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C DFEHGHIKJMLHNHOHPHNHQHR
, SHTHUHVKWMXKYHZM[H\H]K^ , _H`8acbHdKeMfHgHXKhHiMjlkKmlWnHNHoKp

, qHrHsHt oHuHvHw fHbHdKeMfHgHXKhHiMjHkKmHW oHuHxHv , yHzK{M|H}H~ oHuHvH�H� WM�� iMjH�H�H|H� ; �H�M[H\H�K�M}HrH�H�H�KWM� I gH�K�MfHkKmHW oHuHxHv , �M�HyHzK{M|H}H~ oHuvH�H�
, �M� IH�H� WM� � iMjH�H�H|l� . �H� GH�H�H�H�H� �KZM�H[H\ , yHzK{M|H}H~ �H�H�K�M��H�H�H H¡ WM� � iMjH|H� , ¢ �H�H£H¤ .

� �K¥H{M¦H§H¨H©K¥MªK« , ~ �K¬ ZMUHVHXKYHZM]K^M­H®W  H¡ , ¢H¯K° ¬M� {M±H²K³HWM]K� .´HµH¶ sHt oHuHv ;
OHPHNHQHR
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Abstract In view of robust design with dynamic characteristics, traditional analysis method with signal to

noise ratio has been given up in this paper. A new grey relation grade analysis has been used to measure

the correlation degree between the response variable and the signal factor, so as to select a group of control

settings which make response performance well over different input conditions. Simultaneously the correlation

degree of the fluctuation under the different conditions and zero has been analyzed and another group of

similar combination has been selected. Then the two groups are compared and analyzed to choose the

one which makes a system’s performance robust over a wide range of input conditions. Finally, a case is

illustrated to achieve the better result instead of traditional signal to noise ratio method, and the further

study has also been introduced.
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5HÏHÐHÆ7698 ÑHÒ98 ÕHÖHÉ7:7;7<7=7>7?7@HÎHÑHÔ7AH×CB7DHÇHÈHÚlÛ
. E7F ÄHÅHÆHÇHÈ7G7HHÏHÐ757H7I7J7KL7MH×7N7O7P

,
67Q7RHÏHÐ7H7IH×7G7SHÆ7THÓHÔ7UHÉ7V7I

.W7X7Y
, Z7[HâHã ×7\7]7^7N7_7L7M , ` Iba7c%d7eHÄHÅHÆHÇHÈ7G7f7g7h7i � B7jHÐHÌ7k7lHÒ7mHÏ [1], no7fbp%qsrutHÊ7v7wH×7x7eHÄHÅHÆHÇHÈ ÜMÝHÞ7y7z Ê7d7eHÄHÅHÆHÇHÈ ,

d7eHÄHÅHÆHÇHÈ 
 x7eHÄHÅHÆHÇHÈ7{|
, } ç7j7~HË7�7�7� n7� ×7�7� ,

�7� n7� G7f7�7N7�H×7� ,
�7� n7� Ë7�7�7L , �H�7�7Z7� Ï7mHË7�7�7��

.
d7eHÄHÅHÆHÇHÈ ä7�7�7� ×Hç :

^7�7� n7� ×7�7�7� , �7�7� �7G7� n7� ×HÇ7� ,
f7H7@7�7�7� 
 �7�7�×7� �7�7�7� .  � ×7d7eHÄHÅHÆHÇHÈ7¡7¢7I7�7£ |%¤ Ë7¥7t7¦7§7¨7©

, ª �7£ | æ7«7¬ j7­7®H×HÑ7¯ [2]. Box
^

1988X±° ¥C²±aCc³�C£ | 5C�C´ ` I ¬ Ô .
WCXCYCµ±¶³· ­C®C¸C5CdCelÄlÅlÆlÇlÈ ßCz ~lËC¹C{C�l×C�C¦ [3−6] ,

� Chang[3] º ËHÌ7»7¼7½7¾HÚHÛ7IC¿Cd7eCjCÀ7�C�l×HÄlÅlÆHÇlÈ±Á
, ¬7Â i7Ã7Ä7~7Å7G7� nC� ç7ÆCÇl×7ÈÉ

;
µb¶%Ê �7Ë Á%^757x7eHÄHÅHÆHÇHÈHÚHÛH×7Ì7Í

, �7Î7�bÏ [4−5] Ð º �7�bÑ%ÒHÚHÛ7�7I7¿7d7eHÄHÅHÆHÇHÈ
Á

, Ó ²C~CÔCÕC�C�±Ñ³ÒCÖC×l×lÚlÛCØCÖC×l× � ÈC¨C©lÚlÛ , Wang[6] ` I Ê ÕCÙC¨C©lÛC5CdCelÄlÅlÆCjCÀ�7�7Ú7Û7¦7§7~7¨7©
,
�7Ü7¢7I7Ý7Þ7�7ß7à7Ö7×7¦7§7j7¥7t7á7A

,
¨7âHÈ7ã7�7£ | T7ä7O7à 
H�7å È É �H×�7ß7à7T7æ7�7È É �H×7�7ß7à

, ç7èH
H�7å È É �H×7�7ß7à7é7ê7é Â , 
 æ7�7È É �H×7�7ß7à7é7k7é Â ,
Ê7o

ë7ì ~ 
H�7å È É ×7{75 å W à7¥7t (Relative closeness to the ideal solution, RCIS), í7î7å ¸7ï7ð7ñHÈ7ãjC¥Ctl×C�C�C� 
l�Cå � � �l×C�CßCàCÚCÛ ,
>CòC5C¿ �Cå È É TCæC�CÈ É ,

ØCÜ ¬CóCô q , õ Á³¸Cö Ó ²ËC�C÷CMl×lÚ±ø
, ù ïC6 Ó ²±ú � × �Cå È É TCæC�CÈ É ,

�CÜCÔCÕC^C�C£ | TCäCOCàCûCüCýl×C�CßCà
, í�7´HØ7G767þ7ÿ

.Ö õ º�� å����Hà »7¼7² y ,
È7ã7^��HÌ7G7� n7������� ;7���7�7�7�C� 
 �7� n7� ×C�7ßCà , � �7�ß7à7�7êH×7G7� n7������� ; ;

�7ÜHÈ7ã7^��HÌ7G7� n7������� ;7� , � �7�7� n7� ^��HÌ7H7I�	�
7�7�7��H×��7�
( � d ) 
H�7å È É 0( 
�� �7� ) � �H×7�7ß7à ,

��� � �HË � �7ß7à7�7æ7êH×7G7� nC������� ; ,æ����75 � �H×�� � G7� n7������� ;bÁMØ7G767²7B7�HË n7� ^��HÌ7È É � � « N7� ��� ,
¦7§��7RHÆ����

� ` I Minitab � 
7¦7§7�7£ |����
, � Á � �7�7£ | �7æ7ê7òHÚ7�7æ7kH×7G7� n7��� ; ,

�7^ � Û7¦7§��RHÆ������ ` I Minitab � 
7¦7§7�7£ |���� Ü
, � ¼ ¤ ¹7�7N7� ��� �H× n7� ^��HÌ7È É �7�7���7àH× Ê���� 

,
;�! � � ¤ ¹ n7� × ��� � .

2 "$#$%$&$'$(*),+,-*.,/,0*1,2,3*4,5
2.1 6�7�8�9�:�;�<=�>�?�@�A�B

y, C�D�E�F B C, G�H�E�F B N , I�J�E�F B M , K�L�M�N�O B [7]:

y = f (C, M) + ε (1)P�Q
, R�S�T�U�E�F�V�W >�X�Y ε Z\[ , ε V�]�^ B 0, K�_�H B\`�a�b�c σ2.d�e�f�g�h c�i�j V�k�l�m�n�o a C�D�E�F C V�p�q�r�s�t�u�v�w C0, x�y
1) y V�z d�{ C�|�}�~ ;

2)
=

mi

B���?�� I�J�E�F M ��^ Mi ��� ��? V�����^ , ��� M ����q�^ Mi, C0 � |�x >�?�@�A
y ��� ? ��� Mi V���z d���� r�~ .��������� [ , f (C0, M) C�|�n M V������ c , ������� b������� �¡ � c (

����¢� �¡ � c V�£�¤
C h ��¥�¦�§ V�¨�© [8]), p�ª�«�¬�­�®���o�¯ :

p�ª  �¡�°�± :

f (C0, M) = α + βM (2)²�³\´�µ °�±
:

f (C0, M) = βM (3)��������� [ ,
��� N�O (2) ¶ (3), � b�·�¸ β

{ C�|�}�¹ , º�m�n�»�¼�I�J�E�F M ½�¾�~�¿ @ � , m
|�À�Á�}�W >�>�?�@�A V�^ ; « � º ·�¸ β ��Â�q�����Ã�Ä .

��� N�O (3), Å b�Æ�Ç���È�A�±�É�i�j�Ê�Ë
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â�ã�ä�å ¡ � B�æ�ç�è�é V�ê�ë Ê�Ë , ì :
ä�í�îðïñí�òðïñó�ô ��õ ïñö�÷�ø�ù�ú . r b�û V�k�l�n ·�¸ β

{
C�|�}�Ã�Ä � 1, º�m�n�»�¼�I�J�E�F M ¿ @ � ,

>�?�@�A ^�V�¿ @ { C�|�� M ��ü .

2.2 ý�þ�ÿ��������
1982 ����[	��
�����
������ [9] ��������� ±�É ¤�� . ��� ��� °������ ï N�O�� ¦ ï ��� ±�É���È

¶ ������� , ��� ±�É ¤���C ã «���}� � ��! a�"�# ¬ , $ @�A â�%�& c�' V�$�����ü�(�) . ��� °������* n�+ '�, ­�-  �. ³ � ³�/�0 V�1 % ��� ��� ±�É [���E�2 0 °���3�4 V�p�� A�5 _ * ,
ã�6�7�ù�8 V

��9 3�4�:�;�< K ��± n�=�>�? [10] . -  �@ Ã�Ä , � ?�, ­ /�0 °���4 m @ ¹ , A / m @ ~ . B Ç ��� °��4 � B�È�4�C�D�E w æ�ç , C ã�F � B Ç R�«�V�G 5 I�H , I�J�G�H .

1)
j�K ��L�M�N "�# ¬ , ��ü�x Ç�"�# ¬�V >�? ^���I�J�E�2 /�0 V °���4ã
n q�I�J�E�F M = {M1, M2, · · · , Mn} � ø ±�É�è�é�, ­ ,

� x Ç�"�# j ¬ ( O�£�P�Q i j = 1), y��R
i L�M�N "�# ¬�V >�? ^ yi,j = {yi,j,1, yi,j,2, · · · , yi,j,n} (i = 1, 2, · · · , m; j = 1), � ø m v , ­ .B O , C j�K � x Ç�"�# j ¬���L�M�N "�# ¬�V ��� °���4 . S�T�U�V�ì�¬ :W�X�Y l�� , ­�V�Z�^ ô (

â ]�^ ô )M ′ ¶ y′

i,j .
B O�C�[�\ A�]�. V�H�^ ,

ã�_ � ´	`
.W�a�Y j�K ��q�I�J�E�F�¬ , � >�? ^���I�J�E�F /�0 V °���4 .

γi (Mk, yi,j,k) =
min

i
min

k

∣

∣

∣
M ′

k − y′

i,j,k

∣

∣

∣
+ ξ max

i
max

k

∣

∣

∣
M ′

k − y′

i,j,k

∣

∣

∣

∣

∣

∣
M ′

k − y′

i,j,k

∣

∣

∣
+ ξ max

i
max

k

∣

∣

∣
M ′

k − y′

i,j,k

∣

∣

∣

, ξ ∈ (0, 1)

k = 1, 2, · · · , n; i = 1, 2, · · · , m; j = 1 (4)W�b�Y j�K � x Ç�"�# j ¬ ,
R

i L�M�N "�# V ��� °���4 .

Q i ��I�J�E�2�c�d�p�e , E�O�f�Ã�g Ç u�] °���4 .

γi,j =
1

n

n
∑

k=1

γi (Mk, yi,j,k), i = 1, 2, · · · , m; j = 1 (5)

ì�h���I�J�E�2�c�d���p�e , i ?�j ¼�o�����I�J�E�2�V�c�d αk, g Ç�k c�u�] °���4 .

γi,j =
n

∑

k=1

αkγi (Mk, yi,j,k), i = 1, 2, · · · , m; j = 1 (6)

W�l�Y ü�¤�C j�K � K�Å�x Ç�"�# ¬ ,
R

i L�M�N "�# V ��� °���4 .

γi,j =
1

n

n
∑

k=1

γi (Mk, yi,j,k), i = 1, 2, · · · , m; j = 2, 3, · · · , J (7)

â
γi,j =

n
∑

k=1

αkγi (Mk, yi,j,k), i = 1, 2, · · · , m; j = 2, 3, · · · , J (8)

W�m�Y j�K R
i L�M�N "�# ¬�n A ��I�J�E�F�Ã�Ä 3�4 V ��� °���4 .

Q i � ��ü�x Ç�"�# j ¬�K�c�d ��o�B ωj , i R i L�M�N "�# ¬�V °���4�B
γi =

J
∑

j=1

ωjγi,j , i = 1, 2, · · · , m (9)

2)
j�K ��L�M�N "�# ¬ , ��ü�x Ç�"�#�>�? ^ /�p H ( q�r�¹�z d ) � 0( q�r�z d )

/�0 V °���4B O���� ã n q 0 � ø V�s A � B�±�É�è�é�, ­ , A = {0, 0, · · · , 0}1×n.� R
i L�M�N "�# ¬ , y ��t q�I�J�E�F�¬���ü�x Ç�"�# V >�? ^ /�p H Ri( q�r�¹�z d ),

K\[ Ri = max
j

yi,j − min yi,j (i = 1, 2, · · · , m; j = 1, · · · , J), ∆yi = {Ri1, Ri2, · · · , Rin} (i = 1, 2, · · · , m) �ø
m v , ­ .

�	u�v (4)–(9), C�� ? y � ��L�M�N "�# ¬ °�� z d V ��� °���4 γ′

i(i = 1, 2, · · · , m).
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2.3 �����������������
� f�g i�j���� , ��P�D å z d , x�y�z d @ ~ @�� , E�O , C ã���� }�� °���4 γ′

i V >�?���������°��4
γ′

i «���© ¡ W > V�E�F ( ¼�� B�� ! j�K , º�C ã � ��� °���4 γ′

i

C�D _�H ��� ,
� p a V���© ¡ t

u�¬ , � � ��©�E�F�¶ ¢ ��©�E�F ),
X o���x�y °���4�B r�¹�V�p�v�C�D�E�F�v�w P1.

ü�¤�º�C ã � °���4 γi V >�?�� � ����°���4 γi «���© ¡ W > V�E�F ( ü���º�C ã ����_�H ����C�D� ! ��� ),
X o���x�y�K °���4�B r�¹�V�p�v�C�D�E�F�v�w P2. ì�h P1 � P2 ������ü , i�C�D�E�F�v�w

P1(
â

P2) q B ¤ � V�C�D�E�F�v�w ,
C���C�D N���M�N�q�C ; ì�h P1 � P2 ��������ü , o���C�D�E�F�v

w P1 ¶ P2 [�����ü�t�u�V�C�D�E�F , ��K�n � γ′

i

â
γi «���©�W > V�E�F , Q i�B C�D�E�F A,B, C�  �

A
ï

B V���ü�t�u C�D�¡�¢ ��£ N�� ¡ M�N â B Ç Minitab ¤ #�C�D I�T ´ ��È , �\[�o���I�T ´ ^�r�¹�¥
_�H�r�~�V�C�D�E�2�v�w . ì�h�����ü�t�u�V�C�D�E�F c � ` ¹ , ì�E�F A

ï
B
ï

C
ï

D
ï

E
ï

F · · ·
� C�D�E�F

v�w P1 ¶ P2 [�t�u�]�����ü , r *�C�D�¡�¢ N�� ¡ M�N â B Ç Minitab ¤ #�C�D I�T ´ ��È � , C�����
γ′

i

C�D _�H ��� � � W > z d r�¹�V�E�F X�C�D�¦ L�§ , , K�L � γi

C�D _�H ��� � � W >�¨�©�3�4 r
¹�V�E�F X�C�D�¦ L�§ , ( ì ó 1). ¦

————–−→ L�
γ′

i

C�D _�H ��� y � V�C�D�E�F�v�w P1: B3 C1 D3 A2 E2 · · · · · ·�
γi

C�D _�H ��� y � V�C�D�E�F�v�w P2: A3 C2 B2 E3 F2 · · · · · ·ª
1 «­¬­®­¯­°­±­²­³ ª

ì ó 1 ��´ , E�F A
�

γ′

i [	µ R�¶ ,
�

γi [	µ R p , E�O�·�� E w�c�n , E�F A
?�¸�¹

γi [�t�u�o
� , q�� R 3 t�u ; ü�¤�E�F B

�
γ′

i [	µ R p ,
�

γi [	µ R�º , � ã E�F B
?�¸ � R 3 t�u , ì�h ô E�F

C
�

γ′

i ¶ γi [ � £�»�¼���ü , i�½�P ����� γ′

i W > ` ¹�V�t�u , q C ��t�u 1, K�¾ ã O�¿�À · · · · · ·,
¦

k�n�Á�Â�W > γ′

i ¶ γi

3�4 r�¹�V °�Ã V�J c , K�¾�L�k�E�2�C E w�K�Ä "�#�E w�c�n ã ! a K�t�u ,
X��

r�Å�! a V�r�s�C�D�E�2�t�u C�D N�� ¡ M�N .

3 ÆÈÇÈÉÈÊ
ã � ? c�Ë�Ì F�Í B µ , � � ��Î�Ï T�V�d A n @�5 V , E�O , Ï T�d A n�I�J�E�F , Ð ��è�¡�B � ´�Ñ. V�� ´�Ò h . E�O�Ó ��Ô O�V d�e è�¡ .c�Ë v � ? Ì F�Í È�A���4 k�l�Õ�Ö , Å��	×�Ø Ñ ±�É ï � ´ ±�É ï f�Ù ±�É�Ú�Û�Ü�±�É 4 Ý � v ø [7].

+ '�Þ «�·�N ,
P

4 q ±�É � ��« º ��_�ß�C ã ��£ , � ·�¸ � � Å�� /�0 V�r ��¡�¢ ,
ã x�à�q Ì F�Í ¡

|�r�½ . G�H�E�F B�á�â T�U ú .
B�C�D M�N , ã�o�¯ 3 q���ä�å�æ : 10 ç ï 50 ç Ú 100 ç , q B º q�I�J�E

F , ×�Ø Ñ ±�É (A)
ï � ´ ±�É (B)

ï f�Ù ±�É
(C)
Ú�Û�Ü�±�É

(D)
P

4 q ±�É � ø 4 q�C�D�E�F , Å����
« º q�t�u , E�O�����o�¯ L9

(

34
) C�D�è�i�j

,
��� G�H�E�F , o�¯ E w�r���B "�# N1 ¶ N2, �êé C�D �

2 L�M�N ,
È�A Ò h�ì�ë�ì [7] ��´ .P�Q � � º q�I�J�E�F�ü���d�k , E�O�K�c�d�í B � ú , f�Ã�g Ç u�v (5), ü � Q i�î�ï r�ð "�# N1

¬���ñ ï r�ð "�# N2 ¬�c�d���ü , E�O���u�] °���4 ,
� ¥�� � ��ò � A�]�. V�H�^ , E�O���ó�k C�D Z�^5 £�¤ , f�Ã��	u�v (4)–(5) ¶�u�v (4)–(8),

��o�j�K
9 L���ü�M�N "�# ¬�V °���4 γ ′

i ¶ γi, K Ò h�ì � 1

��´ .C p�U�}�C ã y � °���4 γ′

i ¶ γi V É�j������ , ì � 2 ��´ .

ô
1 õ­ö­÷­ø­ù­ú­û­ü­ý­þ­ÿ γ

′

i � γi

×ÐØÐÙ �������
1 2 3 4 5 6 7 8 9

γ
′

i 0.759 0.656 0.481 0.613 0.692 0.465 0.459 0.546 0.718

γi 0.760 0.554 0.445 0.591 0.928 0.757 0.353 0.472 0.669
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ô
2 ý­þ­ÿ γ

′

i � γi ü�������	 ô

�� ×ÐØÐÙ γ

′

i ×ÐØÐÙ γi

��

A

��

B

��

C

��

D

��

A

��

B

��

C

��

D

T1 1.896 1.831 1.771 2 � 170 1.759 1.704 1.989 2.357

T2 1.770 1.895 1.988 1.580 2.276 1.955 1.813 1.664

T3 1.724 1.665 1.632 1.641 1.495 1.871 1.726 1.508���
0.172 0.23 0.356 0.59 0.781 0.251 0.263 0.849���

4 3 2 1 2 4 3 1��
 
��
1 2 2 1 2 2 1 1

� � 2 C ã ��� , E�F D ü � ��°���4 γ′

i ¶ γi � «���© ¡ V�W > , K�L�E�F A
�

γi W > º ` B ��© ,

E�O � o���r�s�C�D�E�F�t�u � ,
? ��P���� P�� S�«���© ¡ W > V�E�F .

C p�U , ��D å z d V�� 4���� ,

x�z d r�~�V�C�D�E�F�t�u B A1B2C2D1,
� x >�? ^ { C�|�Ã�Ä�¤ � ^�V�C�D�E�F�t�u B A2B2C1D1,

�
´ ®�v�C�D�E�F�t�u , C�D�E�F A � C V�t�u�o�����p�e ,

B�C p�U�! a C�D�E�F A � C V�t�u , � � r*�C�D N���M�N , E�O�g Ç Minitab ¤ #�C�D I�T ´ ��È , A � 1
â

2 t�u , C � 1
â

2 t�u�®�® C�D�¡�¢ ,

B ¶ D t�u `�a ,
��o � 2 ¶ 1 t�u , y � ��È Ò h�ì � 3.

ô
3 A � C �������­ø����� 

C1 C2

A1 (46.2719,0.0002929) (46.1867,0.0001566)

A2 (49.1704,0.0001115) (49.0852,0.0002478)

� � 3 C ã ��� , ¼ A � 2 t�u , C � 1 t�u � , I�T ´ r�¹ ,
���

49.1704, ��ä�H�º�r�~ , ! B
0.001115,

E�. ��" , r�s�C�D�E�F�t�u B A2B2C1D1, q�×�Ø Ñ ±�É ¶�� ´ ±�É o R�# ��_�ß ,
f�Ù ±�É�Ú

Û�Ü�±�É o R p���_�ß .
P q Ò h���ë�ì [14] [ Ò h�L�M�p�e , ¥�I�T ´%$ Ö , ��ä�H $ ~ .

4 &('
M�ë�  � d�e è�¡ f�g ¡�i�j , )�*�× É V�I�T ´ ��� _ * , f�Ã�� >�?�@�A ��I�J�E�F /�0 V  �¡�°±

, B Ç ��� °���4 n A�>�?�@�A ��I�J�E�F /�0 V °���3�4 , ü � ��� ��ü�x Ç�"�# ¬�V�z d � ² s A /0 V °���3�4 , y � ®�v�x�y °���4 r�¹�V�C�D�E�F�t�u�v�w ; ·�� � # � C�D�E w�c�n , o���p�v�x�y # �
]�| ��� ��+ Ò h�V�C�D�E�F�v�w ,

X ����p�q�ß µ k ã »-, , y � � ´ × É I�T ´ _ * $ � V Ò h . ��M
ë�!�m � ^�.�/�(�) C�D ��0�1 , 2 � . ,

��� d�e $�d�.�/�(�)�ü���3 ã g Ç ��� °���4�C�D���� [11] .
�

¥��	v (2) ¶ (3) 3 ã ��� , .�/�4�5�6 y ��I�J�7�8 M
/�0 ø  �¡�°�±

, 7�O�3 ã C p�U�g Ç�9���: ���; Ä�< ��= ����> 9�?�@�A [12] B�C�D 5 , E�F�G�H�I�J�K�L�M�N = .�/�O�P�Q�R ( S�T�U ) V 0( S�W�T�U )

P�X = ?�@�A�3�Y�Z�K�[�\�]�^�?�@�A [12] B�C�D�_ , `�a�b�c�d B�e�f�g�h =�i-j .
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