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Abstract: Independence of irrelevant alternatives(IIA) tends to cause deviations in the prediction of customers’
choice behavior. To solve the problem, this study constructs a novel competitive facility location and design
model. This model is also applicable to the continuous and multi-attribute design problem. This study ana-
lyzes the performance of several algorithms through numerical experiment: The gravitational search algorithm
(GSA), the particle swarm optimization-gravitational search algorithm (PSO-GSA), and chaotic gravitational
search algorithm chaotic gravitational search algorithm 1 through 10. The experiment result shows the PSO-
GSA has the best ability to search in solution space. Therefore, this study regards PSO-GSA as a highly
efficient and stable algorithm for solving the new model.
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��;=¦è�sÓkÅÄk?\,�Ã{;��Ï¿�éÃZ\���q��:,ì C�®k½|°�.

Ïd,3��À��.¥�Ä¿�Ï���3,´��Ün�.

Plastira 32001cò¿�5��À�¯K(competitive facility location problem, CFL) ½Â�: �Ù�²

Ù¦��®�3½ò�3u½|¥, �#ï��:ò�ù
��:¿�, 5¼�'�½|°��À��

. [2]. ¿�5À��.�@�J��1929cHotellingé�5½|¥V Þ¿�üÑ�ïÄ,T�.b��

�þ!©Ùu�5½|þ, ål���C���:ò¼�Ù�ÜI¦ [3]. ÄuReilly�"ÈÚå�. [4],

1964cHuffJÑå�.[5]. T�.´��2�¦^��(½.¿�À��.,Ùb���1�"È��

:�VÇ���:¡È¤�',�üömål�g�¤�'.3�Ð�å�.¥,¢¡¡È´�¤��

:áÚå����I. NakanishiÚCooper31974cU?
Huff�å�.,±õÏ�g��¦ÈO�¢¡

¡È,ò�¤��:áÚå�üÏ�ÿÐ�õÏ�,JÑ¦{¿��p�^�.(multiplicative competitive

interaction, MCI), ¿�Ñ�.¥ëê�O��{ [6]. ReVelleJÑ��Ð¼¯K(maximum capture problem,

MAXCAP),Áã3�ä�m���X���:,��zè��½|°�[7].

¿�5À���O¯K��ª.½, KÌ�8Ïu2007cFernSndez�Aboolian k�uL�ü�Ø

© [8, 9]. FernSndez)û
Huff�.e�ü��:²¡¿�5À���O¯K,ÙáÚå���ëYCþ,¿

�Ñ�.�|d!Â\9¤�¼ê,|^Weiszfeldª�{9©|½.{é'¦) [8]. Aboolianò¿�5À�

¥é �9�O�Ó�`z,½Â�¿�5À���O¯K(competitive facility location and design problem,

CFLDP),¿�	
�5I¦e,lÑ�m�õ��¿�5À�9�O¯K [9].

±FernSndezïÄ�Ä:�CFLDP�.��2�A^. ÄuFernSndez�.?1�ïÄ,�)Redondo [10],

T_th [11] é¿�5À���O¯K¥ëê�¯a5©Û, T_th [12]éÓ�À��gSÀ�üÑÂÃ�É

�ïÄ, Redondo [13]3õ8I^�e¦ø\÷), Arrondo [14]�J,da¯K¦)�ÇïÄ¿1�{,

±9Saidani [15] 9Arrondo [16]¤ïÄ�Ä�¿��.�. ÄuAboolian�ï�.�ïÄ, Kochetov [17]3l

Ñ�me¦)õ��À�|d��z�Stackelberg ). g2007cCFLDP(á±5, Ù¦¿�5À���

O¯K�ïÄ, �)Lancinskas [18], Hendrix [19], Sadjadi [20], Ù¤¦^��.Øä��L5, �À�{z�

�FernSndezªCFLDP�.. 'uCFL9CFLDPCc�nã5©z,�ë�Ashtiani9Drezner�ïÄ[21−22].

CFLDPnØ�uÐ�?Ú,Äu½��y¢I¦. Nõ1�¥��:¤Jø�¬9ÑÖÓ�z¯K�~î

,��¿Øä�²w�§¢Ý.ù
��:�aquõU�ä,X�a"ÈA!\hÕ!̄ $ËA�. ²E

ö�UÏL`z��:���á5,�)ål!Ñ� !ÂÕ�ê!¢¡È�,J,�¤ö�^�,l¼�

�p�½|°�. ,,¥%/«�À�!�õ�Ñ� !�Ð�ÑÖ�þ!���A¡¿�X��:�G

Ñ�p�À�¤�9²E¤�,²Eö%éJ(½ÏLù
á5�J,U
�5õ��ÂÃ,�3�p�

Ø(½ºx. CFLDPÀ�nØ±��:� �!áÚå�`zCþ,3¿�éÃ�3�cJe,��z��

:�½|°�½²E|d,·^uÓ�z1����:À�¯K,kX2��A^�m. Ïd,Øä`z�

õCFLDPnØ,kÏuJ,��:²E�Ã,;��¬]L¤.

�©éAboolian [9]9FernSndez [8] �ïÄ?1ÿÐ,¿éykïÄ�Øv�??1¿Û.�©ïÄuy,

CFLDP¥Huff�.�¤á,kX“Ø�'À��Õá5” (independence from irrelevant alternatives, IIA)�cJ

^�,ù�y¢�¹¿Ø�Î,ÏHuff�.é��ÀJ1��ýÿ�3�½�Ø�¯K.�)ûd¯K,

�©Äg(ÜlÑÀJnØ¥�i@Logit�.,#�ïCFLDP�.,T�.ØÉ���À�m�'5�

K�,J,�.é�¤ö1�ýÿ�O(5,ÿ°CFLDPnØ�·^��.d	, CFLDP+��ykïÄ,þ

=é��:�“áÚå” (attraction)?1`z,�ü�Cþ. �©òCFLDP�`z8I�z��¤��:“á

Úå”�õ�“á5”,¦é��:�$E¤�9E�Â\�`z�ä�é5. �©�ï�CFLDP�.E,Ý

�p,�Jø�«p�!½�){,ÏLê�¢�,�©ÿÁ
GSA!PSO-GSA±9CGSA1-10.�{�L

y,�ÑPSO-GSA�{¦�)��þ�p,�·¨�©�.�¦).
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2 lllÑÑÑÀÀÀJJJnnnØØØÄÄÄ:::

¿�5À�nØ¥�Huff�.,�lÑÀJnØ�õ�Logit�.(multinomial logit model, MNL),Ñ

gLuce’s choice axiom, Luce’s choice axiom¤á�cJ^�´“Ø�'À��Õá5” [5, 23]. Ï�ÀJ

�S�3�'5�, Huff�.±9õ�Logit�.éûüöÀJ1��ýÿÑ¬�3 �. McFaddenJÑ

2Â4�©Ù(generalization extreme value, GEV)�.,T�.#NÀJ��'5��3. McFaddenÓ�y

²i@Logit(nested logit, NL)�.´GEV�A~, ¿&?
MLM �NLM �;�éX [24]. Ïd, �©JÑ

±NLMO�¿�5À�nØ¥�Huff�.,5;ÏÀJ��'5�)�1�ýÿ �.

2.1 õõõ���Logit���...

lÑÀJ�.´£ãA½�*�N1�ÀJ�ï��{,T�{�«
A½^�eA½�*�NA½

1�ÀJ�VÇ��')ºCþ�½þ'X [25]. 3lÑÀJnØ¥,ûüö�ÀJ1�÷v�^��z�

K.ûüö�^dÀ�á5�û½��*ÿÜ©,±9�Å�Ø�*ÿÜ©|¤,À�iéûüön��^�

uni = xiβn + εni, (1)

Ù¥ i�ÀJ�, xi�ÀJ��á5��þ; n�ûüö, βn �ûüöéØÓá5�¯aXê. εni �ûüö

�^�	)�Å5 [26]. βn´ûüön�á5¯aXê.

b½�^��ÅÜ©εniÑlWeibull©Ù, McFaddenu1973cy²,ûüönÀJÀ�i�VÇ�

Pni =
eVni∑

k∈C
evnj

, (2)

Ù¥ C��¹¤kÀJ��8Ü, Vni�ûüö�^��*ÿÜ©, Vni = xiβn.

McFaddenòdª¡�^�Logit�.,yÏ~¡�õ�Logit�. [23]. õ�Logit�.��wÍ"´I�

k“Ø�'À��Õá5”�cJ^�,=

Pni
Pnh

=

 eVni∑
j∈C

eVnj

 /

 eVnh∑
j∈C

eVnj

 =
eVni

eVnh
. (3)

ûüönÀJÀ�i�VÇ�Pni,ÀJÀ�h�VÇ�Pnh,dþª��Pni�Pnh�'�´�½�. d'

�dü�ÀJ���^�*ÿÜ©û½,��ÀJ8CS�Ù§À�Ã'.

�ÀJ��3�'5�,õ�Logit�.�VÇO�¬�3wÍ� �,X²;�ù/7n¬�Ø [27]: b

½ûüönkð�Úùn¬ü«Ñ1�ª, =C = {auto, red bus}, Tü«Ñ1�ª�^�Ó,=Vauto =

Vred bus. �ÙÑ1�,ûüöÀJð��n¬�VÇ�'�1,¿�Pauto = Pred bus = 1/2.

XJn¬úiJø�����#n¬,Ø
#n¬�ôÚ�æ�7Ú,d�k

C = {auto, red bus,blue bus}, Pauto/Pred bus = Pred bus/Pblue bus = 1, Pauto = Pred bus = Pblue bus =

1/3.

�´Ün�VÇ�Pauto = 1/2, Pred bus = Pblue bus = 1/4. d~�y², �ÀJ��3�'5�, Ï

LMNLO����(J�3 �.

2.2 iii@@@Logit���...

�)ûÀJ��'5Úu�¯K,i@Logit�.|^©��g�,ò�ÀJ8Cy©�K�f8,�'

À�?\Ó��f8,Ã'À�?\ØÓ�f8,�÷v

C =
K⋃
k=1

Ck, Ck ∩ Cl = Φ, k 6= l. (4)
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d�, ûüön��*ÿ�^��©�üÜ©, =ûüöÀJkf8¤�)��^Wnk, ÚûüöÀ

Jkf8¥iÀ�¤�)��^Yni,=

Uni = Wnk + Yni/λk + εni. (5)

3i@Logit�.¥,�ÀJ��Å�^�éÜ©Ù�2Â4�©Ù(generalized extreme-value distribu-

tion, GEV), McFaddení�ÑPni/k�Pnk©O�

Pni/k =
exp (Yni/λk )∑

j∈Ck

exp (Ynj/λk )
, (6)

Pnk =
exp (Wnk + λkInk)

K∑
m=1

exp (Wnm + λmInm)

, (7)

Ù¥ Pnk�ûüönÀJf8k�VÇ, λk �ºÝëê,£ãÓ�aOSÀJ�m�O�5,ef8y©�

(,KλkA0u(0, 1)�m. Ink´�¹�, Ink = ln
∑
j∈Ck

exp (Ynj/λk ),´kf8S¤kÀJ��²þ�^ [24].

d�,ûüönÀJÀ�i�VÇ�

Pni = Pni/k Pnk. (8)

3 ¿¿¿���555ÀÀÀ���¥¥¥Huff���...���VVVÇÇÇOOO���   ���

HuffÚå�.�CFL!CFLDPnØ¥, O���ÀJØÓ��:VÇ�Ä��.. �Ù!{�0

�Huff�.�Ä��n,¿é'õ�Logit�.,�\©ÛIIAA5Úå�Huff�.VÇO� �.

3.1 HuffÚÚÚååå���...

3Huff�.¥,b½«�R2S�3n�I¦:,ÙéA�	ïå�Bi, i = 1, 2, . . . , n; �3m���:,

ÙéA�áÚå�Aj , j = 1, 2, . . . ,m [5]. éu?¿��:j,��i¼���^�

uij =
Aj

gi (dij)
, (9)

Ù¥ dij���iå��:j�ål, gi��KüNO¼ê,���gi (dix) = (dix)
λi , λi > 0.

d�,��:j¤¼��½|°��

Mj =
n∑
i=1

Bi
Aj/gi (dij)

m∑
k=1

(Ak/gi (dij) )
. (10)

��:j lI¦:i?¼��	ïå�

Mij = Bi
Aj/gi (dij)

m∑
k=1

(Ak/gi (dik) )
= Bi

uij
m∑
k=1

uik

. (11)

3.2 Huff���...¥¥¥IIAAAA555���KKK���©©©ÛÛÛ

��ª(11)�I¦:	ïåBi,����iÀJ��:j �VÇ�

Pij =
uij
m∑
k=1

uik

, (12)

Ù¥©fuij ���il��:j?¼���^,©1
m∑
k=1

uik �I¦:il¤km���:¼��o�^.
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XJò��iÀJj ��Pij ,ÀJh��Pih,K
Pij
Pih

=
uij
uih

. (13)

lª(13)�±�Ñ, Pij �Pih'�E��½�.d'�=���:j �h��^�'.

�é'ª(3)�ª(13),�±uyMNL�Huffå�.�pÝ�q5: 3¿��ÄÀJ���'5��¹

e,üö=ÄuÀJ���^,5ýÿûüö�ÀJ1�.Ïd,�Xc©�ù/7n¬�Ø,duIIA^��

�3,�ÀJ��3�'5�, Huff�.¥�VÇO�Ó��3�½ �.

( , )d2 2 0
1
(1,0)

1( , )d 0 0

1( , 1) 1-

道路:
需求点:
己方设施点:
竞争对手设施点:

ã 1 IIA �

Fig. 1 IIA deviation

ã1¥, d1�d2�ü�I¦:, α1�è�yk���:, β1�¿�éÃ��:. b���NþØ�,

uij = Aj/R
2
ij ,¤k���áÚåAjþ�1,�[úiOy3d«�S#ï���:α2.

ÄkO���1�ùü[��:�VÇ,�âúª10,��d1¼���^� uα1
= 1, uβ1

= 1/2 . �â

úª13,��ÀJü[��:�VÇ©Ù�Pα1
= 2/3 , Pβ1

= 1/3 .

ÙgO�ï�#��:α2�,���1�VÇ.3Huff�.e,�`#��:��I�e�`z¯K�

),=

Max
x,y∈R

(
1

x2 + y2
+

1

(x− 2)
2

+ y2

)
. (14)

)��#��:��Iα2�(1, 0),ù�è�yk��:α1Ü.�¤ö¼���^�uα1
= 1, uα2

=

1, uβ1
= 1/2. �âª(12),#��:�ï�¦��1���:α1 �VÇl2/3=�4/5. ¢Sþ,3��:

NþØ���¹e,Ó�[úi3Ó�/:m�2õ���:,���^¿Ø¬k²wCz,1�d/�V

Ç¿Ø¬Ïd�'~J,,¿�éÃ�1�VÇ�Ø¬�'~ü$, Huff�.é��1�VÇ�ÿ��3w

Í� �.

FernSndez�Ñ,�����uÀJáuØÓúiS���:,5'é5¼�ØÓ�û¬ [28]. y¢�¹

¥,áuÓ�[úi���:Ï~kX�p��q5. ��lda��:¼���^´pÝ“U”�. Ïd,

�©±i@Logit�.,�O�k�Huffå�.,�ï#�¿�5À���O�.. ò��ÀJ��¤á�

y©�ØÓf8,;�À��'5�5�K¡K�,¿3dÄ:þ?1²¡ü��!ëYõá5�¿�5À

���O¯K�¦).

4 ÄÄÄuuuiii@@@Logit���...���CFLDP���...

�[úi�3�½«�Sm�1�#���:,3ù¡«�¥,®k¿�éÃm�Jø�q�¬½ÑÖ

���:. ò«�S�kI¦�Ø¬½Ø«{z�²¡:8,òØ¬½Ø:�I¦�½�éA:�	ïå.

I¦:8Ü!�I!	ïå!á5¯aXê,±9yk��:8Ü!�I!á5�þ®ÏLÚO�{(½. y

dúi�±ÏL(½#��:��` �,±9#��:���á5�,¦�C�¤¼|d��z.

Ó�½Ø«S��Ï~kX�q��¬/ 9²L¢å,��uÙSÜ�«©,��éØÓúi��:

� Ð«©5�p. ^lÑÀJnØ¥�i@Logit�.5£ãI¦:��^¼ê,±9ÙÀJA½��:
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�VÇ.

Ì�Cþ9¹Â�L1.

L 1 Cþ9¹Â

Table 1 Variables and explaination

Cþ ¹Â

j0 #��:

x0 #��:�I, x0 = (x01, x02)

α0 #��:á5�, α0 = {α01, α02, . . . , α0k}
I I¦:8Ü, I = {i1, i2, . . . , in}
pi I¦:�I, pi = (pi1, pi2)

wi I¦:i�	ïå

βid I¦:i�ål¯aXê

βi I¦:i�á5¯aXê, βi = {βi1, βi2, . . . , βik}
J yk��:8Ü, J = {j1, j2, . . . , jm}
xj yk��:�I, xj = (xj1, xj2)

αj yk��:á5�, αj =
{
αj1, αj2 . . . , αjk

}
di0 I¦:iå#��:�ål, di0 =

(
(pi1 − x01)2 + (pi2 − x02)2

) 1
2

dij I¦:iåyk��:j�ål, dij =
(
(pi1 − xj1)2 + (pi2 − xj2)2

) 1
2

S #��:�À��²¡«�, S ⊂ R2

C ���ÀJ8, C = {j0, j1, . . . , jm}, 0 ∼ l���:áuC�, l + 1 ∼ m���:áu¿�éÃ

Äui@Logit�.,ò����ÀJ8Cy©�ü��gf8,=��ÄkÀJ«�Sy��úi,Ù

g2ÀJúi�eá��:. �{zO�,1��gò¤k��:y©�2�f8,=C���:CI�¿�

éÃ��:CII , CI = {j0, j1, . . . , jl}, CII = {jl+1, jl+2, . . . , jm},Xã2.

所有设施点

己方设施点 竞争对手设施点 -------第一层决策

j0     j1              jl  jl+1              jm  
-------第二层决策

新设施点

ã 2 V�ÀJ

Fig. 2 Bi-level choice

�âª(6),I¦:iÀJC���:��^�

UiIj = WiI + YiIj/λI + εiIj, (15)

Ù¥WiIL«K��Né1��f8ÀJ�)ºCþ�)��^, Yij L«=K��Né1��À�ÀJ

�)ºCþ�)��^.

�âª(8),I¦:iÀJC���:�VÇ�

PiI =
exp (WiI + λIIiI)

exp (WiI + λIIiI) + exp (WiII + λIIIiII)
, (16)

Ù¥WiI!λI!WiII!λII þ�~þ, IiI = ln
∑
j∈CI

exp (YiIj/λI ), IiII = ln
∑

j∈CII

exp (YiIIj/λII ).

�âª(1), YiIj�I¦:iÀJ��:j��^�*ÿÜ©

YiIj = βiα
T
j + βiddij. (17)
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�Ni1 =
∑

j∈CI ,j 6=j0
exp (YiIj/λI ),Ni2 = exp

(
WiII + λII ln

∑
j∈CII

exp (YiIIj/λII )−WiI

)
,Ni19Ni2þ

��*ÿ~þO�Ñ�ê�,K

PiI =
exp (λI ln (Ni1 + exp ((βiα

T
0 + βiddi0)/λI )))

exp (λI ln (Ni1 + exp ((βiαT0 + βiddi0)/λI ))) +Ni2
. (18)

��#��:�,C���:¤¼½|°��

M (x0, α0) =
n∑
i=1

wiPiI . (19)

ÂÃ¼ê� [8]

Π (x0, α0) = F (M (x0, α0))−G (x0, α0) , (20)

Ù¥ F (·)�î�4O��¼ê,ÄuC���:¼��½|°�5O�E�Â\. Ï~�¹e, F (·)��
5¼ê,=

F (M (x0, α0)) = cM (x0, α0) , (21)

Ù¥ c�ü �¬��ÈÂ\.

G (·)Ó����¼ê,�#��:3áÚå�α0 �,À�ux0 �o¤�. G (·)A�)�#��: �
�'�À�ï�¤�,±9���á5�'��Ï$E¤�, G (x0, α0) = G1 (x0) +G2 (α0).

#��:�À�ï�¤��

G1 (x0) =
n∑
i=1

Φi (di0) =
n∑
i=1

ϕi3 [wi/((di0)
ϕi1 + ϕi2)], (22)

Ù¥ ϕi1�¤��ål¯aXê, ϕi2!ϕi3�¤��?�Xê. ϕ0 �ï�¤�þ�, G1 (x0) < ϕ0, ϕ0, ϕi1,

ϕi2 > 0.

#��:�$E�o¤�,K�L«�

G2 (α0) =
k∑
h=1

Ψ (α0h) =
k∑
h=1

ψh3

(
α0h

ψh1

)ψh2

, (23)

Ù¥ ψh1�á5h�Ä:�, ψh2�¤�O��?�Xê, ψh3 �hÄ:á5�e��A¤�. ψ0�$E¤�

þ�, G2 (α0) < ψ0, ψ0, ψh1, ψh2, ψh3 > 0.

d�,|d��z8Ie,Äui@Logit�.�ëYõá5²¡ü:¿�5À���O¯K�Lã�

Max Π (x0, α0) = F (M (x0, α0))−G (x0, α0)

s.t. ∀α0h ∈ α0, α0h ∈
[
αmin

0h , α
max
0h

]
G1 (x0) < ϕ0, G2 (α0) < ψ0

x0 ∈ S ⊂ R2,

(24)

Ù¥ αmin
0h �#��:há5���e��, αmax

0h �#��:há5���þ��.

5 ���...¦¦¦)))

d�.�¦)áu�à`z¯K,ÏLêÆ)Û��ª¦)�3�pJÝ.|^Äu«+��éuª�

{,3)�mS|Ï�`)´�1��{. ��X�`znØ¥WolpertÚMacreadyJÑ�“Ã�¤Ìê½

n” (No Free Lunch Theorem, NFL):vkÙ§?Û�{U
'|¢�m��5�Þ½öX�Å|¢�{�
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`. Ïd,(Ü8I¼ê5�,ÏLê�¢�'é¿À�Âñ�Ý¯!½5p!�;�Ñ$��{´�~k

7��. �©ÏL�þ�ê�¢�,é'©Û
GSA!CGSA!PSO-GSA�{Ly,�ªÀ½PSO-GSA�{

���©�¦)�{. 3d�ÑÚå|¢�{£gravitational search algorithm, GSA¤9PSO-GSA�Ä�½

Â9$�Ú½.

5.1 ÚÚÚååå|||¢¢¢���{{{

Úå|¢�{�@32009cdRashediJÑ,´É�kÚå½Æéu�!�«Äu«+��éuª�

{ [29]. b½�`z¯K�3m�Cþ98I¼êfobj,Cþxdþ�3éA�þ.xld9e.xud,Cþ���

��ò�¤¯K�m��1�,=�{�|¢�m

xld 6 xd 6 xud, d = 1, 2, . . . ,m. (25)

GSA3)�m�Å)¤N�ÔN,1i�ÔN3|¢�m��I�

Xi =
(
x1
i , x

2
i , . . . , x

m
i

)
, i = 1, 2, . . . , N. (26)

t��,ÔNiÉ�ÔNj�Úå�

F d
ij (t) = G (t)

Mpi (t)×Maj (t)

Rij (t) + ε

(
xdj (t)− xdi (t)

)
, (27)

Ù¥Mpi (t), Maj (t),©O�ÔNi��Ä9ÌÄ�þ,dÙ8I¼ê�fobj (t)(½. ε�����é��~

ê, Rij (t)�ÔNi�j�m�îªål, ‖ · ‖2L«îª�ê,=Rij (t) = ‖Xi (t)−Xj (t)‖
2
. G (t)�t��

Úå~ê.

ÔNi3d�¤É��Üå,��m¤kÔN�\�Úå\��Ú,ã3Ð«
“�1)”�“ÔN”�=�,

±9Üå�/¤,=

F d
i (t) =

N∑
j=1,j 6=i

randjF
d
ij (t), (28)

Ù¥ randj�[0, 1]«m��Å�.

xdi (t+ 1) = xdi (t) + vdi (t+ 1) . (29)
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8

ã 3 ò�1)=�“ÔN”

Fig. 3 Transform feasible solution to “object”

d²;åÆ��,ÔNiut��3d��$Ä\�Ý�

adi (t) =
F d
i (t)

Mii (t)
. (30)

ÔNiut+ 1���Ývdi (t+ 1)�t���Ý�\�Ý��5|Ü,Ù�Ý��IUXeúª?1�#,
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=

vdi (t+ 1) = randiv
d
i (t) + adi (t) , (31)

GSA¥Úå~êG!·AÝ¼êfiti (t),ÌÄ�þMai (t),�Ä�þMpi (t)±9.5�þMii (t)�ëê

�O�,�ë�©z[29].

5.2 PSO-GSA���{{{

PSO-GSA(particle swarm optimization-gravitational search algorithm)�{�@dSeyedaliu2010cJÑ,ù

«#.·Ü�{|©(Ü
PSO�{3“&¢”�GSA3“mu”þ�`³, BenchmarkÿÁL², PSO-GSAk

�ü$GSAL@Âñ¿�\ÛÜ�`)�VÇ.'uPSO-GSA��n�ë�©z[30].

PSO-GSAÌ�ÄuPSO�âf+£ÄU?
GSA�{¥��Ý�#�§�

V d
i (t+ 1) = wV d

i (t) + c1randadi (t) + c2rand (gbest−Xi (t)) , (32)

Ù¥ V d
i (t) �ÔNiut��3d��m��Ý©þ, w, c1, c2���, rand���[0, 1]��Åþ, adi�Ô

Niut��3d��m�\�Ý, Xi (t)��m�I, gbest�t���Û�`).

�,PSO-GSAéGSA¿��Ñ�õ?�,=`zÙ�Ý�#�§,�´ê�¢�L²,�é�©�ï�

¿�5À���O`z¯K, PSO-GSA3)��þ9Âñ�ÝþkX��`D�Ly.

6 êêê���¢¢¢���

�Ù!Ì�ÏLê�¢�,©ÛGSA!PSO-GSA!CGSA1-10�{�Ly,��©�ï�CFDLP�.À

JÜ·�){. CGSA1-10´GSA�U?.�{,3d�ÑÙÄ�½Â9§SÚ½.

6.1 ···bbbÚÚÚååå|||¢¢¢���{{{

CGSA=·bÚå|¢�{(chaotic gravitational search algorithm, CGSA),´�ò·b�f(chaotic oper-

ator)Ú\GSA±Or�Û|¢Uå��a�{. CGSA�ì·b�fi\ �9?n�ª�ØÓÑk«

O,�©ë�Seyedali�ïÄ [31]. Seyedaliò10«·b�fi\�GSA�{¥Úå~êG (t)�O�,ÙÄu

ÄO¼ê�ÿÁ(JL², CGSA89CGSA9.��uGSAkX��J,. �uÿØ²(�é�©A½�.,

Û«·b�fÚ\¬k�ZLy,Ó��¤kCGSA1-10.�{�GSA9PSO-GSA?1é',���L2.

L 2 ·b�f

Table 2 Chaotic operators

�{ ·b�f úª

CGSA1 Chebyshev xi+1 = cos
(
icos−1 (xi)

)
CGSA2 Circles xi+1 = mod

(
xi + b−

(
a
2π

)
sin (2πxi ) , 1

)
, a = 0.5, b = 0.2

CGSA3 Gauss/mouse xi+1 =

{
1 , xi = 0

1
mod (xi,1)

, otherwise

CGSA4 Iterative xi+1 = sin
(
aπ
xi

)
, a = 0.7

CGSA5 Logistic xi+1 = axi (1− xi) , a = 4

CGSA6 Piecewise xi+1 =


xi
P
, 0 6 xi < P

xi−P
0.5−P , P 6 xi < 0.5

1−xi−P
0.5−P , 0.5 6 xi < 1− P
1− xi

P
, 1− P 6 xi < 1

, P = 0.4

CGSA7 Sine xi+1 = a
4
sin (πxi) , a = 4

CGSA8 Singer xi+1 = µ
(
7.86xi − 23.32x2i + 28.75x3i − 13.302 875x4i

)
, µ = 2.3

CGSA9 Sinusoidal xi+1 = ax2i sin (πxi) , a = 2.3

CGSA10 Tent xi+1 =

{
xi
0.7
, xi < 0.7

10
3

(1− xi) , xi > 0.7
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6.2 ¢¢¢���ÄÄÄ������½½½

�gê�¢�ëê�)�{ëê9�.ëêüÜ©. �{ëê: GSA, PSO-GSA, CGSA1-10¥�«+

êN = 50,��S�gêmax it = 300,Úå~ê¥�G0 = 100, α = 20, ε = eps(eps�MATLAB¥���

�ê),¤k�{æ�Kbest°=üÑ.

�.ëê: �J,�©ïÄ(J·^5,ò�.ëê���þ!©Ù,¿·��°�.ëê�����,

±¦�UCXy¢¥�.ëê��U��,���L3.

L 3 �.ëê©Ù

Table 3 Distribution of model parameters

ëê c wi λI Ni1 βi βid Ni2

©Ù U ∼ (80, 120) U ∼ (0, 5) U ∼ (0.5, 1) U ∼ (2, 5) U ∼ (0, 5) U ∼ (−5, 0) U ∼ (2, 5)

ëê ϕi1 ϕi2 ϕi3 ψh1 ψh2 ψh3 pi

©Ù U ∼ (1, 6) U ∼ (1, 6) U ∼ (1, 6) U ∼ (1, 2) U ∼ (1, 2) U ∼ (1, 2) U ∼ (0, 100)

¤k�{þ3MATLAB2016aþ?�$1, ¢�>M?nì�Core(TM)i5-4200M, Ìª2.5GHz, S�

�8GB.

�.�gCþ�#��:��Ix0 = (x01, x02),±9#��:�á5α0 = (α01, α02, . . . , α05),��O

���:á5��½�5�.

3�½�.ëê©Ùe,§S¬gÄ)¤1��~,dGSA, PSO-GSA,±9CGSA1-10�{Ó�éd�

~?1¦),¤k�{)�����À�d�~�`). òdL§E100g,©OO�12«�{d100g�

ý¥����I,�): ²þCPU$1�m(ACT)!²þO�Ø�(ARE)±9��O�Ø�(MRE)!¼��`

)�VÇ(NOS).

���I�O��{Xe:

1) ACT(average CPU time/s): z100g�ý¥,�{Äg¼��ª)�²þ$1�m, ACT�N�{�Â

ñ5U. 2) ARE(average relative error/%): z100g�ý¥,�{ÑÑ�ª)�Tg�ý�`)����é�

�, ARE�N�{�|¢5U. 3) MRE(maximum relative error/%): z100g�ý¥,�{ÑÑ�ª)���

~�`)�²þ�é��, MRE�N�{�½5U. 4) NOS(number of optimal solutions): z100g�ý¥,

�{¼�Tg�ý�`)�gê, NOS�N�{¼��`)�Uå.

zg�ý¥,�{��ªÑÑÀ�Ù�ª),¤k�{�ªÑÑ����,À��g�ý��`).

d	, �Ä�I¦:êþO\�U�5�õÛÜ�`), ¿Z6�{|Ï�Û�`)�?§. �©

3[20, 10 000]��SN!I¦:êþ,©Û12«�{����ILy´Ä½.

6.3 êêê���¢¢¢���(((JJJ©©©ÛÛÛ

ØÓ�{¼��ª)�²þCPU�m�L4.

L 4 z100g�ý¥�@¼��ª)�²þ�m/s
Table 4 Average CPU time to get the final solution in every 100 simulations/s

I¦:

êþ

GSA PSO-
GSA

CGSA1 CGSA2 CGSA3 CGSA4 CGSA5 CGSA6 CGSA7 CGSA8 CGSA9 CGSA10

20 0.85 0.77 0.86 0.85 0.88 0.83 0.85 0.78 0.85 0.96 0.84 0.93
60 0.78 1.2 0.83 0.76 0.81 0.78 0.75 0.77 0.71 0.77 0.7 0.83
100 1.26 1.77 1.25 1.16 1.11 1.29 1.38 1.32 1.17 1.24 1.21 1.24
200 2.14 2.71 2.3 2.06 2.18 1.98 1.92 2.14 2.09 2.05 2.15 1.97
300 2.8 3.77 2.75 2.79 2.79 2.97 2.78 2.78 2.82 2.72 2.67 2.69
500 3.48 4.74 3.43 3.26 3.44 3.25 3.42 3.6 3.52 3.69 3.49 3.62
1 000 4.95 6.75 5.13 4.98 5.41 5.16 5.04 4.94 4.99 5.21 5.08 4.84
3 000 21.59 26.3 20.84 20.88 19.94 19.78 20.43 21.5 20.29 20.95 22.68 20.1
10 000 63.5 73.52 59.53 62.23 60.78 59.7 60.65 59.49 57.7 59.09 65.49 60.91
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12«�{�Âñ�ÝÑ�~¯, �I¦:êþ�u60�, ¤k�{þU31 sSÑÑ(J. =¦I¦

:êþp�10 000, ��²þCPU�m�=�73.52 s. Ïd, �±��UYO\I¦:êþ!½�.Cþ,

GSA!PSO-GSA!CGSA1-10�{þ�3�Kú�mS,�Ñ�.). ��uGSA9CGSA1-10, PSO-GSAo

�Ñ¤���p��m, 5¼��ª). lã4¥, �±wÑd²wª³. �U��Ï´�;�@ÙÂñ,

PSO-GSAÑ¤���m3�1�|¢,Xu)�m�“&¢”.

20 60 100 200 300 500 1 000 3 000 10 000
0

10

20

30

40

50

60

70

80

A
v
e
r
a
g
e
 
C
P
U
 
t
i
m
e
/s

GSA
PSO-GSA
CGSA1
CGSA2
CGSA3
CGSA4
CGSA5
CGSA6
CGSA7
CGSA8
CGSA9
CGSA10

ã 4 ²þCPU�m/s

Fig. 4 Average CPU time/s

L5����{��ª)��`)�²þ�éØ�. ØPSO-GSA, �XI¦:Oõ, Ù{11«�{

�AREÅìü$. �I¦:êþ�20�, GSA9CGSA1-10�ARE�I32%�m. �I¦:êþOõ�,Ø

Ó�{�Ly�ÉÅìwy. 3I¦:êþ�u1 000�, PSO-GSAT��I�±+k,�+k§ÝØäü

$,l�p�1.71%ü��$�0.03%. �I¦:êþ�3 000910 000�, PSO-GSALy2Ã`³.

L 5 z100g�ý¥�ª)��`)�²þ�éØ�
Table 5 Average relative error between final solution and optimal solution in every 100 simulations

I¦:

êþ

GSA PSO-
GSA

CGSA1 CGSA2 CGSA3 CGSA4 CGSA5 CGSA6 CGSA7 CGSA8 CGSA9 CGSA10

20 2.00% 0.89% 1.89% 1.81% 1.77% 1.93% 2.07% 1.84% 1.78% 2.07% 2.07% 1.72%

60 2.04% 0.33% 2.15% 2.21% 2.16% 2.26% 2.33% 2.34% 2.36% 2.31% 2.35% 2.27%

100 2.01% 0.37% 2.15% 2.24% 2.03% 2.04% 2.31% 1.93% 2.10% 2.27% 1.93% 2.13%

200 1.51% 0.75% 1.44% 1.46% 1.36% 1.54% 1.52% 1.42% 1.41% 1.31% 1.54% 1.55%

300 1.25% 0.67% 1.14% 1.20% 1.19% 1.13% 1.08% 1.25% 1.25% 1.08% 1.19% 1.22%

500 0.88% 0.80% 0.92% 0.92% 0.97% 0.85% 0.87% 0.89% 0.87% 0.86% 0.88% 0.97%

1 000 0.79% 0.62% 0.67% 0.68% 0.73% 0.69% 0.75% 0.71% 0.68% 0.65% 0.71% 0.76%

3 000 0.48% 0.76% 0.47% 0.50% 0.44% 0.52% 0.52% 0.52% 0.46% 0.49% 0.49% 0.50%

10 000 0.40% 0.79% 0.47% 0.45% 0.39% 0.42% 0.45% 0.45% 0.46% 0.43% 0.41% 0.37%

L6��ª)9�`)����éØ�. �ARE�q, �I¦:êþ�u1 000�, PSO-GSAT��I

�Ly�GSA!CGSA1-10?uÓ�Y². ��XI¦:O\, ¤k�{þ¥yeüª³, l�p�12%

ü�2.5%. �I¦:êþ�L1 000�, PSO-GSA�MRE�Im©þ,, GSA9CGSA1-10KUYeü.

PSO-GSA�{d��I�Ly,L²�I¦:êþ�L1 000�, PSO-GSA�½5�f,O�(J�U�

3�p��éØ�.

L7��{¼��`)�gê. ¯¢þ, ù´�©��'5��I. 3z100g�ý¥, PSO-GSA3¼

��`)�UåþkXØ�5�`³. �I¦:�êþ�20, 60, 100, 200, 300, 500Ú1 000�, PSO-GSA¼

���`)êþ�53, 73, 62, 30, 28, 22 Ú22. ã5ÐyÑPSO-GSA�{3d��Iþ�`³. �Ä�?
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��«Äu«+�éuª�{ÑkX�r��Å5, Ån�q�12«�{TGOS ���ACqþ�8.3.

PSO-GSA�{3�11«Ån�q��{é'�EU��XdÐ�Ly,L²Ù$1Ån%kÕ��?. ,

, PSO-GSA�d�`³�,ÉI¦:êþ���,�I¦:êþ3[20, 300]«mS,d`³��²w. I¦

:êþ�Ñ3 000�, PSO-GSAT��Iªu²þY²8.3.

L 6 z100g�ý¥�ª)��`)����éØ�
Table 6 Maximum relative error between final solution and optimal solution in every 100 simulations

I¦:

êþ

GSA PSO-
GSA

CGSA1 CGSA2 CGSA3 CGSA4 CGSA5 CGSA6 CGSA7 CGSA8 CGSA9 CGSA10

20 12.20% 11.51% 12.47% 12.22% 10.41% 11.82% 11.59% 11.08% 11.67% 12.47% 12.22% 11.54%

60 8.86% 5.29% 9.40% 6.87% 6.81% 7.72% 7.13% 7.21% 8.27% 7.11% 6.71% 6.87%

100 6.20% 2.98% 6.59% 7.18% 6.54% 7.34% 6.45% 6.68% 6.09% 6.52% 6.11% 6.53%

200 4.49% 4.08% 6.52% 4.71% 4.88% 4.38% 4.21% 4.66% 4.62% 3.94% 4.75% 4.37%

300 3.95% 3.75% 4.69% 4.06% 4.16% 3.74% 3.39% 4.56% 4.38% 4.12% 3.87% 4.84%

500 2.59% 3.05% 2.96% 3.45% 2.88% 2.54% 2.90% 3.04% 2.54% 2.76% 3.31% 3.09%

1 000 2.54% 2.57% 1.91% 2.00% 1.97% 2.78% 2.53% 2.10% 2.04% 2.49% 2.08% 2.86%

3 000 1.50% 2.97% 1.48% 1.59% 1.52% 1.43% 1.36% 1.75% 1.39% 1.36% 2.05% 1.52%

10 000 1.46% 4.55% 1.55% 1.41% 1.13% 1.27% 1.38% 1.69% 1.55% 1.52% 1.84% 1.69%

L 7 z100g�ý¥¼��`)�gê
Table 7 The number of optimal solution in every 100 simulations

I¦:

êþ

GSA PSO-
GSA

CGSA1 CGSA2 CGSA3 CGSA4 CGSA5 CGSA6 CGSA7 CGSA8 CGSA9 CGSA10

20 5 53 10 9 5 10 6 6 13 8 9 9

60 3 73 5 5 2 3 1 4 2 2 1 2

100 2 62 4 3 6 5 3 3 1 4 5 3

200 4 30 2 5 10 8 4 10 8 9 6 4

300 8 28 7 9 5 4 6 11 3 6 4 9

500 7 22 2 6 5 11 7 4 8 8 15 5

1 000 4 22 8 6 5 5 10 4 10 12 8 6

3 000 10 14 6 9 10 5 6 3 7 7 11 12

10 000 10 7 5 5 10 7 7 7 5 11 8 18
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ã 5 ¼��`)�gê

Fig. 5 Number of obtaining optimal solutions

ÄuL4∼L7¢�êâ,�ÑXe(Ø:
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CGSA1-10.�{�LyÄ���,Äu10«·b�fCGSA�{3ACT!ARE!MRE!NOSõ��Iþ

�LyÄ�¿Ã²w�O.��uGSA�{, CGSA1-10.�{Ó�¿Ã²w`³. Ïd, �é�©�A½

�.,·b�f�Ú\¿�J,GSA��{5U,üa�{Ly�q. ã6´GSA!PSO-GSA!CGSA�é',

3I¦:êþ�50�,òGSA�CGSA1-10.�{100g�ýS�L§¥¼����þ�,¿±�¤S�

�.lã6��Ñ, GSA�CGSA1-10�{�Âñ�Ý!Âñ�ª±9�`)´Ä����.
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ã 6 GSA!CGSA1-10!PSO-GSAé'

Fig. 6 Comparison of CGSA1-10, GSA and PSO-GSA

PSO-GSA�Ly�,ØÓ. XL79ã5¤«, PSO-GSA�{�Ì�`³3u|Ï�`)�Uå.

ã7´I¦:êþ�50�, PSO-GSA�GSA�5Ué',l¥�±wÑPSO-GSA�²w`³. ,,�XI¦

:êþO\, PSO-GSA�`³Åì~f. d	,�I¦:êþ�L3 000�, PSO-GSA����éØ�9²þ

�éØ�,�ÑpuGSA9CGSA.

�Ä�y¢�¹e,T�.O��I¦:êþ�Ñ1 000��U4�. PSO-GSA�{3[20, 1 000]«

mSkXûÐ�½�Ly. ÏdòÙ(½��©CFLDP�.�¦)�{.

PSO-GSA�{LyÅìªu²þY²��Ï,A3uI¦:�OõJ,
)�m�·Ï�ÃS,�{

$1Ånþ�`³��5�p�·ÏÝ¤ùX,=¦S��.�{�Ã{k�CX)�m´�\ÛÜ�

`),LyÑ(JkX�r��Å5,ù�´ykéuª�{�Ï¾. Ïd,�¦^PSO-GSA�{¦)T�

.�,EA?1õgO�,½·�Np«+5�,±¼��.÷¿).
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Fig. 7 Comparison of GSA and PSO-GSA

7 (((ååå���

yk�¿�5À���O¯KïÄõÄuHuffå�., �3ÏIIAA5�5�VÇ�� �. �©

Ú\lÑÀJnØ¥i@Logit�.5�#����^¼ê, òÙÀJ1�y©�ü�ûü�ã, �Ø�

ÀJ8SÀJ��'5�5�K¡K�.ÄuFernSndez�¤�9ÂÃ¼ê [8], �©�ï
i@Logit�^
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