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Reliability-Based Shape Optimization of a Pressure Tank under
Random and Stochastic Environments

Student: Chih-Hao Liu Advisor: Dr. K.Y. Chan

Department of Mechanical Engineering
National Cheng Kung University

ABSTRACT

Reliability-based design of a pressure tank under time-independent random and

time-dependent stochastic uncertainties is considered. This pressure tank is an

essential element in a reverse osmosis (RO) filtration system for storing filtered

water and providing a useable flow rate from the faucet outlet. In this study, we

consider the randomness in the welding strength between the upper and lower tanks,

and the stochastic pressure applied to the inner surfaces of the tank as the main

sources of uncertainty. A pressure tank with 90% reliability against fracture failure

is desired.

To enable the re-design of the pressure tank, the geometry is parametrized and

then used as design variables in a shape optimization scheme. Kriging models are

created to approximate the expensive finite element analyses in accessing the per-

formances of each design. The uncertainty model of the welding strength between

the upper and lower tanks is found to be well represented by a Gaussian distri-

bution. The stochastic behavior of the pressure loading is modeled by a Markov-

chain process.All models are integrated in a reliability-based design optimization

problem formulation that has both time-independent and time-dependent reliability

constraints. The first passage time and crossover rate are considered in the time-

dependent reliability constraint and results of different constraint formulations are

compared. The final optimal design satisfies all reliability constraints and reduces

the material usage by as many as 46% comparing to the original design.
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Ñt�°�aÓ�ödú® [1]�4�@à«¾��>�âÄiÊ'Ïü
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(���4�m×aÓ�ê�4àº���ê�4&�[��B�_� ��Ò

å�(Ï��/	�Ö64lø�	7¿ê�n¸�¿ï�Ãò(�F�,�>

d��ºê�4ã�}���Wú�MW�d�}¢�=�/�º�>Ã

��¼/�.4ê9�-���¸>4_�ûã4_�®&4_�RO �ò�_

II	�è�%M2e�4���»�xÇ�v-ROè4-�à�éG1��2

ã�Eù<�º�´�Ñt��"ROè4-�'Ï�"�vù<'E�M��Å

�ÄGº¶-nM�(�4ê9o-��

U�RO�ò�ûq [2]��HH�ò�ªw�ò�(osmosis)/å�J���

�i.�Ã¦�¶²�å¶²�¶êý�NJ���GÃ¦�N�¹�4�

P��NJ��0TÃ¦�Ø�æ�¹�ô0it�Ã¦øIºb�dºò��

�ò�(Reverese Osmosis�RO) /(J���t�Ã¦¶²�*T0saB�

å(Ã¦�Ø��¹½�Ó��GÃ¦�N�t4�Pò�ûÕ��¦��àÓ

��8�'��é�vdÓ�T0Ð��¦B�¶²ò�þa��\b�dB�

Ó�ï1ºr��(Membrane)� “ò�Ó�(osmotic pressure)”������� 

rtÓ��G4�P���,ò�¹�øÍAÕ��êØÃ¦�tA�NÃ¦�

t��.þas1º��ò��

¶@�(�ò�ò4_s/(�4ï Ó���è4�P�å����"

��4��B;b�.ÜêÊ	³iê�����&���+	Üê�â4�

å�>�þ4ûqà¡(�ò�����ô!Õ(íB�gý 'Ï~è�ò

(4�E� ÝÓ�24ö�å2�NþK4��v�(�2ò(B��å100

psiÓ��4�Ó�ö-Aú�Ýn��1.1@: [3]:
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�ó� �4¡7È/Õ��.þa1º�4�þa�4�þaéò«ãÛ�

v [4]�(4ûqv-º8�þa��à(¼4�·�Aú�F/M¹úã�6

������¹4â�M¨à�'ÏÆ-�b�4AÆ¦�6GØ�Ûåqªs

/àº4A�ïý6�{�F/4AÍ6Ý	c'�@å� �ýÏ�]ÊÊÞ
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���,�O¶Ê'��4ï¡Ú�½åÁê�,ý�Ô0���4¡,
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� 1.2: 1Pro-Ejý�Ó�ö!�D��

�1.2-ïåÓ�ö�!��+��èý�1�2_�%ºÓ�ö
�J

è�5_º#T�4_º2ú4T�3_ºa go�Ó�ö�Õ\/1#T Óà

Ógo�Nþ4�2ú4ãàú� v@ eKØÓ��Ó�ö�Ó7¦³B�

ïý�ô�4� ��(��}
�q³�6�2Ð�Ó�ö�7¦��� P

�(Ï��,_øÐØ�àFºãÓ�ö�4Þ!��Å�2LÓ�ö7¦

�,f�,f¹Õ/(2.5Òg��Ó�ö Óó230psi�þL�-��(d�Õ

K ÓN������!ìK�ï`¦Å	60%��P��(Ï*��E��9

�þ	-�� ,!�v;�î�º¢��Uå���Q ���-�ú�Ó'Ø

KÓ�öË��åT0�N�,��'7¦�B�(�nº�à ���/

�,�s�OL�
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1.4 ººº���ààà   ������

�,-�8��º�à ï�º:

• #�à �'ê6�#��¬o,��)#	ïý/'*}�.'¨��'

è�¼·ã���)��9��qÿ0«¦�#Ó�¼¦��u�PIà

 �1ïý �±2·.�ûïíï�ý�¦sIoÀÁ|��2�q

ÿûq�i�'�

• ººà �ºý/hË��Ô�@åÏ�º�å\�ý�Ô�ÊÆ-�ý

�#�Eý "Á�Í\�h�2LæWB�Ï#"ÁÊæWP�ý���

����@åººà _/�#!Õ§6�à �

• B�à �B��'�qÿ�1/� �iö����4ûq¡Ú�

/ [5]�ûU�iö�æ�NwB���(�Å��"�è��/Pê�£

��@åå�+!Õ~K~�U0iö��(ý}�/4Þ�_��EB�

@ ��qÿ_/��º�à �

(,�v-�Ó�ö(2LÓ�,f�/(�,24ÀK-�ïý�×0«

¦±9·.�qÿ��/Nþ4(4¡c8AÕBººÍ\�6�4bO�àc

'\(���ýÏÞHót�ûq �4�þa�G��Ó��	�ÈóÕ�À

Á"���^�ó��<�Ú'� �d�Ï��Ó�ö(ý �N�-�_�

àº_°ÊººÍ\�¤î���
�ö
¥U�7¦ýáø�	B�ó�	


¥1W�ÀÁ"��(�Ï��º�à ��ï`¦�s��OL1ÉK�

��
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1.5 ���,,,���sss������ïïï`̀̀¦¦¦���sss���

1.5.1 ���,,,���sss���

�s�LK	t [6]��,�s�OL-�-���ÝÐy�î�2L9���

ÍÏ�/�,�ds1î�ýx�F/-��ïý!�P�N"Á�ÍÏ��

×07¦Ê�h
��BP6��,_�×0þæÀÁ��Ï�	�N�P��

�P6s1ºØ_�ö�2(ÿ³Ø_�ö{Èý�î�ýx����N�11

º�s��xx¹����(1.1)@::

min
x

f(x,p)

s.t. G(x,p) ≤ 0 (1.1)

f/î�ýx�G/P6��x/-��x�p/-�Ãx���N�-Ý��

<1-�Ãx���à�ãN��¨K9�1-��x�

1.5.2 ïïï`̀̀¦¦¦���sss���

�,�s�&¢�º�à �Få8�;-�-��x����×0º

�à qÿ���º�à 6e�s��N�-¿/ï`¦�s����î

� [7–9]�

v-��xHþ_��H�ÀK�år_��HÀK¨B��9��Gr

�x1º¨_�x��/�,�\Kûq�d�Ð��Ïº�à �-��x

v_��H�¨WB����9��d1º¨_N�����ûqI��ÕK

ûq�2�� OL��Ü¦�����K�¨_N��B��Hþ��

�HÀÁ�����ÕKûqeï`¦�s��OL [10,11]�xÇivÏð¨

_N��!�/^8Í���°�

_à¨_�xÊ¨_N��úþ�� �î�ýx<HþÐ.�¦��HÀ

Á�ãåÔ�î�ýx<�'��@åÅ�xÇ��w	ãh'�x<h:î�

ýx<��,Ö��<�ãh�

¨_�xÊ¨_N��úþ�_ �Ø_�ö&^�hÿ³�/ÿ³��
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/	Ð.�¦
�_���Ø_�ö�Ë�E�e_���õ(ï`¦�s��

Ø_�ö-�v6Ø_�ö�Ë�_��ý*N�@å e��ï`¦vd_

���P<�ï`¦�s�xx¹����(1.2)@::

min
x,µX

f(x, µX,p, µP)

s.t. Pr[G(x,X,p,P) ≤ 0] ≥ Re (1.2)

f/î�ýx�G/P6��x/-��x�p/-�Ãx�X/�+º�à

 �-��x�P/�+º�à �-�Ãx�µX/X�sG<� µP/P�s

G<�Re /ï`¦�

1.6 ���vvvÕÕÕ___���îîî���

1.6.1 ���vvvÕÕÕ___

• �vÕ_���æOL��Ü¦� ��s��H�!ÕÐ�

B�³/�k-8�mG�OL��,P�å�æÙ��s�-����

�àºå�2¦�ÜÂ�2�"�BH
�P6�Få�OL�æ�!��

'ý^8�Ü���w����»øv��ûfÇ�ÊB��ôUÁ/2L

�s�-��(å�æÙ
�MN�,/�Í����B�1/Ñ"�F/

�s��N����»'Ï�B�ÊÇ� ��,�/ú��ó�ôt��

kö�Ê1W�E�U	H���s�¿/�Í��OL�@åÐú�(Í

Éòb�ãzH��OL�

• �vÕ_��!�!��æ'³ �É('Ø

(�s�OL-�º�MNOL��Ü¦Êûf���Ï��8(�¹�¿

/!�!������ �!��æ'³�OL�d�(ê6L-�1�

��x��ý�+Wº�à �v��OLB�º�!�!��ýeº

�à åÊÍ��à �_���-��!Õ�g��à @ ��q

ÿ��å�Ïº�à ¿ïåÐØOL�ãT�É(Ä�@åÐú¨_

�x�!ìº�à �å� !���æþaK��ø<'�

6



• �vÕ_	:å�OL'ýºÕKûq

B�,«_/�Í�à ��,�å�OL��ã/\Kûq�ûq'ý�

¨WB��9��Û�K��qÿûq��x���ý/�¨WB��9

��F/ï`¦�s��OL���ýeB���à �:�����Ï�

¿!ÕU0B�ûq�qÿ�å�ÏB�à 1ïåÐØï`¦�s�-

��É(Ä��B_ý�,ûq(*�B��|U'�@åÐú¨_N�

�!ìÕKûq�

1.6.2 ���vvvîîî���

• î���Ð�ï`¦�s��H�

(íB�gûf-�&!Õ'E9�����¦�E��É1Ðú)(ÍÉ

òbBã��s�PË�MNûf���Ï�åT�Ð�H��.íB��

î����s��B��å��
�k�BHP6�

• î���Ð�!���æ'

,�v��ý¢�º�à  ��qÿ�2��æ�!ìþæ�L-��

�+º�à ��x��«¦�Ó��:øI�d�_��ý ¢�B�

��à @ ��qÿ��ï`¦�s����I/É((\Kûq�_

ý�((ÕKûq�

7



,,, ��� ààà ---���AAA������OOOLLLúúú!!!

2.1 ïïï`̀̀¦¦¦���sss���---���AAA���������,,,���õõõ

�2.1o:ï`¦�s�-��A��e_��@::

 

 

 

 

 

 

 

 

 

原始設計
取得(a)

參數化
(b)

拉丁方格
取樣(c)

反應曲面
建立(d)

不確定因素
模擬(e)

可靠度
分析(f)

可靠度最佳化構形設計
(g)

最佳設計(h)

� 2.1: �ò�NþûqÝn�

• e_a��Ë-�Ö�

(Ö��Ë-�K���H�1/�Z��©�v�¹��s/�©î�ý

x�î�ýx1/(�U0-�}Þ����_1-��29��î���

,���ïý/�,��(¦�PË�'É�<II�¥W��©Ø_�

ö�Ø_�öïý/àº~UbÀ
�P6�/àº�h
��B_	ïý

/þLÑ�
!ÕT���S@�ô��e__1/�©-���ÿ³�P

6��B�

8



• e_b�Ãx�

¥W1/U0ûq�-��x�Û�K_1/�©qÿûqî�ýx�x�

à �,�!@xú��x���}�Mý�¹�Àßt�ûq�F/�#

{��ôûqN¼�Ü����þLûf�/�v�ý�Ä�K��E¥�

�2L!��!��Øpqÿ'�à �ÝYÍ��à �¿ïMNûf

���Ï�

• e_c�É�¹<ÕÖ#

)(�Ë!��BÖx�#,Þ�#,ÞÅ�Gû��H(ûqz�
�#

,ÞMýoþûq�p����(��#,Þ@úË�ÍÉòb��!�K

�M�	uØ�ø<¦_Mw	ãh'�º�#,ÞsG�HE�(É�¹

<Ö#Õ���Ö#�-� [12,13]��Ë!��8�Ü�»B��@åÖ#

�xîÅ�(-��ý�ÄKg�

• e_d�ÍÉòb�úË

��e�)(#,Þ�úËÍÉòb�_1/�~-��x�î�ýxK�

�ÜÂ�úËxx!��º!®FP�¤î{(��¥×Äåg�ÍÉò

b�å�2���Hý�(�{-_þ	ÍÉòbÉ(("Á9��æ�É

( [14]�

• e_e�º�à �!ì

(�B���@2�(�-��x�/&w	º�à �ÕKûq�y

'����-��x�(iv�¨_�xÊ¨_N��!��Ïð�

• e_f�ï`¦��

����-��x@qÿ�Ø_�ö6e_���õå2L ï`¦�U

0�

• e_g�ï`¦�s�Ëb-�

)(matlab��2Lï`¦�s�Ëb-��

• e_h��s-�

�B�s��P�(º�à qÿK�ý�/�ï`�ãT�

9



2.2 ÓÓÓ���öööKKK���sss���---���AAA���

åÓ�öºæ�A�ª���:

• e_a��Ë-�Ö�

(Ö�Ó�ö��Ë-���U0àF�B�z�åÓ�ö(�ºî�ý

x��BÓ�ö�4Þ�|�(�'É�Æ-UÊ
¥U�Eå�'É�Ê


¥U�É�Å�ÿ³P�7¦ºP6��

• e_b�Ãx�

¥WÅ�2z�Ó�ö�-��x��D}�-��xý �º�ãh��

h�!��Ó�ö�º�"��D}��s�ãT��D-��xÅ�ý 

UI0-�
Ô�0À�0¹�!���w	ãh'��æ'�6�¨-�

�x�����(�s��N�-ã¦_����Ø�(÷LÃx��B

��-��Å�(�xxî��s�H�K�Z��
a�

¥��1Å�!�!��1¼,�v�e�(���ßÔ/ANSYSÉ��

�ßÔ [15–17]�(�(ANSYS��ßÔN�-�	~ÞÅ�è�����

�/�(��WÕG:

– a ^�iÁ�P�¹�6��Å�x(cº�C �&Ö�a 

�cºP�'ê�&cº-��L�öMïý�M|c�åqÿ�

��Ë�a ^�iÁûd�å�MqÿP��6['�

– (j�ßÔ-jý�Ë!��ý	4bÊÚµ�:�r��&G

!Õ2L������`o}�lÔ-��j���W��M�

– �	ø¼��,Ôøv��öö��#ANSYS(²<��B��

�"�øv��²<�����Ï� ��,��º���ööûd

�MN¦�²<��

– »dÅ���Ò�öö�åU0rööX(�&qÿ��P��

¿ï2L!�ûd��#ï��ûf��Ï�

– ®MÅ�Û��ô�

10



9Ú���WÕG��a go�2#T�ú4Thèûd�d�&�
¥

U^8�Ü�~UbÀ9��º®��4s
¥� !�èý��2.2@:�

!���!�Vb���2.3@::

 

 

 

 

 

 

� 2.2: Ó�ö!�öö�

Ó�ö�-��xxÇ��2.3@:�q	k�~U:ø�Ãx� a/ì

¦�b/Ø¦�z/�¦�r/Ó�ö�ÒU�J������©�ÃxÊv


�L�Äýs0�¼�(2.1)Êh2.1K-��v--��xÿ³�2.1Ü

Â:

r1 = n1 × a1

r2 = n2 × a2 (2.1)

h2.1-�q	k�Ó�ö�-��x�F/v-àºÓ�ö�
�ËÅ�

¥��@åa1, a2ø����dÓ�ö	æ���P6�1/¹MÅ�/Û

11



 

 

 

 

 

 

 

 

 

 

� 2.3: Ó�öK-��x

h 2.1: Ó�öK-��x�©Ê-�Ä

-��x �© Ä

a1 
ög� 90^130mm

a2 �ög� 90^130mm

b1 
öØ¦ 170^210mm

b2 �öØ¦ 170^210mm

z1 
ö�¦ 3^7mm

z2 �ö�¦ 3^7mm

n1 
ög����KÔ� 0.6^0.9

n2 �ög����KÔ� 0.6^0.9

r1 
ö�� 54^117mm

r2 �ö�� 54^117mm
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 ��@åb1, b2_/ø��@å�k�Ó�ö�:ø�xê	m�/hË

��Ï�D��Ãx<1ãhW��Ó�ö�-��

• e_c�É�¹<ÕÖ#

¥WÖ�ýÐ��!�8eÊ8úK�ÜÂ�#,Þ���#,Þ/"�(

�Öã��ANSYS��!��ÍÉòb@���Ç���#,Þ�xÇ�

qÿ0ÍÉòb��º¦�ÍÉòb/(U0Ï!-��*£Bº�MN

@��»�'ÏûfÇ�@|U��Ö�Ï�!�#,Þ1Å��!�t

�ANSYS��!ì����#,Þ@úË�ÍÉòbÔ���!�K�ø

<¦��Ø�ï/��»���ûf���dBvå�+(�Ç#,xîB

1Å�(úËÍÉòb��º¦�H�K�Z��
a [18]���æ#,x

îz��K��#,Þ1Å�sG�c(-�z�v-��#Mý�Mê	

èý@ß�º�ÍÉòb"��(,�vv-�/�(É�¹<Õ(t�-

�z�-"�sG�H�#,Þ�,�v�q�(�97�7�ê1¦�#,

Þ����#,Þ�Ç����(ANSYS��ßÔ�"�� ANSYS��¡

(å�e_�

– xÇsolid186C �\º���element

– úË!�

– 8ePêÃx�dº�kÝÆèý	

– 
�öåglue�ä¥�

– åÛ�bÊsmartsize,mI�2L²<�

– (gtöÁ�½ Ó�

– �Ó�ö�dú�

– ãL

���ANSYSBú�#,Þ�8e	@É��~U:ø�Ó�ö(×

Ó��ÀÁ�@×É��8ú	�ÜÂ�s/(�úËH�Ø�ÍÉò

b��	Ü¼úËÍÉòb�0À�(,	à�Ö�

• e_d�ÍÉòb�úË

9Ú#,Þ�Úkriging�ÖúËÍÉòb�0À�¼3.2àË9�

13



• e_e�º�à �!ì

d��¿�
¥7¦Ê4Ó�º�à �Öót�-�A�v-���

º�à ��(iv�¨_�xÊ¨_N��!ìÕK�/\Kûq�

• e_f�ï`¦��

��-��x@qÿ�Ø_�öãe_���õå2Lï`¦�U0��


ð¨_�Ö�«(���Ó�ö�ï`¦���ï`¦���«t�(�s

�-��N����ï`¦�s�OL�

• e_g�ï`¦�s�Ëb-�

¥W)(MATLAB�s�åw±�FMINCON�ý\º,Ö��s��

�ÕG�FMINCON(�ãz^Ú'¹�����/(’lm’ � Levenberg-

Marquardt�¥W9Úî�ýxÊP6���B2L-��&9Ú-��x

�Ä�Ë-�z��-���¿ï2L����B�s�6���ö/î

�ýx�îÝ(10−6å��_1/TolFun,�1e-6�

• e_h��s-�

�B�s��P�(º�à qÿK�ý�/�ï`�ãT�
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,,, 			 ààà ÍÍÍÉÉÉòòòbbbKKKúúúËËË

3.1 UUU���ÍÍÍÉÉÉòòòbbbÊÊÊ���...ÍÍÍÉÉÉòòòbbb***:::ÞÞÞ

3.1.1 UUU���ÍÍÍÉÉÉòòòbbb

ûfHý³8/(�s��N�-G0�OL�ê6L��.þa��/��

Ü�v-��2å��!���t�Ïð��þa���!��^8��Ü�ï

/(�s��N�-�Å��NxA!��ãN��Mý(-�z�-~ú�

s<�ï/Ï�!��ãN�ý/�!�Ü�������»øv��B��

ïý/x)�/x����óx���º�MN��B��ÍÉòb��õ¿

ÉK�� [14]���}�ÍÉòbxxPË!®�ïå'E.�ûf���B

���Bw	¤î��y' [19]�¤î��w	�!��ãh'1�Ø�(þ

Ê��{á	~.Ô�8(�ÍÉòb�Ö��%/Þx�� [20]�^^�²

ï [21]�Kriging ÍÉòb [22,23]�

ÞgKM��{�(�s���ß-�	�è�º�(ÍÉòb�2L�s

��q	x.�ÍÉòb�Ö [24]ï��(�6�(krigingÍÉòb�èý�	

øv���{�v�((å�Ä���s��F/'è�ý/É((\Kûq �

�:

• T.W. SimpsonIº|U°�Ve�kriging ÍÉÖbÉ((�s��ß [25]

• J. K. Park Iº�krigingÍÉòbÉ((±A�Sc±T��s�-� [26]

• S. Sakata�IºkrigingÍÉòbÉ((['����s�-� [27]

• K. H. Lee�IºkrigingÍÉòbÉ((hß�s�-�
 [28]

�krigingÍÉòb®�/�((ÕKûqK
��,�v1/ó�ãzÕKûq

P�ÍÉòb��s�OL�
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3.1.2 ÞÞÞxxx������

Þx��Õ/�Ï�,¹ÕK����Ú/�Ú�ö8e�8úK��Üû��

,�ö*��|U¨â�v-8(�/�CÚ'Þx��CÚ'Þx!�Ê^Ú

'Þx!��

• �CÚ'Þx�

�CÚ'Þx/��,�ö|U�8e�8úK�/Hþ!®�Ú'Üû�

��!�ïåh:º

ŷ = a+ bx (3.1)

v-ŷ/8ú_1/�,<�x/8e�a/8x�b/Þxûx��/Ú'Þ

x-�!®�!��Å8e�8úà ����/Hþ!®�Ú'ÜÂ�

àº!�!®�@åúË!����B���@1��»�ûfÇ�_��

F/d!��¤îø�ª1�Ô�Ø�É('_Ø�

• �CÚ'Þx�

�CÚ'Þx/���8ú���8eK�HþÚ'Üû�!���,��

º0

ŷ = a+ b1x1 + b2x2 + .......+ bnxn (3.2)

v-�ŷ/8ú_1/�,<�x1, x2, x3......xn/8e�b1, b2, b3......bn/Þx

ûx�a/8x�dºÚ'Þx-�º�Ü�!��8eà ��F/ûq

�/Hþ!®�Ú'ÜÂ�àº!�!®�@åúË!����B���

@1��»�ûfÇ�_��Fd!�(å�,^Ú'�¦�Ø�ûq¤î

ø�ª�/OØ�ê/àº8e��x/�¦EÉ(db��CÚ'Þ

x!���}�

• ^Ú'Þx���

^Ú'Þx��/��,��8ú���8eK��Üû/)(^Ú'!�

��,�!���,��º�(3.3)�

ŷ = f(xi,p) + εi (3.3)

16



v-� ŷ/8úsº�,<�xi/8e�p/-�Ãx� εi/¤î��

f(xi,p)ïå/�!��	!���x�ª!ýxII��/Þx��-�

º�Ü�!��8eà ����ûq�/Hþ�^Ú'ÜÂ�àº!��

º�Ü�@åúË!����»B��F/d!�(å�,^Ú'�¦�Ø

�ûq¤îø�ªÔ�¾º�É(db_ÔM����Ø�

3.1.3 ^̂̂^̂̂���²²²ïïï

^�²ï�Öw�¼1950tã�vBÑx¶ÿ º^'f�DTÊK\¹��ú

Ë�º^�'f11��^�0Þ�nerve cells	D���Ï�^�0ÞÈ	1�

��ø(synapses)�vÖ0Þ�ø#P���^8�Ü�^�²ï�vº^���

×0�L:À�1^�0Þ³^
_0'f�'f¿��T}ä³^óøÜ��

�DTZúÍÉ���:K�®�¥ø0Ù�iÔËs>�	��#�N����

��1Í���ô�MýZúiv�$·�&��¶¼f0Þ-���'f×0

³���-¨£�	�¿��É1©e�¹��Í°xÒ�^^�²ï�K\

¿�¼d�É1����Õ�ô^^�²ï��^�²ï�8úýT0�B�

P��

(å��ß-�å�¾º���8e�8úK��ÜÂ�GÅ��ûqÉ1

xx�¹�úË!��F/�æ��ûq��/�Ü�^Ú'��àd�Uåx

x�¹�!�ûq�1�ºå��ß�Í�²L�

^^�²ï���*Þ(¼&��ãûq�xx!�ºU��ô¥å^

^�²ïÖãûq�!���#ïå�08e�8úK��ÜÂ�v¹J��

�3.1@:���^^�C�!�o:��3.2@:�

 

 

 

 

 

 

 

 

 

 

模型
（ ） 類神經網路 

輸入 輸出

� 3.1: ^^�²a¹J�
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!

!

y

1x

2w
1w

2x

3x

"

"

"

b

3w

)  ("

b

S ŷ·
x1

x2

x3 w3

w2

w1
u

� 3.2: ^^�C!��

^^�²ïxx!���(3.4)@: [21]:

ŷ(x) = ϕ

(
n∑
i=1

wixi + u

)
(3.4)

• x�1º^�C�8e�input	�

• w�1ºÔÍ(weights)�^^�²ï��ô1/(¿tÔÍ��v��ô'

�/ô���81¨_�¹�"�Ë¼+10- 1K���Ë<�ÔÍï�º

�. 
H��v<�'�Gãh#P�^�Cô¹�«À|�^^�²

ï�qÿ_ô'�ÍK�Gãh^^�²ï&!*'�qÿ��*��Ô

Í�8ïåûdåÀ�ûf���B��z��

• u�1ºOû<�bias	�w	¿t�H��

• S�1º Õ®C�summation	�dè�/�Ï��8e�uP<øX�

Z� =�Õ\�

• ϕ()�1Kº;�ýx�activation function	��8/^Ú'ýx�	�

����vî�/�S�<Z ��0@���8ú�

• ŷ�1Kº8ú�output	�¦s@���P��

xÒ��learning rate	�(^^�²ï�úË-/��^8Í��Ãx�x

Ò�qÿW^^�²ï6���¦�åxÒ�xÇ�'G^^�²ï6���¦

18



����ë�ÍK����xÒ����^^�²ï6��¦�b�xÇ*'�

*��xÒ�^^�²ï�úËý	o�qÿ�

v^^�²ï�1#,úË��Ö6^^�²ï�8úò��@�B�x<

¥Ñ�F¼/#,@"��8e�&åS��0U.8ú�àd�Å��

(æ�D^^�²ï�*�N#,2e0^^�²ï-�,fv�º¦���/

&�@�B�<¥Ñ��d#,G1Kº,f#,�testing pattern	��º¦Ø

/^^�²ï-���*Þ�v^^�²ïúË����¼�#,øÑ�8

e�^^�²ï¦ýf������8ú�F/��,f#,�#,�îpN

'�^^�²ïÍ/!Õf�cº�x<�

^^�²ï*:Þ����:

• *Þ�

– ^^�²ïïåúË^Ú'�!��

– ^^�²ï	o}�É('¼*å�8e¦ï�0cº�8ú�

– ^^�²ïïå¥×�.^��x\º8e�iÉ'7�

– ^^�²ï�º'Ø�

• :Þ�

– ^^�²ïåíã¹�ô°uP<�¥<���Ï'�øv�»ûf

Ç��

– ^^�²ï�ã	!P�D�!Õ�åê�D�ãº�sã�

– ^^�²ï�ô�N�-!Õ�å����^�C*��*��^�

CG�qÿûq��º'�àd���åf¤�¹��0iv�^�

C�

åÞx��@úË�ÍÉòb�ÅýU�Ô�Ú'�OL�(U�^Ú'�

OL¤îÔ�'�6�^^�²ïPË�Ü���ðã�F/vU��s��O

L�B�������¦ë��¤î��ÍÉòb�Mý ÐØH��@åxÇ

ý1ãz�i�OL�kriging ÍÉòb�

19



3.2 krigingÍÍÍÉÉÉòòòbbb

3.2.1 krigingÍÍÍÉÉÉòòòbbb������

ÍÉòbï(���l��ãh [29]�y(x)/æ���,�!��ŷ(x)/K�,

<�ε(x)/¤î��

y(x) = ŷ(x) + ε(x) (3.5)

Kriging ÍÉòb /1i�èý@D��/Ñ<�f(x)���/Oû�Z(x)

ŷ(x) = f(x) + Z(x) (3.6)

ŷ(x)1/�,�!���f(x)/�¹��êý��e�Ñ<���!��8/�

������(1��Ä�-�å��8x�β�h: [21,30–32]���f(x)/�

!�Ø�����@úË�kriging ÍÉòb�º¦��Ø�F/ø�@ªúË

ÍÉòb1Å��»���B��àº!���Ü¦øÐØ�ºUxÇ8x�

�vf(x)/àº!�PË!®��º¦ÈØ�f(x)l���(3.7)@::

f(x) = β(generialized least-square estimate)

= (ITR−1I)−1ITR−1y (3.7)

(d�x/1n��xD���Ï�y/1m�#,Þ�ýx<@D��

�Ï�I/m × 1�®Méc�R/m × m�éc�Ï��C 1R(xi, xj)@Ë

��xi,xj�%/,iÊ,j�#,Þ�éc��(3.8)@::

R(xi, xj) = e

0B@−
n∑
k=1

θk|xki − xkj|
2

1CA
(3.8)

�θ/����B��Ãx�¾��kriging ÍÉòb��iv�Ãx<�Ï

��-��xý	�Éθ<�@å-��x�xî�θ<�xî��ô�θ�B

Õ����3.9	(3.10)@:�argmins/�ÿ³�'ì_g�x<����θ<s

º@B�EBÖθ/���N�!�s��N� [32]�

θ = argmin{|R|
1
m • σ2} (3.9)

20



σ2 =
1

m
(y − βI)R−1(y − βI) (3.10)

Z(x)/Oû���¨W�,Þâ#,Þ���`�Z(x)�	@9����

�θ<��ôZ(x)����¦9��@åÉ1¿t¤î�Êθ<1�"�¾�

�kriging ÍÉòb����3.11	@::

Z(x) = rT (x)R−1(y − βI) (3.11)

r(x)v-/m× 1�éc�C 1R(w, xi)@D����3.12	@:�v-w/�,

Þ�xi/,i�#,Þ�

R(w, xi) = e

0B@−
n∑
k=1

θk|wk − xk|2
1CA

(3.12)

�d@B��¹��(3.13)1/���t�kriging ÍÉòb

ŷ(x) = β + rT (x)R−1(y − βI) (3.13)

_àºkrigingÍÉòb	xxPË!®�H�Ø�¤îN�y'@å(å�
_

«ãÛ�É( [33,34]�

3.2.2 ÉÉÉ���¹¹¹<<<ÖÖÖ###ÕÕÕ

h 3.1: 5×5É�¹<-�

A D B E C

D A C B E

C B E D A

B E A C D

E C D A B

�h3.1@:��/��x���sbÉ�¹<�sb-��A�B�C�D�E(

sb
�%�	���(��-�-��ïå|º����A�Mn�ý�	(

��L����
��B�C�D�E�/�G-��¹</���-�z��

åàºBH�ÜÂ���ý(@	-�z��Ï��èýýÖ#úË!��å

�Ö�x�#,Þ�É�¹�Õ1/��	H�¹��åÖ��#,Þ�£1ï
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å9Ú��ø�ñ�W�Mn»Ö#���#,Þ����¦ý�øÍ��

_ïåµËr¦�@	z�Ä [35]�

Ö#Õe_ å2(�z�-Ö10�#,Þ�e_��@:�

• �sbz����º10x10�<P¹c�

• (,��û��
 A-J�ñ�W�ñ�WýÍ��

• 6�(,��å����D��
A-J�ñ�W�F�LK��	Í�

�ñ�W�

• �gd�!��U�@	��

• �d1�	10Dø�ñ�W�MnD��

• �g��Dñ�WMn�Ö#s���

	�)(É�¹<Ö#Õ�krigingÄ���@: [30]:

y = 2 + 0.01(x2 − x1
2)

2
+ (1− x1)2 + 2(2− x2)2 + 7sin(0.5x1)sin(0.7x1x2) (3.14)

G-Å	20�50�#,Þ�Ë)(r#,ÞZú Kriging ÍÉòb&Ô�d!�

��!��îp�

(�b3.3,3.4,3.5,3.6,3.7-ïåÀßú�kriging ÍÉòb���y'�v#

,x���úË�ÍÉòb�¾���ýø<¼�!��G-#,Þå/�H¼

@ßu'<�/@ßu�<
G�ý oþ�!���bØNpâ�d��`Ñ

#,ÞDÑ�Þ�¾º�Ev#,x���#,Þ�H�sG��,Þâ#,

Þ�Ýâ1��'G¤î�Ø�å2úË��ºKkriging ÍÉòbGÅ�ÿ³#

,x��#,Þ�HsG��ö�
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1
x

2
x

y

                      

 

 

 

 

 

 

 

 

x1 x2

y

� 3.3: ¹��(3.14)�b

 

1
x

2
x

 

 

 

 

 

 

 

 

 

x2

x1

� 3.4: 20�#,ÞÖ#P�
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2

x

y

 

 

 

 

 

 

 

 

 

x1 x2

y

� 3.5: 20�#,ÞúËKkrigingÍÉòb

 

1
x

2
x

 

 

 

 

 

 

 

 

 

x2

x1

� 3.6: 50�#,ÞÖ#P�

24



 

1
x

2
x

y

 

 

 

 

 

 

 

 

 

x2x1

y

� 3.7: 50�#,ÞúËKkrigingÍÉòb

3.3 ÓÓÓ���ööö@@@úúúËËË���kriging ÍÍÍÉÉÉòòòbbbÊÊÊ¤¤¤îîî

(�(kriging ÍÉòbB��mG��OL:

• #,Þ�xîÊ�H�¦r�Uz�

Ö���#,Þ1Å��N�!æ�!�����*��#,Þ��ô�

�Ï'�H�³�³�#,x��ôÍÉòb¾º¦Ø�@å(ý

�Äg�áÏÐØ#,x�kriging ÍÉòb�àl¼interpolateing�!

��interpolateing��/�,!�����N#,Þ�@å#,Þ��,<

����!ì<�#��(#,ÞDÑ�Þ_�^8��º�E#,x�

���,Þ�#,ÞÝâ�Ñ��,<��º�F/vÖ#B��ÏBÖ�

�#,Þ�1Å�Ñ�!ANSYS!ì�#�j��B�����BÖ�#

,ÞÅ��»x��B�@å*ïýÖx~�#,Þ�úËkriging ÍÉ

òb��1/@bè�ãL�

• #,x�HG�ÍÉòb¤î�'

d��#,Þ�H��sG��ý �,t�ûq�p����#,ÞêÆ
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-(Ð��@J�£¼Ýâ#,Þ^8`��,Þ��óïýÅ��(�î

Õ�@å¤î<ê6��Ø�@å�#,ÞsG�H�ºïå�M¤îN

'�(d/�(��É�¹<Ö#Õ�Öú97�#,Þ�

• θ<�BÖ

�ðã�èý1/θ<�Ö��BθÅ��N�!�s����θÅ�/c<

��º0�æ���qÿ�à 1/�x�scale������x�'�Ä

îÝ**�� �!(�θ<�d��è�θ<Å�ý�éc"�GpÀ

Áúþ��æ|���,<�º'Ø�

(Ó�ö��s���-�à�(ANSYS��Ó�ö�'Ó�<�
¥U�

'Ó�<*N¼�»B��@å�qúË�i�kriging ÍÉòb �,��/�,

Ó�ö��'É�<��qÖ�97�#,Þ�!�Ãx�h3.2@:�

h 3.2: �'É�<krigingÍÉòbûqÃx(Matlab�Ë�Ã�D��)

Ó�öÃx ÉKrigingÃx x<

8x� β 199.73

a2 θ1 0.00302

b2 θ2 0.00279

z1 θ3 0.02251

z2 θ4 0.00279

n1 θ5 0.00999

n2 θ6 0.00287

pressure θ7 0.01309

æ���/�,Ó�ö�
¥U�'É�<��qÖ�97�#,Þ�!�Ã

x�h3.3@:�

1¼krigingÍÉòb#,Þ¤îºö�@åê}M��Ö30�,fÞ�À,

æ�<��,<�¤î��3.8,�3.9h:�&å�h�¹��ª�@úËkriging

ÍÉòb��º'�å�i��bª�(
¥É��0¹�30�#,Þ	22�Þ

¤î(~�KAå��(�'É��èý30�#,Þ	19�Þ¤î(~�K�A

å��@åª�x�Þ	�d�¨â���¤îÔ�'�Þ�h3.4,h3.5@:�

26



h 3.3: 
¥U�'É�<krigingÍÉòbûqÃx

Ó�öÃx ÉKrigingÃx x<

8x� β 27.21250

a2 θ1 0.04094

b2 θ2 0.00256

z1 θ3 0.00515

z2 θ4 0.00256

n1 θ5 0.00256

n2 θ6 0.00256

pressure θ7 0.09544

àº¤î��Õ/(æ�<��,<�î<dåæ�<�@åvæ�<���B

��_1/�Í���B��¤îÏ1�¹����'���d!��^Ú'�

¦uØ��kriging ÍÉòbê(��xx!�1úË�E¤î(¥×Äg�
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h 3.4: �'É�ÍÉòbK¤î��h

æ�< 66.50 46.95 76.22 24.25 55.95 89.86 360.07 168.96

�,< 99.57 40.69 69.50 28.60 43.39 84.99 291.26 164.44

¤î −49.73% 13.32% 8.82% -17.95% 22.45% 5.41% 19.11% 2.68%

æ�< 36.95 156.19 265.76 93.95 87.15 162.35 181.90 67.68

�,< 67.70 160.71 258.34 92.83 74.07 165.83 185.47 60.23

¤î −83.22% -2.89% 2.79% 1.19 % 15.02% -2.14% -1.96% 11.01%

æ�< 15.98 113.01 208.48 51.10 84.64 160.41 198.20 30.63

�,< 29.25 80.03 196.53 36.46 78.40 161.15 196.32 31.97

¤î −83.02% 29.18% 5.73 % 28.65% 7.37% -0.46% 0.95% -4.39 %

æ�< 30.8 262.30 55.67 226.31 372.95 116.01

�,< 45.58 248.83 69.34 207.75 361.79 116.537

¤î −47.97% 5.14% -24.55% 8.20% 2.99% -0.45%

h 3.5: 
¥ÞÉ�É�ÍÉòbK¤î��h

æ�< 28.47 21.23 9.98 8.71 24.29 30.63 66.05 45.52

�,< 26.56 22.43 14.14 9.60 25.29 31.35 58.22 46.80

¤î 6.71% -5.64% −41.74% -10.16% -4.10 % -2.32 % 11.85% -2.81 %

æ�< 12.36 25.55 54.26 35.57 19.41 10.09 24.34 36.74

�,< 12.66 24.49 50.76 37.17 18.37 9.54 23.32 37.37

¤î -2.43% 4.17% 6.45% -4.50% 5.33 % 5.43% 4.19% -1.72%

æ�< 5.88 38.57 40.89 14.72 26.24 35.50 32.81 10.42

�,< 6.58 38.79 40.83 15.79 25.21 31.22 31.72 12.22

¤î -11.83% -0.57 % 0.14 % -7.22% 3.91% 12.06 % 3.31% -17.35%

æ�< 52.08 17.38 54.92 32.68 39.48 49.61

�,< 53.70 17.15 50.87 28.91 34.29 49.45

¤î -3.11% 1.29% 7.38% 11.53 % 13.16% 0.32%
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� 3.8: �'É�<krigingÍÉòb30�#,Þ¤î

 

 

 

 

 

 

 

 

 

 

� 3.9: 
¥U�'É�<krigingÍÉòb30�#,Þ¤î
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,,, ÛÛÛ ààà ººº���ààà   KKK!!!ììì

4.1 ååå¨̈̈___���xxx!!!ìììººº���ààà   

4.1.1 UUU���¨̈̈___���xxx

(ê6L-�11���þaý�+Wï�,�à ��ê6L��.þa�

��øqÿ�ôê6þa/��Ü��å�+Å��fW»ãz�.OL���

�å�OL88�º«�h	Ü�º�¾º���OL�@åÅ��Ïº�à

 �º���Å�Ï�º�à ��¨_�x1/�.!ìº�à �¹

Õ�¨_�x/��¨_9��Ï<�¨_�¹���gÐ._��H�ÀK�

��_��H�ÀK�ïå/Ø¯�H�Ë/�H��x�H�x8x�H�

/û��_��HÀÁ [21]�å�+Å�!ì�þaZE������ã�M

ýxÇi��_��H�!ìº�à [36,37]�

4.1.2 888(((___������HHH

• Ø¯�H�Gaussian distribution	

Ø¯�H�Gaussian distribution	�È8K�H�Normal distribution	�

/��(��ß�xx�i�Êå�
 [38]^8Í��_��H�ô(q

�x�1�¹b	WÍ'�qÿ�å¨_�xXº��sG<ºµ���î

ºσ2�Ø¯�H��º�

X^N(µ, σ2)

v_�Æ¦ýxPDF��(4.1)�PDFM�º/M�HýxCDF�

fX(x) =
1

σ
√

2π
e−

(x−µ)

2σ2 (4.1)

Ø¯�H���<µz��vMn�v��îσz���H�Æ-�/�

c�àvòÚHþ�b�àdÈ�81Kº�bòÚ��8@ª���Ø¯

�H/ µ = 0,σ = 1�Ø¯�H(��4.1-�Ø_�Æ¦º0.4�òÚ�H)�

�4.1��4.2o:Ø¯�H_�Æ¦ýx�Ê/M�Hýx��
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fX

x
� 4.1: Ø¯�H_�Æ¦ýx�

 

x

CDF

 

 

 

 

 

 

 

 

 

x

FX

� 4.2: Ø¯�H�/M�Hýx�
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• Ë/�H(Weibull distribution)

Ë/�H(Weibull distribution)/�x�H��y��v_�Æ¦ýxPDF�

�(4.2)(4.3)@:�PDFM�º/M�HýxCDF�

x > 0; fX(x, k, λ) =
k

λ
(
x

λ
)
k−λ

e(− x
λ

)k (4.2)

x ≤ 0; fX(x, k, λ) = 0 (4.3)

�BÅ�ÿ³k > 0 �λ > 0�k/bÀÃx�λ /:¦Ãx�åk = 11��

0�x�H�æ�¹bï�h:��<��'<Ku<�H¨�úË/�

H�¦sË/�Hï�º��¨_�x��<�Ñ<�H�"Á4Þwà¼

"Á��1U�@å�u<�HK��Ë/�H�&�æ�"Á�4Þ!

ì�±Æ-�û4Æ-@�w�ûPöö4Þ [39]�É�Æ-@�ô�Ñl

P�Â��wÊ4ÞIºvÉ(Ä���4.3��4.4o:Ë/�H_�Æ¦

ýx�Ê/M�Hýx��

 

x

PDF

 

 

 

 

 

 

 

 

 

fX

x
� 4.3: Ë/�H_�Æ¦ýx�
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FX

x
� 4.4: Ë/�H�/M�Hýx�

• xØ¯�H�Lognormal distribution	

(_�Ö�q�x-�xØ¯�H/�vxºØ¯�H�_��H�s

/��X/xØ¯�H�¨_�x�G exp(X) ºØ¯�H������

xïå�\/����hËàP�XM�G���xïå�\/xØ¯�

H���x���P/¡h�Ç�w�r)���ïå�\/Ï)r)��

XM��xØ¯�H�º«�((¡����
 [40]� ¼x > 0�x

Ø¯�H�_��HýxPDF��(4.4)�PDFM�º/M�HýxCDF�

fX(x, µ, σ) =
1

xσ
√

2π
e−

(ln x−µ)2

2σ2 (4.4)

v-µ �σ�%/�xx�sG<���î�

��</�

E(X) = eµ+σ2

2 (4.5)

¹îº�

var(X) = (eσ
2 − 1)eµ+σ2

2 (4.6)

f���<���î�_ïå(��ÜÂBµ� σ

µ = ln(E(X))− 1

2
ln

(
1 +

var(X)

E(X)2

)
(4.7)
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�4.5��4.6o:xØ¯�H_�Æ¦ýx�Ê/M�Hýx��

 x

PDF

 

 

 

 

 

 

 

  

 

x

fX

� 4.5: xØ¯�H_�Æ¦ýx�

• �x�H�Exponential distribution	

�x�H/�.#�_��H��x�Hïå(�h:hË¨_�ö|��

B��� [41]�Ô�Å¢2_4�B�������x�H�_�Æ¦ýx

��(4.8)(4.9)�PDFM�º/M�HýxCDF�

x ≥ 0; fX(x, ψ) = ψe−ψx (4.8)

x ≤ 0; fX(x, ψ) = 0 (4.9)

v- ψ > 0/�H���Ãx�8«1º��Ãx�rate parameter	�

�x�H�@�/[0,�)� ����¨_�xXHþ�x�H�Gïåë

\:X∼Exponential�λ	��4.7��4.8o:�x�H_�Æ¦ýx�Ê/

M�Hýx��

�,!�v-2!ì
¥Þ7¦�º�à �
¥Þ7¦�àºººÍ\

����"�îp�9ÚàFq��P��Ó�ö#Á�sG
¥7¦�º�
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� 4.6: xØ¯�H�/M�Hýx�
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fX

� 4.7: �x�H_�Æ¦ýx�
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x

FX

� 4.8: �x�H�/M�Hýx�

P�7¦�0.7�9Úd�y'�xÇåØ¯�H�!ì
¥Þ7¦�d�Ø¯

�H_w	¹����y'�E¼MNOL��Ü¦_	øv�©Ê�

4.2 ååå¨̈̈___NNN���!!!ìììººº���ààà   ���eeeBBB���������õõõ

4.2.1 UUU���¨̈̈___NNN���

ê6L-����ê6þa&^�����8�¨WB��9��@å�,�

ª�¨_�x�!ì�þa�æ('&Ø�àºýe�B���à �@å¨

_N���õ1ÉK���@��¨_N���/¨_�x�_��H]Á�¨

WB��9����º�à ÕKûq1/(¨_N��!ì��8��¨_

N� [42]	��KÕ�\æ~KÕÊ¬ï+È�
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4.2.2 ¨̈̈___NNN������...^̂̂

• ��KÕ

�C1827t�ñ�ix¶Þ/�� (Robert Brown) )(�,�o®áÀ

ßøn¼4-�±��B�|þ��±���Z#�ë���G�¨_û

Õ��4.9@:�

 

x

y

z

 

 

 

 

 

 

 

 

 

x

y

z

7

� 4.9: 	¦z���P��KÕ�

�.ûÕ1º��KÕ (Brownian motion) [43]�¥W�ix¶|þøn¼

²Ô�z#-ô��¼ 0.04 l���Pý�"���KÕ�l��v}I

�2�¤B�¹��IP-Àß0pu��P(z#-"���KÕ�þ

a�A]����ix¶�ó�º��KÕ�|�/1¼�P,«/�;

��ãE�ô01917t�.�P���_ªM« D’Arcy Thompson @

¨û�Thompson �º��KÕK@å�|�/àº�P�²Ô�#Ô�P

#��ø°��P��

ê1860tå��1�Ñx¶ý(�vd.þa��19N�æWÊ�Ö�Ñ

x¶|þ��KÕ	��;�y':

– �P�KÕ1sûÊÊIû@Ë��o�^8��G��vÌá~N
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/UU�	�Ú�

– �PKûÕo6�øÜ��ó¼v�P�ø¥ÑóÔvô���Ý

âB_/�d�

– �P���²Ô�'�N�«¦�ØB��P�KÕ�;Q�

– �P���ÊÆ¦vKÕ�	qÿ�

– �P�KÕ8\b�

�A�����à¯f (Einstein) Êò«çï+¯ú (Smoluchovski) |þ

¡�P�KÕ	�¼�G���KÕÍïå(_������v�vª�

��P(�µB�gKMû/9ÚØ¯�H���à¯f�å\ïª/�

�KÕ�HE�Ê�vP��ð¼�: G-����KÕ�P(B�tÊM

nxBK_�Æ¦6�(Ð�_�G-���à¯f�ú

∂ρ

∂t
= D∆ρ (4.10)

�áDh�c8x�1KºôcÂx (Diffusion coefficient)�Gå�P

(t = 0KMnºx = 0�G_�Æ¦�

ρ(x, t) = (
1√

4πDt
)
3

e−
|x|2
4Dt (4.11)

��KÕ|UóÊ, dN�Ê���.¨ã, (1��ßø��ßx [44]��

ix�¡�Ñx�x�q�ÊÏP�x-ý	ãÛ�É(�

• \æ~KÕ

\æ~N��Poisson process	�/åÕ�xx¶\æ~�W}��\

æ~N�/¨_N���.�/å�ö�|�B���©��¨_N�N(t)

/���\æ~N�����ÿ³å��ö:

– (i��¥�Í�	�@�g@|���ö�xî/�øhË�¨

_�x�

– (@�g|���ö�xî�_��Hº:

P [N(t+ τ)−N(t) = k] =
e−ητητ k

k!
(4.12)
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v-η/��cx�/ú��Ãx��81ºµT��arrival rate	�7¦

�intensity	�@å���[t, t+ τ ]f�(B�@�K-�ö|��xî�G

¨_�xN(t + τ) − N(t)Hþ\æ~�H�vÃxºλ, τ�ô�,0�ª�

��\æ~N�/(Ï�	L�B�@��(Ð�z����:��sb�

	�z�	-�Ï��	L�@ß�æ���¨_��öx���(��

B�@��z�@ßg��öx��æ���¥�Í�	�B�@��z

�@ßg��öx��i�¨_�x/hË��

\æ~KÕïåÉ((Ðy�@��w¦ bM B� �x	g�ÀßÐ��

ö|�K!x [45];��:Ð�ïµ��Bg|�Ê��Ð�F��L� ¹

Ù	���g�g¢�û��0ï	10Ng�:Þ�ûq¤Û_���g¥

¥�ûqx�Û_���gE�î�SWá¼��g�/%WI�

• ¬ï+È

¬ï+È��©�� [42]�

ýxz�-�å¨_N�X¼@	z�Sá�ýxÞi, j, i0, i1......., it−1�s

@	B�Þt = 0, 1, 2.....�ÿ³���ösº¬ï+È

Pr[Xt+1 = j|Xt = i,Xt−1 = it−1, X1 = i1, X0 = i0]=Pr[Xt+1 = j|Xt = i]

¬ï+È�y'1/�ö�|Uw	#�'�!��K1/�ö��Ò�À

Á�êßþ(��B;	øÜ�¬ï+È�	�É(Ä�1/í�4"O

L [46]�å	�Mí�K
	5CL¼�Ï©���8�ý/�J"�£¼

��í����/ÛC�/mC�_�ê�þ(ÖK-
	�C	ÜÂ��

�Ö��ËK-
	��"!Ü�(_���Öá�8Ð0ii�ö/hË

�å¹¿����¬ï+È�y'Í�/�ö��öK�iiý/ø���

�ê6þa88ý	�#�ÜÂX(���y'�,!�v�Ä�ø&��

d�¬ï+È(å�
_	øv�É( [47]�
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4.3 ¨̈̈___���xxxÊÊÊ¨̈̈___NNN���(((ÓÓÓ���öööKKKÉÉÉ(((

(Ó�ö�Ä�-�q	~�º�à ��º�à ��ÊvÍ�'Xð�

��@:�

• ~U:ø¤î �ý _ð�¾¦¤î��ôý ú��Cö'�	�1�

��F/þÊ_°¤î¾¦ò�ïå0mmå��E,Ö��vqÿý

e�

• 
¥7¦¤î �
¥7¦�àºººÍ\"�u'�îp'��ó�	


¥1W�ÀÁ|��E,Ö��dº�'e�Ï�

• P���"��¤î���¶�åà�"�P��_°'êîp'�F

!ÕÖ�øÜ�xÚ\ºU0����E,Ö��vº�à ýe�

• ±9·.�4ûq@"�Ó��Õ�1¼«¦�ÕÊ4�þa"��Ó�

%������ôÓ�ö	 4Þ�qª�E,Ö��vº�à e�

Ï�

• �Ö����æþaîp�,Ö�¡(ANSYS\º���ßÔ�FßÔ�

�ú��P��æ�þaÅ�	îpX(�	ïý�	��P�ïLFæ�

P�1W�ÀÁ�1¼!Õ2LæW�E!ÕU0qÿ�,Ö��U�¹�

º��hÂx '�P�ô �Ý��

• ººÍ\����"��/¤ �Ï�º¾^ÀÁ�0Ã�¦���d�

�ô8e��B	�'�¤î|��èýº�ó�|�/¤����E,Ö

��Md�ÀÁ|��P�/0Ã9N� æW�Í�2L�BæWP�Ù

Å�ô�

• ÍÉòb�¤î��krigingÃxúË�ÍÉòb¤îý�#�E,Ö�

�ãz¹Hº(�~ÃxB�2L�s��rDÃxúË�ÍÉòb¤î�

��

• �s����¤î����s���vP�ý*�ô��ó'èý�Ö

êý~0@ßu<�,�vá�/)(�D��wËÞMn�~��sã

å�Md�OL|��
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(Ó�ö���Ãx��N�-qÖm�~U:ø��x��	
¥Þ7¦

Ê24Ó�Iqk�à ��m�~U:ø���(þ(_h�ý\K��¤î

øv���Ev��,�x�v��i�xýw	º�à �y'�v�h�

�º�à �P�îpèý!ÕÖ�øÜÇ��ó¼Í\���xS�Ö@"

��îÝïå�1ºº�§6�qÿ�ó�N�2�
¥Þ7¦Ê24Ó�º

�à �!ìª����

4.3.1 


¥¥¥ÞÞÞ777¦¦¦���!!!ììì


¥Þ�7¦(àF,f�ÀÁK��8/�P�7¦�0.7��P�7¦

º125Mpa�ï/
¥Þ�7¦¨WÏ�iö���àºåº��ý�/_h�

¤î��	�1�îp'��ó�	1W�ÀÁúþ�@å�v�º¨_�x�

&�åsG<0.7�Ø¯�H�Ïð��4.10@:�x(Ø¯�H��à/Ø¯�

Hw	�,'��Ø¯�H�xx�K«ãºÉ(�

 

PDF

2~ (125x0.7,5 )N !"#$

 

 

 

 

 

 

 

 

 

N ∼ (125× 0.7, 52)

fX

� 4.10: 
¥Þ7¦�!ì�

4.3.2    ÓÓÓNNN������!!!ììì

(!ìÓ��èý�(,f�N�-�Ó�ögÓ��8
G�'��(2.5Òg


G0230psi�(æ�ÀÁ��Ó��
G��×0«¦�4�þaI�(à 

�qÿ�òÚ&��d���àº ÓN�-�Ï�B�Þ�Ó��ý�
�

�B�Þ�Ó�øÜÆ��9Ú��y'�E�(¬ï+È�!ìÓ�
G�æ

�ÀÁ�e_���

41



• H�B�@�2.5Ò��n�I�Þ

• ~ú�óÓ�òÚ¹���G-Ó�/HþÚ'^��

P(ti) =
230

2.5
ti, i = 1^n (4.13)

• �)(¬ï+È�y'ÐúÓ��!ì¹���32	�v-P̂/Ó���,

<�P/�ó<�δti/�Õ�� ¨_Ó�òÚÊ�óÓ�òÚ��4.11@::

P̂(ti) = P̂(ti−1) + P(ti)− P(ti−1) + δtiwhere δti^N

(
0,

(
5

n
i

)2
)

(4.14)

_1/(Ï�!�B���K��1 
���Õ������Õ��¨WB�

���'���vB�I¼2.5Ò�B���Õ����î�T052��d-��

�àº��Lîô �w	��'�

 

 

 

 

 

 

 

 

 

 

� 4.11: �ó�æ� ÓN��:��

(�4.11-ïå�o�Àß0¨_Ó�N���ó�Ó�N�	�#�¨

â��BÈ�+�º�à �(º�à �qÿ��Ï�!!ìú��¨_

Ó�N�ý�ø��
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,,, ��� ààà ïïï`̀̀¦¦¦������

5.1 ïïï`̀̀¦¦¦���������ÖÖÖ

5.1.1 \\\KKK¨̈̈___���xxx���ïïï`̀̀¦¦¦���ÖÖÖ

(2LÓ�ö�s��N�-�æ��OL1/�UnËP6��ï`¦��ï

`¦�s����1.2	�Re�

min
x,µX

f(x, µX,p, µP)

s.t. Pr[G(x,X,p,P) ≤ 0] ≥ Re

�(P6�-	¨_�x�¨_N����ï`¦���¹�ý� [42]�

¨_�x�¨_N��ï`¦��ª����

��P6�h:ºG�X/\Kûq�¨_�x� fX(x)/_�Æ¦ýx��

Ö
UÍP6��_�//)(fX(x)(t�4Þ@ß�M�B��£¼4Þ�_

�Pf ÊReï`¦1/�

Pf = Pr(G(X) > 0) =

∫
· · ·
∫

G(X)>0

fX(x)dx (5.1)

Re = 1− pf (5.2)

�å¨_�xØ¦OL1/��xOL�(�(
ð�xxl��Bï`¦

B�G0i�OL

• ,��/_�Æ¦ýx*N¼�Ü����!ÕB�����H�ÀÁ_

��/Ø¯�H��æ/Ø¯�H1!ÕU��

• ,��OL1/M��*N¼�Ü	ïý!ÕM��

@å
ðxxl�(å�É(
&æ(�@åÐú����¹��B	Ü\K

¨_�x�ï`¦�(5.3à-���ª��
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5.1.2 ÕÕÕKKK¨̈̈___���xxx���ïïï`̀̀¦¦¦���ÖÖÖ

��P6�h:ºG�X(t)/ÕKûq�¨_N��fX(x(t)) /_�Æ¦ýx�

�Ö
4Þ�_�/��(B�@�[0, tmax]gUÍP6�@|��_��4Þ

�_�PfÊï`¦Re1/�

Pf (t) = Pr(G(X(t)) > 0) =

∫
· · ·
∫

G(X(t))>0

fX(x(t))dx(t) (5.3)

Re(t) = 1− pf (t) (5.4)

F�#��ÕKûq�_�Æ¦ýxô ��Ü�Á�M�_��ýý 

��ú��E�(xxl��»���¹Õ(å�OL-&æ(�@å�(�

{
i.nËÕKï`¦�¹Õ�4Þ��,�!4ÞB����ª��

• 4Þ��Crossover rate	

å�n�¨_ ÓN�@ ��É�8úSmax(t)��P�7¦ST/4Þ�

èL<��4Þ�|�(vÉ�<��èL<B��5.1@:�

 

 

 

 

 

 

 

 

 

 

TS

max ( )S t

ST

� 5.1: É�8ú�P�7¦�

�4Þ���1/(t�¨_N�-��öè�èL<�_��EÕKûq

P6��ï`¦�1ïå)(4Þ��B���Ö
(Ð�B�Þ��èL

<�_�ïå�1��l�B� [42]�

v+(t) = lim
∆→0

Pr[{Smax(t) ≤ ST}] ∩ {Smax(t+ ∆) > ST} (5.5)
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�(5.5)��/(tB�BÉ�<Å��¼P�7¦¤Æ(t + ∆B�Biö�

"�4Þ�_�då∆�v∆!P��B����l�1�I¼B�Þt��

èL<�_��å(B�@�(t1, t2)g����B�@�(t1, t2)��!P�

�Iý�Ï�ýw¦∆�£¼B�@�g|���èL<��ö|�!x¿

ï�1�@	B�Þ�4Þ�ø B��_ï�1��l����

E[N+(t1, t2)] = v+(t1) + v+(t1 + ∆)v+(t1 + 2∆) + ...+ v+(t2 −∆) + v+(t2)

=

∫ t2

t1

v+(τ)dτ (5.6)

Fl�ãÍ6	���ãU���v+(t)!ÕB��M��!ÕM�IO

L�E�(�0a�ÕBÖï`¦�(,�à,	À-���ª��

• ,�!4ÞB��First passage time	

��5.2@:�,�!Smax(t)è�ST�B�Þåτ 1�h:�1/@��,�

!4ÞB��(þæ�L-�"Á�æ�NPê7¦�èL<1�4Þ�ï

`¦_���©(,�!4ÞB��ú�K��E,�!��Pê7¦�B

�Þ�s/,�!4ÞB��/-���ÏKÍÞ�ååL·�KÕ�ª�

àF���"Áý A��(��,�!4Þ�B�Þïå(Ýú�K��

�#����»�� ¼rÁL�áÃ��BàF_ý ��Ýú�g"

Á4Þ@ ���,/ú��/,�!4ÞB��Í�'�@å�(,�!

4ÞB�/æ�.nËØ_�ö�¹��

��h@ß[Smax(t) ≤ ST ]�©ºDsafe�([0, t]B�gûq4Þ�_��

�(5.7)@:�

pf = 1− Pr[N+(t) = 0|X(0) ∈ Dsafe]× Pr[X(0) ∈ Dsafe] (5.7)


ðl���/�1�»4ÞG|��_��s/�1�»wËÞ�h�_

�Pr[X(0) ∈ Dsafe]X
B�@�g4Þ!xº0�_�Pr[N+(t) = 0|X(0) ∈

Dsafe]�d�¼å�OL�ª�GåÏ��4Þ��öýïå�ºhË�

ö�4Þ�öxî���G�+wËÞ(gt = 0ûU�(é�1|���

èL<�_�ïåÑ<¼�	|�ûU4Þ�ö�\æ~N��B���

�5.8	@:�

pf ≈ 1− e−
R t
0 v

+(τ)dτ (5.8)
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TS

1
!

max ( )S t

ST

� 5.2: É�èL<�,�!4ÞB�

v�öx@Ñ¼ö�B��
∫ t

0
v+(τ)dτ����4Þ�ïå(2L!���

�5.9	@:�

pf ≈ 1− e−
R t
0 v

+(τ)dτ ≈
∫ t

0

v+(τ)dτ (5.9)

G,�!4Þ�|�_�'�I¼(¨_N�X(t)�4Þ�� Fl�ãÍ

6	���ãU���v+(t)!ÕB��M��!ÕM�IOL��l�ã

ê	(y�ÀÁ�Mý�(�E�(�0a�ÕBÖ,�!4ÞB��(,

�à,	À-���ª��
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5.2 ååå���000aaa���ÕÕÕúúúpppKKK			...ïïï`̀̀¦¦¦���sss���xxxxxx!!!���

åÓ�öº�P�å
ð�.nËï`¦ÊØ_�ö��õ�,�vÐú	.å

ï`¦�s��e¨_N��¨_�x�xx!��ª�Ó�ö�U(\KÊÕ

Kº�à �2L�s�-��

• xx!���4Þ_�L��

minÓ�RP�(Ï

s.t. Pr[Ó�R�'É�< ≤P�7¦] ≥ 90%

Pr[
¥Þ�'É�< ≤P�7¦] ≥ 90% (5.10)

Ó�/¨_N��B
¥7¦/¨_�x

• xx!���,�!4ÞB�_�L��

minÓ�RP�(Ï

s.t. Pr[Ó�R,�!4ÞB� ≥ 2Ò] ≥ 90%

Pr[
¥U,�!4ÞB� ≥ 2Ò] ≥ 90% (5.11)

Ó�/¨_N��B
¥7¦/¨_�x

• xx!�	�sG,�!4ÞB�L��

minÓ�RP�(Ï

s.t. Ó�R,�!4ÞB� ≥ 2Ò


¥U,�!4ÞB� ≥ 2Ò (5.12)

Ó�/¨_N��B
¥7¦/¨_�x

�	.ï`¦�s��L��ý�(�kriging ÍÉòb���P6��ï`¦&

�2º�à ûq@ ��qÿ��B�(��0a�Õ�<ÑP6��ï

`¦�,�.��(���Ó�ö�P�(Ïî�K��Ó�öÍ	90%�_�

���Ó�ö�'É�"�UÊ
¥U��'É�Ý�(èL<å�/åÉ�<
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ºUÏ�,�.L�G/å,�!4Þ�B�ÞºUÏ�,	.L���/å

,�!4ÞB��sG<�UÏ�

��å�OL�ª�~�K]A�ï`¦<N*��F/,f��ö/

(2.5Ò Ó0230psi���,Ó�ö�å\Ó�Å100psi���( eº�à

 �qÿ�Ó�<	ïý(ôØ�E90%�ï`¦ò�³ Ó�ö(�,ÀÁ�

�(�

5.3 ããã���ããã������000aaa���ÕÕÕ

�0a�Õ�'�}U(¼ê�åS�x�_�Æ¦ýx���«�x�H�

^�@P6�1ïå)('ÏÖÞ�<Ñvï`¦�F/�'�:Þ(¼��»

'Ï�����å�@Ð0�ã�ã��Ï��F{/Åý�(¼Ø¯�H�y

�ãÕE!Õ�(¼vÖ^���HòÚ�

5.3.1 ���000aaa���ÕÕÕ

• \K¨_�xï`¦BÕ

år�x/\K¨_�x��(�0a�ÕÝ¨_�x�HÖi#,x

����#,x�h�Ô��sºØ_�ö(d¨_�x��ï`¦��0

a�Õ/�.8(�Ö#Õ��8(�<Ñ!Õ�(l����ï`¦�F

����'Ï�#,xî�º�B�ï`¦�E�0a�Õ��»øv��

ûfÇ��,!�v-��(�kriging ÍÉòbåMNÏ!Ö#�ûf�

�ÏåÐ��0a�Õ�tÔH���B|w�º�H���

• ÕK¨_N�ï`¦BÕ

v�x/¨_N�B�r�x�¨WB��9��EïsG(��¨_N�

�B�øÖ'Ï�#,Þ�6�����Þ	��~�Ô�Þ��Ø_�ö

�Ë�d_�sºï`¦�

ï`¦�èL<å��#,Þx/=#,Þx
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�/(�y�¨_N����ï`¦�ï/¨_N�Ï!áø��ê(�

!¨_N��P�ãh'& �Eïå÷Lx!¨_N�ï`¦����

�Ö��ï`¦�sG<�rÏ<¿w	øv�ãh'��(,!�v-�

(�0a�ÕP�¬ï+È���ÕKûqP6��ï`¦ [48,49]��B�

(�C�¨_N��U0(¨_N�qÿK�ûq�ï`¦�

• ÕK¨_N�,�!4ÞB�BÕ

v�x/¨_N�B�ïsG(��¨_N��B�øÖ'Ï�#,Þ�6

���,�!��èL<#,Þ�B��dsr¨_N��,�!4ÞB

��Fê(�!¨_N��P�ãh'& �Eïå÷Lx!¨_N�,

�!4ÞB�����¿ïååS,�!4ÞB��sG<�/,�!4Þ

B�	��_��'¼Ð���B�å
�(,!�v-�(�0a�ÕP

�¬ï+È���ÕKûqP6��,�!4ÞB���B�(�C�¨_

N��U0(¨_N�qÿK�ûq�,�!4ÞB��

5.3.2 ÝÝÝØØØ¯̄̄���HHHKKKããã���ããã

å�0a�ÕºãÕ��s�L��(��Ê�ã�N�-�ïå|þ0àº,

�v/�(�C!¨_N��sGhþ�U0ûqP6��ï`¦�F/Ï!¨

_N��îp'�� �Ó�ö(ø�~U:ø���#�N�C!�¨_N

��ï/��ú��ï`¦{�áø���#�îp'�����s����

(6��sã�B�Ï!6��x<ý�	�®�îp�&�Ï!ý6�0�

�ú�Þ�'ô
�6�0Ð���@Já�º�9��#�ÀÁ�@åÈÐú

��.ãzOL�¹Õ�
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(�(¬ï+È@Ðú� ÓN��l��ïå�1å��¨�2L!�:

P̂(ti) = P̂(ti−1) + P(ti)− P(ti−1) + δti , i = 1 ∼ n

= P̂(ti−2) + P(ti−1)− P(ti−2) + δti−1
+ P(ti)− P(ti−1) + δti

= P̂(ti−2) + P(ti)− P(ti−2) + δti−1
+ δti

= P̂(ti−3) + P(ti−2)− P(ti−3) + δti−2
+ P(ti)− P(ti−2) + δti−1

+ δti

= P̂(ti−3) + P(ti)− P(ti−3) + δti−2
δti−1

+ δti

= P̂(t0) + P(ti)− P(t0) +
i∑

k=1

δti−kwhere δti ∼ N

(
0,

(
5

n
i

)2
)

= P(ti) +
i∑

k=1

δti−k where δti ∼ N

(
0,

(
5

n
i

)2
)

=
230

2.5
ti +

i∑
k=1

δti−k where δti ∼ N

(
0,

(
5

n
i

)2
)

= sG<+��Ï (5.13)

9Ú¨��P�ïååS�Ó��,<�sG<���îý/B��ýx���

ýx�b�ýò��1¨��å��5.14	@::

P̂(ti) = P̂(µ(ti), σ
2(ti))

where µ(ti) =
230

2.5
ti, σ

2(ti)
5

n

√√√√ i∑
k=1

k2 (5.14)

	�å
�ÜÂK��¿ïÐúæ�W¾º���ï`¦�¹��2�2L�s

�:

• �H	P̂(µ(t), σ2(t))ÜÂ��sïåãÏ��B�ÞP̂��HÀÁ�

• (2L�s��ã�N�-�HB�ûqÏ!@,f�Ó�öË��4Þ@

���Ó�<Pfail�

• 	�PfailÊ�B�ÞP̂(ti)��HÀÁ1ïååS�B�Þ�4Þ_

�Prfail(ti)���5.3@::

• 	��B�Þ�4Þ_��¿ïå~úï`¦º90%�B�Þ�£¼��

B�1/ÿ³ï`¦º90%�,�!4ÞB�����,�!4ÞB�Å�

(Ð���<å
��d��1ïå2L�s���
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fX

Pfail

� 5.3: )(Ó�èL<��ï`¦


ð¹Õ�*ÞºÏ!���ï`¦�	6�'î�OL�EÏ!�s��P

�_ý�ø��w	øv}�6�' (Matlab�Ë�Ã�D��)�
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,,, mmm ààà ���sss���PPP���������ÖÖÖ

6.1 			...LLL������sss���xxx<<<PPP������ËËËbbb

(�6.1Êh6.1-��	.L�@"���s�P��~U:ø|dK���î

p8%�	.L���s�Ëbå(�b�h:�<!Õ�%îp'�E�6.1å,

�.Lb�Ëb åh:�

 

 

 

� 6.1: Ó�öKï`¦�s�-�
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h 6.1: Ó�ö�s�-�Êï`¦x<(Matlab�Ë�Ã�D��)

�-�Þ �sã� �sã� �sã	

a1(mm) 113 121.228 121.109 121.174

a2(mm) 107 111.728 112.7877 111.6746

b1(mm) 241.5301 234.2361 238.8891 245.3681

b2(mm) 180 182.0315 170.9365 170

z1(mm) 6.5 3 3.1783 3

z2(mm) 7 3 3.2417 3

r1(mm) 59 109.1058 108.7262 109.0571

r2(mm) 64 99.159 101.5089 100.5071

P6��ï`¦ 0.6471 0.9118 0.91 sG2.1569Ò

P6��ï`¦ 1 1 1 sG2.5Ò

ÔM�m3	 2.63x107 1.40x107 1.46x107 1.39x107

6.2 xxx<<<PPP���ÔÔÔ������������

6.2.1 PPP666������ããã���¦¦¦

º�Àß�.P6��ã�¦�Eý\h6.2å2LWIK(�(��ÊÔ��N

�-�xú~Þy'��ª��

• Àß�� ,�!4ÞB�_�L�P6�ÔsG4Þ_�L�P6�´Û

4Þ_�L�P6��

Pr[Ó�R�'É�< ≤P�7¦] ≥ 90%

Pr[
¥Þ�'É�< ≤P�7¦] ≥ 90%

,�!4ÞB�_�L�P6��

Pr[Ó�R,�!4ÞB� ≥ 2Ò] ≥ 90%

Pr[
¥U,�!4ÞB� ≥ 2Ò] ≥ 90%

53



h 6.2: �-�Þ��sã)(,�!4ÞB��4Þ���K4Þ�

_�ãÕ �-�Þ �sã� �sã� �sã	

100 MCMC process for

Pr[τ 1 > 2Ò]

0.99{1} 0.9{2} 0.12{3} 0.22{4}

1000 MCMC process for

Pr[τ 1 > 2Ò]

0.99{5} 0.0840{6} 0.1390{7} 0.2480{8}

Analytical method for

Pr[τ 1 > 2Ò]

0.9869{9} 0.575{10} .1092{11} 0.1879{12}

100 MCMC process for

Pr[Smax(t) > ST ]

0.4015{13} 0.0774{14} 0.1071{15} 0.1307{16}

1000 MCMC process for

Pr[Smax(t) > ST ]

0.401{17} 0.0789{18} 0.1007{19} 0.1315{20}

Analytical method for

Pr[Smax(t) > ST ]

0.395{21} 0.076{22} 0.974{23} 0.1215{24}

�i.L��'�îp(¼�%�(P�4Þ_��,�!4ÞB�_�\

ºP6����ö�º�Ô��i.P6�ö�ã�¦�fó�sã�Mn

ådÄ��ªÅ�|�(�L
�E4Þ_�L�Ó�ö(2.5Òg�4Þ

�º10%�G2Òg�4Þ�Å��¼10%�1�(42)@:�ïå�,�!4

ÞB�¡2Ò�_�'ôI¼2Òg�4Þ�º10%�Eïå¨Ö,�!4ÞB

�_�L�4Þ��ØP6��º´Û�º�WId�¨Ö�å�-�Þ

�	.L��sãGå�0a�ÕM�¬ï+È�MCMC	(100Ê1000!

¨_N����Àß!i.P6��4Þ_��h6.2@:�Ë�<P{1-

8}�{13-20}ïåÀß0å,�!4ÞB���ö�Pf [τ 1 > 2Ò]4Þ_�G

Ô�Ø�1d�åÀß��

• Àß�� ,�!4ÞB�_�L�P6�ÔsG,�!4ÞB�L�P6

���´Û

,�!4ÞB�_�L�P6�:

Pr[Ó�R,�!4ÞB� ≥ 2Ò] ≥ 90%

Pr[
¥U,�!4ÞB� ≥ 2Ò] ≥ 90%

sG,�!4ÞB�L�L�P6��
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Ó�R,�!4ÞB� ≥ 2Ò


¥U,�!4ÞB� ≥ 2Ò

�i.P6�ý/å,�!4ÞB�ºP6��ö�;�î%(¼,�!

4ÞB��%�w�90%�ï`¦�vsG<ÿ³sï�åxx�Ò¦À

ßå1000!�¨_N�(,�!4ÞB�_�L�P6����	90%s

/900!�,�!4ÞB�(iÒå
��sG,�!4ÞB�L�P6�

ê��50%s/500!,�!4ÞB�(iÒå
sï�ååWI�P��

�{3,7,11,15,19,23}4Þ_��%Ø¼{4,8,12,16,20,24}_ïå�åÀß��

• Àß	:å,�!4ÞB��sG<\ºP6���ö�´9

Mµ�Ö0sG,�!4ÞB�L�P6�ê��50%s/1000K-ê

�500!,�!4ÞB�(iÒå
sï��#�P6�o����´

9�(h6.2-ïå|ºL�	�4Þ_�{4,8,12,16,20,24}`'¼v�i.

L��sã�EïåWI&¨ÖÀß	

• ÀßÛ:��¨_N�xî@B�ï`¦P�ø<

åxx�ÀÞ�ª�100!Ê1000!¨_N��sG<Å�ø��º�Àß

¨_N�xîê	100!/&� �qÿ�E�{1,2,3,4}�{5,6,7,8}Ê{13,14,15,16}�

{17,18,19,20}ZÔ�ïå|þ100!Ê1000!¨_N��sG<_�ø<F

��ï¨ÖÀßÛ�

• Àß�:ã�ã��0a�Õ��Kï`¦P�ø<

(,�à,	À�@Ðú�ã�ãwå�e_�

– �H	P̂(µ(t), σ2(t))ÜÂ��sïåãÏ��B�ÞP̂��HÀÁ�

– (2L�s��ã�N�-�HB�ûqÏ!@,f�Ó�öË��

4Þ@���Ó�<Pfail�

– 	�PfailÊ�B�ÞP̂(ti)��HÀÁ1ïååS�B�Þ�4Þ

_�Prfail(ti)�
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�g
ðe_ïåB�Prfail(ti), i = 1, 2, 3......n�s/Ï�B���4Þ_

���g_���õ�ïååS�P6��4Þ_��vK��ÜÂ:

Pr[Ó�R�'É�< ≤P�7¦] ≥ 90% =

n∑
i=1

Prfail(ti)

n
(6.1)

Pr[Ó�R,�!4ÞB� ≥ 2Ò] ≥ 90% = Prfail(t( 2
2.5
n)) (6.2)

)(l�ã@B��TH({9,10,11,12}Ê{21,22,23,24}���0a�Õ��

�_�øÔ�ýø<�ï¨ÖÀß��

6.2.2 PPP���(((ÏÏÏ999������

(h6.3-ïÀå0�(Ó�ö(��èýG/'E���ó�44.4% 46.79%�ý

 	�d�9�;à/
�JöËb¨Ñ¼�b�ý �É�<MN�Eûqý

.�Á��@åP�(Ïý'E�MN�

h 6.3: �-�Þ��sã)(,�!4ÞB��4Þ���K4Þ�

_�ãÕ �-�Þ �sã� �sã� �sã	

æ�ÔM�cm3	 2.63x107 1.40x107 1.46x107 1.39x107

ÔM9�� 46.71% 44.45% 46.79%

6.2.3 ÉÉÉ���<<<999������

(h6.4-�ïåÓ�ö�s��-�(230psi�Ó���å�(ANSYS���

�'É��èý���31.3% 37.3%æó�å�(Kriging����'É��èý

���15.85% 20.27%æó��(
¥Þèý�É�<å�(ANSYS��Í�


G119.04% 136.40%��(Kriging��
G124.27% 129.61%�Ns�
¥UÉ

�'E
G�
¥U�7¦84.5Mpa�Í6(�hÄKg�� �
¥UÉ�


G�P��àº��s��ûqº��É�<ÿ³Pê7¦�P6����Ó

�ö¨Ñ¼�b�å��É��H�ÀÁ�ï/î�ýx/MNP�(Ï�@å

ûq�����¦'E����d��É�<�àºöÁ���
G�@åïå

�0Ó�ö�É�<9�ÀÁs��ó�ôî�FP�(Ï{ïå'E�.

��
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h 6.4: Ó�ö(230psiÓ��É�<9��

�-�Þ �sã� �sã� �sã	

� ' É �(MPa)�

(ANSYS��

165.13 112.679

�31.7%

103.549

�37.3%

113.439

�31.3%

� ' É �(MPa)�

(Kriging��

165.17 131.679

�20.27%

135.259

�17.94%

138.989

�15.85%


¥UÉ�(MPa)�

(ANSYS��

18.91 44.7049

�136.40%

41.6779

�120.39%

41.4219

�.119.04%


¥UÉ�(MPa)�

(Kriging��

18.72 43.019

�129.61%

42.329

�125.96%

42.019

�124.27%

6.2.4 qqqÿÿÿPPP666������;;;������ààà   

(
ð�h<-�À,0qÿP6��;��à 	��x�:

• 1. Ó�ö���

å8�;-��Wïå����2ý�ý/�(�ö���ý�×v2â×

0}Ig�"��±9·. ��Ó��(Ó�ö��s�-��/�ûq

��º��7¦ÿ³�B��Ó�öËb¨Ñ¼�b�å� �Ó�y'�

£¼ºÀ¼(�Ës�(�bö��à/�ö�ì¦�ì���,>nÓ

�ö�4âz��	ì¦
�P6�@åàF��(ÿ³z�P6��B


�ý ~0�D�sã�

• 2.Ó�öÁ��

P�(Ï�Á�K�ÜÂÍ'�þ�µP�(Ï���àC/àöÁ^8

���®���öÁS��º(��'E�M�ï/É�<�%�
G�@

åÅ�9�Ó�öËb��ý�×ôØ�Ó��(,�v-�àº��å�

b �É�<�M�@åý�Á�'E�MN�

• 3.���Ø¦KÔ��

(�s��N�-�_À,09����Ø¦KÔ��_ý �� Ó

�ö�Ó�_1/�À/Ô�ì�/Ô�&w�àº(Àß�ã�N�-�

|þ��ûq(Á�Ê��
�	ûU�9��®®ê9�ìØÔ��ï`
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¦�	@îp����îpò�'¼¨_N��îp'@ ��¤î�@å

ïå�º�$·ìØK��Ô��ûq_	qÿ�

6.2.5 			...LLL���---���sssãããLLL!!!���

(þÊmL�Fm��-�ïå�o�|ºàF@(N�/FÁ,«��('Å

�Ø¼Ýú���P [50]�Mý� �»�áÃ�MNî�,�@å,�.L

�@���(t�B�ø
	��Þ�è�4ÞèL<�Ô���#�¶Ë&

æ(�àºiö�æ4Þ1/Þ��@åå,�!4ÞB�Þ�nË�ãL¶

Ë�Ô�&��B�

¥Wå,�.Ê,	.L��Ô��,	.L�å,�!4ÞB��sG<

����(q�x��Ö-ïååSsG<Ö6/��^8w	ãh'�x<�

F/¹�«u<@qÿ�Í� �1��ÀÁ�@åå,�!4ÞB�'¼Ð�

B�Þ�_�Å��(~�K]Aå
KL�@Bú��sã�É('Êãh'

�}�

minÓ�RP�(Ï

s.t. Pr[Ó�R,�!4ÞB� ≥ 2Ò] ≥ 90%

Pr[
¥U,�!4ÞB� ≥ 2Ò] ≥ 90%

Ó�/¨_N��B
¥7¦/¨_�x

6.3 ���vvv999222¹¹¹���

�,!��v-�ïå92�0¹��:

• Ö#Ä�xÇ

�Ö
Ö#�ÄÉrÔ�s���Ãx�
�P��'�F/æ�
,!

�vÖ#�Ä{/Ô��Ãx�
�P��������d����Ö#

�Ä�	�+�@ß�vûq(�,�B�1��/(�ÒÕ�,��

,P��¤î�Ô�' [51]��,�v�s��P�1[}=(��@ßD

Ñ��_� �øv�¤î�
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• !�1��OL

(æ�ÀÁ-�Ó�ö�4Þ�0¹/(
¥Þ�è��ï/vkrigingÍ

ÉòbÖ#�B�/¡(ANSYS �!ì���ïýàºúËú��3D!�

�æ�
	îp�@åANSYS@��ú��
¥ÞÉ��æ�ÀÁ	@

��F/_àº
¥U/¡(iæ
¥�¹��@å
¥Þ�æ�!�øv

øv��Ü�&!Õæ��kú3D�!��@å
¥Þ�!ì	�1��

• 6['�OL

,!ûq&!Õ�º�~úï`¦/0.9�-�Þ�þ	��sÞï`¦

/0.91æó�àºî�ýx/MNP�(Ï�öÁ��G(Ï���F� 

�ï`¦�M�_1/ª�º�~úï`¦/0.9�Þ1/P�(Ï���

Þ��#���6��P�<N ���;à(��ï`¦�èý�/'

Ï÷L�0a�Ö#Õ�ÖsG<�Ï!Ö#¨_N��îp'�Õ/ �

ï`¦�x<(~UË�ø��ÀÁ��Ï!���P�ýáø��;

à�Å�¡Ö�TxA,�ó
~,�Ö#�P��i�'M�Ô�Ø�F

÷L�¼�!�Ö#�È� ��s��H�N=�Í�/UÌ,æW�v

¶Ë��©�àº��ú��ï`¦6�'}�Gûq($·�s��p

�_�"�÷��@å�s��P�&!Õ6�0ï`¦0.9�æ���à

 /scaling�OL [30]�Ï�ÃxK��scaleîp'*'�q�ûq!Õ¾

º��,scale����x�_1/Ï!ûq�s��ew`'¼�scale��

�ÃxÅ��Õ�Ä�@å!Õ�~0ô ¾º�Þ�

d�,!�v-�ûqº�~�P�(Ï���-�ÞâÅ��¦��P

¨�(èL<DÑB�àºø�Ë��Ï!ï`¦�ã�P�áø��	Bÿ

³P6�	Bÿ³�ê�(����Þ�ï`¦�àº¨_N��¤î��ú

þ~!ÿ³P6��P��TH16��ï/æ�
�ï`¦�1�Ô90%��

����êàN�-��ú��ï`¦�(¨_N��¤î��[}Ó�</Ô

���Gï`¦Ô�Ø�Mÿ³P6���B�EÝ����¦®� �Mý

�c�ÿ³P6���B�
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,,, ��� ààà ���ÖÖÖ���úúúppp

7.1 ,,,���vvvKKK¢¢¢{{{

(,!�v-����)(ï`¦�s���õãzÓ�öå�æ��_���

ãz�x�É(�OL�ª����

• ,�Þ�)(krigingÍÉòbãzï`¦�s�OL

å�æ���s�OL�ý�mG!�N¼�Ü�ô�s�H�N=�O

L�E,�v�(krigingÍÉòbÉ(¼ï`¦�s��N�-�f��

 ï`¦�s��H��åå�ËANSYS!�2Lï`¦�s��G��

��#,Þ��xA���B��(�!¨_N�-Å�Ö100�#,Þ�

�Ö1000!¨_N��sG<���ï`¦�ÈÅ��NxA!��ãN

��£¼��t�ï`¦�s��A�âÅ�±
xt�B���ó�	

ûfý  w�#����F/)(krigingÍÉòb�BÖ�sãê��»

�30 40��B�'E� ï`¦�s��H���,màæWP��Ô�

_Iæ/ïL��

• ,�Þ��º�à 6eï`¦�s�OLv-

ï`¦�s��OLv-��,&¢�º�à �F/æ��å�Ä�

��×0º�à �qÿ�E,�vf��º�à 6eï`¦�s�

�OLv-�å� �s�P��ïá¦�(�vÇ�-_Iæ�#�É(

/ïL��,Ö�-_ÐÊx.Ïðº�à �!��É(�ïå9Ú

��æ�H�xÇiv�!���ãz�º�à 	Ü�ï`¦�s�O

L�

• ,	Þ�ãzÕKûq�ï`¦�s�OL

ï`¦�s��OL�'ýÉ(¼\Kûq�®�É(¼ÕKûqv-�F

/'è��å�Ä�~Ný�B�	Ü�E,�vÐúå¬ï+È�!ìÕ

K�º�à �&��BÐúx.¨_N��!���(�ïå9Ú�

�å�Ä�xÇiv�ÕK!��d�ÕKûq�ðã�èý«N¼ï`¦
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����(,�v-_Ðú�å4Þ�Ê,�!4ÞB���õP�¬ï+

ÈÊ�0a�Õ�ãzï`¦���OL�&�WI��0a�ÕÊã�ã

i�K�TH�¤îÊÔ�����ãz�ÕKûq�ï`¦�s�OL�

• ,ÛÞ�Ðú,�v¶Ë�è���ÊÔ�

(,!�vN�-�|þ�x�Å��M��Å���úp���ý�¼�

��Àª��å���ß��v�2�(,�v¶Ë�ãzå�
�OL�

É1��úp��¿ïå�M1��/¤�ô¥�(�''�� �,�v

¶Ë�É('�d�,�¼�s�P�_	ñe�Ô��ïå��v��

,�v¶Ë�*:Þ�2�xÒ*Þ&�ïå�M:Þ�2Lôñe�¢

��

7.2 úúúppp������

(,!ï`¦�s��v-�¡(�kriging ÍÉòb�¨_N�Ê¨_�xI�

õ���ý� �s��H��!ìºà &� ÕKûq��õ��,!�

v�P�_Iæ��#�õ/ï2L���_�º"���'�k©�F/(�

vN�-�_|þ~ö�è�����Édï�M�r�v¶Ë�:1�ºº�

ý�

• ,�Þ��(ANSYS��ßÔ�BÖ#,Þ����28eßÔ�x<2

L®MÛ�B��ÙÅ9N�àº�æ	/¤x<�£BÖ��#,Þ�P

�Å�/¤�

• ,�Þ��(ANSYS��ßÔ�BÖ#,Þ�#,xÙÅ�Ø�}�Mý

MN@B�KÍÉòb¤î�

• ,	Þ�vBÖkrigingÍÉòb�Ãx�Å�2L�!�s��N��(B

ÖN�-Å�uª~Þ�G�

– Å��/cx�

– ý*���º0ô�éc��Gpéc�
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– ����xK�Zscale�IÛ�ÙÅIÛ((���'�@�g�(

,�v-/����xx<IÛ�1 10@�g��v�Ûó0 10/

àºïý�	îÝx^8'�xî"���0.001�7.5�d��

Zscale�IÛ1�	�©�

– åÐ�-��x^8HO��®�����ôî�ýx�'9��d

Bå�s��ewN'�¿!Õßº0d�þa�ãz�¹H1/�

r�x�scale>'ó100 1000�/1000 10000��d���r�x�@

���ô�Iý�ûq¿ïåô¾��~ú�sÞ�

• ,ÛÞ�(��ï`¦�N�-�/�2.5Ò�r�100�I�Þ���	�

�I�Þ4Þ�/v,�!4ÞB��x<�F/��¨_N�&w	ã

h'�@åÅ�BÖx~!¨_N�ï`¦�sG<�àº¨_N����

'�@åï`¦BÖ�P�Ï!ý	îÝ�º��Md�þa�¹Õ1/

� ¨_N��xî��ï`¦sG<i��

• ,�Þ��s��N�-��}�(w	xÇ�wËÞ��s�����

#ïå�Mê~0@ßu<�OL�

• ,mÞ�ï`¦�s��P�	ïýàº(��î�ýx<B�/#�úþ

¨_N�-Ô��ó�ÀK �P6�ï`¦��P��Ø�Eûq�å6

��F/d��s�P�æ�ï`¦ïýeN���º��Md�ÀÁ��

(ï`¦�s�Å�� P6��ðã¦����s��P��ºÝ���

d��(º�à �qÿ�Å�/�ï`�ãT�

• ,�Þ��B�s��P�ïå)(�ûq!�2LWI�Àß�ÍÉòb

K��îp�_ïåºÝP��cº'�
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