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ABSTRACT

7KLV�SDSHU�SURSRVHV�WKH�XVH�RI�$[LRPDWLF�'HVLJQ�IRU
GHDOLQJ�ZLWK�LVVXHV�UHODWHG�WR�'HVLJQ�IRU�5HOLDELOLW\�
6WDUWLQJ� IURP� WUDGLWLRQDO� $[LRPDWLF� 'HVLJQ� WKHRU\�� D
WKHRUHWLFDO�DSSURDFK�LV�VWXGLHG�ZKLFK�HQDEOHV�GHVLJQHUV
WR� GHDO� ZLWK� UHOLDELOLW\� DVSHFWV� LQ� D� V\VWHPDWLF� DQG
IULHQGO\�ZD\�
7KH� DLP� RI� WKLV� ZRUN� LV� WR� VWXG\� 5HOLDELOLW\� WKHRU\
XVLQJ� DQG� GHYHORSLQJ� $[LRPDWLF� 'HVLJQ� D[LRPV� DQG
WKHRUHPV��$�5HOLDELOLW\�0DWUL[� � LV� WKHQ�XVHG� WR� DQDO\]H
DVSHFWV� UHODWHG� WR� WKH� PDQDJHPHQW� RI� � VHULDO� DQG
SDUDOOHO� PHFKDQLFDO� V\VWHPV�FRPSRQHQWV� UHOLDELOLW\
�$[LRPDWLF�'HVLJQ�IRU�5HOLDELOLW\��
7KLV� NLQG�RI� DSSURDFK� VKRZV� KRZ�$[LRPDWLF�'HVLJQ
FDQ� EH� LQWHJUDWHG� ZLWK� RWKHU� GHVLJQ� PHWKRGRORJLHV
�H�J�� UHOLDELOLW\� WHFKQLTXHV��� WKHUHE\� LPSURYLQJ
PDQDJHPHQW� DQG�PDNLQJ� LW� � HDVLHU� WR� XQGHUVWDQG� WKH
SURMHFW�ULJKW�IURP�WKH�EHJLQQLQJ�

.H\ZRUGV�� 'HVLJQ� 0DWUL[�� 5HOLDELOLW\� 0DWUL[�
$[LRPDWLF�'HVLJQ�IRU�5HOLDELOLW\�

1 INTRODUCTION

,Q� RUGHU� WR� REWDLQ� D� JRRG� GHVLJQ�� ZKLFK� PHDQV�
GHYHORSLQJ� WKH�GHILQLWLYH�GHVLJQ� LPPHGLDWHO\� �ZLWK�QR
PLVWDNHV�� H[SHULHQFH� DORQH� FDQQRW�EH� UHOLHG�XSRQ� EXW
KDV�WR�EH�VXSSRUWHG�E\�HIILFDFLRXV�DQG�HIILFLHQW�GHVLJQ
WKHRULHV�DQG�PHWKRGRORJLHV�
$[LRPDWLF� 'HVLJQ� LV� D� UHYROXWLRQDU\� GHVLJQ� GHFLVLRQ
PDQDJHPHQW� WRRO� WKDW� EULQJV� LQQRYDWLRQ�� VSHHG� DQG

FRQWURO� WR� WKH� GHVLJQ� SURFHVV�� ,W� VXSSRUWV� GHVLJQ
GHYHORSPHQW� VR� WKDW� IXQFWLRQDO� DQG� UHOLDELOLW\
UHTXLUHPHQWV� DQG� FRQVWUDLQWV� FDQ� EH� VDWLVILHG�� ZKLOVW
DOVR� FRQVLGHULQJ� JURZLQJ� FXVWRPHU� QHHGV�� HVSHFLDOO\
WKRVH� UHODWHG� WR� WKH� IXOILOOPHQW� RI � WLPH� WR� PDUNHW
UHTXLUHPHQWV�
$[LRPDWLF� 'HVLJQ� ´TXDOLWDWLYHO\µ� GHILQHV� WKH� SURMHFW
VWUXFWXUH� DQG� ILQGV� SK\VLFDO� VROXWLRQV� �'3V�� ZKLFK
VDWLVI\� WKH� IXQFWLRQDO� UHTXLUHPHQWV� �)5V�� ZLWK� WKH
D[LRPV�� DOORZLQJ� WKLV� SKDVH� WR� EH� SHUIRUPHG
HIILFDFLRXVO\� DQG� HIILFLHQWO\�� �0DSSLQJ� DQG� =LJ�=DJJLQJ
DUH� XVHG� WR� FRQGHQVH� WKH� GHVLJQ� LQWR� WZR� WUHH�
VWUXFWXUHV��RQH�IRU�WKH�)5V�DQG�RQH�IRU�WKH�'3V��WKHVH
DUH�KLHUDUFKLFDOO\�RUGHUHG�LQ�OHYHOV�RI �LQFUHDVLQJ�GHWDLO�
DQG�FRUUHODWHG�ZLWK�WKH�GHVLJQ�PDWULFHV�
7KH� DLP� RI � WKLV� DSSURDFK� LV� WR� RSWLPL]H� GHVLJQ� E\
FKRRVLQJ� WKH� FRPSRQHQWV� DQG� VROXWLRQV� WKDW� SURYLGH
WKH�EHVW�FRPSURPLVH�EHWZHHQ�UHOLDELOLW\�FKDUDFWHULVWLFV
DQG�FRQVWUDLQWV� �IL[HG� DQG�PDLQWHQDQFH� FRVWV��ZHLJKW�
GLPHQVLRQV�� HWF���� 7KLV� FDQ� EH� DFKLHYHG� E\� XVLQJ� D
5HOLDELOLW\� 0DWUL[�� >5@� DQG� DQ� LQGH[�� ,5�� �5HODWLYH
5HOLDELOLW\� ,QIRUPDWLRQ�&RQWHQW��� WR� GHILQH� WKH� EHVW� ´EDVH
FRPSRQHQWVµ��DQG�E\�WKHQ�FDUU\LQJ�RXW�D�´5HYHUVH�=LJ�
=DJJLQJµ��PRYLQJ� IURP� WKH� HOHPHQWDU\� OHYHOV� WR� WKRVH
LPPHGLDWHO\�DERYH�
7KLV� DSSURDFK� KDV� SURFHGXUHV� LQ� FRPPRQ� ZLWK� WKH
UHOLDELOLW\� GHVLJQ� RI � PHFKDQLFDO� V\VWHPV� ZKHUH� WKH
PHWKRGRORJLHV�DSSOLHG�DUH�LQWHJUDWHG�FRPSOHPHQWDULO\
�L�H�� )7$� DQG� )0($�)0(&$��� VR� DV� WR� SURYLGH
GHVLJQHUV�ZLWK� D� JHQHUDO�RYHUYLHZ��EHJLQQLQJ�ZLWK� WKH
LGHD� WKDW� FUHDWHV� WKH� GHVLJQ�� XS� WR� WKH� GHILQLWLRQ� RI
VROXWLRQV�WKDW�FKDUDFWHUL]HV�LW�
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2 AXIOMATIC DESIGN FOR RELIABILITY

7R� GHYHORS� D� GHVLJQ� WKDW� ZLOO� VDWLVI\� FXVWRPHU� QHHGV�
UHVSHFW�FRQVWUDLQWV��DQG�GHILQH�SURGXFWV�V\VWHPV�ZLWK
KLJK�UHOLDELOLW\��LW�LV�QHFHVVDU\�WR�FDUU\�RXW�
�� D� IXQFWLRQDO� EUHDNGRZQ� ZKLFK� HQDEOHV� � WKH

IXQFWLRQV�RI � WKH�V\VWHP�DQG� WKHLU�KLHUDUFK\� WR�EH
GHILQHG� �V\VWHP� IXQFWLRQV�� VXEIXQFWLRQV�� «�
HOHPHQWDU\� IXQFWLRQV��� DQG� D� SK\VLFDO� EUHDNGRZQ
ZKLFK� FKDUDFWHUL]HV� WKH� V\VWHP� VWUXFWXUH� DQG
LGHQWLILHV� DOO� LWV� VXEV\VWHPV�� LQFOXGLQJ� WKH
HOHPHQWDU\� FRPSRQHQWV�� WKLV� EUHDNGRZQ� LQWR� D
KLHUDUFKLFDO� VWUXFWXUH� LV� REWDLQHG� E\� ]LJ]DJJLQJ
EHWZHHQ�WKH�IXQFWLRQDO�DQG�WKH�SK\VLFDO�GRPDLQ�

�� UHOLDELOLW\� HYDOXDWLRQ� DQG� GHVLJQ� VROXWLRQ
PDQDJHPHQW�WR�RSWLPL]H�WKH�V\VWHP�

7KH� ILUVW� SKDVH� LV� SDUW� RI � FODVVLFDO� $[LRPDWLF�'HVLJQ
WKHRU\�� XVLQJ� D� ´7RS�'RZQµ� DSSURDFK�� WKH� V\VWHP� LV
GHILQHG�E\�LQFUHDVLQJO\�GHWDLOHG�OHYHOV��'HVLJQ�0DWULFHV
DUH� WKHQ� XVHG� WR� YHULI\� WKDW� WKH� FKRLFH� RI � WKH� '3V
´FRUUHFWO\µ� �WKDW� LV�� VDWLVI\LQJ� WKH� ILUVW� D[LRP�� VDWLVILHV
WKH�)5V�IRU�HDFK�OHYHO�
7KH� VHFRQG� SKDVH� NQRZQ� DV� $[LRPDWLF� 'HVLJQ� IRU
5HOLDELOLW\�� ZKLFK� UHSUHVHQWV� DQ� LQWHJUDWLRQ� WR
$[LRPDWLF�'HVLJQ��FDQ�EH�GLYLGHG�LQWR�
,� D� UHOLDELOLW\� HVWLPDWH� RI � WKH� ´HOHPHQWDU\

FRPSRQHQWVµ�DQG�WKHLU�VXEV\VWHPV��
,,� WKH�FKRLFH�RI �WKH�EHVW�GHVLJQ�DOWHUQDWLYH�
,Q�SKDVHV����DQG����D�PDLQO\�TXDOLWDWLYH� ´7RS�'RZQµ
DQDO\VLV�LV�FDUULHG�RXW�ZKLOVW�SKDVH����SURYLGHV�D�PDLQO\
TXDQWLWDWLYH�RSWLPDO�GHILQLWLRQ�RI� WKH�V\VWHP��ZRUNLQJ
XS� IURP� WKH� HOHPHQWDU\� WR� WKH� V\VWHP� OHYHO�� ZLWK� D
´%RWWRP�8Sµ�DSSURDFK�

,��5HOLDELOLW\�(YDOXDWLRQ

7KH�'HVLJQ�0DWULFHV�VKRZ�ZKHWKHU��´;µ��RU�QRW��´�µ�
WKHUH� LV� D� FRUUHODWLRQ� EHWZHHQ� )5V� DQG� '3V�� ,Q
$[LRPDWLF� 'HVLJQ�� IRU� D� JHQHULF� SDLU� )5L�'3M�� WKH
TXHVWLRQ�WR�EH�FRQVLGHUHG�LV��´'RHV�'3M�LQIOXHQFH�WKH
YDOXH� RI � )5L� RU� QRW"µ�� ,I � WKH� DQVZHU� LV� ´<HVµ�� WKH
HOHPHQW�DLM�RI �WKH�'HVLJQ�0DWUL[�ZLOO�EH�DQ�´;µ��LI �LW�LV
´1Rµ��LW�ZLOO�EH�D�´�µ�

�������������������������������������������������������
��7KH�WHUP�´VXEV\VWHPµ�RU�´VXEVHWµ��PHDQV�WKH�VHW�RI �IXQFWLRQV
�)5V�� DQG� WKHLU� UHODWHG� VROXWLRQV� �'3V�� DW� D� FHUWDLQ� OHYHO�� 7KH
WHUP� � ´HOHPHQWDU\� FRPSRQHQWµ� � PHDQV� D� '3� WKDW� FDQQRW� EH
EURNHQ�GRZQ�DQ\�IXUWKHU�

,Q�RUGHU� WR� VWXG\� V\VWHP� UHOLDELOLW\�� D�5HOLDELOLW\�0DWUL[
>5@� LV� LQWURGXFHG��ZKLFK�VKRZV�WKH�UHODWLRQV�� LQ� WHUPV
RI � UHOLDELOLW\�� EHWZHHQ� DFKLHYLQJ� IXQFWLRQV� �)5V��� DQG
WKH� FRPSRQHQWV�VXEV\VWHPV� �'3V�� WKDW� VDWLVI\� WKHP�
7R�ILQG�RXW�ZKHWKHU�DLM�ZLOO�EH�DQ�´5µ�RU� DQ�´�µ�� WKLV
WLPH� WKH� TXHVWLRQ� WR� EH� SRVHG� LV�� ´'RHV� WKH
SUREDELOLW\� RI � VDWLVI\LQJ� WKH� IXQFWLRQ� L� �)5L�� GHSHQG
RQ� WKH� UHOLDELOLW\� RI � WKH� FRPSRQHQW� M� �'3M�"µ�� 5LM
VKRZV� WKH� UHOLDELOLW\� YDOXH� RI � WKH� FRPSRQHQW� M� LQ
UHODWLRQ�WR�WKH�IXQFWLRQ�L��6R�WKH�SDVVDJH�IURP�'HVLJQ
0DWUL[� WR�5HOLDELOLW\�0DWUL[�XVXDOO\� LPSOLHV�PRUH� WKDQ
D�VLPSOH�VXEVWLWXWLRQ�RI �´;Vµ�ZLWK�´5Vµ�
,W� VKRXOG�EH�QRWHG� WKDW� WKH� HOHPHQWV� RI � >5@� FDQ� DOVR
EH� GHWHUPLQHG� E\� PRUH� FRPSRQHQWV� LQ� VHULHV� RU
SDUDOOHO��IRU�WKHVH��ZH�KDYH�
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7KH� YDOXHV� IRU� 5L� FDQ� EH� IRXQG� LQ� PDQXDOV� >5$&�
����@�RU�LQ�UHOLDELOLW\�GDWDEDVHV�
7KH�FRQWULEXWLRQ�RI �HDFK�FRPSRQHQW�WR�WKH�UHOLDELOLW\
IXQFWLRQ�FDQ�EH�DVVHVVHG�IRU�HDFK�URZ�>5@��WKH�SURGXFW
RI � WKH� 5LM� LQ� D� URZ� �QHJOHFWLQJ� WKH� ´�µ�� JLYHV� WKH
IXQFWLRQ�UHOLDELOLW\� IRU� WKH� FRUUHVSRQGLQJ� IXQFWLRQ�´Lµ
�DV�LW�FRUUHVSRQGV�WR�WKH�VHULHV�RI �WKHVH�HOHPHQWV��
´0HDVXULQJµ��WKH�QXPEHU�RI �IXQFWLRQV�WKDW�ULVN�EHLQJ
GDPDJHG� LI �RQH� FRPSRQHQW� IDLOV� SURYLGHV� DQ� LGHD� RI
WKH� ´FULWLFDOLW\µ� RI � WKH� FRPSRQHQWV� XVHG� LQ� WKDW
V\VWHP�VXEV\VWHP�� $QDO\VLV� RI � WKH� >5@� FROXPQV
HQDEOHV� WKH� IXQFWLRQV� WR� EH� RSWLPL]HG� XVLQJ� WKH
5HODWLYH� 5HOLDELOLW\� ,QIRUPDWLRQ� &RQWHQW�� ZKLFK
PD[LPL]HV� WKH� UHOLDELOLW\� YDOXH� RI � HDFK� FRPSRQHQW�
ZKLOVW� UHVSHFWLQJ� WKH� FRQVWUDLQWV� LPSRVHG� E\� GHVLJQ
GHFLVLRQV�DOUHDG\�WDNHQ��'3V��
*HQHUDOO\�� DV� D�GHVLJQ� VROXWLRQ�� WKH� GLDJRQDO�PDWUL[� LV
WR� EH� SUHIHUUHG�� KRZHYHU�� D� WULDQJXODU�PDWUL[�PD\� EH
XVHG� LQ� FDVHV� ZKHUH� WKH� XVH� RI � KLJK� UHOLDELOLW\
FRPSRQHQWV�� DOWKRXJK� LQ� VHULHV�� PLJKW� JLYH� D� KLJKHU
UHOLDELOLW\� YDOXH� IRU� WKH� IXQFWLRQ� WKDQ� � ZRXOG� EH
REWDLQHG� ZLWK� RQH� VLQJOH� FRPSRQHQW� ZLWK� D� ORZHU
�������������������������������������������������������
��7KH�IROORZLQJ�K\SRWKHVHV�PXVW�EH�VDWLVILHG�
���D�FRQVWDQW�IDLOXUH�UDWH�IRU�DOO�WKH�FRPSRQHQWV�
��� � WKH� FRPSRQHQWV�PXVW� EH� HLWKHU� LQ� SHUIHFW�ZRUNLQJ� RUGHU� RU
EURNHQ��LQWHUPHGLDWH�ZRUNLQJ�FRQGLWLRQV�DUH�H[FOXGHG��
���FRPSRQHQW�IDLOXUHV�PXVW�EH�LQGHSHQGHQW��RI �RQH�DQRWKHU��L�H�
WKHUH� PXVW� EH� QR� FRQQHFWLRQ� EHWZHHQ� WKH� IDLOXUH� RI � RQH
FRPSRQHQW�DQG�WKH�IDLOXUH�RI �RWKHUV��
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UHOLDELOLW\� YDOXH� �IRU� LQVWDQFH�� LI � ZH� UHSODFH� RQH
HOHPHQW� ZLWK� 5�  � ����� ZLWK� WZR� HOHPHQWV� LQ� VHULHV�
ERWK� ZLWK� 5�  � ����� WKLV� VHULHV� ZLOO� JLYH� 5)XQFWLRQ�  
����!������

,,��&KRLFH�RI � WKH�EHVW�GHVLJQ�DOWHUQDWLYH� WKURXJK
WKH�LQIRUPDWLRQ�FRQWHQW

$V� VDLG� DERYH�� WKH� UHOLDELOLW\� RI � HDFK� IXQFWLRQ� LV
REWDLQHG� IURP� WKH�SURGXFW�RI � WKH� UHOLDELOLW\� YDOXHV� LQ
HDFK� URZ�� LI � WKLV� YDOXH� LV� EHORZ� WKH� PLQLPXP
FRQVHQWHG� E\� WKH� SURMHFW� VSHFLILFDWLRQV�� LW� KDV� WR� EH
LQFUHDVHG��7KHUH� DUH�GLIIHUHQW�ZD\V�RI �GRLQJ� WKLV�� IRU
LQVWDQFH�

D��XVLQJ�FRPSRQHQWV�ZLWK�KLJKHU�UHOLDELOLW\�
E��SXWWLQJ�WZR��RU�PRUH��HOHPHQWV�LQ�SDUDOOHO�

6ROXWLRQ�E��PD\�UHVXOW�LQ�D�FRPSOH[�GHVLJQ�EHFDXVH� LI
WKH� QXPEHU� RI � SK\VLFDO� FRPSRQHQWV� LQFUHDVHV� LW� LV
PRUH� OLNHO\� WKDW� RQH� RI � WKHP� ZLOO� QRW� PHHW
VSHFLILFDWLRQ�UHTXLUHPHQWV�
*HQHUDOO\�WKHVH�VROXWLRQV�UHVXOW�LQ�DQ�LQFUHDVH�LQ�FRVWV
DQG�RU� ZHLJKW� DQG� GLPHQVLRQV�� LW� LV�� WKHUHIRUH�
DGYLVDEOH� WR� XQGHU�WDNH� D� ´FRVW�EHQHILWµ� DQDO\VLV
EHIRUH�GHFLGLQJ�ZKHWKHU�RU�QRW�WR�PDNH�WKHVH�FKDQJHV�
,I� WKLV� LV�QRW�VXIILFLHQW� LW� LV�QHFHVVDU\� WR�UHWXUQ�WR� WKH
XSSHU� OHYHOV� DQG� UHH[DPLQH� WKH� GHVLJQ� GHFLVLRQV
SUHYLRXVO\� WDNHQ�� L�H��� WR� FKRRVH� GLIIHUHQW� '3V�� IRU
LQVWDQFH�� D� VROXWLRQ� WKDW� XVHV� IHZHU� HOHPHQWV�� RQ� WKH
SULQFLSOH�WKDW�´LW�FDQ·W�EUHDN��LI�LW�LV�QRW�WKHUHµ�
6LPLODUO\� WR� WKH� VHFRQG�D[LRP�� LW� LV�SRVVLEOH� WR�GHILQH
WKH� LQGH[� ,5�� �5HODWLYH� 5HOLDELOLW\� ,QIRUPDWLRQ� &RQWHQW��� ,5
� ,��,���PDNHV� LW�SRVVLEOH� WR� FKRRVH� WKH� VROXWLRQ� WKDW
RSWLPL]HV� WKH� V\VWHP�� L�H�� WKH� RQH� WKDW� UHSUHVHQWV� WKH
EHVW� FRPSURPLVH� EHWZHHQ� UHOLDELOLW\� DQG� FRQVWUDLQWV�
7KH�QXPEHU�DQG�W\SH�RI �IDFWRUV�WR�EH�FRQVLGHUHG�PD\
GLIIHU�IURP�RQH�SURMHFW� WR�DQRWKHU��GHSHQGLQJ�RQ�WKH
DLPV� WR� EH� DFKLHYHG�� LQ� WKLV� SDSHU�� LQLWLDO� FRVWV�
PDLQWHQDQFH�FRVWV��ZHLJKW�DQG�GLPHQVLRQV�DUH�XVHG�
6R�,5�LV�
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ZKHUH�
5���5�� �5HOLDELOLW\�IRU�FRPSRQHQWV���DQG���
.$�  � �,QLWLDO� FRVWV� FRPSRQHQW� ��� �� �,QLWLDO� FRVWV
FRPSRQHQW����
.%�  � �0DLQWHQDQFH� FRVWV� FRPSRQHQW� ��� �
�0DLQWHQDQFH�FRVWV�FRPSRQHQW����
.&� ��:HLJKW�FRPSRQHQW�������:HLJKW�FRPSRQHQW����

.'�  � �'LPHQVLRQV
�� FRPSRQHQW� ��� �� �'LPHQVLRQV

FRPSRQHQW����

,I � ,5��� �� L�H�� ,��,��� VROXWLRQ� ´�µ� LV�PRUH� FRQYHQLHQW�
YLFH�YHUVD� LI � ,5!�� � VROXWLRQ�´�µ� LV� WR�EH�SUHIHUUHG�� ,I
RQH� RU� PRUH� RI � WKH� DERYH� IDFWRUV� �LQLWLDO� FRVWV�
PDLQWHQDQFH� FRVWV�� ZHLJKW� DQG� GLPHQVLRQV�� DUH� QRW
LPSRUWDQW� IRU� WKH� FRPSDULVRQ� EHWZHHQ� VROXWLRQ� ´�µ
DQG� ´�µ�� WKH� FRUUHVSRQGLQJ� IDFWRU� LV� DVVLJQHG� D� IL[HG
YDOXH�RI �RQH��H�J���LI �WKH�GLPHQVLRQV�DUH�QRW�LPSRUWDQW
IRU�WKH�FKRLFH��WKHQ�.'� ����
7R� RSWLPL]H� WKH� 5HOLDELOLW\� 0DWULFHV� WKH� ´EHVW
FRPSRQHQWµ� IRU� HDFK� IXQFWLRQ�PXVW� EH� FKRVHQ�� LW� LV
WKHQ�QHFHVVDU\� WR�FKHFN�ZKHWKHU� LW� FRQYHQLHQW� WR�XVH
WZR� �RU�PRUH�� LGHQWLFDO� HOHPHQWV� LQ� SDUDOOHO� �L�H��� WZR
LGHQWLFDO� HOHPHQWV� LQ� SDUDOOHO� ZLWK� 5�  � ���� HDFK�� DUH
HTXLYDOHQW� WR� D� VLQJOH� HOHPHQW� ZLWK� 5�  � ������ WKLV
LQFUHDVH� LQ� UHOLDELOLW\� PD\�� KRZHYHU�� UHVXOW� LQ� DQ
LQFUHDVH�RI�FRVWV��ZHLJKW�DQG�GLPHQVLRQV��WKDW�H[FHHGV
WKH� OLPLWV� VHW� E\� SURMHFW� VSHFLILFDWLRQV��� $V� LQ� WKH
SUHYLRXV� VLWXDWLRQ�� WKH� UDWLR� EHWZHHQ� WKH� UHOLDELOLW\
LQIRUPDWLRQ� FRQWHQW� RI� WKH� VROXWLRQ� ZLWK� RQH
FRPSRQHQW��´�µ��DQG�WKH�VROXWLRQ�ZLWK�WZR��RU�PRUH�
FRPSRQHQWV�LQ�SDUDOOHO��´�µ��LV�FRQVLGHUHG�

2Q� WKH� EDVLV� RI� ZKDW� KDV� EHHQ� VDLG� VR� IDU�� WKH
IROORZLQJ�5HOLDELOLW\�7KHRUHP�FDQ�EH�HQXQFLDWHG�

´7KH� EHWWHU� RI� WZR� JLYHQ� V\VWHPV� LV� WKH� RQH� WKDW� UHSUHVHQWV� WKH
EHVW�FRPSURPLVH�EHWZHHQ�UHOLDELOLW\�DQG� FRQVWUDLQWV� �� L�H� WKH�RQH
ZLWK�WKH�/RZHU�5HOLDELOLW\�,QIRUPDWLRQ�&RQWHQW���,PLQ� �,L�ZKHQ
,L�,M�µ�

�������������������������������������������������������
�� )RU� WKH� GLPHQVLRQV��ZH� FDQ� FRQVLGHU� WKH� YROXPH�� WKH� DUHD� �LI
RQH� RI � WKH� GLPHQVLRQV� LV�PXFK� VPDOOHU� WKDQ� WKH� RWKHUV�� RU� WKH
OHQJWK��ZLGWK��RU�KHLJKW��LI �RQH�RI �WKH�GLPHQVLRQV�LV�PXFK�ODUJHU
WKDQ�WKH�RWKHUV��



'HVLJQ�IRU�5HOLDELOLW\��$QDO\VLV�RI�7KHRUHWLFDO�$VSHFWV�XVLQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���

2.1 CASE STUDY
,Q� RUGHU� WR� DQDO\]H� DQG� DSSO\� $[LRPDWLF� 'HVLJQ� IRU
5HOLDELOLW\��DQ�H[DPSOH�LV�WDNHQ�IURP�D�K\GUDXOLF�FLUFXLW�

�ILJXUH����

Figure 1 The hydraulic circuit for a rolling machine

7DEOH����)XQFWLRQDO�%UHDNGRZQ

)XQFWLRQV��)5V�

)5�� �SURYLGH�RLO�WKUXVW
)5�� �DFWLYDWH�UROOHU
)5�� �SXVK�UROOHU

)5��� �ILOWHU�RLO
)5��� �URWDWH�SXPS
)5��� �LQWDNH�RLO�IURP�WKH�WDQN
)5��� �OLPLW�SUHVVXUH�LQ�WKH�V\VWHP
)5��� �SUHYHQW�RLO�IURP�JRLQJ�EDFN
)5��� �JLYH�LQVWDQWDQHRXV�XSSHU�FDSDFLW\
)5��� �PHDVXUH�SUHVVXUH�LQ�WKH�FRQWURO�JURXS
)5��� �GLVFKDUJH�F\OLQGHUV
)5��� �VHSDUDWH�F\OLQGHUV�IURP�V\VWHP�SUHVVXUH
)5��� �DGMXVW�V\VWHP�SUHVVXUH
)5��� �PHDVXUH�OHDWKHU�ZLGWK

�������������������������������������������������������
��7KH�K\GUDXOLF�FLUFXLW��KHUH�D�VLPSOLILHG�YHUVLRQ�LV�H[DPLQHG��IRU
D�UROOLQJ�PDFKLQH�IRU�VROH�OHDWKHU��>$UFLGLDFRQR������@�

)5��� �PHDVXUH�OHDWKHU�WKLFNQHVV
)5��� �WUDQVPLW�RLO
)5��� �PRYH�UROOHU

7DEOH����3K\VLFDO�%UHDNGRZQ

&RPSRQHQWV��'3V�

'3�� �SRZHU�JURXS
'3�� �FRQWURO�JURXS
'3�� �XVHU�JURXS

'3��� �ILOWHU
'3��� �HOHFWULF�PRWRU
'3��� �SXPS
'3��� �UHOLHI �YDOYH
'3��� �FKHFN�YDOYH
'3��� �DFFXPXODWRUV
'3��� �PDQRPHWHU
'3��� �GLUHFWLRQDO�YDOYH�QRUPDOO\�RSHQ
'3��� �GLUHFWLRQDO�YDOYH�QRUPDOO\�FORVHG
'3��� �HOHFWURK\GUDXOLF�SURSRUWLRQDO�YDOYH
'3��� �SKRWRHOHFWULF��EDUULHU
'3��� �WKLFNQHVV�PHDVXULQJ�VHW
'3��� �SLSLQJ
'3��� �F\OLQGHUV

In the case being examined the Design parameters
(DPs) represent physical components.

The Design Matrix at the first level is:
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,W�LV�REYLRXV�WKDW�LI�WKHUH� LV�D�FRUUHODWLRQ�EHWZHHQ�WKH
'3V�DQG�WKH�)5V�LQ�WKH�GHVLJQ�PDWUL[� WKLV�FRUUHODWLRQ
ZLOO�DOVR�EH�IRXQG�LQ�WKH�UHOLDELOLW\�PDWUL[�
7KH� UHOLDELOLW\� RI� � FRPSRQHQWV� ZKLFK� DOWKRXJK� QRW
GLUHFWO\� VDWLVI\LQJ� D� JLYHQ� )5� � FDQ� UHGXFH� WKH
SUREDELOLW\� RI� PHHWLQJ� WKDW� IXQFWLRQDO� UHTXLUHPHQW
PXVW�DOVR�EH�FRQVLGHUHG�
7KLV�LV�EHFDXVH�WKH�IDLOXUH�RI�D�FRPSRQHQW��HYHQ�ZKHQ
LW� LV� QRW� GLUHFWO\� LQYROYHG� LQ� SHUIRUPLQJ� D� IXQFWLRQ�
PD\�SUHYHQW�WKDW�IXQFWLRQ�IURP�EHLQJ�DFKLHYHG��H�J���LI
WKH� ILOWHU� LV� EORFNHG�� WKHQ� WKH� SXPS� FDQ� QR� ORQJHU
´LQWDNH� RLO� IURP� WKH� WDQNµ��� )RU� LQVWDQFH�� IRU� WKH
PDWUL[�3�*��LW�VKRXOG�EH�QRWHG�WKDW�WKH�´PRVW�FULWLFDOµ
HOHPHQWV��RU�UDWKHU��WKH�HOHPHQWV�ZKLFK�UHTXLUH�JUHDWHU
DWWHQWLRQ�GXULQJ�WKH�GHVLJQ�SKDVH�DUH�WKH�ILOWHU��'3���
DQG� WKH� HOHFWULF�PRWRU� �'3����� DV� WKHLU� IDLOXUH� ZRXOG
GDPDJH�RWKHU� IXQFWLRQV� �UHVSHFWLYHO\��)5���DQG�)5��
IRU�WKH�ILOWHU��DQG�)5���DQG�)5���IRU�WKH�PRWRU��

7KH� 5HOLDELOLW\� 0DWUL[� &�*�� LV� GLDJRQDO� DQG
FRUUHVSRQGV� WR� WKH� VLWXDWLRQ� ZKHUH� WKH� UHOLDELOLW\� RI
HDFK� IXQFWLRQ� GHSHQGV� RQ� WKH� UHOLDELOLW\� RI� RQH
FRPSRQHQW��ZKLOH�LQ�WKH�WULDQJXODU�PDWULFHV��L�H��3�*��
WKH�UHOLDELOLW\�RI�RQH�RU�PRUH�IXQFWLRQ�GHSHQGV�RQ�WKH
UHOLDELOLW\� RI� PRUH� FRPSRQHQWV�� )RU� LQVWDQFH�� WKH

SUREDELOLW\� RI� VDWLVI\LQJ� IURP� WKH� UHOLDELOLW\� SRLQW� RI
YLHZ�� )5���� ´LQWDNH� RLO� IURP� WKH� WDQNµ�� GHSHQGV� RQ
WKH�UHOLDELOLW\�RI�WKH�ILOWHU��WKH�PRWRU�DQG�WKH�SXPS��LQ
IDFW�� LI� RQH�RI� WKHVH� FRPSRQHQWV� IDLOV�� LW� LV� QR� ORQJHU
SRVVLEOH�WR�LQWDNH�RLO��� VR�IRU�)5���ZH�REWDLQ��3)5��� 
5��5��5���� �,W� VKRXOG� EH� QRWHG� WKDW� LQ� WKLV
SUHOLPLQDU\� SKDVH� RI� UHOLDELOLW\� DQDO\VLV� LW� ZDV� QRW
FRQVLGHUHG�QHFHVVDU\�WR�VWXG\�WKH�SUHVHQFH�RI�SRVVLEOH
FDXVHV�RI�EUHDNGRZQ�>�@
´�7KH�SUREDELOLW\�RI�VDWLVI\LQJ�WKH�KLJKHVW�OHYHO�)5V� LV
UHODWHG�WR�WKH�SUREDELOLW\�RI�VDWLVI\LQJ�WKH�ORZHVW��OHYHO
)5V�� 7KHUHIRUH�� WKH� SUREDELOLW\� RI� VDWLVI\LQJ� WKH
KLJKHVW�OHYHO� )5V� LV� JLYHQ� E\� WKH� SURGXFW� RI� DOO� WKH
SUREDELOLWLHV�DVVRFLDWHG�ZLWK�DOO�WKH�ORZHVW�OHYHO�)5V�LQ
WKH�V\VWHP�DUFKLWHFWXUH��%RWWRP�XS�µ�>�@

7KH� YDOXHV� IRU� 5LM� DOVR� GHSHQG� � RQ� WKH� NLQG� RI
FRPSRQHQWV� WR� EH� XVHG� DQG� RQ� WKH� RSHUDWLQJ
FRQGLWLRQV�� )RU� LQVWDQFH�� VXSSRVH� WKDW� IRU� WKH� ILOWHU
�'3���� WKHUH� LV� D� FKRLFH� EHWZHHQ� WZR� GLIIHUHQW
HOHPHQWV�� ILOWHU� ´$µ� DQG� ´%µ�� � ZLWK� WKH� IROORZLQJ
FKDUDFWHULVWLFV��

7DEOH����'DWD�IRU�FKRRVLQJ�WKH�ILOWHU

)LOWHU�$ )LOWHU�%

5 ���� ����
,QLWLDO�FRVW ���� ����
0DLQWHQDQFH�FRVWV ����\HDU ������\HDU
:HLJKW ����JU� ����JU�
'LPHQVLRQV� � �

:KHQ� WKHVH� YDOXHV� DUH� DSSOLHG� WR� HTXDWLRQ� ���� WKH
IROORZLQJ�YDOXH�LV�REWDLQHG�
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$V� ,5!�� � ILOWHU� %� UHSUHVHQWV� WKH� EHVW� FRPSURPLVH
EHWZHHQ� UHOLDELOLW\� DQG� FRQVWUDLQWV�� DV� LWV� 5HOLDELOLW\
,QIRUPDWLRQ�&RQWHQW�LV�VPDOOHU�WKDQ�WKDW�RI�ILOWHU�$�

:H�KDYH� WR�FRQVLGHU� WKDW�D�´FRVW�EHQHILWµ�HYDOXDWLRQ�
VXFK� DV� WKH� RQH� FDUULHG� RXW� XVLQJ� WKH� LQGH[� ,5�
SURYLGHV� WKH�EHVW� DOWHUQDWLYH� DPRQJ� WKRVH� WKDW� VDWLVI\
WKH� GHVLJQ� UHTXLUHPHQWV�� 7KHUHIRUH�� LI� WKH� UHOLDELOLW\
�������������������������������������������������������
�� 'DWD� UHODWLYH� WR� ILOWHUV� PDGH� E\� ´62),0$� +<'5$8/,&6µ�
WKH� YDOXHV� DUH� FDOFXODWHG� IURP� WKH� IDLOXUH� UDWHV�� DVVXPLQJ� DQ
H[SRQHQWLDO�GLVWULEXWLRQ�DQG�DQ�RSHUDWLQJ�WLPH�RI ������KRXUV�
��7KH�GLPHQVLRQV�DUH�QRW�LPSRUWDQW��WKDW�LV��.'� ���



'HVLJQ�IRU�5HOLDELOLW\��$QDO\VLV�RI�7KHRUHWLFDO�$VSHFWV�XVLQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���

YDOXH� IRU� D� IXQFWLRQ� LV� VPDOOHU� WKDQ� WKH� PLQLPXP
FRQVHQWHG� E\� SURMHFW� VSHFLILFDWLRQV�� WKDW� GHVLJQ
VROXWLRQ�FDQ�QR� ORQJHU�EH�FRQVLGHUHG��)RU� LQVWDQFH�� LI
WKH� PLQLPXP� YDOXH� IRU� 5)5��� LV� ����� WKHQ� WKH� EHVW
GHVLJQ�VROXWLRQ�ZRXOG�EH�WKH�XVH�RI�D�VLQJOH�ILOWHU�´%µ�

+RZHYHU� � WKH� UHOLDELOLW\� RI� ILOWHU� ´%µ� LV� TXLWH� ORZ�� ,I
5)5��� LV� DVVXPHG� WR� KDYH� WKH� PLQLPXP� YDOXH� ����
DQRWKHU�ILOWHU�KDV�WR�EH�FKRVHQ��7R�LQFUHDVH�WKH�ILOWHU·V
UHOLDELOLW\�� WZR� ´%µ� ILOWHUV� FRXOG� EH� XVHG� LQ� SDUDOOHO
�5 �������� $QRWKHU� SRVVLELOLW\� ZRXOG� EH� WR� LQYHVW
PRUH� PRQH\� LQ� ILOWHU� PDLQWHQDQFH� �LQFUHDVHG
PDLQWHQDQFH� LQFUHDVHV� UHOLDELOLW\��� IRU� LQVWDQFH�� ZLWK
���� PDLQWHQDQFH� ILOWHU� UHOLDELOLW\� LQFUHDVHV� WR� 5 ����
2QFH�DJDLQ��ZLWK�WKH�5HOLDELOLW\�7KHRUHP��ZH�FDQ�FKRRVH
EHWZHHQ�WKH�XVH�RI� WZR�ILOWHUV�´%µ� LQ�SDUDOOHO� �FDVH���
RU�D�VLQJOH�ILOWHU�´%µ�ZLWK�LQFUHDVHG�PDLQWHQDQFH�FRVWV
�FDVH����

7DEOH����'DWD�IRU�FKRRVLQJ�WKH�ILOWHU

&DVH�� &DVH��

5 ����� ����
,QLWLDO�FRVW ���� ����
0DLQWHQDQFH�FRVWV ����\HDU �����\HDU
:HLJKW ����JU� ����JU�
'LPHQVLRQV � �

8VLQJ�HTXDWLRQ�����
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$V� ,5!��� LQFUHDVHG� PDLQWHQDQFH� FRVWV� UHSUHVHQW� D
EHWWHU�ZD\�RI�LQFUHDVLQJ�ILOWHU�UHOLDELOLW\�WKDQ�XVLQJ��WZR
ILOWHUV�LQ�SDUDOOHO��FDVH�����DV�WKLV�VROXWLRQ�KDV�WKH�ORZHU
5HOLDELOLW\� ,QIRUPDWLRQ� &RQWHQW�� ,W� VKRXOG� EH� QRWHG
�DOWKRXJK�WKLV�LV�QRW��WKH�FDVH�LQ�WKH�H[DPSOH�H[DPLQHG
KHUH�� WKDW� D� UHGXFWLRQ� LQ� FRPSRQHQW� QXPEHUV� GRHV
QRW� DXWRPDWLFDOO\� UHGXFH� WKH� YDOXH� RI� ,� EHFDXVH� D
GHVLJQ� LV� GHILQHG� DV� ´FRPSOH[µ� LQ� WZR� GLIIHUHQW
VLWXDWLRQV�� ZKHUH� WKH� SUREDELOLW\� RI� PHHWLQJ� FHUWDLQ
UHTXLVLWHV�LV�ORZ�DQG�ZKHUH�WKH�LQIRUPDWLRQ�FRQWHQW�LV
KLJK�

,Q�WKH�VDPH�ZD\�ZH�FDQ�FKRRVH�WKH�RWKHU�FRPSRQHQWV
IRU� WKH� 3RZHU� *URXS�� )LUVW� RI� DOO�� � WKH� 5HOLDELOLW\
7KHRUHP� LV�XVHG�WR�ILQG�WKH�EHVW�HOHPHQW�DPRQJ� WKRVH
DYDLODEOH��IRU�WKH�HOHFWULF�PRWRU�WKH�HOHPHQWV�DYDLODEOH

DUH� WKH� SXPS�� WKH� UHOLHI� YDOYH� DQG� WKH� FKHFN� YDOYH��
7KH�UHOLDELOLW\�YDOXH�RI�HDFK�HOHPHQW� LV�H[DPLQHG�� LI� LW
LV�VPDOOHU�WKDQ�WKH�PLQLPXP�FRQVHQWHG�LQ� WKH�SURMHFW
VSHFLILFDWLRQV�� LW� LV� LQFUHDVHG�� WKH� VROXWLRQ� ZKLFK
UHSUHVHQWV� WKH� EHVW� FRPSURPLVH� EHWZHHQ� UHOLDELOLW\
DQG�GHVLJQ�FRQVWUDLQWV�LV�IRXQG�XVLQJ�WKH�LQGH[�,5�
)RU� WKH� 3RZHU� *URXS� RI� WKH� K\GUDXOLF� FLUFXLW� WKH
´RSWLPL]HGµ� YDOXHV� DUH�� 5�� ������5�� ������5�� �����
5�� ������ 5�� ������ $V� WKH� IXQFWLRQ� UHOLDELOLW\� IRU
IXQFWLRQ�´Lµ�LV�GHWHUPLQHG�E\�WKH�SURGXFW�RI�WKH�5LM�RQ
URZ� ´Lµ�� WKH� YDOXHV� REWDLQHG� DUH�� 5)5�� ������ 5)5�� 
������ 5)5�� � ������ 5)5�� ������ 5)5�� ������ ,I� RQH� RU
PRUH�RI�WKHVH�YDOXHV�LV�ORZHU�WKDQ�WKRVH�FRQVHQWHG�LQ
WKH�SURMHFW�VSHFLILFDWLRQV��LW� LV�RQFH�DJDLQ�QHFHVVDU\�WR
ORRN� IRU� VROXWLRQV� WKDW� LQFUHDVH� WKDW� YDOXH�� )RU
LQVWDQFH��WKH�PLQLPXP�UHOLDELOLW\�YDOXH�IRU�5)5���LQ�WKLV
FDVH�LV�IL[HG�DW�������LI�LW�ZHUH�IL[HG�DW������LW�ZRXOG�EH
QHFHVVDU\� WR� FKRRVH� DQRWKHU� ILOWHU�� PRWRU� DQG�RU
SXPS��WLOO�WKH�UHOLDELOLW\�YDOXH�IRU�WKH�IXQFWLRQ�EHFDPH
DGPLVVLEOH�

3. CONCLUSIONS

7KLV� SDSHU� KDV� DWWHPSWHG� WR� GHILQH� KRZ� $[LRPDWLF
'HVLJQ� FDQ� EH� LQWHJUDWHG� ZLWK� UHOLDELOLW\� DQDO\VLV� WR
PDQDJH�DQG�RSWLPL]H�V\VWHPV��LQ�WKH�ILHOG�RI��'HVLJQ�IRU
5HOLDELOLW\�
,Q�SDUWLFXODU�� LW�KDV�EHHQ�VKRZQ�KRZ�WKH� LQWURGXFWLRQ
RI� UHOLDELOLW\� YDOXHV� �´5µ�� IRU� WKH� FRPSRQHQWV� �'3V�
FKRVHQ�WR�VDWLVI\� WKH�)5V�� OHDGV� WR� WKH�GHILQLWLRQ�RI� D
5HOLDELOLW\� 0DWUL[�� >5@�� 7KLV� PDWUL[� SUHVHQWV� WZR
GLIIHUHQW�´UHDGLQJ�NH\Vµ��D� URZ�E\� URZ�DQDO\VLV�ZKLFK
SURYLGHV� WKH� UHOLDELOLW\�RI� WKH� V\VWHP� IXQFWLRQV�� DQG� D
FROXPQ� E\� FROXPQ� H[DPLQDWLRQ� WKDW� SURYLGHV
LQIRUPDWLRQ�RQ�WKH�QXPEHU�RI� IXQFWLRQV� WKDW� D� VLQJOH
FRPSRQHQW�FRXOG�SUHYHQW�LI�LW�ZHUH�WR�IDLO��LQ�WKLV�ZD\
LW�LV�SRVVLEOH�WR�DVFHUWDLQ�ZKLFK�DUH�WKH�´PRVW�FULWLFDOµ
FRPSRQHQWV�� WKDW� UHTXLUH� PRUH� DWWHQWLRQ� GXULQJ� WKH
GHVLJQ�SKDVH�
0RUHRYHU�� WKH�5HODWLYH�5HOLDELOLW\� ,QIRUPDWLRQ� &RQWHQW�� ,5
ZDV�GHILQHG��DQG�D�5HOLDELOLW\�7KHRUHP�ZDV�LQWURGXFHG�WR
LGHQWLI\� WKH� FRPSRQHQWV� ZKLFK� UHSUHVHQW� WKH� EHVW
FRPSURPLVH�EHWZHHQ�UHOLDELOLW\�DQG�GHVLJQ�FRQVWUDLQWV�



'HVLJQ�IRU�5HOLDELOLW\��$QDO\VLV�RI�7KHRUHWLFDO�$VSHFWV�XVLQJ�$[LRPDWLF�'HVLJQ
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���

7KLV�DOORZV�D�PRUH�FRPSOHWH�GHVLJQ�DSSURDFK�ZKLFK�LV
FDSDEOH�RI � WDNLQJ� WKH�V\VWHP·V�UHOLDELOLW\� VSHFLILFDWLRQV
LQWR�FRQVLGHUDWLRQ�IURP�WKH�VWDUW�� �$[LRPDWLF�'HVLJQ� IRU
5HOLDELOLW\��� 5HVSHFWLQJ� WKH� LQFUHDVHG� QHHG� IRU
´,QWHJUDWHG� 'HVLJQµ�� WKLV� UHVHDUFK� VKRZV� KRZ
$[LRPDWLF�'HVLJQ�FDQ�EH�LQWHJUDWHG�ZLWK�RWKHU�GHVLJQ
PHWKRGRORJLHV� �LQ� WKLV� FDVH�� ZLWK� ´7RS�'RZQµ� DQG
´%RWWRP�8Sµ� WHFKQLTXHV��� WKHUHE\� � SURYLGLQJ� DQG
JXDUDQWHHLQJ� WKH� FKRLFH� RI � WKH� EHVW� SRVVLEOH� GHVLJQ
VROXWLRQ�� LQ� WHUPV� RI � UHGXFHG� GHYHORSLQJ� WLPHV�
LQFUHDVHG�TXDOLW\�DQG�KLJKHU�UHOLDELOLW\�RI � WKH�GHVLJQHG
V\VWHP�
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