0 T BT AR AL 70 32 b JE o 0R 4K
1 19 A 5 R BR . T ek /0N i 28 ORBE 1k A 1) A [ (L S s o) B P D R ), 7S SO0 Bk 2 B3
c1=¢,=2;=0.7(1E i F 11 oA X [A][0.4, 1]+ B[R] 4ET).

FHE BB T 56 R BB TS Bl —1< p<1,5:86 % H T A ke vE BN 7R IX ) [-1,1] L 0.2 24 25
AR, BT R 28 7K 1850 1= 11 AR SCR T ) — AN BRI 32 7K1 1 JEAT A ) 14 S5 36 T 8, TRt o) TR — AN BRL 3 K1 T 2 3
1T 10 L5
42 KEHERSH
421 MRARBIT =S 4R

FtT Gaussian Copula A8 14 PSO #E2 [FAH % R 407 Z5 40 W 45 S WLk 2 RISk 3. R R i A & SS(Columns)
- SS(Error) 53 7 e 7 B K 2 4 1 AH 5% R BT 41IR]SF J7 FURIAR 2257 77 B df( Columns) I df(Error) 5y Al 2 7R 41 [A]
5 R E el AR ZE SV 5 A B B MS(Columns) A1 MS(Error) 53 1) 3 7~ 2L 18] V-3 7 5 AR R 22 1 45) V-
HLF g RS 1 5 M50 22 P B O M Wep R348, 24 0.01<p<<0.05 IN, 3N 4 5107 52524 p<0.01 I, A
RS 25 R AR 2 FNEk 3 T 40, %) T Sphere MU Schaffer & %y 2= 4) BT (A6 A p Jz8 iz /T 0.01, B B
BB 1] AH ¢ 22 K 1 8 B 6P A5E 20 (R e SIORS P2 A5 AR 0 35 (R S MR OX 98 7R 1R DA 0 S s v 2% 18 B L BRL 1
AHOCVE IR 3 SCFI 5 I NAR G PSO 52 1y b ZE .

Table 2 Variance analysis of optimization performance for Sphere function

% 2 Sphere p& EOLAL AR 1 B 1 2200 B

SS df MS F P
Columns 5.062e+8 10 5.062e+7 9.47 7.073e-11
Error 5.293e+8 99 5.347e+6 - -
Total 1.035e+9 109 - - -

Table 3 Variance analysis of optimization performance for Schaffer function
% 3 Schaffer pRELHL AR IV 55 107 22 45 A

SS df MS F P
Columns 8.392e+1 10 8.392e+0 10.62 5.098e—12
Error 7.827e+1 99 7.906e-1 - -
Total 1.622e+2 109 — — —
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4.2.2 LT Gaussian Copula A2 PSO AR HL A0 8 434

FEFANF A R0 Gaussian Copula A2 PSO BRI L 1b &5 W3R 4.8 4 B T 6 ANFEVE R 201 i
MBS BIEFIARAE T 22 tH3R 4 v A A DG R IN,6 AN FEUE SR B R AME L Y FIARAE 5 25 B R
A AR B, 2 BEALER T ) 50 2 P AH DG I 80 (R O Ak Pk e B0 T BEATLER T[] 52 A7 2l P AH DG 1 455 28
HIPLA A BE A5 1), 24 i AL AT 1) 522 56 4 47 4 MR AR DC (R AE ¢ R 4k 1) I 25 T Gaussian Copula 48 ¢ PSO #
YRR B doc 22 10 24 BE AL IE 7 1) S 58 4 TE R PE M G (R A ¢ R 2k 1), 25T Gaussian Copula #12<1E: PSO
FRURAURTS T S AR AL PE B, 10 ELX T BB A fofafa 0 fs IR B T 48 JR S A

2 4 T AN A AT 2 R 2 Gaussian Copula A5 1E PSO A58 8 i Wie $5 i 2k (v o4 7 7 (k4 i 25 1 (2R
FIWLEE A S R T AR R 3 -1,-0.6,-0.2,0,0.2,0.6 A1 1 I 5K A A e i 22 170 e 0 B 40 F) 338 B BE B L 10
S TR R ). AT 2 T4 24 AR S5 R B 1IN, EE T Gaussian Copula A8 5 1t PSO B ANV LA 45 i IR S50k 12,
I s HL A 5 B A S5 B, 5 AR 9% BR8N OB AR 2 2R B0 ST 475 ol ) i AR L A R 5 38 B s i T Bl ML DA ) 2
1E SR A DG 3 ) T Al R A 20 B 1 (0 78 S 3 N e 30 e 00, DR b A S 8 o 7 ALY (1) 255 P .

——(CC=-1 —+—CC=0.2 ——CC=-1 —+—CC=0.2 ——C(C=-1 —+CC=0.2
—8—C(C=-0.6 —+—CC=0.6 —8—CC=-0.6 —+—CC=0.6 —8—C(C=-0.6 —+—CC=0.6
——(CC=-02 —CC=1 ——(CC=-0.2 —CC=1 ——(CC=-0.2 —CC=1
——CC=0 ——CC=0 ——CC=0
s 5 s 6 s 3
= =% 1=
g S5 S 2
g 8 ] 3 =
= = 4 =1
g 2 E E
g1 s 3 s 0
B o 1 3] 5
c = c
2 = Y 2-1
51 7 %
@ -2 o1 @ -2
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Iteration Iteration Iteration
(a) Sphere function (b) Quadric’s function (c) Griewank’s function
(a) Sphere &%k (b) Quadric’s bk %L (c) Griewank’s &%
——CC=-1 —+CC=0.2 ——CC=-1 —+—(CC=0.2 ——CC=-1 —+CC=0.2
—8—C(C=-0.6 —+—CC=0.6 —8—(CC=-0.6 —+—CC=0.6 —8—CC=-0.6 —+—CC=0.6
——CC=-0.2 —CC=1 ——(CC=-02 —CC=1 ——CC=-0.2 —CC=1
——CC=0 ——(CC=0 ——CC=0
= 28 S 14 s 00
S 26 % 12 ©-05
824 S 10 =
g 22 3 08 3 10
3 ig S 06 g -15
§ 16 £ 0 20
514 g 02 g 25
2 12 2 00 2
2 10 7 -0.2 7 3.0
@ 08 S 04 D 35
"0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Iteration Iteration Iteration
(d) Rastrigin’s function (e) Ackley’s function (f) Shaffer’s function
(d) Rastrigin’s B % () Ackley’s Bk % (f) Shaffer’s i %k

Fig.2 Convergence curve of functions for different correlation coefficients

B2 ARG R EOT bR RS 26

@ tlr["‘:]F VL 1
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Table 4 Results of optimization performance for the different correlation coefficient
F 4 AFFHRRE T BRI e

F fi f2 f3
cC Min Mean Std Min Mean Std Min Mean Std

-1 1.336e+2 1.684e+3 2.078e+3 | 3.652e+4  6.188e+4  3.360e+4 | 1.87%+1 3.555e+1 1.291e+1l
-0.8 2.831e+2  1.33%e+3  1.172e+3 | 3.606e+4  7.026e+4  2.708e+4 | 1.325e+1 3.976e+1  2.109e+1
-0.6 4.006e+1 7.573e+2 5.954e+2 | 2.498e+4  4.605e+4 1975e+4 | 1.976e+1 4.159%e+1 2.872e+1
-0.4 1.183e+1 8.335e+2  7.326e+2 | 2.860e+4 6.919e+4 5.628e+4 | 1.600e+1 2.617e+1 5.878e+0
-0.2 7.970e+1 7.631le+2 8.014e+2 | 1.458e+4 3.47le+4  1.658e+4 | 1.498e+1 2.095e+1 4.267e+0
0 2.618e+1 2.954e+2 3.619e+2 | 4.525e+3  2.228e+4  3.086e+4 | 2.209e+0  4.874e+0  2.603e+0
0.2 0 3.527e+1 3.665e+1 | 5.816e+1 8.503e+3 2.191e+4 | 4.342e-1 1.100e+0 2.510e-1
0.4 0 1.290e+1  1.423e+0 0 4.005e+3  9.662e+3 0 1.077e-1  1.992e-1

0.6 0 1.131e-1 3.636e-3 0 3.000e+3  1.578e+4 0 0 0

0.8 0 0 0 0 8.342e+2  4.641e+3 0 0 0

1 0 0 0 0 0 0 0 0 0

F fa fs fo
cC Min Mean Std Min Mean Std Min Mean Std

-1 1.107e+2  1.443e+2 2.37%e+1 | 1.315e+1 1.509e+1 1.046e+0 0 1.150e-2  9.287e-3
-0.8 1.150e+2  1.422e+2 1.91le+1 | 9.985e+0 1.347e+1 1.802e+0 0 8.662e-3  7.969%e-3
-0.6 1.234e+2  1.348e+2 1.474e+1 | 1.096e+1 1.429e+1 1.891e+0 0 8.259e-3  3.559%-3
-0.4 8.497e+1  1.244e+2  2.249e+1 | 1.094e+1 1.35le+1 1.630e+0 0 9.634e-3  7.398e-3
-0.2 8.751e+1  1.220e+2 1.673e+1 | 5.110e+0 1.198e+1  2.890e+0 0 9.634e-3  7.398e-3
0 8.463e+1 1.113e+2 1.819e+1 | 9.836e+0 1.159e+1  1.126e+0 0 8.177e-3  8.194e-3
0.2 3.466e+1  7.025e+1 2.671le+l 0 7.416e+0  3.282e+0 0 3.401e-3  4.755e-3
0.4 7.419e+0  4.53%+1  2.758e+1 0 2.211e+0  1.962e+0 0 2.357e-3  1.145e-3

0.6 7.232e+0 2.526e+1  1.690e+1 0 1.403e+0 4.438e+0 0 0 0

0.8 7.214e+0 1.277e+1  1.432e+1 0 2.131e-1 1.324e-1 0 0 0

1 7.214e+0  7.228e+0  2.336e-2 0 0 0 0 0 0

423 5% R A BE HL

¥ 58 A2k Mk IEAH 251K PSO #E8 (CPCPSO) 5 H i HAT AR M 19 7 P AL HEAT Mk 8 LL 453X 7 Fh B30 3ol A2
IS} A7 058 2 8 PSO #3%:(PSO-TVAC)E!, [ 45 K 1 PSO #.1:M(PSO-CF). H AT JFRAE J1 i1 PSO #1%:8(ePSO).
ZREPE RS H 4120 PSO 53E(SOPSO). 3 1 % # 25 te PSO 4v:(FDR). 4 {5 B PSO 41k I(FIPS) Fil 4
i >] PSO Sk (CLPSO). A% 3L S B 4% P (Uhr 7 Rl BERL . EALIE AR B ) L 2 2% SCik b B R 20 %

o LG 45 R WL 5,455 A R H e A 1R ST 30 45 S FH KR 74408 o ) T R B 1 f2 5 BT f6, CPCPSO LL At JL A 5732
AT H A K B, B IA B4 SR B A 4 T 6 8 £, CPCPSO Fll CLPSO #l 3R 4 ) e At {8, {2 CLPSO 1€ %% K
B ARG T 5 NS 506 T 98 48 f5,CPCPSO Ik 45 S E CLPSO Al ePSO At 4 22 22 (HAR T Atk
5 PR g b TR N EL 45 W], CPCPSO 5 AT 5| AT AT SLAh 5 VB RN 2 B0 55 00 T W 4% iy 7 Sk s

Table 5 Comparison of some modified PSOs

£S5 St PSO HiEM L

Results f f2 fa Ja fs Je
PSO-CF 3.79e-11+2.67 449e-11+298e-11  5.20e-2+8.70e-2 5.62e+1+9.76 365+1.54 1.19e+1+0
PSO-TVAC 1.00e-2+0 940e-5+6.70e6 142e-2+1.85-2 3.62e+1+8.13e+1 522e-1+7.34e-1  2.20e-3+3.83e-3
SOPSO — — 2.14e-2+5.30e-3 1.03e+1+2.36 293e-2+1.75e-2 —
FDR 4,88e-102+1.53e-101 1.87e-15+0 101le-2+1.23e-2 2.84e+148.71 2.84e-14+4.10e-15 —
FIPS 2.69e-12+6.84e-13 — 1.16e-6+1.87e-6 7.30e+1+1.24e+1 481e-7+9.17e-8 1.00e-5+0
CLPSO 4.46e-14+1.73e-14 — 3.14e-10+4.64e-10  4.85e-10+3.63e-10 0+0 -
ePSO 295e-5+1.12e-5 6.40e-5+1.42e-5 8.31e-5+143e-5 8.24e-5+1.33e-5 138e-4+90%-5  446e-4+193e-3
CPCPSO 0+0 0+0 0+0 7.2242.12e-2 0+0 0+0
5 ZHRiE

FEBEHLIA A A0 70 M (K B Al b A SO T BEALI 7 (AR SC PR BB S th T ARG IE PSO BERY A% A R R A
Copula B EHlE T RE5-XF [ 5 2050 5 SRR IL 2 A5 B A 2 BE K SR BT BEHLIAL 5 o,y AR GPE S5 T
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F:T Gauss Copula ARGV PSO B ) S I 7 v, i ik 43 #t Gauss Copula I MEZE 45 P i B T 55T Gauss Copula
FRIAH G PSO BERL KA SIAT Ay 2k — 25 (1 BR 0 45 AL DI 7 AR R AL T o I R EL ¢ B cp #ORSF IR 5E
SRS P I BE T TR A T 110 22 1 2 Bt 5 DG 3R B 0(0<5 o= 1) 0 98 00 ot 48 K s 7 58 1140 3 20y i 3 i 5 B L K]
HH DG TR 55 1) AR AT A Al A5 31 >4 BB DR 7 ) 52 58 4 1E 2R kA DG IF L 747 1 AR B 3 5 i sl T 3L B AR = v 1y

B A7 BLSE T vhoAH 50 FREK I 22 45 A 2 W1 BE AL R 1 TA)AH 50 3R B K 1 BB BERY 1 18 B A 5 25 1 s ) A AL

SLIG (N [FIAH X R 1) Gaussian Copula #H 5GP PSO #E8) 45 AL 1 7 Rl AH OC 2 55 pl) 386 I 24 1) AL A0 e A B

AR PGS BEL D 1 5 50 A TR 2R A ORI B ) £ A AU 1 R Ik B e
HIZENE PSO BEAY (K 37, W F0RE 18 H & 250 (5 SRR I A5 B & PR T ) e 4 17— 408 i id

)5 8 TAEK H Sl e tE PSO MRS H 1E— 20 1) BRAG 43 A1, IR 15 AH 56 25 14 (Copula) 3k BRI A4 78 RE 1)

A]
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