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APPLICATION OF GENETIC ALGORITHMS FOR DETERMINING THE OPTIMAL PIPE SIZE 
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>������� :  Genetic Algorithms (GAs) ������������� !�"�#��$�%&$'((&)* �&*�� )+,-�./,�0/���� 1���2*�$
��%(��������/3�����4-5&�#5$�6���* (biological evolution) $�) �5&�;�5"�#���,(5!�,  &�$��<�1�=�>6;>��?@��"�#
*;-5����� !� ��$��$�%&$  >����.A�B���C=+;��%,D�*E>6; GAs >����F/3��)��'��$�FG#-��4��+"!-"�#��$�%&$
&1���/(���--�'((�%(("!-H!�,�C1� )+,�6G#-$),5�/( EPANET MA#5����'((H1�0-5 2�*.�&*�E&1���/(��� ��%�E"�5
60.�&*�E4-5���=�0>��%(("!-) �54!�, )+,>6; toolkit 4-5)��'��$ '0%"+&-()��'��$"�#&�;�54AC��/() �54!�,
�%(("!-H!�,�C1� 3 ��2�  G- ) �54!�,�%(("!-H!�,�C1�4��+�0P�'(( 2 Loop  ) �54!�,�%(("!-H!�,�C1�4��+�0�54-5 
Hanoi '0;�HA5�1�$�>6;5���/(�%((H!�,�C1�H/5��/+� �&��� E MA#5=+;$�UV;.A�B��FG#-"+&-(������� 1���2--�'((=�;
�0�,���� �6!� ���� Trial & Error, Newton Z Raphson, Simulated Annealing '0%���� Differential Evolution  U0���
--�'((�%(("!-H!�,�C1�H/5��/+� �&��� E+;�, GAs =+;U0����"�#�!�F->H 
 
ABSTRACT :  Genetic Algorithms (GAs) is a stochastic optimization algorithm based on biological 
evolution. GAs is considered as a simple technique which can find the near global optimum solution. In this 
study, GAs is applied to develop the program for determining the optimal discrete pipe sizes for the new 
pipe networks. The developed program is linked with a hydraulic simulation model of the pressurized pipe 
networks namely EPANET by using its toolkit. Three case studies were tested including 2 loop small water 
supply network, Hanoi medium water supply network and the water supply network of Nakhonsawan 
province. The Nakhonsawan water supply network were selected for pipe network design by various 
methods including the Trial & Error, Newton Z Raphson, Simulated Annealing and Differential Evolution 
methods. GAs based pipe network design of Nakhonsawan showed satisfactorily result. 
 
KEYWORDS : Genetic algorithm, Optimization, Water distribution network, Hydraulic simulation model, 
EPANET 
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1.  >���� 
�C1������?HH/,"�#$� ��$&1� /@*!-���+1��56���*4-5

&�#5$�6���*"D�6��+ MA#5����H��@�*�()*4-5��%6���)0�'0%
���4,�,*/�4-5g� ��B*����$'0%-D*&�����$ "1�>�;
 ��$*;-5���>6;�C1��1�0/5&V54AC�-,!�5��!5+!��>�)0�"�#�1�0/5
F/3�� ���H/+����C1�"�#$���%&�"��g�F����&�#5&1� /@-,!�5
,�#5 +/5�/C������/(��D5���H/+����C1�����&�#5H1�����-,!�5,�#5 
���"�/F,����C1�"�#$�-,V!-,!�5H1��/+�/C�H%*;-5$����H/+&��
�/�-,!�5�������$�"!��"�,$�/�)+, 1��A5<A5��%),6�E"�#H%
=+;�/(&V5&D+ ��������/(��D5���H!�,�C1�>�;+�4AC�'$;�;-,��+
-�H�1�$�MA#5U0*-('"�"�# D;$ !�-,!�5$��.�0 "1�>�;���
H!�,�C1�+;�,�%(("!-MA#5������A#5>��0�,h����"�#=+;�/( ��$
��,$>6;��G#-5H��$����$�-/*�����&V@�&�,g�,>��%(("!-
�;-,$�� �$G#-����,(�"�,(�/(�%((-G#�h '*!$�$V0 !����
05"D�"�#&V5HA5H1�����"�#H%*;-5$����--�'((4��+"!->�;
��%�,/+'0%-,V!>���2iE�5G#-�=4"�560.�&*�E"�#�1���+ 
H�� ��$&1� /@4-5���--�'((�%(("!-H!�,�C1�>�;
��%�,/+"�#&D+HA5=+;$����.A�B���H/,���" �� *!�5 h <V�
�1�$���%,D�*E>6;  )+,>�6!�5��0� 20 �k"�#U!��$�$����
F/3���������*!�5h �FG#-'�;�?@������� !�"�#��$�%&$"�#
'";H��5 (Global Optimum) )+, Goldberg [9] =+;�0!��<A5
����� !� ��$��$�%&$4-5�?@��*!�5h $��������.A�B�
)+,"/#�=� 3 ���� G- 1.  ����  Calculus "1�=+; )+,�����
����+�,�4-5p?5�E6/#�'0;�>�;�"!��/(.V�,E 2.����Enumerative 
Schemes �����������"�#H%�� 1�*-(=+;H��HD+"D�HD+>� 
Search Space '0% 3. ���� Random Search Algorithms 
�����������"�#$�FGC�q��4-5���&D!$�0G-�>�*-�*;�4-5
��%(������0/5H���/C�H%$���%(����� MA#5����'��"�5"�#
"1�>�;���+���0V!�4;��� 1�*-(4-5�?@�� )+,=+;$�UV;.A�B�
'0%F/3��H����+��������� !�"�#��$�%&$>�$!h���+4AC�$� 
�6!� ���� Simulated Annealing ���� Genetic Algorithms 
'0% ���� Differential Evolution ����*;� MA#5>����.A�B�
�%(() �54!�,"!-H!�,�C1��".(�0�$G-5 H/5��/+� �&��� E 
=+;$�UV;.A�B���%,D�*E>6;��������� !���$�%&$>��V�'((
*!�5h�FG#->�;$V0 !�"!-"�#>6;��%�,/+"�#&D+'0%,/5-,V!>��5G#-�=4
"�5+;��60.�&*�E+/5*���5"�# 1  

����6�
� 1  ���.A�B���4��+"!-"�#��$�%&$4-5) �54!�,
"!-H!�,�C1�H/5��/+� �&��� E 

UV;.A�B� ������� $V0 !�"!-  
(0;��(�") 

H1����@(2533) Trial & Error 38.321 
-1���H(2537) Newton - Raphson 33.775 
���2E(2544) Simulated Annealing 38.125 
-�DF5BE(2548) Differential Evolution 34.246 
 
)+,>����.A�B� �/C5��C=+;>6;����� !���$�%&$+;�,���� 
Genetic Algorithms �!�$�/('((H1�0-5 2�*.�&*�E 
EPANET MA#5����'((H1�0-5&1���/(��� ��%�E"�560.�&*�E
4-5���=�0>�"!- ��$+/� )+,>6;  toolkit 4-5)��'��$ 
EPANET  F/3������)��'��$��4��+"!-"�#��$�%&$"�#&D+   
 
2. Genetic algorithms 
Genetic Algorithms (GAs) ����'((H1�0-5"�5
 2�*.�&*�E'((&)*' &*�  6��+��A#5 )+, Holland [11] 
����UV;(D��(�� GAs �/C�'*�*!�5H���" �� '((�+�$h *�5
"�#�!� GAs H%>6;��/&4-5 !�F���$��*-�E>�����x�(/*���� 
'"����>6; !�F���$��*-�E)+,*�5>������ 1�*-( )+,>6;
 !����#$*;��0�,h MA#5 GAs &�>H�F�,5p?5�E6/#���y��$�, "�#
*;-5���H%�� !���$�%&$�����0/� '0%&D+";�,�P G- GAs 
>6;�0/�4-5 ��$�!�H%����>����&G( ;��� !���$�%&$ MA#5
�!-�"�#H%"1�U!����%(����� /+�0G-�*�$�0/�4-5 GAs 
�/C�H1�����"�#H%*;-5U!����%(����� 3 -,!�5*!-=���C G- 
 
2.1 ���F�>�7������ �G  (Chromosome Encoding) 
���<-+��/&��G-���=+;$�MA#5) �)$)M$  ����4/C�*-�"�#H%
���#$'�;�?@��)+,>6; GAs >����<-+��/&�/C�H%4AC�-,V!�/(
&g�F�?@�� "1�>�;�V�'((���<-+��/&) �)$)M$$� ��$
'*�*!�5�/�--�=�*�$�?@���/C�h )+,>����.A�B���C=+;=6;
���� Value Encoding MA#5>6; !�H1�����*P$>��V�4-5 id 4-5
"!-���� !�*/�'"�4��+4-5"!-(��HD>�,��4-5) �)$)M$ 
'"����>6; Binary Code ��G- Gray Code ��G#-5H��5!�,
*!-���--�'(('0%>6;��0� 1���2=+;��+��P���!�>�4/C�
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���&0/(*1�'��!54-5,�� (Crossover Operator) '0%4/C�
+/+'�05,�� (Mutation Operator) 
 
2.2 ������ 	�
����(Initial Population)  
���������%"1�4/C�</+=��0/5H���0G-��V�'((���<-+��/&
) �)$)M$=+;'0;� �!-�"�#H%�4;�&V!��%(�����4-5 Genetic 
Algorithms ��%6���"�#���+H�����&D!$ (Random) �FG#-�1�
��%6����4;�=�>���%(����� >����&D!$H%*;-5&D!$>�;=+;
H1�����"!��/(4��+4-5�D!�"�#=+;�1���+=�; )+,"�#,/5=$!$����
&�>H !� ��$��$�%&$4-5'*!0%) �)$)M$ 
 
2.3 ������
�5������ �7 �
�  
) �)$)M$"D�*/�H%*;-5$� !�MA#5(!5(-�<A5 ��$��$�%&$"�#
H%F�H��2��!�&$ ���1�=�&G(&�,F/��DE*!-��G-=$!&$ �� 
+/5�/C��$G#-'"� !�,��=�>�&$�����y��$�,  ) �)$)M$'*!
0%*/�H%'&+5<A5U00/F�E"�#=+; (fitness) "/C5��C-�H�����F�,5
 !�"�#����=�=+; '*!-�H=$!>6! 1�*-("�#+�"�#&D+�P=+; H���/C�
4/C�*-�*!-=�H%����4/C�*-�*�$��%(�����4-5 GAs MA#5
�0�,�'((��� /+�0G-�"�5���$6�*�4-5 Charles Darwin 
 
3. ���>
���������������������������� (GA 

Operaotors) 
GAs "1�5��)+,>6;�0/�4-5 ��$�!�H%����  +/ 5�/C �
��%(����� /+�0G-�)+,�0/�F/��D���$ "D�4/C�*-�H%<V�
 �( D$=�;+;�,�0/� ��$�!�H%���� ) �)$)M$"�#+�"�#&D+H%<V�
�0G-�>�; 5-,V!>� Generation </+=�  ��$�!�H%����
+/5�0!��$�+/5*!-=���C probability of selection, probability 
of crossover '0% probability of mutation <V��1���+4AC�
'*�*!�5�/�=�*�$�0/����*!-=���C 
 
3.1 ���
�����>����� (Selection Operator) 
������%(����� /+�0G-�) �)$)M$"�#>�; 1�*-("�#+���!�H%
-,V!�-+>��D!�</+=� MA#5>����.A�B���C>6;���� Tournament 
Selection )+,������C) �)$)M$"�#+�"�#&D+�/C�H%6�%<A5 2  �/C5
'0%<V� /+=�-,V!>� generation *!-=� 2 */� &!��) �)$)M$
*/�"�#',!"�#&D+H%'F; 2  �/C5 '0%H%<V� /+--�=� <;������� 

random H/( V!) �)$)M$���+H/( V!) �)$)M$"�#$� !� fitness
�"!��/� *;-5"1���� random >�$! +/5g�F"�# 1 
 

 
<���
� 1 ���H/+"1� Tournament Selection 

 
3.2 ���
�������0���7
�����2R
 (Crossover Operator) 
����4/C�"�#&1� /@$��-��4/C���A#54-5�?@@���%+�BqE��%�g" 
GAs ��C ���0%�0,��G-=$!"1���� crossover H%"1�>�;���
�x�(/*���� GAs =$!=+;U0 ��G-=$!-�H���,��!����� GAs =+;
*!-=� )+,$�*/� �( D$ G- probability of crossover 
)+,"/#�=�$� !�-,V!>�6!�5 0.5 <A5 1.0 MA#5>����.A�B� �/C5��C=+;
>6;���� Crossover �0�,*1�'��!5 (uniform crossover) )+,
'*!0%,��H%"1����&D!$�!�H%"1����'0���0�#,�,����G-=$!+/5
g�F"�# 2 
 

 
<���
� 2 �V�'((4-5��� Crossover )+,���� uniform 

crossover 
 

3.3 ���
>�>�	��2R
 (Mutation Operator) 
����4/C�*-�"�#,��<V���/(��0�#,�+/+'�05>�;U�+'U�=�H��
) �)$)M$F!- '$!)+,&�C��6�5  g�,>*;��� �( D$4-5 
probability of mutation +/5g�F"�# 3  *1���(�5�0!$H%>6; 
number of mutation per chromosome '"�MA#5&�$��< 
converse =+;+/5��C  
 
Probability of mutation   = Number of Mutation per 
chromosome / Gene Length           (1) 

 3 41% 

 1 34%  3 41% 

 4 15% 

 2 10%  4 15% 

 1 34% 

 1 34%  2 10% 

 3 41% 

 4 15%  3 41% 
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<���
� 3 */�-,!�54/C�*-����+/+'�05,�� 

 
H�����.A�B���C'�����#$=+;>6;�������+/+'�05,��)+,����
Modified Uniform Mutation MA#5 !�,��H%<V���/('�;)+,
 !� 5"�# G- 1 �FG#->6;>������/(4��+"!-���������/("�0% 1 
4��+ '*!F(�!��$G#- Generation $� !�$��4AC� ��$�!�H%
����"�#H%+/+'�05,��$�$������ ��$*;-5��� HA5=+;�1�
'�� �+���+/+'�05,��)+,���� Non-Uniform Mutation 
)+,��/(��0�#,�H�� !�"�#+/+'�05,��>�;�;-,05���� !� ��$
�!�H%����>����+/+'�05,��$� !��;-,05����4/C�h*�$
*���5"�# 2 
 
����6�
� 2  *���5 !� Probability of mutation '((

4/C�(/�=+ 
Generation �D!�"�#  !� Probability of mutation 

(Pmutate) 
0-2000 Pmutate 

2001-3000 Pmutate*0.90 
3001-4000 Pmutate*0.80 
4001-5000 Pmutate*0.75 
5001 4AC�=� Pmutate*0.70 

 
H���/C�"1�MC1���%(�����"/C5�$+H���%"/C5$�) �)$)M$"�#+�
"�#&D+MC1��/� 1500 �D!� )+,g�F"�# 4 '&+54/C�*-������ !�
��$�%&$+;�, GAs 
 

 
<���
� 4 'U�U/54/C�*-����"1�5��4-5 GAs 

 
4. W>>5����6����3� ��	 EPANET 
EPANET ����)��'��$"�#>6;H1�0-5F�*����$���=�0 '0%
 D2g�F�C1� >�"!- ��$+/� F/3��)+, United States 
Environmental Protection Agency (US EPA)  &�$��<
��%,D�*E>6;>������� ��%�E60.�&*�E4-5�%((H!�,�C1�'0%
5����5'U���/(��D5�%((H!�,�C1�=+;�0���0�,  =$!$�
4;-H1��/+���#,��/(4��+4-5) �54!�,"!-H!�,�C1� �-�H���/C� 
EPANET ,/5$� toolkit  MA#56!�,>�;UV;F/3��)��'��$&�$��<
�1� ��$&�$��<>����H1�0-560.�&*�E���=�0>�"!-
 ��$+/�'0%���H1�0-5 D2g�F�C1�4-5 EPANET $�>6;>�
���F/3��)��'��$��%,D�*E&1���/(5��*!�5 h =+; �6!� ���
��/(�"�,('((H1�0-5-/*)�$/*� '0%����� !���$�%&$ 
����*;� )+,���>6;5�� Toolkit &�$��<.A�B�=+;H�� V!$G-
MA#5�4�,�)+, Rossman [10] 
 

&D!$��%6��� 

 1���2 !� ��$��$�%&$'0% 
 !� ��$�!�H%����4-5��� /+�0G-� 

 /+�0G-�'0%�1�H/+) �)$)M$ 

&D!$H/( V!) �)$)M$ 

&D!$*1�'��!5"�#H%"1����&0/(*1�'��!5 

&0/(*1�'��!54-5,�� 

&D!$+/+'�05,�� 

) �)$)M$$� !�  
��$G-��/� �(*�$H1����"�#�1���+=�; 

H(4/C�*-� (U!��"D��5G#-�=4'0% !���$�%&$"�#&D+) 

F�$FE) �)$)M$"�#+�"�#&D+ 

H(���"1�5�� 

=$! 

>6! 

Selection 

Crossover 

Mutation 
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5. ������W>>��>>���5����Z������6����� � 
�/*<D��%&5 E4-5���--�'((�%(("!-) �54!�,H!�,�C1�  G- 
�����4��+4-5"!-"�#��$�%&$ )+,>6; !�05"D�*#1�"�#&D+ '*!
,/5-,V!>�g�,>*;4;-�1���+"�560.�&*�E >����.A�B� �/C5��C
.A�B�'0%F/3�� !���/(���������4;-H1��/+(Penalty 
Function) )+, !�<!�5�C1���/�H%�;�$��� ;���>�"�."�5"�#
����=�=$!=+; H1��/+ 1�*-(>�;-,V!>�4-(�4*"�#����=�=+; 
������� G-�F�#$ !���/( (Penalty cost) >�;�/( 1�*-(>+h "�#
=$!����=�*�$&$���4;-H1��/+ )+,&$����/*<D��%&5 E '0%
&$���4;-H1��/+4-5�?@�����--�'((�%(("!-) �54!�,
H!�,�C1�$�+/5��C 
 

5.1 � �����0F�	�
���3 

Minimize cost = ∑
=

n

i
ii Ldc

1

)( + CPi                 (2) 

Subject to : 

ΣQin  -  ΣQout   =       Qe                                    (3) 

∑
=

∆
loops.no

1k
kH             =        0                                     (4)  

 dmin ≤ di  ≤  dmax ;  i  = 1 to no. of pipes            (5) 

Pmin ≤  Pi  ≤ Pmax ;  i  = 1 to no. of nodes            (6) 

Ppump   ≤  Ppumpmax ;       (7)  

Hmin ≤  Hi  ≤ Hmax ;  i  = 1 to no. of nodes           (8) 

Vmin  ≤    Vi   ≤   Vmax  ;  i  = 1 to no. of pipes         (9) 

HLi  ≤  HLmax  ;  i  = 1 to no. of pipes                (10) 
�$G#-     n       = H1����"!->�) �54!�,  

c(di)  =    �� �*!-��A#5��!�, ��$,��4-5"!- 
di      = 4��+.V�,E�0�5"!-  

           Li      =  ��$,��"!- 
          CPi    =       !���/(���������4;-H1��/+ 
          Qi      =      -/*�����=�0>�"!- 
          Vi      =       ��$��P�>����=�04-5�C1� 
          Pi       =       ��$+/�"�# node 
          Ppump =       ��$+/�"�#� �G#-5&V(�C1� 
          Hi      =       ��$&V5�C1�H���%+/("�#�1���+ 
          HLi   =       ���&V@�&�,F0/55��>�"!-  

&$��� (3)  '&+5�����"�5$�0 )+, Qin  '0% Qout  G-
-/*�����=�0�4;�'0%--�H��HD+�!�$ *�$01�+/(  Qe  G- 
 ��$*;-5����C1� (��2�"�#���� !�(��) ��G- ���$�2�C1�=�0
�4;� (��2�"�#���� !�0()  &1���/(&$��� (4) '&+5�����
-�D�/�BEF0/55�� �/#� G- U0��$4-5���&V@�&�, ��$+/�>�
�5�-(>+ h �"!��/(.V�,E   &$���"�# (5), (6), (7), (8), (9) 
'0% (10)  G-4;-H1��/+"�560.�&*�E �/#� G- 4��+
�&;�U!�.V�,E�0�5"!- (Discrete size)   ��$+/�4-5�C1�>�
'*!0%HD+�!�$ '�5+/�&V(H!�,�C1� �%+/( ��$&V5�C1�>�'*!0%
HD+�!�$  ��$��P�4-5�C1�>�'*!0%"!- '0%-/*�����&V@�&�,
F0/55��>�"!-*!-��)0�$*� *;-5-,V!g�,>*;4-(�4*"�#�1���+   
 

5.2 � ������	������TU�TV
�?�1����> (Penalty Function) 
>����F/3��&$��� Penalty Function >� �/C5��C =+;>6;
'�� �+4-5&$���4-5 Abebe and Solmatine [6] '0%
4-5-�DF5BE [4] ����FGC�q��'0%��/('�;>�;��$�%&$ MA#5$�
��,0%�-�,+&$��� Penalty Function "�#=+;F/3��4AC�$�
+/5*!-=���C 
 
 5.2.1 ���7����������2�R� R�����������0�3�2Y�Z

��5[3�R����7
>Z7?���	������TU�TV
�?�1����> ��������Y
23 
 
                          CPi = 0        (12) 
 

5.2.2 ���7����������2�
�����1��2
����R� R������
�����0�3
?�2���������
\��R����7
> Z7?���7
>���	������
TU�TV
�?�1����> >��� ���0��\	
R� 

 

  

















−

××=
−

=
−∑

min

,

1
min

max

)(

j

mn

i
ij

ji CS

CSCS
CRCP    (13) 

 
5.2.3 ���7����������2�
�����1��2
����R� R������

�����0�3 �����������
\��R����7
> Z7?���	������TU�TV

�?�1����> >��� ���0��\	
R� 
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
















−

××=
−

=
−∑

min

,

1
max

max

)(

j

mn

i
ji

ji CS

CSCS
CRCP    (14) 

 
)+,"�#   
CPi =  !���/(���������4;-H1��/+ 
Rj  =  !�&/$��%&�"���<!�5�C1���/�4-5�5G#-�=4
"�560.�&*�E"�#F�H��2�=+;'�! �0D!$ ��$+/��C1�'0%'�5+/�
� �G#-5&V(�C1�(R1) �0D!$�%+/( ��$&V5�C1�(R2) �0D!$ ��$��P�
>�"!- (R3) '0%�0D!$ !����&V@�&�,F0/55�����=�0 (R4) 
Cmax   = �� �"!-"�#'F5"�#&D+*!-��A#5��!�, ��$ 
                            ,�� x U0��$ ��$,��"!-"/C5) �54!�, 
CSi =  !�60.�&*�E"�#F�H��2� 
CSj-max =    !��5G#-�=4"�560.�&*�E"�#F�H��2�$�� 
                            "�#&D+"�#,-$�/(  
CSj-min =    !��5G#-�=4"�560.�&*�E"�#F�H��2��;-, 
                            "�#&D+"�#,-$�/( 
n,m = H1����HD+�!�$'0%H1����"!- 
 
)+,g�F"�# 5 '&+5'U�U/54/C�*-����"1�5��4-5)��'��$ 
GAs Optimal Pipe Size '0%g�F"�# 6 'U�U/54/C�*-�>�
��� 1���2"�560.�&*�E)+, EPANET Toolkit *�$01�+/( 
 
 

 
<���
� 5 'U�U/54/C�*-����"1�5��4-5)��'��$ GAs 

Optimal Pipe Size 

 *��H&-(�5G#-�=4"�560.�&*�E 
����=�*�$4;-�1���+��G-=$! 

Start 

�/(4;-$V0 Input  
'0%�5G#-�=4"�560.�&*�E 

���#$"1������� ��%�E  
Sensitivity 

"1����&D!$4��+"!->�'*!0% POPSIZE 
 �FG#-���� Generation �D!�"�# 1 

H1�0-560.�&*�E���=�0>�"!-
)+, EPANET Toolkit 

Penalty Cost = 0 

 1���2 Total Cost = Actual Cost + Penalty Cost 

 >6! =$! 

'&+5 !� Total Cost, Actual Cost, Penalty Cost, Graph 

"1�4/C�*-� GA Operators 

END 

 1���2 Penalty Cost 

H(4/C�*-������� ��%�E  Sensitivity 

��,5��4��+"!-"�#+�
��$�%&$"�#&D+'0%4��+
"!-"�#<V�"�#&D+'*!=$!U!��

��2iE 

>6! 

=$! ) �)$)M$$� !�  
��$G-��/� �(*�$H1����"�#�1���+=�; 
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<���
� 6 'U�U/54/C�*-�>���� 1���2"�560.�&*�E)+, 

EPANET Toolkit 
 
6.  ����� �>���W��������
����	 
>����"+&-( �/C5��C=+;"1����"+&-()��'��$����,(�"�,(
U0���.A�B�) �54!�,�%(("!-H!�,�C1�4��+�0P� 2 Loop 
4-5 Alpcrovits and Shamir [7] '0%) �54!�,�%(("!-
H!�,�C1�4��+�0�5 Hanoi 4-5 Fujiwara and Khang [8] 
'0;�HA5�1�$�>6;5���/() �54!�,"!-H!�,�C1��".(�0�$G-5 
H/5��/+� �&��� E MA#5�&�-)+,H1����@ [2]   
)+,>�"�#��CH%4-'&+5g�F���>6;5��)��'��$�/() �54!�,
"!-H!�,�C1��".(�0�$G-5 H/5��/+� �&��� E ��G#-5H��$�
��,0%�-�,+�/('0%*/C5 !�)��'��$ �("D�p?5�E6/#� �$G#-���+
)��'��$H%'&+5��;�*!�5�0/� MA#5-��(�,���>6;5��
)��'��$ (+Vg�F"�# 8) �$G#- 0�� Worksheet Open & Set 
H%F(�$�V��,����� �"!--,V!"�5+;��M;�,$G- �$�V�/( !�

'0%-!��=p0E EPANET -,V!*�5�0�5 '0%�$�V Set 
Parameter (R1-R4) '0%�$�V Set Constrain -,V!"�5
+;��4��4-5)��'��$ (+Vg�F"�# 9) �$G#-*/C5 !�'0%�/( !�
*!�5h���,(�;-,'0;� H���/C��0G-� Worksheet Run & 
Display �FG#-�0G-�4/C�*-�"�#H%>6;>���� 1���2 42%
��%$�0U0)��'��$H%'&+5���p ��$&/$F/��E�%��!�5
 !�05"D� �/( generation (+Vg�F"�# 10) '0%�$G#-&�C�&D+���
��%$�0U0H%'&+5��,5��4��+"!-"�#��$�%&$"�#&D+>� 
Worksheet Best Report  (+Vg�F"�# 11) ��,5��4��+"!-"�#
<V�"�#&D+'*!=$!U!���5G#-�=44;-H1��/+"�560.�&*�E >� 
Worksheet NC Report '0%��,5����%�/*�$V0 !�"!->�'*!
0%����/�'*!0% �/C5>� Worksheet History  )+,H%'&+5
��%�/*���� 1���2��Sensitivity R, Sensitivity PXOVER, 
Sensitivity Pmutate, Sensitivity POPSIZE  
 
6.1 �������2�
�����1��2
����
�>��]� 2 Loop 
) �54!�,"!-H!�,+/5�0!����%�-(+;�,"!-H!�,�C1� 8 "!-  HD+
�!�$ 7 HD+  '0%$�'�0!5H!�,�C1�  G- -!�5��P(�C1� (+Vg�F"�# 7) 
&1���/(��� 1���2���&V@�&�,F0/55��>�"!->6;&$���4-5 
Hazen-Williams )+,>6;&/$��%&�"��� ��$4�D4�%�"!��/( 
130 '0%4;-�1���+"�560.�&*�E4-5) �54!�,"�#>6;"+&-( 
=+;'�!  ��$+/��C1�>�'*!0%HD+�!�$=$!�;-,��!� 30 �$*� )+,
$�4��+"!->�;�0G-� 14 4��+ +/5�/C�) �54!�,��C&�$��<
--�'((=+;"/C5�$+ 148 = 1.47 * 109 �V�'(( 
 

 
<���
� 7 ) �54!�,"!-H!�,�C1� 2 Loop 

 

"1�����M"4��+"!-"�#=+;H��'*!0% 
Generation )+,>6;p?5�E6/#� 

ENsetlinkvalue 

-!��=p0E Input 4;-$V0) �54!�,"!-)+,
>6;p?5�E6/#� ENopen 

"1���� 1���2 !�60.�&*�E*!�5h
>�"!-)+,>6;p?5�E6/#� ENsolveH  

"1���� 1���2(/�"A� !�60.�&*�E*!�5h>�"!-�FG#-
���,�>6;>�g�,�0/5)+,>6;p?5�E6/#� ENsaveH  

"1�����/( !�60.�&*�E*!�5h>�HD+ 
Node )+,>6;p?5�E6/#� 
ENgetnodevalue  

"1�����/( !�60.�&*�E*!�5h>�"!-)+,
>6;p?5�E6/#� ENgetlinkvalue  

End �0/(&V!)��'��$�0/� 

Start 
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<���
� 8 g�F��;�'��4-5)��'��$ 

 

 
<���
� 9 g�F Worksheet Open & Set >6;&1���/(�/( !�*!�5h4-5)��'��$ 
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<���
� 10 g�F Worksheet Run & Display >6;&1���/('&+5�����%$�0U04-5)��'��$ 

 

 
<���
� 11 g�F Worksheet Best Report >6;&1���/('&+5U0���--�'((4-5)��'��$ 
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��G#-5H��>��5G#-�=4"�560.�&*�E�1���+F�H��2��F�,5 !�
 ��$+/��C1�-,!�5�+�,� >����"+&-()��'��$HA5�� !�
��F�% !� R1, PXOVER, Pmutate '0% !� POPSIZE "�#=+;
H��4/C�*-������� ��%�E ��$-!-�=��4-5��%(�����
 /+�0G-�)+,�0/�F/��D���$ (Sensitivity Analysis of GA 
Operators) F(�!� !�F���$��*-�E"�#��$�%&$&1���/(�?@��
��C G- R1=0.50 PXOVER=0.50 Pmutate = 0.09375 '0% 
POPSIZE = 100 *�$01�+/( )+, !�05"D�"�#*#1�"�#&D+ $� !�
�"!��/( $ 419,000 MA#5*�5�/(U0���.A�B�4-5 Alpcrovits 
and Shamir [7] 
 
6.2 �������2�
�����1��2
����
�>������� Hanoi 
) �54!�,"!-H!�,+/5�0!����%�-(+;�,"!-H!�,�C1� 34 "!-  
HD+�!�$ 32 HD+ $�����6G#-$*!-'((�5�-( 3 �5 $�'�0!5H!�,
�C1�"�#$��%+/( ��$&V5 100 $. "�#$�,-+��$ ��$*;-5����C1�
�"!��/( 19,940 $3/6$. '0%$�'�0!5H!�,�C1�  G- -!�5��P(�C1� 
(+Vg�F"�# 12) &1���/(��� 1���2���&V@�&�,F0/55��>�"!-
>6;&$���4-5 Hazen-Williams )+,>6;&/$��%&�"��� ��$
4�D4�%�"!��/( 130 '0%4;-�1���+"�560.�&*�E4-5
) �54!�,"�#>6;"+&-( =+;'�!  ��$+/��C1�>�'*!0%HD+�!�$=$!
�;-,��!� 30 �$*� )+,$�4��+"!->�;�0G-� 6 4��+ +/5�/C�
) �54!�,��C&�$��<--�'((=+;"/C5�$+ 634 = 2.87 * 1026 
�V�'(( 
 

 
<���
� 12 ) �54!�,"!-H!�,�C1� Hanoi 

 

��G#-5H��>��5G#-�=4"�560.�&*�E�1���+F�H��2��F�,5 !�
 ��$+/��C1�-,!�5�+�,� >����"+&-()��'��$HA5�� !�
��F�% !� R1, PXOVER, Pmutate '0% !� POPSIZE "�#=+;
H��4/C�*-������� ��%�E ��$-!-�=��4-5��%(�����
 /+�0G-�)+,�0/�F/��D���$ (Sensitivity Analysis GA 
Operators) F(�!� !�F���$��*-�E"�#��$�%&$&1���/(�?@��
��C G- R1=0.80 PXOVER=0.50 Pmutate = 0.0220588 
'0% POPSIZE = 100 *�$01�+/( )+, !�05"D�"�#*#1�"�#&D+ $�
 !��"!��/( $ 6,081,086.96 MA#5*�5�/(U0���.A�B�4-5 
Fujiwara and Khang [8] 
 
6.3 �������2���1��2
���������� ��� 1��7��>
�������3 
) �54!�,"!-H!�,�C1�+/5�0!����%�-(+;�,"!-H!�,�C1� 79 "!-  
HD+�!�$ 76 HD+  '0%$�'�0!5H!�,�C1�&-5'�!5  G- </5&V5H!�,
�C1� 1 '�!5'0%&<���&V(�C1�  1  '�!5 (+Vg�F"�# 13) &1���/(
��� 1���2���&V@�&�,F0/55��>�"!->6;&$���4-5 
Hazen-Williams )+,>6;&/$��%&�"��� ��$4�D4�%�"!��/( 
140 '0%4;-�1���+"�560.�&*�E =+;'�!   ��$+/��C1�*#1�
"�#&D+'0%&V5"�#&D+"�#,-$>�;>�'*!0%HD+�!�$ �"!��/( 10 �$*�  
'0% 60 �$*� *�$01�+/(  &<���&V(�C1�"�#HD+�!�$"�# 76 H!�,
�C1�+;�,'�5+/�=$!���� 30 �$*� �%+/( ��$&V5�C1�*#1�"�#&D+
'0%&V5"�#&D+"�#,-$>�;>�'*!0%HD+�!�$ �"!��/( 10 �$*�  '0% 
135 �$*� *�$01�+/(   ��$��P����=�04-5�C1�>�"!--,V!
�%��!�5  0.30 <A5 1.50 �$*�*!-����"�  ���&V@�&�,F0/55��
���=�0>�"!- =$!����  10 �$*� *!- ��)0�$*�  !� Peak 
factor �"!��/( 1.5  $�4��+"!->�;�0G-� 9 4��+ +/5�/C�
) �54!�,��C&�$��<--�'((=+;"/C5�$+ 979 = 2.4 * 1075 
�V�'(( &!��4-5)��'��$�/C��1���+>�; !�U0*!�5"�#,-$�/(
=+;�"!��/( 0.00005 ���#$*��H&-() �)$)M$"�#+�"�#&D+MC1��/�
�$G#-U!��=� 2000 �D!� )+,>�;MC1��/� 1500 �D!� HA5�,D+���
 1���2�-(�/C�h )+,���#$ 1���2>�4/C�*-� Sensitivity R 
�� !� R1-R4 "�# !����#$*;��"!��/( 2 ��/(0+05 �/C50% 0.5 MA#5
H%$��-(��� 1���2�"!��/( 44 = 256  �/C5 )+,>6;� �G#-5 
Pentium 4  ��$��P� 2 GHz  1���2 >6;��0� 2.5 �/� MA#5<G-
����4;-�&�,-,!�5��A#54-5���� GAs 
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<���
� 13 ) �54!�,"!-H!�,�C1�4-5�".(�0�$G-5 H/5��/+

� �&��� E 
 

>����"+&-()��'��$�� !� R1-R4  !� PXOVER  !� 
Pmutate '0% !� POPSIZE "�#=+;H��4/C�*-������� ��%�E
 ��$-!-�=��4-5��%(����� /+�0G-�)+,�0/�F/��D���$ 
(Sensitivity Analysis of GA Operators) F(�!�
 !�F���$��*-�E"�# ��$�%&$&1���/(�?@�����--�'((
�%(("!-H!�,�C1�4-5�".(�0�$G-5 H/5��/+� �&��� E  G- 
R1=0.5 R2=0.5 R3=1.5 R4=1.5 PXOVER=0.50 
Pmutate = 0.009375 '0% POPSIZE = 100 *�$01�+/( 
)+,$� !�05"D��"!��/( 32,883,948 (�" MA#5<G-�!�-,V!>�
��2iE"�#�!�F->H �$G#-����,(�"�,(�/(U0���.A�B�4-5 
H1����@ [2] -1���H [5]  ���2E [3] '0%4-5-�DF5BE [4] >�
*���5"�# 1 
 
7.   ��� 
H�����.A�B������4��+"!-"�#��$�%&$)+,���� GAs �/C�
F(�!�����0G-�>6;�V�'((���<-+��/&) �)$)M$+;�,
�V�'(( Value Encoding ��$�%��!����>6;�V�'((���
<-+��/&) �)$)M$+;�,�V�'(( Binary Encoding '0% 
Gray Encoding &!������0G-�����4/C�*-�+/+'�05,��)+,
>6;���� Modified Uniform Mutation �!�$�/(������/( !� 

Probability of mutation '((4/C�(/�=+ )+,>6; !� 5"�#>�
���+/+'�05,���"!��/( 1 "1�>�;&�$��<��4��+"!-"�#
��$�%&$=+;+���!����>6;����  Modified Uniform Mutation 
�F�,5-,!�5�+�,� >�&!��4-5���F/3��&$��� !���/(���
������4;-H1��/+ (Penalty Function) =+;F�H��2� !���/(���
�������5G#-�=4"�560.�&*�E 4 �5G#-�=4'�! �5G#-�=4+;�� ��$
+/��C1�'0%'�5+/�� �G#-5&V(�C1� +;���%+/( ��$&V5�C1� +;��
 ��$��P�>�"!- '0%+;�� !����&V@�&�,F0/55�����=�0  
)+,��%,D�*EH��&$��� Penalty Function 4-5 Abebe 
and Solmatine [6] '0%4-5 -�DF5BE [4] MA#5U0���.A�B�
��2� �%(("!-&!5�C1�'(( 2 Loops '0%�%(("!-&!5�C1�4-5 
Hanoi =+;�� � !�05"D��"!��/(U0���.A�B��+�$4-5 
Alpcrovits and Shamir [7] '0% Fujiwara and Khang [8] 
*�$01�+/( &!����2��%(("!-&!5�C1�4-5�".(�0�$G-5 
H/5��/+� �&��� E F(�!��� � !�05"D��%(("!-&!5�C1�-,V!>�
��2iE*#1���!�U0���.A�B��+�$"�#U!��$� -,!�5=��P*�$
4/C�*-������� ��%�E Sensitivity 4-5 !� R1 - R4 )+,���
��� 1���2 256  �/C5 MA#5>6;��0�>���� 1���2$��<G-����
4;-�&�,��%�����A#54-5���� GAs  '0%*;-5$������H/,��
�������0+��0�>���� 1���2*!-=� 
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