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PSO-SVM model for pipe bursting diagnosis of water supply
network
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Abstract According to the actual water pressure monitoring data of water distribution network, a particle

swarm optimization (PSO) algorithm is introduced to reverse the Hazen-Williams coefficient of water

pipeline. The pipe bursting is simulated by adding virtual nodes in the middle of pipeline, and then the

hydraulic simulation model of pipe network under the condition of pipe bursting is established based on node

pressure method. A set of water pressure value corresponding to different combinations between bursting

point and bursting degree are calculated by hydraulic simulation model, and the calculation results are

further used to train support vector machine (SVM) model. PSO algorithm is used to optimize the kernel

parameters of the SVM model. And then the bursting pipe fault diagnosis model is established basing

on PSO-SVM method. Finally, the effect of the diagnosis model is verified through model experiment of

water distribution.
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1 ÃÅÄÆ­Ç­È®É¯Ê­È­Ë­Ì­Í­Î®Ï¯ÐUÆ­ÇUÑ­ÒUÓ­ÔUÕ­ÖU×­ØUÙ
,
Ê­È­Ë­Ì­Ú­Û­Ü­ÝÞ�àß­á­âã�àä­åUæ­ç

. è­é­êë­ì­í­î­ï­ð­ñ­× �­ò­ó­ô­ó Ê­õ­ö , ÷­ø­ù Ç­ú­ûÞ�@ü­ý­þ­ÿ­Æ­Ç����������­î­ï­Û����­ð���	�
�� .��
��
, ��� Æ­Ç­È®É SCADA (supervisory control and data acquisition, ��� ��������� �­� )

×��
� �­Ó��

,
Î®Ï¯Ð������������� �!�"�#�$�%­×­È®É ó�&�'�( õ­ö­×�)�* [1−2], + ×­Í�,�-�.­×�/�0­Ê­È­×

(�1 , 2�3�4�5�6 � ò�7 , 8�9­ô�:�; .
$�< ��=�> ì + × ,

����?­×�@�A��­õ­ö�B�C�0
. Mounce[3]

C�0�<
D� ­È®ÉFE�G���H�I�J�K­×ML ôUó�&U�­	 ,

� � H�I�J�K�@�AÞ� ��N ���MO �MP îZÉRQ ,
��S 8�T ×­â�U�VÑ­Ì­ý (�1 × '�( . W�X�Y�Z [4]

Ö
2000


 C�0�<�D� 
BP P î®ÉFQ­×­Æ­Ç­È®É¯Ê­È�[�\�] '�( H�^ , _ õö�`�a�b��­È®ÉFc�S�� ��& [­×�d�e ��f�g Ì­ý (�1 , h�i <­Æ­Ç­È®ÉFL ô�'�( )�*�j�k­×�l�m . n�o�p �qFr Z [5−6]

� P î®ÉFQ�@�A ÷ Ê­È�V­Ñ f�g ,
C�0�<�s�t �

3 u­ø [­×­Ç�S�d�e­× ��& �M� , o�v Ì­ý (
1­
­ø [­×­Ç�S�d�e�w 7 ×Mx�yUÜ�z � , {}|F~�� Ì­ý­Û��­× (�1 � Ì­ýU× �M� �UÌ­ýUä­åM��� . ��� ���
�������

: 2010-06-02�������
: ����������������� (E200800353); ���������������� �¡�¢ (2007121)£�¤�¥�¦
: §�¨�¨ (1985–), © , ª�«��� �¬ , E-mail: nameislnn@126.com; ­ ��® (1969–), © , ¯�° , ±�«�¬�²�³ .
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Á
[7]
C�0�<�D� �Â�Ã}Ä ;�Å (SVM)

×­Æ­Ç­È®É �­ò Ì­ý f�g ×�H�^ ,
� ! o�v­�­ò���& Ì­ý�Æ�Ç­Æ­Ç­È®É

3 u­ø [­×­Ç�S�d�e 
 È®É |RÈ�É ×�xMy­ÜMz � , Ê�Ë­÷ Ç�S�d�e�� Z�T y�E�Ì , ��= -�.�Í�Î�Ï f�g 0­Ìý (�1 �­Ì­ý ��� .
D� ÷���&­�­�­�­ò ��� � ×�����V­Ñ f�g , Ð C�Ñ­Ê­È f�g ×�Í�Î­ÜÞ� �­ò Ü .!MÒU×M)M*MÓM� � ×M�M�M�UÍ�Ô]ÇM�MHM^ NMÕM~ 0U× ,

ÔR �MÖ ÈM×U× Y�Ø -
ÁMÙMÚ � � ZMÛ �U×MÜÎ ' Ü , Ý�~�Þ�ß�à�á�â�N­ò ×�� � ×­È�×­Ç�� Û ��Ó N�Õ 0­×�ã�ä 
­��Ö ð­ì '�å�æ ,
ð ò�ç s å�æ�è â .ÊUÈ fMg ØUÙMéMêUÍUìUí 6 ØUÙ , éMë ØUÙ ÷Mì Ä NMÕ HM^U×MíMÎ �M� xMîMïMð ,

�UðMÜMñ ' ×MòM[ , óMìÄ N�Õ ×�ô å�õ â , ö�Ð�÷�ø�ù�ú�û . ü Ð p�ý [6–7] | Ó o�v × f�g H�^ , þ Í�D� ­Ì­ý�ÿ�#��­× ��& [­ÇS T­
 x ��& [­Ç�S T w 7 ×�����z � , ��÷­��=���& [­Ç�S T­
 f�g ã�ä (
Ê�[ (�1 � Ê­È ��� )

w 7 ×�`a����
, � 	������ u È®É¯×­Ç�S Z�T y�/ � Ì­ý�[­×­â�� (�1 , 	 ÔF �Ó o H�^ |F��& [­×�� ;�
­÷�õ t ,��0 T $�Ó­ð ����&­ø [­Ç�S�d�e T ,

Ì�� _ H�^�Ó�
 ù ×­Í­ì u Ô 9���� Ñ ���M7 ×���� , { ���­â�<�H^­×�Ü�Î ' Ü .é p�� � ��� V������ Õ ö [8] 6�� Æ­Ç­È®É Y}Ø -
Á�Ù�Ú����

C T , � � � Ç�� N�Õ H�^ ~�� Ó ��N
Õ õ�� (

Ü��­Ê­È�[Þ� Ü��­Ê���� � ×����Uõ�� ),
� ø [­Ç�S­ö N�Õ�
 �­õ��­× ��& [­ÇMS�dMe T ,

Ö é D �w�c o�v D� � V�Â�Ã}Ä ;�Å (PSO-SVM)
×­Æ­Ç­È®É¯Ì­ý f�g H�^

, Ê�Ë Ó o f�g H�^�! =­÷ Æ­Ç­È®ÉÊ­È�H�I­×�" & f�g .

2 #%$%&%'%(%)+*-,-.+/-0-1+2-3-4+#-5-6+7-0-&+'-*-8
9�:�;=<?>�@�A�B�C�D�E�F�;=<?G�H�I�J� 

, K F�;=<?L�M�N�O�P�Q�R�S�T�U�I�V�W�X�Y . Z\[�] ;=<I�>�@�H�^�_�`�a�b
, c�d=e?f�g�h�i�j�k�l�m�n ` (Hardy-Cross

`
) oqp�r >�s�` o Newton-Raphson

` ot�u�v�w�`
, x�y�z `�{�|�}�_�` , ~=�?p�r >�s�`�� x�������� I�������� n�� , ����j������ , ���������I�� r ,
R�����P p�r >�s�`���J�� , ��� ;���>�@�� ��������  ;�X�Y�¡�I�>�@�C�¢�£�M�¤=¥ .

2.1 ¦�§�¨�© - ª�«�¬�­�® C ¯�°�±²=³
- ´�µ�¶�·�� C

F�;=<?>�@�H�^�C�D � I�¸�¹�º�W�� � , »�¼ L�M � ;���I C ½�¾�¾�� G�H�¿�ÀÁ ½�x ¸�Â�Ã�Ä , Å�Æ Ã�Ä ��Ç ,
a � � x ¿�È�u , É�]�Ê�Ë >�@�A�B�I�Ì�Í�Î�Ï�¸�Â�Ð�Ã . Ñ�Ò ,

W�Ó�>�@
H�^�C�D�Ô�Õ���Ö�× ��Ø�»�¼�Ù�Ú ,

V�Û � ²=³ - ´�µ�¶�·�� C
£�M ��� .

����Ü Á�Ý�Þ�ß�à�á ^�` � ;��I ²=³
- ´�µ�¶�·�� C

£�M i���� ,
��â � v�ã�_�`���ä���å [8].

2.2 æ�¦�ç�è�é�¯�ê�ë�ç�ìí � ²=³ - ´�µ�¶�·�� C
I ��� Ì�Í�9�: l�î � Ú ¡�I�>�@�H�^�C�D ,

Ï Ò J���ï ,
À Á G�ð�ñ p�r I_�` ��  ;�ò�ó�¡�I�;=<?L�M�C�ô�£�M�C�¢ .

2.2.1 õ�ö�÷�¯�ø�ùú�û ñ p�r ,
F�ü�Ï�ý�þ   ;�ÿ�R�I�;���ï�G�ð�¸�¹�ñ�¢ p�r ,

Á�� ñ�¢ p�r������� �r ,
����Â�� É� ñ�¢ p�r ��ñ p�r .

Ï	��Ô�ý�þ   ;�ÿ�R�;�� ��
 G�ð�¸�¹�ñ p�r , � G É � p�r	
�p�r�m�n � 0, �	�
��Ò ;	� ��  ;�R�S , �	� ,

ñ p�r�h�m�n	��Ç , �	�	��  ;	��O ��Å . �	� ñ p�r I	� 
 F	�	�	�	� .

2.2.2 �	��ö�÷�ê	�	��¯�æ�¦�ç�è�é�¯�ê�ë�ç�ìJ	�
Matlab � b	�	� i J	� p�r >�s�`�I�H�^��	� .

Ï�>�@�H�^�C�D � , �	 Ï	!�G�I�ñ p�r	
	"	#
p�r�m�n	���	$ }�ÿ�R�C�ô�£�M�>�@�C�¢ . %	& :

!�Â�;	�
P
ý�þ	'	(�ÿ�R

, � Ï	�	� �?� ;	� P � Ü�Iñ p�r j 
 (
ñ p�r j ) '	(	*�ð ) +	,	-	.�p�r�m�n�½ Qj (Qj ) �   ;�I	'	( n ), ��� � ;	��ý�þ	'	(I�ò Ú £�M	/�Ü�I�;=<�0�Ã , 1	2�� ;=<   ;�ò�ó�¡�I�>�@�C�¢ .

3 354 PSO-SVM 0%4565758:9:;+*-,
; < � m�< I�> m ��= m , > W ��? ��>�s ��m�n�
 I�@ · , A ; < �CB ¹�;���ý�þ�'�D ,

;FE m�n�+ý�þ�È	G
, H a �	I >�s�I	/�Ü�È	G ,

>�s�È	G	/ ��m�n È	G � �	J�K , »�¼	L >�;=< � >�s n	M	2 � �	N ,R�À Á >�s�È	G�T�U   ;	*�ð�ã   ;	��O . O �	P	QSR n Þ (SVM)
C�D�Ô	T	U	��×	V	W x�y	X ��X�Y�¡�IY �	Z	[	\	]�t�u Ø	^	_	` , ��~ ^�`�v�w�ï�F	a	b Y ��I ,

R����	c Á	� C�D�9�:   ;�R�S�T�U�C�D .

3.1 d	��æ�¦	e	f�¯ SVM ç	g
SVM

F�J	�	h�H	i�v�w�I ���	j	k=� I�¸�l	m	n�o , p	�	 Á E�q	r � Â	��I	]�t�u�È	s +	t	��u	
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È	s	��¸�¹	�	��I u	
 ,

Ï É ¹	�	� u	
=���	�	t	� È n ã t�h È n	�	
 I�¸�}	]�t�u Ø	^ @ · . É	� P  ; [�����M�r >�s�È�G ½ � t�� ,
P ��Ø�  ;�I�*�ð�Q   ;���O�I�C�ô�� t�h 9�: Y ����� P�Q�R n Þ CD

. ~ J�� � v	����ä���å [9].

  ;�T�U SVM
C�D�I t	����� �   ; [	��$	��M�r >�s�È	G ½ ,

� i	�	��n	� I	�	� , g �	P	QSR nÞ I ���	� O�ã	� M	� O ,
í �	t	����� I Y Ç�½ ã Y ��½��	t	����� £�M l�� G 
 v , +	t	������l	� G�

[0, 1].��å
[6–7] � ú 9�T�U�C�D�I t�h���� � ú x ] �	M�p�r I�>�s ½ ,

W�T�U h�  ;�ÿ�R�I	*�ð , ���	�
h	� ¹�;=<?I�>�s�{ ½ t	� , � Ô	�	�	��Â   ;	*�ð�ã   ;	��O ,

a �SO ��¸	� Ù�Ú ¡ �	M�p�r���n��	� ;< p�r	��� W	  Ë | ,
R�ï	¡���å � I�T�U Ø	^ C�D�¸	��� “

 S¢?|
”
I�C�D

,
s�b � ,

F N � u	
 ¢��	� u

 I Ø	^ C�D , O � t�h�n � ��� | ,

��Ô	£	¤ #	_	` I	¥	¦�u .����¢	�	� +� �r *�ð�ã   ;	��O���� SVM
I t�h . §	¨ ³�©	ª P � £	« �	�	��  ;�;	�	�	¬ ,

P	­
£	« �	�	��  ;	��O , )	+ SVM

I t�h�p�r Z�� n
¹ �	��  ;	*�ð�I p�r ã 1

¹ �	��  ;	��O�I p�r . [
¨	® ¹ p�r I t�h � {0, 1},

�	¯	° n , �SO n
¹ t�h�p�r � �	� 2n

¹   ;	*�ð ; �	¨ I	± ½	²S³ � [0, 1],�	´	µ n . ¶ T�U	·�Í � v�Ó , ¸�~���Ñ ,
��Ô�F O �	¹	[ t�h�p�r I	± ½ u	º �	»	¼	2 I .

� Ò	+	® ¹  �rI   ;���O�Z�½�¾�¿ , É�X�  ;���O ]FO ��� I�´�µ n�À G���¯�° n ,
a   ;�*�ð�Á���¯�° n , É�X�] ��PÁ h�¸�I	�	¬ �	Â ¡  �r *�ð�ã   ;	��O�I	Ã	Ä�C�ô . Å Ü Á � £	«	�	Æ �	�	$�  ;�C�ô	�	¬ , +�Ò	� £	«�	¬���������T�U�C�D � i	Ç X ��I t�h . +�  ;�C�ô � £	«	È	Æ �	��K	É	N�i T�U�C�D ��t�h�n I	� � .

3.2 �	� PSO ¯ SVM e	f�ç	g�¯	Ê�®	Ë	ÌP	QSR n Þ e�,	Í	Î Ü Á �	Ï�|	Ð	Ñ , Ò a »	Ó	Ô ¥ ,
P	QSR n Þ I	i	Ç�u�Ô�ã Î G�Ô�@ ��Õ r � I��

��x U Ç @ · , Ñ�Ò , x V�W �	Õ r � I�� � £�M��	G . A Ü Á Y �	�	� P	QSR n Þ (LS-SVM
���	Ö

) � c×
RBF Õ r � ¿ , � W��	G�I�� ��x ¹�¹ : gam

ã
sig2. ~=� , gam

F Y �	�	� P	QSR n Þ I l	� G�� � ,W�Â i	Ø Ü�Ð�Ã�I Y � G�ã	0	Ù	��O , sig2
F

RBF
r � I�� � .

����Ü Á�à	Ú�á ^�`
(PSO) � SVM

I	¹
¹�� � £�M��	G .à	Ú�á �	G�^�`

(PSO)
F�¸�}	m	Û�I � G�H�^	n	o , p F O Kennedy

ã
Eberhart[10−11]

�
1995 Ü�g

h I ,
F	V	W	¥	¦��	G _	` I x ·	n�o .

J	�
PSO

� � �	G�I SVM
� M C�D�I � v�F ��� ¸	Ã X � ���Ü Á

PSO Ë � SVM
C�D ��Ý �	G�� � I Y �	V , Ê�Ë SVM �	X � ��� I�¢	Ä	·�Í Y � . ~ ��â »	?	 �

& ¡ :

1)
Ö�Â Ý �	G�� � I	± ½	²S³ ;

2)
Ö�Â��	G ZßÞ , à�� G PSO

^�` � I�} á ¹ � o Y Ç	á È	â � oäã u	å�º oæ#	��î�� {�� � I	± ½ ,Ý�Þ à�� G $ ß�à ( Ý �	G�� � I	��M	V )
I � O�ã	*�ð ;

3) � } á � I $	à�� G ß�à , ç Á P	QSR n Þ �	��H�^ ® ¹�¹�â�I ZßÞ r ��½ ;
í � ZßÞ r ��½	è	é	$ß à I Ø Ü O ½ , + Ò ¿ I $ ß à * ð � � Pbest, H Pbest �ê� � � x Y � Ø Ü O ½ I ß�à *�ð ��� Gbest;

4) �	$ ß�à I � O�ã	*�ð�£�M�Õ	m ,
H�^�Õ	m � I ß�à I Ø Ü�O ½ , + Õ	m � I ß�à�á ã Pbest ��® ¹ß�à I Ø Ü�O ½ £�MSë � ,

± Ø Ü�O ½�� ��I ß�à *�ð����	m�I Pbest,
ë � Pbest

ã
Gbest ® ¹ ß�à I ØÜ�O ½ ,

± � ��I ß�à I	*�ð����	m�I Gbest;

5) �	ì	í	á È	î	ï�X�Y ( Ø Ü ½ Ð�Ã � ��G�Â�I Ø Ü ½ Ð�Ã y O	\ á È	â �	ð	 Y Ç	ñ Ï á È	â � ) �ò	ï
, �	�	óSô 4)

� Æ	ì	í	á È�X�Y��	ï ;

6) +�Ë ��I Y ��� ��½ È � P	QSR n Þ �	��£�M	Z	õ�ã	� M .

4 ö5÷5ø5ù
� i	ú	Ô ï	¡�T�U�C�D�T�U	·�Í ,

Ï	ûSE?9�: i ¸�¹ 2.50m ü 2.50m
I�C�¢�;=<

, & � 1
ú � :

C�D�;
<�ý	þ

9
¹�J j , 16

¹ p�r , 24
X	ÿ�O	Z�Ä��

1m
\

0.5m
I�����;	�

;
;=<�� ³ I�;	�SE���� 0.06m,

E��
;	�SE����

0.05m; O >��	´	�	��;=< p�r 1
I�£�>�;	�	ÿ

2.20m,
E��

0.06m. $�p�r G h >	����C�¢ Á
 Á >
. � ¹�;=<?Ï » ¸�>	0���ï , � ¯�×���
 0.2m,

P�_�� M�n ª ú���� , L >�>����	�	�?Â�����I�>	Ö .

+ >�s �	M�r G�ð�Ï p�r 1 o 4 o 13 o 16
ï

, �	M�r >�s ½ Á M s�; n	M , $�p�r�h�m�n À Á â	q�¿ 
 ` M�n .
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"
1 #�$�%�& ( #�' D (�)�* mm, #�+ L (�)�* m)

4.1 ¨�© - ª�«�¬�­�® C ¯�°�±�
1 ��,�-�.�/	0�$�/ ��� » ¸�}�1�2 , 3 v ~ ²=³ - ´�µ�¶�·�� C ½�4 Ü	/ » , ¶SO � -�.�/	0�/ �ÿ65 �67 ,
b6�68696:6;6< /6=6> 8696:6; ,@?BA6C6D , E6F6G6/6H6I6F6G6/6J6K 5 ,6/6J C L646F6M6G .N�O�P�Q	R�S ,�T , U�V�W�X�Y�Z�[�\�]�T�/	0�-6.�, “ ^�_�`	a - b�c�d�e�f C”, g�h�i�j C L�T�k�lm�8�9�:�;�n�o�p�q�r�s J�]�t�j�u�v�L .

w�x�y�z�s K 0.5m { 1m I 2.2m( | 8�s ) j s J�j�`	a - b�c�d�e�f�}�~�� C1 { C2 { C3. }�~����
11 { 14 ������������� , ��������������X p 3 � 8������ f�� ,

z������
[8] ��j���� y��	��s	����� j

`	a - b�c�d�e�f�|���U�V , Y�Z���� 1 W�� .

�
1  �¡�¢�£�¤�¥�¦�¡�§�¨�©�ª - «�¬�­�®�¯ C °�±

²�³ ²�³�´ µ�¶�·�¸�¹�º�»�¼�½�¾�¶
/cm 0.5m ¿�À 1m ¿�À 2.2m ¿�À·�¸

/(ml/s)
·�¸

1
·�¸

4
·�¸

13
·�¸

16 C Á�Â ½ C Á�Â ½ C Á�Â ½
11 12.09 41.3 32.88 31.05 29.6 48.59 55.14 117.92

14 9.91 59.42 51.86 48.3 50.24 46.22 55.14 126.29

14 11.72 44.02 35.6 30.7 32.7 46.77 63.87 123.92

Ã � s J�j�`	a - b�c�d�e�f�Ä�U�V�Y�Z�j�Å n L , Æ�}�~�� : 47, 60, 123. ��Ç�È�U�V�Y�Z , É�Ê�}�~
������� 5 I 8 Ë���������� ,

� X q5=8.92ml/s I q8=10.99ml/s
y�z j�Ì � � 8�� L ; Í�t�k�`	a - b

c�d�e�f�Î�Ï 8�Ð�Ñ�Ò���� ,
Ñ�Ò ]�Ó�Ô�Õ ��Ö�× 4 Ø�Ì � ��j Ñ�Ò�8�� L , k Ñ�Ò Y�Z�Ù�[ ��8�� L�|��y ? , Y�Z���� 2 W�� . Ú�� 2 ��j y ?�Y�Z�Û�Ü�Ý�� :

Ã Ì � � 8�� j Ñ�Ò L�I�[ � L�C6��Þ6ß , à N Ûá U�V���j�`	a - b�c�d�e�f C L�T�C���â S�ã�ä�x j .

�
2  �¡�£�¤�¥�å�¡�§�æ�ç�è�§�é�ê�ë�ì (cm)

²�³ ·�¸
1

·�¸
4

·�¸
13

·�¸
16

í�î ï ¶�½ ð�ñ�½ ï ¶�½ ð�ñ�½ ï ¶�½ ð�ñ�½ ï ¶�½ ð�ñ�½
q5=8.92 69.00 67.97 64.25 63.06 61.60 62.41 61.70 60.57

(−1.03) (−1.19) (−0.81) (−1.13)

q8=10.99 51.10 49.48 45.14 45.92 42.20 42.29 41.30 9.73

(−1.62) (−0.78) (−0.09) (−1.57)ò
: a óõô�ö q ÷ ·�¸�²�³�´ , ø�ù�ú�÷ ml/s; b óõû�üþý º�ÿ�� ÷ (

ï ¶�½
−

ð�ñ�½
).
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4.2 �����������
4.2.1 ������������������������ Ü��� 1 � s	� ��! , à#"�G�$�%�Ô�Ø�&�Ô�Ø�Ü�] s J�'�(�) s j�*�+�C�, , - N�.�/�0�1 %�2�Ø s
J���3�) s j�4�5 .

w�x  1 ��j 7 Ø s J���6�) s J , 7 Ã�s J	�#8�9�:�;���� ��< )�� , =�Ø�)���}�~/�0
5 Õ�) s�>�? , ( k�=�Ø�)���j�) s�>�? }�� 5 @ ), A Ñ 35 ��B�Ç���C ( h�i�|���j�T�D�E�B�Ç , ��Z

Û�F�) s j s J�f���C�G , |���D�E�B�Ç�H�Ë�����D�$ , Û�I ��J�K 9 Ñ & n�L 9 Ñ B6Ç ). k 35 ��B�Ç��
C�I�M z�Ñ�Ò Y�Z�Ë���M�N ��� j�O�P�Q�R .y

35 ��B�Ç���C�S�2�T�U , !�� : V�2�Ø�)���j�VXWY@�) s�>�? j�T�U�� 1, V[Z\@�) s�>�? j�T�U��
2, ] N�^�_ .

z���` |�a�T�b���� Ã ) s���Ö T�U , k N�` |�a�T�U�Ë���R ��c�d���� �#O�P�Q�R�j�e���f
� . O�P�Q�R�j�e�Ï�f�����) s�f t�Ì � ��j�g � � o L�h�2 oji t�j�f6L ( k�� 3).

�
3 l�m�n�op�q�r�s t�u�ÿ�� t�²�ÿ��

ú�v w�¿�x�y w�¿ ³�´ ¶�¸
1
¶�¸

2
¶�¸

3
¶�¸

4 z�ü {�|�}�~���
6 0.152 0.091 0.07 0.042 1 0 0 0 0 0 1�
8 0.245 0.162 0.138 0.098 2 0 0 0 0 1 0

w ¸ 1 � 10 0.294 0.2 0.175 0.129 3 0 0 0 0 1 1�
12 0.346 0.239 0.213 0.16 4 0 0 0 1 0 0�
14 0.375 0.257 0.225 0.168 5 0 0 0 1 0 1�
6 0.099 0.133 0.078 0.058 6 0 0 0 1 1 0�
8 0.235 0.293 0.21 0.173 7 0 0 0 1 1 1

w ¸ 2 � 10 0.414 0.501 0.383 0.323 8 0 0 1 0 0 0�
12 0.618 0.741 0.581 0.496 9 0 0 1 0 0 1�
14 0.715 0.879 0.67 0.577 10 0 0 1 0 1 0�
6 0.296 0.297 0.275 0.223 11 0 0 1 0 1 1�
8 0.392 0.387 0.368 0.297 12 0 0 1 1 0 0

w ¸ 3 � 10 0.468 0.461 0.441 0.359 13 0 0 1 1 0 1�
12 0.637 0.627 0.607 0.498 14 0 0 1 1 1 0�
14 0.832 0.817 0.797 0.658 15 0 0 1 1 1 1�
6 0.091 0.077 0.075 0.039 16 0 1 0 0 0 0�
8 0.234 0.209 0.223 0.154 17 0 1 0 0 0 1

w ¸ 4 � 10 0.39 0.354 0.386 0.28 18 0 1 0 0 1 0�
12 0.511 0.464 0.519 0.379 19 0 1 0 0 1 1�
14 0.75 0.687 0.766 0.572 20 0 1 0 1 0 0�
6 0.05 0.066 0.034 0.026 21 0 1 0 1 0 1�
8 0.208 0.234 0.192 0.169 22 0 1 0 1 1 0

w ¸ 5 � 10 0.392 0.43 0.375 0.336 23 0 1 0 1 1 1�
12 0.473 0.526 0.453 0.411 24 0 1 1 0 0 0�
14 0.706 0.775 0.684 0.622 25 0 1 1 0 0 1�
6 0.132 0.131 0.126 0.091 26 0 1 1 0 1 0�
8 0.278 0.274 0.278 0.217 27 0 1 1 0 1 1

w ¸ 6 � 10 0.45 0.442 0.455 0.366 28 0 1 1 1 0 0�
12 0.641 0.629 0.653 0.531 29 0 1 1 1 0 1�
14 0.847 0.83 0.866 0.709 30 0 1 1 1 1 0�
6 0.007 0.012 0.001 0.011 31 0 1 1 1 1 1�
8 0.172 0.177 0.172 0.175 32 1 0 0 0 0 0

w ¸ 7 � 10 0.373 0.378 0.381 0.377 33 1 0 0 0 0 1�
12 0.608 0.613 0.625 0.613 34 1 0 0 0 1 0�
14 0.877 0.883 0.905 0.883 35 1 0 0 0 1 1ò

: ô�ö�w�¿ ³�´ ù�ú�÷ ml/s.
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}�~�����7 ����s	� ] 7 Ø�6�) s J	�#8�j���� �j< ) sj� E , k�W � X�j 7 ��B�Ç�f���Ë�� c�d��� j�� � Q�R ,
� "���Ç��#M ����c�d _�Z ( k�� 4).

�
4 ��¡�n�op�q�r�s t�u�ÿ��

w ¸ ú�v w�¿�x�y w�¿ ³�´ (ml/s)
¶�¸

1
¶�¸

2
¶�¸

3
¶�¸

4

w ¸ 1 � 9.8 0.28 0.192 0.166 0.121

w ¸ 2
�

8.2 0.277 0.341 0.251 0.208

w ¸ 3
�

8.2 0.373 0.369 0.348 0.281

w ¸ 3
�

13.8 0.627 0.617 0.597 0.488

w ¸ 4 � 9.8 0.273 0.246 0.264 0.186

w ¸ 6
�

8.2 0.319 0.314 0.32 0.253

w ¸ 7 � 9.8 0.218 0.224 0.22 0.222

�
5 PSO-SVM ��������ë�ìp�q�r�s ï�� w�¿ PSO-SVM

w ¸ ú�v w�¿�x�y w�¿ ³�´ (ml/s)
í�î z�ü ������ 

w ¸ 1 � 9.8 3 3

w ¸ 2
�

8.2 7 7

w ¸ 3
�

8.2 12 14

w ¸ 3
�

13.8 15 15

w ¸ 4 � 9.8 18 19

w ¸ 6
�

8.2 27 27

w ¸ 7 � 9.8 33 33ò
: ô 5 ö ��¡�¢ ö º�ÿ�½¤£ ������  º {�|�}�z�ü�¥§¦�÷�¨§|�} ÿ§© .

4.2.2 ����ª�«¬
PSO ­ o t SVM ®�¯�f : gam= 21; sig2 = 1.502. I � ­ o W�X�j�¯�f , °�Î�Ï�O�P�Q�R y SVMc�d���� |���±�² , ±�²�³�´�t , µ ��¶�����y � � Q�R�|���� � , Y�Z�k�� 5.

Ú�� 5 �#V 4 { 5 ·�j�Y�Z�Û�Ü�Ý�� : ¸�¹�º�U�� 3 { 5 j�Q�R�» , ¼�½�Q�R�j c�d Y�Z�Ù�[�\�) s���Ö
T�U�³�D�M�G . º�U�� 3 j�Q�R�[�\�) s���Ö � 12 ( )�� s J�U : 3, ) s�>�? : Z\@ ), SVM

c�d � ��Ö 14

( )�� s J�U : 3, ) s�>�? : ¾#@ ), '�(�) s j r :�M�G ,
1 T�7�) s�>�? j�¿ x ]jÀ�7j2 xjÁ�Â . º�U�� 5

j�Q�R�[�\�) s���Ö � 18 ( )�� s J�U : 4, ) s�>�? : Ã#@ ), SVM
c�d � ��Ö 19 ()�� s J�U : 4, ) s�>�? :

¾#@ ), '�(�) s j r :�M�G ,
1 T�7�) s�>�? j�¿ x ]�À�7�2 x�Á�Â . h�Ä R#Å " PSO-SVM

c�d�����y�s
� ) s�r :�I�) s�>�? j c�d�Æ�S�>�? T�Û�Ü�Þ�Ç�j .

5 ÈÊÉ
R � 7�3�%�Ë�g s	� ) s E�Ì c�d�Í�Î���� j Å�Ï�i ] , Ð�¹�� × ��| :

1) Ñ���Ë�g s	� ����g � j�[ � f�� ,
z���Ò�Ó�Ô�Ò � (PSO)

y�s	� j�`	a - b�c�d�e�f C L�|���¹
U6V , Õ6WjMjN6jjg Ð6Ñ6Ò6�6� Ù6[6\ s@�B�6�jÖj×jØ v . 7 NjÅjÏji ] , I � 9j:j;6�6�6j6�6� y ) sjÙÚ�× j s	�#Û � ��Ö |���g Ð���< .

2)
z���Ò�Ó�Ô�Ò � (PSO)

y�Ü�Ý�Þ ��ß�¯�f�j�����|���¹�­ o , %�_�à�á�â�¹ SVM �#¯�f�����j�Fã
, ä�È�¹ SVM j�O�P {å� � j�F Ð .

3) 7�Ë�g s	� ) s�c�d j Ü�Ý�Þ ��ß ��� � , ����M�N�æ�j�ç�è�é�e , °���|�¹ c�d���� e���j������
� , [�3�¹�Ì � ��g � � o L�Ù�) s�r :�I >�?�i 8�j�ê�Þ “ ç�è ”,

1�P e�Ï�Ì � ��g � � o L�ë�Û�ê�Þ��� )�� r :�I�) s�>�? . [�Ç�Y�Z�� R R ��ì ��j c�d���� j c�d _�Z�C�� Í�í .
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