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*� �\�� *(II@ ! c" .1 */ f�4�� :9� *� >. A�  � .�1�-� ?.��
 �� �1�/ 1.�	 �� )�I�$ k9�2� E� F �Q(I0 ! c" .1 �,0 �/�+


�� 1�R �	. .1 .1 �,-0 L-9 �/�+ �	. :9� .1 .�$1�<$ �C$
*� *(���D $ ! c" )�-W91 �-� D *-� �'� D �� �,0 �� ��D ?.��

2��� ��H �-� �. �(/�+ :��8 .1�A *-Z �.�F ��-D *-� ���-� !	.  -�
 J(9.�W7� :9� S $ .1�<$ *�H5�  ��"�
�$PSO ��� >���0.

U�T�PSO 4	-E6 )JPSO(
�,-0 L-9 �-�2F�� �	. :9� .1Xi=(Xi1, Xi2, …,XiS) )s1��-2�

*� (��� J�<&� ! ���N(� *
eI� !��� ]�HF E� F �� D L9 ?.��
*���� �-� �/ ��.�� 1.�� �H�/�� !� � �-� .1 �,-0 �-�2F�� .1�-A

�� ���N� �W91 �� D *� �'� D �� ��D �9�P �� .��K� L-9 .1 .��/
�� ��D f�$ . �8 .��K� �� �� �-K9 *-/ �-A � *(-A�1 1�0	 �$���  -�

�� � '($� .1�A )S	1 f�-$ .�-�� �"1 -&� m3� -/ ��-D )]	� f�-$
 �,-0 �-
HF �-�2F�� :9�-(�� �<� *� ��D Bi=(bi1, bi2, …, bis))

*� ��D )S�� f�$ �,-0 �-
U� �W9 -I<� .1 ��2F�� :9�(�� �<� 
Gi=(Gi1, Gi2, …, Gis):9�--(�� �<--� *--� ��--D )S. --�8 f�-$ 	

.��K� .1 ��2F��G*=(g1, g2, …, gs)*-� �	. :-9� .1 .���Bi)
Gi	G*9��� m +3j��->���/ �|� (G@-� *--�W��� .1�A--S �-!�  

7 Yang et al. 
8 Al- Kazemi and Mohan 
9 Moreno-Perez et al. 
10 Attractor 
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WX:T�.�W7�J(9 G-JPSO 

*j��.  � ��,0� ��2F����� � �� 1�A 

)�(*
4i3i2i1i GcGcBcXcX ⊕⊕⊕=

�� � �� *j��. :9� ] -<(+�  -� */ ��/c1*-� ��-D �"1 -&� ?.�-�
�� S Q$� ] -<(+�  -� )(]	� f�-$ ��-D) 1�-Ac2*-� ��-D �<-�Bi

�� ?.�� ] -<(+�  -� )(S	1 f�$ ��D) 1��@ c3*-� ��-D �<-�Gi

�� ?.�� ��D) 1��@ ] <(+�  � 	 (S�� f�$ c4*-� ��-D �<-� G*

�� ?.�� (S. �8 f�$ ��D) 1��@.�91 X� *\�<Q�c1)c2)c3	c4

�� �� �K9 m "�� *
+�� �� .1 	 ��� L9 ����� �-� E<\  � .1 .�-�/
*
+�� ��)*� ��D �� S Q$� S @ *� S @ ?.�� .1�A *-o$ �8 �� �-K9

� '($� ] <(+�  � ��D f��$� ci>�-A � -'($� �-C$ 1.�� �,0 !��� )
�A �)*� J�<&� ! ���N(� �� �K9 )��D ]	� S @ .1 �"1 &� ?.��

 �-� >1�1 ���N� �� .��X� 	 >�A � '($� �R���K9 �7 <(+�  � 	.1�-A
 .1 �-�� �"1 -&� m3� / J�<&� ��N(� .��X� ���N� ]	� f�$ ��D .1 

��D .1 */ �7 + J�<-&� �-�N(� .��-X� S. -�8 	 S�� )S	1 f�$ ! �
(� .��X�  � >�A � '($��� :9,W9 0 >���/ �9��� .1 �� �# � .1�-A

 �"1 -&� 1�\ )]	� S @ E�<K� �� nDζ:�-� )�-R���K9 ] -<(+�  -�
�� � '($� L9 	 �G� �@� .1�AζL8�/ �� �-�ci�-K9 > -W$� )1�-�

*� J�<&� ! ���N(� �� �W91 �-R���K9 �7 <(+�  � 	 �"1 &� ?.��
�1 ���N� �� .��X� 	 >�A � '($� �-� >1 ?.�-� :-9� �-�Z .1 	 1�-A

�� kF�(� ��D .1�A 

Y��' X���� E-��0 ���(�V�� �
] � .1 J2�� 	 �7�K5/ . � :�7	�|��� !. K(�� ������N� ] <\�  �

 J(9.�W7� ��D ��� � .1JPSO !��-� �. �-R.1 69	. J(9.�W7� )
�-$1���� . 5" �U� !. ��� *KHA *���� 69�.� *
eI� E+]~�[.1 .

 ?��--��N� ] --<\�  --� 	 �	. �� �� !.�1���--W7�  --� �--4 + 6�	u--D
!�W91):-9� .�-A 1 -Q9� �� .1 �-"��@ *(-II@ Ex -I� E+ ��
� F

*� J(9.�W7� ����\G-JPSO EK-A .1 �� p -�� 	 �-A !.�BW� $|
J(9.�W7� .1 >�A 1 Q9� ?����N� .��� >�A *x�.�JPSO *-� h�-��� )

*��1� .1 */ ��� �� .1 ��D ��� � .1 ��D ] <\� >�U$G-JPSO 
�� >1�1 O�A .1�A 
EKA .1|)0 .1 ��D S Q$� *
+��  9-�,i)S� �,0 ��(��|�� j�

 EKA~��	.1 �� �"1 -&� *-\�<Q� �-9� L9) >���/ �9��� 	 k7�
*�9,@ *\�<Q� E/ (J�<&� ! � �� j�EKA~�	 >�-A ��$ J� �� �

1 Particle 

��7��*�7	�
���0


�� ^� � *H� U�

:9�(�� �� � S W�����2F���
HF��

�,0Bi.1 ��2F�� :9�(�� 	

�,0 �� �
U� �W9 I<�GiS W��� 	

:9�(�� �� ���2F��.1.��K�G*

�� � S W���c1)c2)c3	

c4

S W�����,0� �� �

��� � '($�9�,0 >���/ �i.S� 

7����"1 &� 1�\ �R)0<R<1 )(

) �@�0<R< c1�� �"1 &� ?.�� *� ��D > W$� (.�A � 

) �@�c1<R< c1+ c2 > W$� (Bi ���) )9>���/ �(

) �@�c1+ c2<R< c1+ c2+ c3> W$� (Gi���)9>���/ �(
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(�l/��+ 69�.� �� �59�.� �9�) *9 D 69�.� L9 *-� �-� �-�1 �-9�
 EKA)~�6-9�.� :-9� � -�� �� �-9�0 �-� D 
��@ L9 n`� .(v

�� � '($� *9 D EKA) 1�A~�	 �,-0 �-� *-/ ��� �/� *� S�a .(1
EK-A .�-�� �� D 
��@ L9 >�A 1 Q9� >���/ �9��� ��~�� -<�

 EKA .1 */ >���/ �9��� �<� *� ��D S Q$� E+���|>�-A i9�5�
�� � 5$ �. ��� ��1.

EKA�0 L9-W7� .1 �,-J(9.�G-JPSO -$ <� .���--/ .�j-*
�� >�� 5� J�<&� *jX$ �� .1 1�A|�� �K9 */ ��� . ('� J(9.�W7�

  � L9 1��\�~�� */ ��/ � '($� �. (�	. *$ HA ? \ �)*�� g-����
 ��-�D *-��1�  -�($�  � 	 >�A f	�A :A	. ��24	  � ]	� J�<&� *jX$

�� *-jX$ �-� .1 .��/ 1��-\� f�-<Q� *-/ 1�-A �-�.�� �-9 � J�<-&�
 �� �� '($�~�*$ H-A ? \ -� E/ 1��2�) �A � �(</ �	.~��\ -�
*� .(��� EKA .1 �� '($� �,0 ] l� ����\��-�� :9� >���1 � 5$

 n`-� ):-A	. ]	� �\ � .1 �<D */~�-2� )��� -R �\ -�|~
:A	. �2� �\ � L9 	 ��� R �\ � L9 *��1� .1 :A	. �\ �

 m (9 �$ 	��� ��� R �\ � �-<D :-9� *-/ �� �2� ���� :9� .1�A
*$ HA .1 �� ��� R 	 :A	. . � *� �	. .1�A 

Z�WF �� �'�
' 
*� .�C�� ��.�� >�-�o�D ^� -� )��-(�� .1 )!1 ��5�D J(9.�W7� ��
� F

�o(
" �4 9.�]	 D w�D�<D *���� ]�(�/ *
eI� *��1� .1 	 !�2�  �
*KHA .1 ! �*� )�� ^9��� *
eI� y9 ����\ *���� !� -� .1 �-2F�	

>��+ ��.�� 1.�� )�� ������ .��F �"�@.

[I6 (L��)

�|||~~|
+

4	--_ J��	� (`)
UTTTTZa

4	--_ J��	� 7 [I6 �E' �� �� (b)

cTTTUUT

UTTTTZa

���(�V�� G-JPSO 
/� W% � ��
d2 �-�Ie (�)���(�V�� 

ZTTTTUa

WX:U�.1 �,0 L9 !� � S W��� 	 ��D ] <\� >�U$ 
G-JPSO 

1 Decision Point 

WX:Y�J(9.�W7� .1 �,0 L9 G-JPSO 

Z�T��f�=� G� 2 �/ � WH�	��O7 0 
^� � �o(
"�]	 D 1�-R ! -���N(� *-� �H-I$ 	 �-jR��Z ^� -� L9

!� ���0 E� F��Z 	 �. X(� $~���]~�[.
�@u9	 �� �W91 ! �*���� JC�� $ ^9��� )^� � :9� �2-4�� ! -� 

���*� ^� � �
/ EKA . ��� �9� ?.�� 

∑ =
−=

n

1i
2

ii )BA()x(f

)�(∑ =
∝+∝=

n

1j jijjiji )cos bsin a(A

∑ =
+=

n

1j jijjiji )xcos bxsin  a(B

n)1,2,...,(ix j =π≤≤π−

�� .1 */ 
aij 	bij .1 �"1 ------&� i�U------� 1��------\� � ------Q� >1	�------U� 

[-100,100] 	∝j>1	�U� .1 �"1 &� �91 X� ,�$ [-π,π]���.
��� %'5� */ *$�W$ <�)�-���� ^� -� :-9� �-
j� *-���� .��X�

��� �G� �X� �� ^H� *� */.�*-� J�<-&� ! ���N(� ?.�-�xj=∝j

(j=1,2,…,n) *�  �� .�A ����R E� + �@��o�D E�71 S�\ )1 9� ! �
 !� --���0 E--� F��Z 	 �. --X� �1�--� �1�--� JC�� --$ ,--�$ 	  --���N(�

*���� *-� *-8 �� E+ )�24�� ! � *-� *-8 	 i9�-� ?.�-� ?.�-�
 EK-A .1 .��� EK5� . �I� �Q(I0�*-� .�/B-� ^� -� 	1 ?.�-� 

) !�2�n=2.��� >�A >1�1 69 <$ ( 

WX:g�!�2� 	1 ^� ��o(
"�]	 D 

2 Nonseperable 
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J(9.�W7�  � *
eI� :9� �1�<$ ]�� !���G-JPSO >1	�-U� E/ )
*�||J�IX� !	 I� *(�1A!. �� w9 ($ .�|� -� k-
('� !��-0�

 J(9.�W7� �� >1 G(��G-JPSO ]	�0 .1|.��� >�A >1�1 69 <$ 
]	�0 .1~J(9.�-W7� ! -��(��. DG-JPSO .1 >1 G(-�� 1.�-�

� � :9� E+.��� >�A *x�.� �4 9. ^

O7	6 P�^� � !. �� w9 ($�o(
"�]	 D )w�D(!�2� 
G-JPSO ACO* ���(�V��

219.3657 3227.41 ���0 *$ ��
50.3271 723.74 ���0 :9�(��

341.6048 7625.42 ���0 :9����
*^0�� ]��[

O7	6U�J(9.�W7� ! ��(��. D G-JPSO ^� � E+ .1

c4 c3 c2 c1
��	32
h�(i

��	32
(��X2

��/� ��/� ��/� ��/� �� ����

�-� >�� -5� */ *$�W$ <� )!1 ��-5�D J-I�$ K� ] -<\�  -� 1�-A
���0 �-(�� . �-I� � -W8.�� *2� 0 J(9.�W7� *� �HI$ *
� + ! �

.��� >�A 

Z�U�j
0 �-�E� O��-_ G�/�2 �X*: (�  � 
!���>��� *� $�� :��2� �<D *���� !.�1�� *-���� ]�-� L9  � !� -��
*�HA *���� J(9.�W7� �� ��(H� !� � !� �G-JPSO :9� .1 .�A *���

 V�U� .1 !1 ��5�D J(9.�W7� ]��g
(�|]�-� �K�7	.��� 6'�  �
�$ `9�~*� *-� $�� .�-A �-�G
� ? -\3P� 	 :����-" �� �20�� ����\

 g� �� �$ ��>��� �-A�� R 	 :-A	. ��24	 :��2� E� A !.�1��
�<D �� L9 �� >	3-\ */ !�U$ *� .��� �C$ 1.�� �$ �� >� � .1  �

�"�&� =�� *�9,� 6� / ��)>�@ � �$ �91	�U� 	 
�&� ! � ! -�
 �l/��-+ 	 EF��-+ )>�-@ �-� .1 � -�$ 1.�� . 5" EF��+ E� A *
eI�

 	 �� '� f G�.�>��Z 91	�-U� .1�-A ^-G��� 1��-2� E� -A �-W91 �
�<D �� �1�/ ��� R 	 :A	.��� 
�-� ^� -� *� �7 + 	1 .1 */
��24	 ]	� �7 + .�A ] <\� :A	.���� R m -X�F1 �<D �� �1��

��24	 S	1 �7 + 	 . � *� :A	.���� R �l/��-+ �<D �� �1��
*� .�A :��2� . � .1 !1 ��5�D ]�� E-9� �	 ^-9��� *KHA >1 G(-��

 �A<27�.�(�1 	>��� E	 v��'(-�� *���� !.�1�� J(9.�-W7�  -� w9 -($
 *I9 X� � W8.�� *2� 0 	 L�($� .�A 

�-<D *-���� ]�-(�/ *
eI� .1 
�� ^� � *-� ^-9��� *KH-A .1  -�
 �	. *$ H-A ]�P .1 �"�&� !��$� *�9,� ��,�� ��$ �. EF��+ 1�-� .

1 MATLAB 2 EPANET 

J�<&� ! ���N(�)�<D �1�� ��� R 	 :A	. ��24	 1�0�� ! �
*KHA .1 �	. *$ HA k
('� ? \ � .11��.

*� *
eI� :9� .1 
�� ^� � �� k9�2� �9� ?.�� 1�A]�[

)�(

∑∑
= =

++=
pN

1n

TN

1i

2Penalty1Penalty)i,n(S),i,n(Ec).iRe(MinCOST

 
*d .1 :9�*j��. 

Np �--<D 1��--2� ) --� NT)�$ --�� >� --� 1��--2�S(n,i) � --�� ?�--�
>��� �-<D !.�1�-�n�$ -�� >� -� .1i)Re(i) *-"�2� >� -� .1 !��-$� 

($/kWh) i	Ec(n,i) �--<D �"�--&� !��--$�n�$ --�� >� --� .1 
(kWh/h)i .��� 

�-<D � ��-$�. 	 � -`<D f -G�.� )�-�1 *-� �-<D �"�-&� !��$�
*� �9� *j��. �� */ 1.�1 �W(I� �� ��1 �9�]�[

)�(
)i,n(e

)i,n(h).i,n(Q.01019.0)i,n(Ec =

*dj��. :9� .1*
Q(n,i) �<D � `<D ��1n�$ -�� >� � .1 i*-�$ q .1 �-(�7 g-I+ �-� )
h(n,i) �<D � `<D f G�.�n�$ -�� >� -� .1 i	 �-(� g-I+��e(n,i) 

�<D � `<D � ��$�.n�$ �� >� � .1i.��� 
.1 ]�� V��� !��$� *�9,� ]�� :9��$ `9� *�J�X(-I� ?.�-�

�� *H� U� *<9�0 :��o<� .1�A 1.��� E� A  ��9� ��� 
Penalty1*<9�0 : �l/��-+ ���� �� �C$ 1.�� *�9,@ ]	�\ !��� */ !�

�� *("�@ �C$ .1 �� '� � Q� EF��+ 	�� *-<9�0 :-9� .��-X� .1�-A
�� *H� U� �9� *j��. 1�A 

Penalty 1 = 







>
<

∀







































−











−

α

∑ ∑

∑ ∑

= =

= =

kmax,
t
k

kmin,
t
k

Nt

1k

2
T

1t kmax,

t
k

Nt

1k

2
T

1t
kmin,

t
k

HH
HH

1
H

H

1
H

H

)�(

*d*j��. :9� .1 
k)�,'� >. <ANt )�� '� E/ 1��2�t�-C$ 1.�-� �$ �� >� � >. <A
 	T>� � E/ 1��2� �-X� *-/ ��� �$ �� ! �.��� -'� .1 �� �-<\

�� *H� U� .1�A t
kH�,-'� .1 �� �<\ .��X�k�$ -�� >.	1 .1 S�

t.��� S�Hmin,k 	Hmax,k �� � Q� �<\ �l/��+ 	 EF��+ g���� *� 
�,'� .1k.��� S� 
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Penalty2*<9�0 : *� !��� */ ��� !� .1 �-<\ 1�-H</ ��-�� 1�-0	
�� *("�@ �C$ �,-'� �-<\ 1�-H</ �� ��� ?. H\ �<\ 1�H</ .1�A

>��R� .��-X� .>.	1 !��-(�� .1 �� �-<\ *-� �HI$ >.	1 ! �($� .1 !�
9��� *H� U� �9� *j��. �� *<9�0 :1�A 

)�(






















−β= ∑ =

2
Nt

1k k,Ini

T
k 1

H
H2Penalty 

*d*j��. :9� .1 
T
kH�,'� �� �<\k	 �$ �� >.	1 ! �($� .1 S�k,IniH*-�7	� �<\

 �,'� .1 ��k.��� S� 
*--/ �--�� �--/� *--� S�aα	β.��--X� 	 �--�� *--<9�0 g9�--4

�� g� �� *-�  -jR 	 �2-� �� nD ��.�� 1.�� *
eI� .1  � g-����
 �����∝=1010	=1011β.��� >�A :��2� 

>�-�� *�9,� �W91 
�P �� 	 :-A	. *-� h�-��� !�-W91 !.�1�-�
�<D �1�/ ��� R �� E�<U� J(I�� *�  � 1��-2� 69�,"�  � */ 1�A

�<D �1�/ :A	. 	 ��� R �-� 69�,"� *�9,� :9�  � �� �-K9 .�-� 9
>�. 	 :A	. 1��2� �1�<$ EF��+ )
�� ^� � *� *�9,� :9� ] <\� ! �

�<D �1�/ ��� R ���  �]~�[��� -R 	 :-A	. *�9,� *H� U� .
�<D �1�/ �" / �F1  � ^F��� �� !. �I� .1 	 ��� !.��A1 . /  �

 S Q$��<$ )1�A �-� :9�� -�� �1�-<$ ��� -R 	 :-A	. 1��-2� ���-�
�<D *� �.  � :-9� .1�<$ ] <\� 
�� ^� � !��� �91	�U� L9 ����\

 � �� �9� V��	.  � �91	�U���1�A]�[

)|�(NS = NP * SW 

)||(NS ≤ NP * SW 

*dV��	. :9� .1 
NS �-<D �1�-/ ��� -R 	 :-A	. E-/ 1��2� J(-I�� ! -� 	SW 

*��5�� �<D �� �1�/ ��� R 	 :A	. 1��2� ���*j��. . |�!��-�
 �-���� m -X�F1 �-<D �-� �1�/ ��� R 	 :A	. 1��2� */ ��� �(7 +

SW �A � 	.1*j��.||�l/��-+ �-<D �-� �1�/ ��� R 	 :A	.
SW .��� >�A >1�1 .��F 

a�k� �' ��(�� 7 O	� ���6� 
a�T�`, G�/�2 �X*: W�/ &7 

J(9.�W7� 1�K
<\ ��.�� !���G-JPSO�� ^9��� *KHA )E-9� �	 
] � .1 */~��� V���E9� �	 �A E+ )��� >�A *x�.�]�[:-9� .

 EK-A .1 .�-�� �,'� 	1 	 �<D *� E� A *KHA�*KH-A �9 -<$ 0

 �<D .��� >�A >1�1 � 5$1A  	2B *�E-&(� J� *� !���� ?.��
>�A �<D �� S��/ �� */ �$ �� .�$� �� ] 2"  � �<D )�$�A3B �. ��

 �,'� ��A�,'� *�B�-� E-X(�� �,-'� f -G�.� .�-�/B�� ��a -�
 �,'�A*� $�� >.	1 .1.�1 .��F �<D !,9.~�*-� *-/ �-�� �\ -�

~� �� J�IX� *(\ � L9 >.	1 >��� >.	1 !��(�� .1 .1�A -�*-/ !.�1�
=�� *�9,� L�D >.	1 !��(��  � 
1 &� (7:00 a.m)  *-("�@ �-C$ .1

 )��� >�A��*-�7	� f -G�.� :9��� -�� .�-�� �D �� '� JQ+ ��.1
 �,--'� ��A)�/��,--'� �� *--�7	� f --G�.� 	 �--(�B)�/��--(�

�--��]�[�--7 + 	1 .1 �--C$ 1.�--� *
e--I� .NS≤9	NS=9 	1  --�
 J(9.�W7�JPSO 	G-JPSO E�
U� .1 .�A E+ J(9.�-W7� w9 ($ )��

w9 ($ ~� . � !��0� k
('� J(9.�W7� >1 G(�� >�A . -� �� .1 .���
 
�� ^� � ]�� !��0����� ]	�-0 .�-A *H-� U� . -� ! -� �	�

�<D �"�&� =�� *�9,� !. �� w9 ($ .1 ^-9��� *KH-A ! -�~�. -�
  -� *--� $�� !��-0� NS≤9	NS=9 J(9.�--W7� 	1 !��--�JPSO 	G-

JPSO �� � 5$ �. � <� .��1 �-� *-C+3� */ .�P �-7 + .1 1�-A 

NS≤9J(9.�--W7� 
�--� ^� --� ���--0JPSO J(9.�--W7� *--� �H--I$ )
Hybrid GA �-�� �(��.�-7 + 	1 �-� .1)J(9.�-W7�JPSO !�.�1

 .1 *-/ ����-0 :9���� 	 >1�� �(�� ���0 *$ ��~�]�-� !��-0� . -�
 *-� �W91 J(9.�W7� 	1 *� �HI$ ?.�-F  -�� .�-�� �-(</ )�-�� �-�1

 	1 *� �HI$ *��</ ���0 �1�/ ���D !��� � W8.�� *2� 0 J(9.�W7�
�.�  --� .�--�� �(--5�� �--7 + 	1 �--� .1 �--W91 J(9.�--W7�--x J--I�$ K� *

J(9.�--W7� )!1 ��--5�DG-JPSO *--� �H--I$ �--(+ )�--7 + 	1 �--� .1
*�  � .���. !�(�� ���0 *� ,�$ � W8.�� *2� 0 J(9.�W7� . -/ �1�-�

 ! -c" ^-F�	 .1 *
eI� E+ !��� 
��@ �R � 	 !1 ��5�D JI�$ K�
 �-A �(-5�� *-���� ���-0 *-� ���-�. � -K�� 	 �" 9 6� / �Q(I0

 �� �Q(--I0 ! --c")=16,777,216224 *--� �--7 +290,998 �--7 +
 !��� NS≤3�� 6� / �<D �� !��� ]	�0 .(�� 9 ! � �	�w9 -($

�<D �"�&� =�� *�9,� !. �� .1 ^9��� *KHA ! �~�!��-0� . -�
  -� *-� $�� NS≤9	NS=9 J(9.�-W7� 	1 !��-�JPSO 	G-JPSO �.

WX:a�^9��� *KHA �9 <$ 0E9� �	 V�U� .1 �$ `9� 
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O7	6Y�,�9"�&� =�� *��:A	. 1��2� 	��<D ��A ��� R .1  �
~� ��0� . �!	 ]������ ) 
�� ^� � *H� U� . �NS≤9(

���(�V��
Hybrid 

GA* ACO* JPSO GJPSO 

NS CE NS CE NS CE NS CE

3 344.4 3 326.5 6 341.7 6 325.96 :9�(��

4 348.6 4 349.2 7 344.21 6 334.91 *$ ��

5 354.8 7 357.6 9 353.11 5 349.32 ��:9��
*^0�� ]�[

O7	6Z�,�9"�&� =�� *��:A	. 1��2� 	��<D ��A ��� R .1  �
~� ��0� . �!	 ]������ ) 
�� ^� � *H� U� . �NS=9(

���(�V��
ACO** JPSO G-JPSO

NS CE NS CE NS CE

9 329.1 9 341.41 9 328.69 :9�(��

9 357.9 9 347.66 9 336.36 *$ ��

9 364.7 9 355.81 9 347.58 ��:9��
*^0�� ]�[

�� � 5$ ]	�0 .1 .��1 ! � �	�J(9.�-W7� ! ��(��. D G-JPSO 
	JPSO  �<D *���� ]�(�/ *
eI� E+ .1  �  � NS≤9	NS=9 *-x�.�

.��� >�A 
EzA ! ��	�*���� ]�(�/ *
eI� *���� ���0 �9��W<� >�U$ 

O7	6 a�,�9"�&� =�� *��?	 G(� ?�.� 1��2� 	 .��K� 1��2�  �
)NS≤9(

����
_
((?�) �-�I�

h�(i ��	32 (��X2 ��	32 ���(�V�� 

�/��� �� ���

G-JPSO 

��/��� �� ���
��/��� �� ���
��/��� �� ���
��/��� ��� ��
��/��� ��� ��
�/��� �� ���

JPSO 

�/��� �� ���
�/��� �� ���
�/��� �� ���
�/��� ��� ��
�/��� ��� ��

�<D J(9.�W7� .1  �G-JPSO 	JPSO  �NS≤9�� � 5$ �. 	 �-�1
 J(9.�--W7� .1 *--���� ���--0 �--9��W<� >�--U$G-JPSO 	JPSO  --� 

NS=9 EzA .1 ! ��	�Ez-A .�-�� >�-A J���� ! -�|�	||
>��� E<27�.�(�1 �<D �� !.�1�� ]�-P .1 *KH-A .1 1�-0�� ! �~�

>�--�� >.	1 �\ --�  --� !.�1�--� NS≤9	NS=9 E--� +J(9.�--W7� 
G-JPSO �� � 5$ �. .��1 

O7	6l�,�9"�&� =�� *��?	 G(� ?�.� 1��2� 	 .��K� 1��2�  �
)NS=9(

����
_
((?�) �-�I�

h�(i ��	32 (��X2 ��	32 ���(�V�� 

��/��� �� ���

G-JPSO 

��/��� �� ���
��/��� �� ���
��/��� �� ���

��� ��� ��
��/��� ��� ��
��/��� �� ���

JPSO 

��/��� �� ���
��/��� �� ���
��/��� �� ���
��/��� ��� ��
��/��� ��� ��

O7	6c� ��(��. D!.�W7�9J(G-JPSO 	JPSO  I� E+ .1e*

�� ]�(�/��<D *�  �)NS≤9(

c4 c3 c2 c1
��	32
h�(i

��	32
(��X2

���(�V��

�/� �/� �/� �/� ��� �� G-JPSO

��/� ��/� ��/� ��/� �� ��� JPSO

WX:l���W<� >�U$�9�� ���0�I� *�e�� ]�(�/ *
��<D *� .1  �
.�W7�9J(G-JPSO )NS≤9(
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WX:c���W<� >�U$�9�� ���0�I� *�e�� ]�(�/ *
��<D *� .1  �
.�W7�9J(JPSO )NS≤9(

O7	6m� ��(��. D!.�W7�9J(G-JPSO 	JPSO I� E+ .1e*

�� ]�(�/��<D *�  �)NS=9(

c4 c3 c2 c1
��	32
h�(i

��	32
(��X2

���(�V��

�/� �/� �/� �/� ��� �� G-JPSO
��/� ��/� ��/� ��/� �� ��� JPSO

WX:n���W<� >�U$�9�� ���0�I� *�e�� ]�(�/ *
��<D *� .1  �
.�W7�9J(G-JPSO )NS=9(

WX:o���W<� >�U$�9�� ���0�I� *�e�� ]�(�/ *
��<D *� .1  �
.�W7�9J(JPSO )NS=9(

WX:Tp��� �� D�24	 *���:A	.��<D ��� R ]�P .1  �
 >.	1~�)*(\ �NS≤9(

WX:TT��� �� D�24	 *���:A	. ��<D ��� R .1  �
 >.	1 ]�P~�)*(\ �NS=9(

q�S�	'�
f�( �3H�7 �X*: 
!��� >�-A *x�.� ]�� �5'� �q� 69 ��� .1 !1 ��-5�D J(9.�-W7� �� )

)�$�<o9. �� ^9��� J(I�� � (-I
W$� .1 �-2F�	 J(-I�� L-9 *-/
����A >1 G(�� )]�[.L-$ � 6-A )�<D �G� !�.�1 >�H�7 / *KHA)

�,'� L9 )��� 	 L-��7��� >�-@ EK-A) �-��|~(*KH-A :-9� .
 ��. -K<� 	 ��-I��K�� V��� . � :�7	� !��� ] -� .1~��� 1.�-�

.�"�@ .��F ��.�� .1 �� '� *<� =�� v	� >.	1 � Z� .1 �9 � *KHA 
)�iH�  � (����.1 �D�A � ]~�[.

]	�0��<D �"�&� =�� *�9,� !. �� w9 ($ ^9��� *KHA ! �
9.o.1 �--$�<~� --� *--� $�� !��--0� . --�NS≤21 	NS=12 	1 !��--�

 J(9.�--W7�JPSO 	G-JPSO �--� � --5$ �.  --� w9 --($ *--I9 X� .�--�1
 J(9.�-W7� � -5$ � -W8.�� 	 L-�($� ! -� J(9.�--W7� !�-��� >�-��1

 !1 ��5�DG-JPSO .��� 
EzA .1 ! �|�	|�>�-�� E<27�.�(�1 �-<D �� !.�1�-� ! -�

 ]�P .1 *KHA .1 1�0��~�>��� >.	1 �\ �  -� !.�1�� NS≤21 	
NS=12 J(9.�W7� E� +G-JPSO � 5$.��� >�A >1�1 
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WX:TU�*KHA 2F�	�.9�$�<o 

O7	6o�,�9"�&� =�� *��. *KHA9�$�<o 
���(�V��

GA*

(100,000 
evaluations)

ACO*

(50,000 evaluations)
ACO*

(8,000 evaluations) 
JPSO 

(8,000 evaluations) 
G-JPSO 

(8,000 evaluations) 
NS≤9 NS=21 NS≤21 NS=21 NS≤21 NS≤21 NS=21 NS≤21

�/����� �/����� �/����� �/����� �/����� �/����� ����� �/����� :9�(��
����� �/����� �/����� �/����� �/����� �/����� �/����� �/����� *$ ��
����� �/����� �/����� �/����� �/����� �/����� ����� �/����� ��:9��

*^0�� ]�[

WX:TY��� �� D�24	 *��:A	. ���-<D ��� -R ]�-P .1  -�
 >.	1~�)*(\ �NS≤21(

WX:TZ��� �� D�24	 *��:A	. ���<D ��� R .1  �
 >.	1 ]�P~�)*(\ �NS=12(

v

l��K��' ���e 
J(9.�-W7� .1 ��D ��� � .1 ������N� ] <\�  � 6�	uD :9� .1

JPSO Ex I� E+ ��
� F ):-9� .�-A 1 Q9� �� .1 �"��@ *(II@ 
*� J(9.�W7� ����\G-JPSO J(9.�-W7� �� ��(�� .1 .�A !.�BW� $

 EF��-+ �-4 9. *
eI� E+ !��� !1 ��5�D >�-�o�D ^� -� !� -�
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�o(
"�]	 D���0 �9 �$ .1 */ �A >1 G(�� �H-I$ *
� + ! �
.�A �(�� . �I� � W8.�� *2� 0 J(9.�W7� *� 

>��� *� $�� :��2� !��� n`� �<D *���� !.�1�� ]�-� L9  �
*���� � ��*�H-A *-���� J(9.�-W7� �-� �-�(H� � -� !� -�JPSO 	

G-JPSO >�-�� *� $�� .�A *��� ��2-4	 :�-�2� E� -A !.�1�-�
�<D �� L9 �� �A�� R 	 :A	. *$ H-A ]�P .1  � >� -� .1 �	.

 *(\ � L9 �$ ��1�� �� >	3\ */ !�U$ *� . =�-� *-�9,� 6� -/
>�@ � �$ �"�&� �91	�-U� 	 
�-&� ! -� E� -A *
e-I� ! -�

 f -G�.� �l/��-+ 	 EF��-+ )>�-@ �-� .1 � -�$ 1.�-� . 5" EF��+
 	 �� '�>��Z :-A	. 1��-2� E� A �W91 �91	�U� .1�A ^G���

 �-<D �� �1�/ ��� R 	1�-� 
�-� ^� -� *-� �-7 + 	1 .1 *-/
��24	 ]	� �7 + .�A ] <\� :A	.���� R �-<D �-� �1�-�

 ��2-4	 S	1 �7 + 	 . � *� � X�F1 :-A	.���� -R �-� �1�-�
�<D �l/��+*�.�A :��2� . � .1 !1 ��5�D ]�� ^-9��� *KH-A
�	 E9� >��� E<27�.�(�1 	 >�A >1 G(�� v��'(-�� *-���� !.�1�-�

 �7 + .1 1�1 � 5$ w9 ($ .�ANS≤9J(9.�-W7� 
�� ^� � ���0
JPSO J(9.�W7� *� �HI$ )Hybrid GA ?.�-F  -�� )��� �(��

 �H-I$ *-��</ ���0 �1�/ ���D !��� � W8.�� *2� 0 J(9.�W7�

 �(5�� �7 + 	1 �� .1 �W91 J(9.�W7� 	1 *�1��*�  �� . �-
/ .�-P
	1 �� .1 J(9.�W7� �7 +JPSO ��� !�(�� ���0 *$ �� !�.�1

 .1 *--/ ����--0 :9���--� 	~�$ ]�--� !��--0� . --� 	1 *--� �H--I
� �W91 J(9.�W7�*�(</ )��� ��11�� !1 ��-5�D ]�-� :��o<� .

 �� 9�.� ,�$ �$�<o9. �2F�	 *KHA !����A*0�� E� F !���� */
J(9.�W7� *� �HI$ !1 ��5�D J(9.�W7� � -W8.�� 	 L�($� ! �

 �-�� :-9� �-�� :-9� �
\ .1�� *0�� E� F *-d :-9� E-+ .1 *-$�@
�	 .1 
��@ �R �  � Ex I� 	 *-(" 9 6� -/ �Q(-I0 ! c" ^F

 :-9� .1 *-/ �-A �-���R �(-5�� *-���� ���-0 *-� ���-�. � K��
 J(9.�W7� .1 ��
� F :9� 1 Q9�  � 6�	uDJPSO �Q(I0 ! c"

 6� /�" 9 *-���� ���-0 �1�-/ ��-�D !��-� J(9.�W7� ?.�F 	
�" 9 69�,"�.

�-7  -� *-� $�� !��-0� !��� � �$ 1.�� � �� :�W$ �� ]�-� � -�
Core i5-2430M 2.4GHz �	 *KHA !���  � E9����� .��K�

��� �--$�<o9. *KH--A !��--� 	 *--�$ q���� .�--�� >1�--� *--�$ q
�� 1 ��5�D .1 Ex -I� E-+ !��� !1 ��5�D J(9.�W7� �� */ 1�A

 >1 G(-�� �-$.�1 �-"��@ �-�� � */ �
x I� �9 � 	 �2F�	 p �X�
1�A .1��@ .��F �(5�� �� 9�.� 1.�� �� 1�K
<\ 	
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