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 � ?�	� 9� ?��� 1�	; �� �)b � ��)* 6�  � (��!� 6���/�� ��

 �� 1�)&��,% ,� g& �4pq	��  -���� 1��2/� ��)* 9�4 ��� �� ��
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�� �=> � +�� ���� 6��>

 9�4 N,�� �� �&, ����C� �:!�� �� (=
 �	I �� -�+��4 \! � 

+�	7 (� "�!� (:;�:  

  

i

ii
i

d

XX
x

)(2 −
=  

  

 �S&�	I ��iX ���� (C>�� ?,�+�� i� �I	��� "	!����&� �� -� 

iX 3!&�< � ��� J	=� 3!Q��!�iX � id ��� J	=� "�!� �:;�* 

 3!&�< �iX+'7�� (�]l �r .[ D@� ��!�� (/!;�
 9�&c< "����

 (/>� (/!;�
 3!'
 �� J�I � 6�� G��< �&�� J�I R�U/�� 9���

5��� 0	� �� "% (0,0,0…,0) |��&��� D!4� "���� Ŷ �!!B  

+'S!�� . �	Z'� �S'&� �!�� ��RSM �!�� �� � 6�� 9,�� �'!@� 

 ,� �c� 6�� -	:C��� �&��,% 9���� ,� �$> �'!@� �=�� "�S� �S'&�

 ?��2/�� ���� ���% �� �� "��S& (/>� ��+/�� -��  �� �� (��I

 �	)!� .  

��+�� 9���� 0+� 3&�%4.972 =R  ) ���A+'
  3!!C  \&�W (

 3!!C  \&�W �� 0�� �$ �� 0+� ,� 9�/)!�77.4 % �$ �� 0+� �& � 

 3!!C  \&�W �� ����/� #���� �� 0��  86 % 3!'e�4 � 6��

9����=1.162 MSE)  �=
 ��c�� 3!Q��!� ( 0+� �� "% ,� 9�/��

9�4 �=
 ��c�� 3!Q��!� ��4.98,7.5  +7�� (�   .&�@��I ,� (S 9

 6�� 95��� \��� J�I � -�� �$ �� 0+� N,��� 9��� �/*� ��S�

 (:��� ,� 6�� 1��$�  J�I 3&�2
k )  0	�C� ���� �� ?+7 9+'� +�

p± ( z�F�� ��2k9�	F� �=�� ) ±α ,0 ,0 …,0 (�  )0,±α , 0 …., 

���� ���� 
]�� TW�  

( +) 

��$�( TW�  

) O(  

 62! 
��
 N297 �(�� �W7)mm(  39 38.938 

 62! 
��
 �;��� �W7)mm(  39 38.938 

 �;-7 ,��� ������)kg.m(  0.7 0.4 
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��!$� 
�;;2&� ���6��� ���5 $6� � M$�$&�� N�      6   ���9�+     ?DFIO 6;3 C?O ,��2) P 

0 ( �  ....�)  0 ,0 ,….,0, ±α ( � nc   ���� ��+C 95��� ) , 0... 0 , 

0 ,( 6��  .  

\��'� R�U/�� �� 95��� \��� J�I α  �	)!� �&c< "����  . ��+��

α J�I (:��� �U� �� ���� ��+C  �� �/���� 9�&c< "���� 9��� 

 R�U/�� �� a>�� �� 6��4
1

)( fn=α \��� J�I �� �	)!� -	:C� 

 "% �� �� 6�� �&c< "���� 95��� nf �� ?+7 ?��2/�� ���� ��+C  

J�I (:��� �U�6��  . ����� 3&� ��i ���> (���� ��	� ���� 

6�� �/*�A.  ���7 (:��� �U� 3&����'�= 2
3
 = 8 nf  6�� �=��

 ��+�� |<α J�I 9�&c< "���� 9���  = (8)
1/4 

= 1.68α 6�� .

 ������+C  R�U/�� �� "�	/!� �� 95��� \��� J�I �Q&� ��	


 95���nc��� 0�/'�  . 6��� R�U/�� ��ncJ�I "�	/!�  \��� 

 "% ,� "�	  (� �& 6
�� +��C/� �� 95��� 6>� �� (��I& 6
�	'S

��� 6���]pq[ .  

 6>� �� (��I ���&� 9��� 95��� ���� ��+C  ����� 3&� ��

�6
�	'S& r6�� ?+7 �/*�A �Z� �� �=��  . ���� � J	=� ��+�

 9��� 95���� 9�	F�i0�+� ��  � ?+7 ��f \!��  q �U)� 

6�� ?+7:  

=N  ��+C  +��C/� J�I 1�)&��,%)(:��� J�I(� 6818.14 == Nα  

  
 B�63C.�
�� a�/! � V�W� ��6:0��4� � 0��� 0Z�� �B�� '��( �   

  
Y.!� ��+Q b�c$[  

?,�+�� �S'&� �� ��	  �� ,� (S& ��
 ���� ���/)A ��+�� 9�!A

(� -���� "% .�/�	� +'&%�* 3!� �� 6�� ( �!:�� 3&� �� � �	7

 ���+� �	�� ��^	� ���	� ��+��!!B  ��F:� #
 �>	  "�S�� 0T


��&c< (� 1�	; ?�Q)&��,% �� �Z� ��	� �&��,%  �c� . -���� N��

d'&+� �&��,% 1�dU)� �� +�� ���� � (<	  �+/�� �� 6�� 1�	

 ?�Q)&��,% +��� ��!/
� �� � ?�	�� �!@  ��$�� +��� ,� �� �Z� ��	�

(� ���>D!4�) . �dU)� �� +�� ���� � (<	  9���α � α � �!�� �� 

 6��7 �� �@�% 6
�� 6��	
�� �+/�� ( �C=> 3!'
 3/7�+� �	��

(� ?��� ?+�,��� 6
�� ,� |< � �	7 +��� �� �&��,% -���� 6@

(� 0���� ?�Q)&��,%���A .(  

< 3&�/�@� ,� (S& �� 67�� ��	  +&��! � �&5�  �U� 9�4,�!� �

�&��,% -���� "�	� (*��d  �9���% �!:F (� �4+7�� . �	Z'� 3&+�

�&��,%  +!'� ��* 0�+� 1�	; �� �4r ?+7 9��cA ?���7 

+'7�� . 3!� (*��d  �+� L& 0��p �  pw(� ��!/
�  3&� �	7

���� ����� ��	7 -���� D4�,	� �&��,% �� (���, �  +'&%�* . 3&� ��

 1�	; �� 9+!�	  (*��d  ��+�� �����t � w � q � pw � pp � i � v 

 �l � r � pr � pu � u � pi � py � pq � p � pv � pl � pt(�  -

�&��,% -���� \! �  9��� "% ,� �� +'7���	
 ?��2/�� �4+7 +4 . ��

 ?���7 �&��,% �� 0��� "�	'�p �dU)� �� p� � p� � p� �=> 

 (:2> ?�@� ���/)A � +�� ���� (:
�� �=> �+�� ���� 6��> (<	 

3!O�< �� �� �4M=� 3&�  �!B/� ��+�� |�� �/*�A �Z� �� "�7

?,�+�� �� G��<D!O��� (� 9�!A .�&��,% �!:� 9��� �� ��� 3&� �� �4

 ?���4r � 95��� �=�� t9�	F� �=�� )(�	���!< ((� ����D!O��� .

?��� 9�4 �&, 0�+�) 0�+�i( ��
 ���� ���/)A ��+�� ) �!B/�

G��< ((� "�)� ��+'4�.  
  

 B�63D .��+Q <��d\�$'��( ,6) ,68��� *+�� � [  

  

H. �����/�9� ���� �  

�� �� (Q/�$�4 \&�W �$��F� �� ��	  ��(& #�	  �4�!B/�      

��5*� -�� MINITAB14 �� "�	  (� (Q/�$�4 \&�W "+7 �2; �

 "�	� ��/��i��� (< �!B/�  .��W& �� ?+7 _��U/�� (Q/�$�4 \

 0�+�l+�� ?+7 �O��� ..  

Coded level )( ix  

 Upper level (+) Center Lower level (-)  
 

α  ? K ?O  α−  Un coded value Effective factor 

iw,yqp iw iv,wtw iv,wiv iv,wptw 
1X mm) ( <	  �=>(+�� ���� 6��>  

iw,yqp iw iv,wtw iv,wiv iv,wptw 
2X mm) ( :
�� �=>(+�� ����  

y,v y,u y,rr y,l y,i 
3X kg.m) ( :2> ?�@� ���/)A( 

Coded  variable level  ����	 ������

 ��	 
��
)Y (   

)kg.cm(  3x 
2x 1x 

 ,��2)

[$��+Q 
Run 

9 
7 

12 

9 

18 

7 

23.5 

11 

6.5 

21 

19 

6 

7 

12 

9 

8.5 

9.5 

8 

9 

-1 
-1 

1 

1 

-1 

-1 

1 

1 

0 

0 

0 

0 
α−  

α  

0 

0 

0 

0 

0 

-1 
1 

-1 

1 

-1 

1 

-1 

1 

0 

0 
α−  

α  

0 

0 

0 

0 

0 

0 

0 

-1 
-1 

-1 

-1 

1 

1 

1 

1 

α−  

α  

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

16  
3 

6 

8  
9 

1 

12  
7 

2  
14 

5 

15 

13 

18 

10 

19 

11 

17 
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 B�63P.�U $%�9e28 G�  

  
F.2� ��6�B6�   

 �&, �=��� ,� ?��2/�� �� 9��,% ���� L& �� (A+!�
 1�C��� Y	���

�	7 (� 3!!C ]pp:[  
  

  

CF

CFCF

ا	���
nn

yynn
ss

+

−
=

2
)(

  

 "% �� ��Fn � (:��� J�I ���� ��+C  Cn 95��� ���� ��+C  

� +'7�� (�Fy � Cy � (:��� ���� 9�4���� #�	/� \! �  �� 

+'7�� (� 95��� ���� .����� 9�@W�* a>�� �� (A+!�
 "	�,% % �� 

 +'� (� "	�,:  

0:
1

0 =∑
=

k

j

jjH β  

0:
1

1 ≠∑
=

k

j

jjH β  

�&, 0�+�  �� ?+�% 6�� �� m&�/� �� ��	  ��)0�+�t (�� 3&� � 

22.124,1,05.0 =F � 
4,1,05.0

*
FF > �� �2; ��* ��!/� �� � 

���� �	�� (A+!�
 0+� �� ('C& �	7 (�.  

  
 B�63L.;4����� �$f!�  

  F MS Df SS 1��!!B  a$'� 

32.75 1 32.75  (A+!�
)�'F��( 
  

100.77 0.325 4 1.3 �=
 

2

1

)(
C

C

i

i yySSE −= ∑
=

       �   8.8=
C

y �   0625.12=
F

y �   5=Cn  �  823 ==Fn 

1−= C��� ndf  

  
 B�63Y .;4����� �$f!�  

  
  
  
  
  
  
  
  
  
  

  
I.0���Q ��;4� � 
$�c�   

� 0+� � J�I 9���% m&�/� ��5*� -�� #�	  ?+7 N,��� "	!��ASAS  �

 ?+7 ?+4�)� �'���< ���	��)ei (G��< �!B/� �&���� ����� �� �� 

 �S7i0���� 0��/�� ���	�� �Y �S7 �� l ��5*� -�� #�	  

MINITAB14 6�� ?+7 �O��� . 0�+� ��t ��* 9�@�	�,% m&�/� 

��% ��&��� {&�I ,� ����/� � (:;� 1��^� �	�� �� �	���?�F* �    

      72.611,1,05.0 =F 0�+� �� � ?+&��A �$��F� u 1�dU)� 

 6�� ?+7  �O��� ?+7 N,��� 0+� G��< �!B/� �� �	��� .  

  
  

 *��� ('C� 

05.0=α�72.611.1.05.0 =F  
  

3x 
2x 1x

 
�%�9e28 G$�U 

0       0     1       
1x 

0       1     0       
2x 

1    0   0  3x 

Fpr > F value Standard error coefficient DF Variable 

0.0003 *
26.69 0.66472 3.43428 1 

1x 

0.0002 *
30.80 0.66472 -3.68932 1 

2x 

0.0282 *
6.37 0.66472 1.67830 1 3x 

0.0220 *
7.10 0.86811 -2.31250 1 

21 xx × 

0.5303 0.42 0.86811 0.56250 1 31 xx × 

0.7257 0.13 0.86811 -0.31250 1 32 xx × 
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��!$� 
�;;2&� ���6��� ���5 $6� � M$�$&�� N�      6   ���9�+     ?DFIO 6;3 C?O ,��2) P 

_  

  

 B�63H .;4����� �$���� � f!����� ��0���	 ������ ���	 
��
   

  
  
  
  
  
  
  
  
  
  

  

?K. '��( ��Z�� ������� B6� Y 

+7�� (� �&, 1�	; �� ��
 ���� ()
�
 ���/)A "	!��A� 0+�:  
  

21321

2

3

2

2

2

1

312.2678.1689.3434.3

237.03.1743.1802.8

xxxxx

xxxY

×−+−

++++=  

  

??.�W� f!�$��� �����  

 (� +&�� �4 ?+��� +'7�� ���>�� �4 ?�&c< � +7�� 6��� 0+� �A�

 G��< �!B/� �:��,� 9�Q&� �!B/� }!4 �� 3!'e�4 � +'7�� ��/
��

+'7�$� �/���� .���< ���	�� �� ��	  �� �&���� ����� �� �=
 �'

 ?+7 ('!� �!<)�S7i(+'/�4 |��&��� D4 �4�=
 �.  

  

Fitted Value

R
e
s
id
u
a
l

252015105

2

1

0

-1

-2

  
�=)D . ,6) ,68��� [�
��( ����2!)ei ( �$��/� ���/� ��

'��( ��Z��  
  

 �O��� 0���� 1���/�� ���	�� � |��&��� �!:F  � �&5�  �� ��	  ��

 G��< �!B/� �� � ?+7  Y (:;� 1��^�1x ,2x, 3x�  ����/� �^�

 (&� �� 21 xx × ���� ()
�
 ���/)A�� �^	� ���	� "�	'� ��

+���cA (� �^� ��
  z	* �^	� ���	� #�	  "	!��A� 0+� �c� �

���A (� N,���.  

  

?C.B6� N$�-
 �����   

!� �� 0���� a&,	  9���� �4 �=
 �S'&� ��* �� �� +'7�� �2; 3!Q��

 �!$7 ���	�� 3&�  �� ( �	; �� �4 ?+��� 0���� 0��/�� ���	�� D��

��� (< 0+� 6&�2� �� "�	/!� +7�� D!�/�� #
 L& )�S7l(.  

Residual

P
e
r
c
e
n
t

210-1-2

99

95

90

80

70

60

50

40

30

20

10

5

1

  
�=)P. ��Z�� 0��� �8 ,6!�� B���! B�2�:� 0� 
W/! ����2! 

'��(  

  

?D.
���� X��3  $ ����Q N�6�   

� �'!@�  R�	� "���% 6�� �� 9��� G��< ����C� ?+7 N,��� 0+& �

 ������ �:X�� L& 1�	; �� �� ��
 ���� ()
�
 ���/)A "��4

 3/*�A �Z� �� �� �� 0	$> ���> R�	� L& � �/7	� (W�&� 95&�xi � 

i=1,2,3  3!� ?+7 9��cA+� 9�4 �!B/� "�	'� ��1 �-1 6�+� 

(�D&��%.  
  

?O?D.
;J9� �U�$� 0�$� 
��!�� �;
 <��5   

� ��	  �� ?,�� �� (/�&�� (� ��
 ���b ���/)A "�5!� �k'&� �py � 

t,r  kg.cm   �� "% (W�&� 95&� ������ 0+� �c� ����A �'!)!�  

(��	�� ��	��* �&, 1�	d� "�	 :  

21321

2

3

2

2

2

1

312.2678.1689.3434.3

237.03.1743.1802.8max

xxxxx

xxxY

×−+−

++++=

  
s.t:  

11 −≥x 

12 −≥x  

13 −≥x  

11 ≤x  

12 ≤x  

13 ≤x  

Fpr > F-value Mean square 
Degree of 

freedom 
Sum of squares source 

0001.< 59.57 69.2484 7 484.7391 Model  

            1.1625 11 12.7872 error 

   18 497.5263 total 

Coefficient  of  correlation (
2R ) ,0.974298 

Coefficient  of  determination (adjusted 
2R ) ,0.9579 

Coefficient  of  variation ,9.662939% 
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xxxxx

xxx  

  

 B�63F. ��!$��+Q g$ <��GA  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
  
  

 ��5*� -�� #�	  �� ,� |<Lingo(� �;�� �&, 9�4 R�	� +�	7:  
  
  

mmXx 992.3875.0 11 =⇒=  
 

mmXx 992.3875.0 22 =⇒=  
 

mkgXx .65.065.0 33 =⇒=  

 ?+7 ('!� �!< G��< ?,�+��)��
 ���� ()
�
 ���/)A( #�	  

 ��5*� -��Lingo :  

cmkgY .10ˆ =  
  

?P. ��!" #�$��%&� +� ,��-��� �� 
;J9� 0+�� 
����   

 -�� ,� ?+�% 6�+� R�	� "�	� {:=� (���� 6@� 6��> 3&���

 ��5*�Lingo(� ?��2/�� L!/�. D/&�	Q�� ,� ��	7 .  

 0�+�v "�)� �� L!/�. D/&�	Q�� �:!�� �� ?+�% 6�� �� m&�/� 

(�+4� .�'!@� ���� 3!'e�4 9� �� L!/�. D/&�	Q�� �:!�� �� ��

 0�+� �� ?+�% 6��w a��  9��� ?+�% 6�� �� N,�� ��&���  � 

��5*� -�� � L!/�. D/&�	Q�� #�	  V+4 Lingo  0�+� ��py "�)� 

6�� ?+7 ?��� . 0�+� �� ?+7 �O��� 9�4 R�	� ��&��� ,�py �� 

 ��F�  #�	  ?+�% 6�� �� R�	� �� "% ��+�� "�	� L&�5�

	Q�� �L!/�. D/&�(� ?+7 �O�� �'!@� R�	� "�	� {:=� �� "�	 

 ��5*� -�� #�	 Lingo 6*�& 6��.  

  

 B�63I .Z������� �0��� 0�� 
W/! ���� 
�� 
;GA  

  

 B�63?K .�8 '��(0��� ,6�Q N�6� 0�� 
W/! ��� 
� 
�� 
;

GA � lingo  

 

?L .�!�� 
c��0  

         ̂	�� ���	� 3!!C  � (���� 3�W ����� 3&� ��      ���/)�A "�5�!� �� �

     ���	� 3&� ����	
 ��
 ���� ()
�
)        ����� 6���> (<	�  ��=>

 0���� 0�8 ��Z�� ) ,6) 6
( 
��3� ���+ <6� 

��6!+��� *+��  

)( Z 
3x 

2x 1x 

��3� ,��2) 

3.5469  
3.5781 

3.5000 

3.5469 

3.5938 

3.5625 

3.7813 

3.7500  
3.6094 

3.6563 

3.7813 

3.5000 

3.6563 

3.6250 

3.5625 

3.7031 

3.6406 

3.6719 

3.5625 

3.5781 

9.9992 

9.9992 

9.9974 

9.9940 

9.9970 

9.9930 

9.9933  
9.9920 

9.9946 

9.9956 
9.9893 

9.9945 

9.9993 

9.9998 

9.9974 

9.9988 
9.9982 

9.9952 

9.9967  
9.9964 

0.7156 

0.0412 

-0.0619 

-0.7910 

0.3972 

0.9628 

0.6573  
0.9965 
0.5669 

-0.1261 
0.5261  
0.0681 

0.0286 

0.1262 

0.0960 

0.8690 

0.6122 
0.6798  
0.4818 

-0.5740 

0.0452 

-0.1950 

0.5383 

-0.9798  
0.4596 

0.2673 
0.6745  
0.5224 

0.5034 

-0.5512 

-0.1275  
-0.7046 

-0.6783 

-0.4517 

-0.0336  
0.0626 
0.7743 

0.6520 

-0.4694 
-0.3370 

0.0062 

0.0888 
0.8081 

-0.5256 

0.5673 
0.0732 
0.6286 

0.2982 

0.5272 

-0.2395 

-0.0729 
-0.5219 

-0.4656 

-0.2333 

0.2315 

-0.0766 

0.7335 

0.5989 

-0.4549 

0.1511 

1  
2  
3  
4  
5  
6  
7  
8  
9  

10  
11  
12  
13  
14  
15  
16  
17  
18  
19  
20 

9.9998 Max 

9.9960 Mean 

Uncoded value Coded value 

3X 
2X 

1X 
3x 

2x 1x 

0.57 38.96 38.96 0.126 -0.452 -0.233 

GA optimization Lingo optimization 

9.9998 10 Y 
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� ����� 
���� ����� ������ ����� 
���� ����� ����� ����	 ����������� ����	 �����������          ...          ...�� ��./��� ��./�����0011  �23�23��4&�564&�56��765 765 ��!�!��� 1 1�� 
�+���� 
�+��$$624��624��00 �  � ��8 �9:��8 �9:00��( ��(         C??  

  

��!$� 
�;;2&� ���6��� ���5 $6� � M$�$&�� N�      6   ���9�+     ?DFIO 6;3 C?O ,��2) P 

        (:2> ?�@� ���/)A � +�� ���� (:
�� �=> �+�� (     D!�Z'  9	�F� ��

���A �'!@� G��< �!B/� "�5!� �� +�+&��A .  

                (�I �^	�� ����	� 9�	�F� � 95���� ����� � 3!&��< � ��� J	=�

       cA �$> 1�F2; �� "% J�7 �� ( �)&��,%        ��� ���	  ��� � �O��� 67

 ��+����P-value 6��!�4� M=��� �α=0.05  (:��;� �����	� -����  

321 ,, xxx    ����/� �^� �21 xx ×    �!U) �^	� G��< �!B/� 9��

 +�+7 ?��� .         3/7�� 6:� �� ?+7 �O��� -�� �$ �� 0+�MSE   ��!��� 

           �� �&����� 3!�'e�4 � \��'� 3!!C  \&�W "�5!� � 3!&�<    ��� 0���

     |��&��� � �2; 3!Q��!�&      �!;	  9��� ($��'� 6&�2� 9���� "��S

   +7�� (� �4 ?��� . 0+� L& �� L�� �� �^	� ���	� "�5!� ����� ��

             (�I ?+��% 6�+� �&���� 0���� ��� �$��F� (=
 �!P 95&� ������

&  "�5�!� (�:�� �&��,% L      ���
 ����� ()�
�
 ���/)�A10.5 

kg.cm � VT/
� �� +�% 6�+� 5!
� 5 ('!� �!< ��+�� �� 9+;��

 ���� ?+7 .           "% ��+��� "�	�� L&�5� ��F� �� �;�� R�	� 3!'e�4

 5!� {:=� �'!@� ��+�� L!/�. D/&�	Q�� #�	  ?+�% 6�� �� R�	� ��

+7�� (�.  

  
M����  

]p [�9�!�� �	d��.��(>T)>  �!��. �9��4 �(^��	!�. �" (���I ������

G��< �&�� (��'7 N��� 1�)&��,% �� �*+4 +'
 9�!A D!�d  � 

(2!� 9�4 �dU)� �	$@� ) �)� +'&%�* 9���� 9��	� 1�C��=�

+&��< \�� �!Q:A z��plpL!/�T< {&�5  9�!A \��> +'&%�*� ( �

)pivr(� ('* �&�)�) (�:��()4��< ( "��@  ?�Q)���. 

  
]q [0	�� �x�'����	�.�"  9��� D!�d  a��  "���% 6�+� 9��� (7�� �O���

�'!@� G��< M=� N�� �� �U��< +'
 9,��  " ��!$��!�� 9 �:��

 9 ?���7ty-�� +:� �  �pivv.  
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