
Arc
hi

ve
 o

f S
ID

57

�) ! �. ��2�- �� �2� .)!��- 6���[ 3� \!�� �# 6�+ ! ��#.)! 

2�� �� ����!� �?!'��4��'J�� �)H,!
 6�7
 6'<5

)*�?8�@/B/BCD+�E�F/B/BF(

H��0�
:$�2� :�  l� �� 
"��� #c �, �� � �8��[�	 ����� �� e� $, � � a �;� :� ��� �� � :$�2� � 2�1�  �  2� #( * +,� V�W;, �� � ��'	

 �W :%�K :� *1��, �� g"9� ~ �3 �� #9��(  � 1 ��� ��1��% @ ����� C�� ���F$, :� ]� $, � 2�1� �"% � ���� #c �., �.�� #.(
 ��� :"%�8 @��K .:$�2� � 2�1� ��N� � 23 � �� 
"�.�� �.��$2, �� E.�"Z 
"���./3� *�.[W� ��1 � �� � �.�� ��.� :.c��� .

�$"�.� ��.�[�	 #c �., #( �� ��$W���9 � ������  2� �� ��;� :X ��� ���� * 0 �� e� $, #c �, ��  2�1� ��� :�31� � ����� � .��
:$�2� �� :���, 
"���/3� 1 E�"Z 
"���/3� *�� ��1 � � 2�1� ���� � �i ( :3 �, ��2� �� � �8 ���9 ����� ���, *� p, �� ������ :."% 

��� .��� @ ;3 <, ��� ��F$, �� :�%�8 P l� �� *�p, �1� �� ����, ��= .@�, � ��� V�, ����  2�1� ��� )E�:3 .� (@�., �.$4� 1
��� :�� �, 1 :"%�8 ���9 �� !"�� ���, .�, * 0 ����� ��� �� #K ( >� " :�� �, u�Wl, �� :� ���C��."2� ���� .� E�"Z 
"���/3� 

/3� :� �A�  � :���, 
"����:, � �$�$, 1 :$�2� ���b �"% � ��  ��	 ���� ���� * ,�% � � .


B�" �&%$<��%:4��1� 
�1� D%��! 4����� D��XA5�� ��	5�X�� DY���B ��	5�X�� D�9W� %5���� �	�: %9	5.

Comparison of Heuristic Methods Applied for  
Optimal Operation of Water Resources 

 
Alireza Borhani Dariane 1  Seyed Mohammad Mortazavi Naeini 2

(Received Oct. 22, 2007          Accepted Oct. 28, 2008) 
 

Abstract  
Water resources optimization problems are usually complex and hard to solve using the 
ordinary optimization methods, or they are at least  not economically efficient. A great 
number of studies have been conducted in quest of suitable methods capable of handling such 
problems. In recent years, some new heuristic methods such as genetic and ant algorithms 
have been introduced in systems engineering. Preliminary applications of these methods in 
water resources problems have shown that some of them are powerful tools, capable of 
solving complex problems. In this paper, the application of such heuristic methods as Genetic 
Algorithm (GA) and Ant Colony Optimization (ACO) have been studied for optimizing 
reservoir operation. The Dez Dam reservoir in Iran was chosen for a case study. The methods 
were applied and compared using short-term (one year) and long-term models. Comparison of 
the results showed that GA outperforms both DP and ACO in finding true global optimum 
solutions and operating rules. 

Keywords: Optimization, Operation, Genetic Algorithm, Ant Colony Optimization, Dynamic  
 Programming.
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��� ���A� ������E .!���� $���4< u4 �� ��� 13��E ��H�� )��� 
����I 3�53 +�%��� �E� (3 $��#	,3 �E � )�, .!�������E )��� �� ��3

0��HE 13�E 1(�,V:�� 3�53 )�, .)�� (3 �� �2 �� W�?C ��� �2
 0	8�I �d �� )�3 $��� �� u��� 0�B�3 ��2 1��H	3 W?C h|, � ��

 ��4� `�� �E Y,��	� $��� �����I ���B4� �d .�E 0�54� ��E !h|�, 0
�� 0�< ����5 )���A� 0pE3� 0�pE3� 9J3>��� !"�,3 $��� $�3� J�&� 
$��� 0�2 13�E 1(�,�2� ����I 0�,�Q� �2 .

)9(Rt = St + Qt - St+1 - Et

J� �� 0< 
S!Q�E� $��� ���O �� 1���� !$��� )�3 $����/q Y������ 0��E 

������ W��?C ��	���2 $��� ���O �� J>���� �p��, (3 �.RJ3>���� >��� 
"�,3 1(�,�2� .Y��C ��E � W�?C ��4�� 0�E �2��C3� +��r ��

��	�2 YA���	� J4����.
�E ����2 �� \��2 �E�� !$�� 0�,�Q� 1(�,�2� ����K� 0E 054�

 0���E !��	M W	��4%B3 1�H��� (3 J�%i�4� W	��4%B3 � ��4
 1>��
 0pE3� kE�p�:",3 $�� ��8 .

):(12,...,1t2))t(TD)t(iR(Min
1i

=−∑
=

T

0< J� �� 
TD�� 0�2�� (�� J3>�� ���E .

�� ��	�� "B�C �� )�� �2 �� !+��7�2 �4� ��8 J34� .��
��� �����H	3 W�?C J3>���� 0�< "��,3 +��3 "�B�C���/� !� $�4��E �3(� 

0�B�3 W?C (3  K	��",3 .����8 +��i �%�� "B�C < �4� W?C 0
 K	��� 0��B�3 W�?C (3 � $�4�E ���K� �/� $��� ���H	3 "��� .+��3

�� �3�P �E��(�3 ��4� 0�3�3 �� �H	B�C ���I .

£�X/" ` �5 �	
�� 
£���� /�� X/+�%� 

�� ��< `��GA �8��N��  �� ��� 3��	E3 0�< ",3 Y���� +�3 0E 
�� ��B4� ���I .3 1��AE  �� !���	3 �%��F )��F3 �E h|, ����	

�� �4� .����	3  �� 1�� �E @H5 � Y�<�� 1�2�%��F !0�3�3 ��
$��!�� )��F3 �4� .��� 0��3�3 ����( ��� ��� +�3 �3��A� 0�< ��E��
�A, �B34�	�  �� ���i 13��E \��2 �E��� 0���3 �� �,�E J���
 0E �2

 ���E 0	�3� 1���T�.Y�<�� !���3 "�,3 ���	M �%��F +��� .+��3
 J��( �� �� �%��F 1�� �E �� �F =�(4���< $�4�� Y��<�� ��E �

�� ��B4� ���5 =�(4���< �� �H� ��< .0�E ���	M W	��4%B3 ��3��<
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��3� �%	�E J� Y�<�� �%��F ��3��< .Y���� z�^)Pc(��4� 0E
 =�(4���� "�� "�A�5  � 0E Y���� 0,��
 �� $���� "��� 1�2

=�(4���� �� ���A� �2 �4� .E3�E Y�<�� z� �D/x=4�H#� +��3 0�E 
0� ",3Dx���� �� Y���� �%��L� �E "�A�5 � �4�_x����� 

�� �P�E $��4� ",� ��� ."�� +�3!=�(4���< �3�A� ����2 3� 0�<
 �� �3�P Y�<��  �F "Q� ��� )�	�< ���I ���<.'��E Y��<�� z�� 

�� $(�53 �	&�E 1�s8 0< �2�1�� J�� �P3� )��	C3 � ���I `��< 
�2�s8 10��HE ��@2�< 3� ��Q� 1�2 �2�.����/ z�� +��3 ��I3 ��3 

1�2�s�8 14?	��5 13��E 1����( J���( \��� Y�54� �4�� ���( 
��*0��HE �� �4�.@H5!�� �8��N�� �3����T� 0�< "�,3 1��%��F 
JM ��?�3 =�(4���< 1�2 G-��< ���HE345 � $��< �� ��B4� ���5 ��<.
��, $����T� @H5 0E �E��	,� $3� +��� =�(4����< JM ���i ��� ���
",3 .,�,3 @K @H5 ��	M W	��4%B3 ����� �#�3 ��<.

£������� X/+�%� 
E 13�E 0�� �2 �� W	��4%B3 +�3 1��I��<���i ���E 0� �4�� �O =�I .

E �� =�I +�B�30��4�� 0�< "�,3 +��3 0�i�4� W	��4�%B3 1��I���<
���0E 0� 04I ��� 13��E J34�	E 0�< ����I ����A� 13���d ��4�� 0�

 0i�4� "<�C �4� ���A� 3� �2 .\�2 �E�� ���A� !=�� =�I "�,3 .
\�2 �E�� � J4���8 �pE3� ���A� !1�AE =�I!�����< ���T	� ��A� 

�� ���E ]9_[.

�T� £�0i�4� 1�4�F ���� @��� �� �� �2�J>�� 0� ]:[

E 13�E0�� �� 0i�4� W	��4%B3 1��I��<� ��� kE��p� ���A8 0�
V!����I 0	��I J>�� W?C .�� 0��B�3 W?C 0���3 0E 054� �E !h|,

 0i�4� !",3 ��&� )�3 ���� �3��P J>��� W�?C }-< +�3 �� �2
 �� $�3� �4� .�� +�3 �� W2 \�2 �E���0pE3� J��2 0� :",3 .)��C

 ����< ��T	� ",3 =(')ηij(�4�� ����A� .��� +��3 ������T	� 0�
��I ���A� ��(  �� 0E ����<��.

1 Combination Rate 

)D()c)]t(TD)t(ijR/([1)t(ij
2 +−=η

0< ��J�
i$��� �� J>�� W?C }-� t!j$��� �� J>��� W�?C }-�� 
t+1 �cE ",3 �	��� �i4� �3�K� ��E J�� W��K� (3 1��I4�5 13�

 !�#���)t(Rij$��� �� J>���� (3 1(���,�2� J3>���� $����2� J�&�� t�
TD(t)�%�& $��� �� (�� t",3 .

��� �� $��� ��2 �� 0�i�4� �2 0< ",3  �� +�3 0E ��< `��
 0�E �AE $��� �� 0< ���%E W��N� ���E � ��3� �3�P J>�� W?C }-<

 ����E J>�� W?C }-< +��3�< .0�i�4� }-�< ����	3 13��E ��2
�� $��#	,3 ��( ��'��	C3 0pE3� (3 1�AE �����.

)V(
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∈
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= βα
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∑
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0<J� �� 
α�βJ(� 0�< ��	��2 ����d��  E�P 1�2�	�3��
 τij(t) �ηij 3� 

�� )�	�< 0�,�Q� �� ���< !pij $�I ���	3 )��	C3 j0i�4� c,4� k

$�I (3i�τij(t) $��I +�E ���� 1�� �E J4���8 J3>�� i�j$��� �� t

",3.
1�� �E )�3 0�C�� ������� ����8 1�3��K� �2���� ��d �� J4

 �� 0	8�I �4� .� �i4< "E�R �3�K� �2���� �� J4���8 0�B�3 J3>��
 "���τ0",3 )J4���8 J3>�� (3 "/34�L� ��(4� �� !)��� �4O 0E

 ��t= 0��3� �45� �2���� 0�2 �� .(
0��pE3� �� !"��,3 �H����EV�����	3 0��E (���?� c��K8 0��i�4� ���2 

}-< $��� �� J>�� W?C (3 ���2t+1 0�< ",3 1(��,�2� J3>��� 
$��� �� J�t���E (�?� .0�i�4� =��� 0�� (3 h
 3� �4�/ ����� ��2

 0��,�Q� � $��� $�4���
 ����� 0�E 0�54� �E 0i�4� �2 13�E !��4��

 0pE3� kE�p� 1(�,�2� J3>��:�� 0�,�Q� \�2 �E�� �4� .

�2 �� J4���8 J3>�� +��A� !1�AE =�I �� �2���� (3 �� ����E .
� (3 07��i �8 J3>�� !���I $��#	,3 J�%i�4� W	��, `����2 J4��

 0��,�Q� ���( 0�pE3� (3 0�i�4� J� c�,4� $��� �O ���� �E 0i�4�
�� ���I.

)Z(
)t(kT)j,i(if
)t(kT)j,i(if

kTDS/V
0)t(k

ij
∈

∉



=τ∆

J� �� 0< 
V �C )4O �� 0< ",3 W�d��  E�P 1�	�3��
 !"�E�R J� �3��K� 
�� ��� �TDSk� 0E \�2 �E�� 0�i�4� c,4� $��� ",k"�,3 =3 .

0i�4� $��#	�,3 ��'���	C3 )�K	3 +�34P (3 �345 0E J��,� 13�E �2
�� ���<.
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0���3 G�	��HAS �� J4���8 ����� J��E !���< ���< �4�/ �34�
 !",3 �8��N� ����E 4?	�5 1�s8 0�B�3 `��< 0���3 13�E �P3� ��

 / 0�B�3 1�H	B�C �� J4���8 �3�R3 ����K� ��	��� 0�	8�� ��	/�, ��� .
0���HE 1�2����� 1�� ��E "�,3 +��� 0< =4H#� +�3 0E ���!J4����8 

0�E W	���, 0�< "�,3 (��� 0?�	 �� !hLAB�E �� ���E �454� 1�	�<
 0�< �2� $(�53 J�%i�4� 0E �� ��< `4�3�8 3� 0�B�3 ����K� +�3 ��3��

 ���< "<�C �	HE 1�HE345 "�, 0E .0E J4���8 +	8� ",� (3 0���,�
 Y��r �8�A�ρ�� kKQ� �4�)0<ρ≤1(.

)]()t()t()1()1t( ijijij τ∆+τρ−=+τ

)_(∑
=

τ∆=τ∆
m

1k
)t(k

ij
)t(

ij
 

0<J� �� 
m",3 J�%i�4� �3�A� .

��N�	/3 "��F� 13�E! ���r4� (3 � J4����8 J3>��� 0��,�Q� �4�Q
=�%�HE J4�7�2 0i�4� W	��4%B3 1�H��� �%�� �� �H� ����K� 1(�,
ACS !MAX-MIN AS �. . .\��� ��� ��d .$3� �� =��P +��B�3

 W	��4%B3 ¯�K��3AS ���23� !0�� ���3�I ASe (Elitist) "�8�I =�� .
0���� J���%i�4� c��,4� 1�4���F 1�2������ 0��E W	��4��%B3 +���3 ��!

8�� k�A� �3(�� J4��� ���I.(3 "�,3 �����F �3(��� J4���8 J3>�� 

)gbS(f
e0< e� 0�� J�%i�4� �3�A� f(sgb)\��2 �E��� �3��K� 

���5 �345 +��	HE^(Sgb)�� ���E .0��� W	��4%B3 J��%i�4� 1���E
(ASrank)0< ",3 J�%i�4� W	��, (3 �%�� $�� �-�3 "B�C �� 
)�, ��9ff_ ���H�B4E c,4� j��� 0t3�3 J3����2 �.��`�� +��3

��i�4� c��,4� $���� ���O 1���2�4�0���2 ���H�  ��C "���#�< }���,3 ���E 
0��� �� 1��E �i�4� c�,4� $��� ��O 1�2���� h|, !�4�01��2 
(�	��n�3�A� 0E λ!���5 1(�, =�%�HE 14%B3 (3 $��#	,3 �E!=��%�HE 
�� �4� .3 �E $�-F �� ��&� �A, �2 1�2�4� +��	HE 0��� !�4�

 �4� +��	HE J��� (3 �A�, 0�2 �E >�� ��2 00��� �4�� J34��Fo+���A�
�� �4� .�� 1���T� �2���� 0�KE J4���8 J3>�� ��<.

���  C 13�Et��>E   �&� � �� ���!0�i�4� �4��< W	���, �

����I �8�A� ]9e[.
��ACS",3 ��p� ���3 $�I��� 0, :

^X�W	��4%B3 �ACS!��'��	C3 )�K	3 J4�P !13��E ���K	��� $3� 
)��A� ��?�3!1�2����� (3 $��#	�,3 � ����5 1�2����� `���� +��E 

���P)0	�6I ��F-O3 (�� ��?�3 ���.

1 Global-Best 2 Bullnheimer 3 Ranked Ants 4 Elite 5 Ant Colony System (ACS) 

jX+���	HE 0�E 0�< ���2���� 13�E �H�� ��4�F J��< =�%�HE �4	,�
�� 0	8�I ��< 0E !��3� k�A� 0i�4� �4� �4�.

nX%�2 0i�4� 0< ��� �4	�,� !��	��2 �2����� (3 �4��F )��C �� �2
0E ��Q� J��< =�%�HE �� ��< ���.

0i�4� �4�< W	��4%B3 1�� �E ��K�KQ��0�< "�,3 $�3� J�&�
 W	��4�%B3 0< �� �234/  ��C ���( W	��4%B3 +�3 ��3��< �� �4�HE

 �2� `�	�I 14P 14Q 0E 3� �4/ �4/ 1�HE345 �34	E .!+�3�E���E 
W	��4%B3 �� ��3��< +��	HE 0E �E��	,� 13�EACO (3 ����<�� ����E

 ��E 4?	�5 +�C �� $�� 0	8�� �345 +��	HE `�	�I 1�H��� �4�HE
 �R�� 1�H���13�E ��( 1�3����
 "�B�C (3 1��I4�5 �4�5� =��%�2
���E 0	�3� .W	��4�%B3 Max-Min AS 0�E �E��	�,� 13��E ��P3� ��

�� �45� 0E �83�23 +��i",3 $�.

�����.	Y �&%	k� 
����p�� �	b�Y 3�� 

1�H��� ��E��< )�� +�3 ��DP��ACO!$�HE �� (3 0���HE 1�3���E
 0B�, �� ���� +	8�I �d �� �E (� J>��)9:02�� (�����I �,��E .

)��� �� @�E +�3 ��DP ����H	3 W�?C � )�3 $��� ��3��	E3 W�?C 
�E � $���� ����8 J������ W��2 ���E ���/� $��� ���E ���E3:xxx J4������ 

��� 0	8�I �d �� YA���	� .
�E 13��E ��� $�3� ��r4� 0i�4� W	��4%B3 `�� �� 07� }�,3

 ��  C�"�,3 �4N	� ����#	� 1�2������ J>�� 0� .(3 ������� ��
 ��E ��4/�E �4Q �d�� (3 ������ �� � J�%i�4� 1��I�3�P �4Q �d

 ��� �4�P ¾K���� ��,��E  �E�P 0� ����E .��� 0�E [4�E�� 1��2���
 ����F J�%i�4� 1��I�3�P 3(3 �:�B3 XE J�%i�4� 0�8��N�� �4O

 }-< �� ����I �3�P )�3 ���� �� J>�� W?C ��	�� 1�2b�X�E0
}-��< ����2 �� �8��N��� �4��O $��� ����2 � ���2 �4��� $�3� �3���P ���2 .

����F �4�P ¾K 0E [4E�� 1�2������ 3(3 �:�B3 X0����5 `�� !
�X-�3 `�� �.�E +�3�E��E  �C 13��E �4�8 1��2������ }�,3
�����Hi 0i�4� W	��4%B3 �E J>�� 0� ��� 0�	8�I ��d �� "B�C .��

)����5D����Hi +���3 W	����, W	��4��%B3 (3  ����C �����	 � "��B�C
 0��� �E J�%i�4� 1��E!�2 13�E $��� $�3� J�&� ��H� (3 �� "�,3 .
��8 �E ���	 +�3Dxx !0i�4� Dxx � !�A, :ZI0	��� �E 1(��, 0

$��� ",� �3 .1�2�	�3��
 ���A� W	��4�%B3α!β!ρ�τ0Y����� 0�E 
�E3�E9/x!xZ/x!Z/x�9����I ��8 .�E ���,�Q� 0�2 00���,�
0��3� =4�	�
 V��E CPU :Vxx 0�d8�C � >��2��%� Z9: "���E�%� 

",3 0	8�I =�?3.
0���E ���	 (3 !0���K� 13�E +��7�2 E ��4
 1>�� 0��F 0���HE J34

 
6 Ant Colony Optimization (ACO) 7 Dynamic Programming 
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������I $��#	��,3 k���p� .)����5 �����	 ���,��E (3 D"���3��E +����i 
�� $�3� ��N�	/3 �4�/ 0E 1�	�< J��( 0���5 `�� 0< �4� "�,3 .

!�4�� $��#	�,3 �-��3 `�� (3 0�i � 0���5 `�� (3 0i !�8�O (3
 E J�%i�4� �2��3�P 0}-< �� �8��N� �4O $��� � �2 ��	�� 1�2

�� �?�� 1�	HE ���	 0E �4�.1���� �E0���C 1�H�,�
 0�E �?��3 (3 !
�E ���	 =��� �AE J�%i�4� �8��N� �2��3�P �E 0���5 `�� }�,3

 $���  < �� }-< � �2 E �20",3 $��� ",�!`�� 0�< 1��34� �%� 
���E $�� �<q 1�%��.

3��4 q���  C �� ��	�� 1�2������ ���	0�� �E J>�� 
�E J�%i�4� W	��, W	��4%B30��� 1��E 

,.	+�� �	s	 &� 

.�� ,��	�b ��

¦�Y r�/h� �	s

3�� ��� 

)�*+�4 	.(

.�� ,��	�b ��

¦�Y � 	s

��� r�/h� �	s

)�*+�4 	.(

.�,��	�b ��

¦�Y � �	s

3�� ��� r�/h�

)��S� 	.(

.�,��	�b ��

¦�Y � � 	s

��� r�/h� �	s

)��S� 	.(

\�2 �E34� +�%��� �� 9x
3�53)9x]×(

V9/9DD/9DD/9D:/9

\�2 �E34� W����� 
��9x3�53 )9x]×(

DV/9D:/9D:/9D:/9

\�2 �E34� W���<�� 
�� 9x3�53 )9x]×(

Ve/9DV/9DZ/9D:/9

0E k�p� 0��HE `��DP
)9x]×(

D:/9D:/9D:/9D:/9

���A� \3�Q3 xZ/xx9/xx:/xx
�p/ ���� 9x/::x/xxx
3�53 J��( DZ: DDf 9xD] ]:V 

`�� �E 3� 0i�4� W	��4%B3 J34	E 0�� 13�EDP !�4�� 0����K� 
� ��/� $��� ����H	3 W�?C 1��E3�E ��P >� 0i�4� W	��4%B3 )�� ��

 �� )��F3 )�3 $��� ��3�	E3 W?C .E ���	 01�H���� (3 $���� "�,�
 )���5 �� J��%i�4� W	��4%B3 ��	��V$�����I 0�t3�3 "�,3 .+��3

 ����F �H��� 3��E J��%i�4� W	���, !J��%i�4� W	��, `�� (3 �
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�� $��� ����H	3 W�?C 0< �4�T=3 )�����
 $��� (u���� W�?C ��E
 ���I J���� .�� �2 ���	3 �� W	��4%B3 0< ",3 +�3 =�� ������
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 �� ������� �� +���3 \-	�/3 
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 ���� �� �� ",3 $�� 0t3�3 �� .J��2 "�,3 ��&� ���	 (3 0< 04I

 ������ �� �����F >� �?��3 ��!)�� 0E�&� DP �� ���E .���� +�3
 ����I $�2�&� >� J�%i�4� W	��4%B3 ��E��< �� .��AE 0�E +��3 (3 36B
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)�������5 ��e`�� ��E�������< ��������	 ACO ������E 9x�9Z
0	����I "��,3 $���� 0��t3�3 1(���, .�3���A� @�3>��83 ���E >��� ���?��3 �� 

1 Moran 
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�HE345 0< �3� J�& �	&�E �,��E ����C �� 0�i�4� W	��4�%B3 1
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�� ��	M W	��4%B3 ���E .)��5 ��9x��E 0�i�4� W	��4�%B3 ����	 
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