
1H[W�*HQHUDWLRQ�6WUXFWXUDO�2SWLPL]DWLRQ�7RGD\

&UDLJ�6��&ROOLHU��3�(�
0DUN�3LFNHQKHLP
3KLO�:��<DUULQJWRQ

&ROOLHU�5HVHDUFK�	�'HYHORSPHQW�&RUSRUDWLRQ
�����([HFXWLYH�'ULYH���WK�)ORRU

7RZHU�%R[���
+DPSWRQ��9LUJLQLD������

H�PDLO��FFROOLHU#ZLGRPDNHU�FRP

$EVWUDFW

&KDUDFWHULVWLFV�RI�D�QH[W�JHQHUDWLRQ�VRIWZDUH�SURGXFW�DUH�SUHVHQWHG�IRU�D

FRXSOHG� 06&�1$675$1� )($� DQG� VWUXFWXUDO� RSWLPL]DWLRQ� V\VWHP�� 7KHVH

FKDUDFWHULVWLFV� LQFOXGH� PHWKRGV� IRU� DXWRPDWHG� VWUXFWXUDO� DQDO\VLV� DQG

RSWLPL]DWLRQ� VXFK� DV� D� VWDWLVWLFDO� DSSURDFK� IRU� GHWHUPLQLQJ� µGHVLJQ�WR¶

ORDGV� DQG� DQDO\WLFDO�QXPHULFDO� µ]RRPLQJ¶� IRU� GHWDLOHG� JOREDO� WR� ORFDO

UHVSRQVH��6RIWZDUH�FKDUDFWHULVWLFV� LQFOXGH�D�FROOHFWLRQ�RI�VWDQGDUG�SDQHO

DQG� EHDP� FRQFHSWV�� DQG� DQ� REMHFW� RULHQWHG� DSSURDFK� WR� VWUHQJWK� DQG

VWDELOLW\� IDLOXUH� DQDO\VHV�� 7KHVH� IHDWXUHV� DUH� SURYLGHG� LQ� D�PXOWLSURMHFW�

PXOWLXVHU�� VHFXUH� GDWDEDVH� HQYLURQPHQW� ZKHUH� WKH� ,QWHUQHW� VWDQGDUG

9LUWXDO� 5HDOLW\� 0RGHOLQJ� /DQJXDJH� �950/�� LV� XVHG� IRU� YLVXDO

LQWHUSUHWDWLRQ�RI�UHVXOWV�

��6HSWHPEHU������E\�&ROOLHU�5HVHDUFK�	�'HYHORSPHQW�&RUSRUDWLRQ�
3XEOLVKHG�ZLWK�SHUPLVVLRQ�E\�7KH�0DF1HDO�6FKZHQGOHU�&RUSRUDWLRQ�IRU�WKH������06&�$HURVSDFH
8VHUV·�&RQIHUHQFH�3URFHHGLQJV�



2

1  Introduction

$� QH[W� JHQHUDWLRQ� VWUXFWXUDO� RSWLPL]DWLRQ� V\VWHP� VSHFLILFDOO\� GHVLJQHG� IRU
DHURVSDFH� DSSOLFDWLRQV� LV� SUHVHQWHG�� 7KH� V\VWHP�� FDOOHG� +\SHU6L]HU�� >���@�� LV
FRXSOHG�ZLWK�WKH�06&�1$675$1�ILQLWH�HOHPHQW�SDFNDJH��,W�LV�EDVHG�SULPDULO\�RQ
GHWDLOHG� VWUHVV� DQDO\VLV� DQG� VHFRQGDULO\� RQ� GLVFUHWH� RSWLPL]DWLRQ�� ,W� LV� D
GHSDUWXUH� IURP� W\SLFDO� ILQLWH� HOHPHQW� GHVLJQ� VHQVLWLYLW\� DQG� RSWLPL]DWLRQ� WKDW
HPSKDVL]H� QXPHULF� RSWLPL]HUV�� DQG� PRGHO� EDVHG� XVHU� GHILQHG� FRQVWUDLQWV� RQ
VWUHQJWK�DQG�VWDELOLW\�IDLOXUH�DQDO\VHV�

+\SHU6L]HU¶V� EXLOW�LQ� GHWDLOHG� DQDO\VLV� FDSDELOLWLHV� XVLQJ� DHURVSDFH� PHWKRGV�
DQG� LWV� HDVH� RI� XVH�� DOVR�PDNHV� LW� VXLWDEOH� DV� D� WRRO� IRU� SHUIRUPLQJ� DXWRPDWHG
VWUXFWXUDO�DQDO\VLV�RI�DLUIUDPHV�DQG�SURSXOVLRQ�FRPSRQHQWV�

2  Analytical/Numerical Characteristics

)RXU�NH\�FKDUDFWHULVWLFV�RI� WKH�DQDO\WLFDO�QXPHULFDO�DSSURDFK�DUH� LGHQWLILHG�DV
LPSOHPHQWHG� ZLWK� +\SHU6L]HU�� 7KH\� DUH� ��� D� SDQHO� DQG� EHDP� IRUPXODWLRQ
FRQVLVWHQW�ZLWK��DQG�FRXSOHG�WR�)LQLWH�(OHPHQW�$QDO\VLV��)($������H[WHQVLYH�OLVW�RI
SK\VLFV�EDVHG�VWUHQJWK�DQG�VWLIIQHVV� IDLOXUH�DQDO\VHV����� µGHVLJQ�WR¶� ORDGV�XVLQJ
VWDWLVWLFDO�DQDO\VHV��DQG����JOREDO�WR�ORFDO�]RRPLQJ�DQDO\VHV�

&RXSOLQJ�ZLWK�)($

,Q�RUGHU�WR�DXWRPDWH�WKH�DQDO\VLV�DQG�RSWLPL]DWLRQ�RI�DHURVSDFH�VWUXFWXUHV�LW�LV
QHFHVVDU\� WR� LQFOXGH� DQ� )($� SDFNDJH� >�@�� 7KH� )($�� D� QHFHVVDU\� FRPSRQHQW�
FRPSXWHV�WKH�WKHUPRPHFKDQLFDO�LQWHUQDO�ORDG�GLVWULEXWLRQV�RI�VWUXFWXUH��%HFDXVH
DHURVSDFH� YHKLFOH� LQWHUQDO� ORDG� GLVWULEXWLRQV� DUH� KLJKO\� LQGHWHUPLQDWH�� WKLV
SURFHVV� LV� UHIHUUHG� WR� LQ� WKH� DHURVSDFH� LQGXVWU\� DV� FRPSXWLQJ� µUXQQLQJ�ORDGV¶�
SXEOLVKLQJ� µLQWHUQDO� ORDGV¶�� RU� ILQGLQJ� µORDG�SDWKV�¶� ,Q� HVVHQFH�� WKH� LQWHJUDWHG
HIIHFWV� RI� IOLJKW� VXUIDFH� SUHVVXUHV�� WHPSHUDWXUHV�� DQG� DFFHOHUDWHG� LQHUWLD� JHW
UHGXFHG�WR�IRUFH�DQG�PRPHQW�FRPSRQHQWV�RQ�SDQHOV�DQG�EHDPV�DW�DOO�ORFDWLRQV�RI
WKH�YHKLFOH�

*LYHQ�WKDW�)($�LV�QHFHVVDU\��WKH�TXHVWLRQV�WKHQ�EHFRPH��:KDW�HOVH�LV�QHFHVVDU\�WR
DXWRPDWH�VWUXFWXUDO�DQDO\VLV"�:KDW�LV�WKH�EHVW�ZD\�WR�GHWHUPLQH�LI�WKH�UHVXOWLQJ
SDQHO� DQG� EHDP� IRUFHV� DQG� PRPHQWV� DUH� FDXVLQJ� IDLOXUH"� 7KHUH� DUH� PDQ\
GLIIHUHQW� W\SHV� RI� IDLOXUHV� WKDW� PD\� RFFXU� ZLWK� LQ� D� VWUXFWXUH�� 6RPH� RI� WKHVH
IDLOXUHV�FDQ�EH�SUHGLFWHG�ZLWK�)($�TXLWH�HDVLO\��VRPH�FDQ�EH�DFFRPSOLVKHG�RQO\
ZLWK� YHU\� GLVFUHWH� DQG� ILQHO\� GHWDLOHG�PRGHO�PHVKHV� �VXFK� DV� ORFDO� EXFNOLQJ� RI
VWLIIHQHG�SDQHO�VSDQV���DQG�WKHQ�RWKHUV�FDQQRW�EH�HIIHFWLYHO\�DFFRPSOLVKHG�ZLWK
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)($��VXFK�DV�HPSLULFDO�FULSSOLQJ�DQDO\VHV���,Q�DQ\�FDVH��WR�VDWLVIDFWRULO\�DFKLHYH
GHVLUHG� DFFXUDF\�� PDQ\� GLIIHUHQW� W\SHV� RI� )LQLWH� (OHPHQW� 0RGHOV� �)(0V�� DUH
XVXDOO\� UHTXLUHG� LQ� DGGLWLRQ� WR� WKH� µORDGV� PRGHO¶� WR� SUHGLFW� WKH� PXOWLWXGH� RI
IDLOXUH� SRVVLELOLWLHV�� )RU� DQ� H[DPSOH� RI� SRVVLEOH� IDLOXUH� PRGHV�� VHH� WKH
³$SSOLFDWLRQV´�VHFWLRQ�RI�WKLV�SDSHU�

,Q� RUGHU� WR� SURYLGH� DQ� HIIHFWLYH� DXWRPDWHG� VWUXFWXUDO� DQDO\VLV� DQG�RU
RSWLPL]DWLRQ�V\VWHP�WKDW�HQVXUHV�DOO�SRWHQWLDO�IDLOXUH�PRGHV�DUH�SUHYHQWHG��LW�LV
QHFHVVDU\�WR�LQFOXGH�H[SOLFLW�VROXWLRQV��DOVR�NQRZQ�DV�FORVHG�IRUP�VROXWLRQV��7KH
VLPSOHVW�DQDORJ\�WR�WKLV�FDSDELOLW\�LV�DQ�DXWRPDWHG�KDQG�VWUHVV�FKHFN�SHUIRUPHG
DIWHU� WKH� LQWHUQDO�)($� ORDGV�DUH� FRPSXWHG�� ,I� H[SOLFLW�PHWKRGV�DUH� WKHQ�XVHG� WR
GHWHUPLQH�LI�)($�FRPSXWHG�ORDGV�H[FHHG�ORDG�FDUU\LQJ�FDSDFLW\�RI�WKH�VWUXFWXUDO
PHPEHUV��WKH�ILQDO�TXHVWLRQ�EHFRPHV��:KDW�LV�WKH�EHVW�ZD\�WR�HIIHFWLYHO\�FRXSOH
H[SOLFLW�DQG�HPSLULFDO�DQDO\WLFDO�PHWKRGV�ZLWK�)($"�7KLV�TXHVWLRQ�LV�DGGUHVVHG
LQ�WKH�VHFWLRQ�FDOOHG�³$�'LIIHUHQW�$SSURDFK�WR�&RXSOLQJ�ZLWK�)($�´

&ORVHG�IRUP��SK\VLFV�EDVHG�DQDO\VLV�PHWKRGV

7KHUH� DUH�PDQ\� FORVHG� IRUP� HTXDWLRQV� LQ� WKH� OLWHUDWXUH� WR� FKRRVH� IURP�� 6WUHVV
DQDO\VWV�DUH�RIWHQ�IRUFHG�WR�PDNH�WKH�GLIILFXOW�FKRLFH�RI�ZKDW�DQDO\VLV�PHWKRG�WR
XVH� IRU� D� SDUWLFXODU� SUREOHP�� 'HYHORSHUV� RI� DXWRPDWHG� VWUXFWXUDO� DQDO\VLV
VRIWZDUH� DOVR�PDNH� FKRLFHV� LQ�PHWKRGV� WR� LQFRUSRUDWH�� $W� ILUVW� LQVSHFWLRQ� WKLV
PD\�QRW�VHHP�DV�FKDOOHQJLQJ�DV�LW�UHDOO\�LV�EHFDXVH�D�VXUYH\�RI�OHDGLQJ�$HURVSDFH
PDQXDOV� ZLOO� VKRZ� WKDW� PDQ\� FRPSDQLHV� XVH� VLPLODU� PHWKRGV�� SHUKDSV� WKH
ELJJHVW� GLIIHUHQFH� EHLQJ� LQ� LPSOHPHQWDWLRQ�� 7KLV� VLPLODULW\� LV� EDVLFDOO\� WKH
IRXQGDWLRQ�RI�0LFKDHO�1LX¶V�ERRNV�RQ�PHWDOOLF�DQG�FRPSRVLWH�DLUIUDPH�VWUXFWXUDO
GHVLJQ�DQG�DQDO\VLV��+RZHYHU��QHZ�UHIHUHQFH�PDWHULDOV�FRQWLQXH�WR�EH�SXEOLVKHG
IRU�PDQ\� NLQGV� RI� DQDO\VHV�� 2OGHU�PHWKRGV�� LQ� JHQHUDO��ZHUH� GHYLVHG� IRU� KDQG
W\SH� DQDO\VLV� DQG� DUH� QRW� ZHOO� VXLWHG� IRU� VRIWZDUH� EHFDXVH� WKH\� PDNH� PRUH
DSSUR[LPDWLRQV� DQG� DVVXPSWLRQV� WKDQ� QHFHVVDU\� LQ� WKH� DWWHPSW� WR� UHGXFH
FDOFXODWLRQV��2OGHU�PHWKRGV��LQFOXGLQJ�VRPH�LQ�DHURVSDFH�PDQXDOV��UHTXLUH�PRUH
SURJUDPPLQJ� HIIRUW� WR� FRGH�� LQWHJUDWH�� DQG�PDLQWDLQ� WKDQ�PRUH� SRZHUIXO� DQG
FRQVLVWHQWO\�DSSOLHG�PDWUL[�PHWKRGV��6RPH�RI�WKH�EHVW�FORVHG�IRUP�VROXWLRQV�DUH
FRQWDLQHG� LQ� OLWWOH� NQRZQ� MRXUQDOV�� FRQIHUHQFH� SURFHHGLQJV�� 1$6$� 7HFKQLFDO
0HPRUDQGXPV��DQG�&RQWUDFWRU�5HSRUWV�

3K\VLFV� EDVHG� VROXWLRQV� DUH� SUHIHUUHG� RYHU� HPSLULFDO� RU� VSHFLDO� FDVH� PHWKRGV
ZKHQ�SRVVLEOH��7R�DFKLHYH� FRQVLVWHQF\�� HIILFLHQF\��DQG�DFFXUDF\� LQ� DSSOLFDWLRQ�
DQDO\WLFDO�DQG�QXPHULFDO�PHWKRGV�VKRXOG�EH�KLJKO\�LQWHJUDWHG�LQWR�WKH�VROXWLRQ
SURFHVV�� 3XWWLQJ� DQDO\VLV�PDQXDOV� µRQ� OLQH¶� �L�H�� LQWHUDFWLYH� HTXDWLRQV�� DUH� QRW
VROXWLRQV�WR�WKH�KLJKHU�OHYHO�RI�DXWRPDWHG�DQDO\VLV�DQG�RSWLPL]DWLRQ�FRQVLGHUHG
KHUH��)LQDOO\��WKH�H[SOLFLW�PHWKRGV�VKRXOG�KDYH�FRPSOHWH�NQRZOHGJH�RI�WKH�)(0�
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GHWDLOHG� GHVLJQ�� PDWHULDOV�� DQG� GHVLJQ� SULQFLSOHV� LQFOXGLQJ� PDQXIDFWXULQJ
FRQVWUDLQWV�� $� UREXVW� DXWRPDWHG� VWUXFWXUDO� DQDO\VLV� V\VWHP� VKRXOG� FRQWDLQ� DQ
H[WHQVLYH� OLVW� RI� SK\VLFV� EDVHG� VWUHQJWK�� VWDELOLW\�� VWLIIQHVV�� DQG� PLQLPXP
IUHTXHQF\� IDLOXUH�DQDO\VHV�DV�ZHOO�DV�SURYLVLRQV� WR� LQFOXGH�XVHU�GHILQHG�GHVLJQ
FULWHULD� VXFK� DV�PDQXIDFWXULQJ�PLQLPXP� VKHHW� JDJHV� DQG� FRPSRVLWH� PDWHULDO
SO\�OD\XS�VHTXHQFHV�

$�GLIIHUHQW�DSSURDFK�WR�FRXSOLQJ�ZLWK�)($

5HIHUHQFHV� �� DQG� �� SUHVHQW� D� IRUPXODWLRQ� IRU� VWLIIQHVV� WHUPV� DQG� WKHUPDO
FRHIILFLHQWV� RI� VWLIIHQHG�� ILEHU�UHLQIRUFHG� FRPSRVLWH� SDQHOV�� 7KH� IRUPXODWLRQ� LV
UREXVW� HQRXJK� WR� KDQGOH� SDQHOV�ZLWK� JHQHUDO� FURVV� VHFWLRQDO� VKDSHV�� LQFOXGLQJ
WKRVH�ZKLFK�DUH�XQV\PPHWULF�DQG�RU�XQEDODQFHG��1RQ�OLQHDU�� WHPSHUDWXUH�DQG
ORDG�GHSHQGHQW�FRQVWLWXWLYH�PDWHULDO�GDWD�RI�HDFK�SO\��PDNH�D�ODPLQDWH�ZKLFK�LV
WKHQ�XVHG�WR��EXLOG�XS��WKH�VWLIIHQHG�SDQHO�PHPEUDQH��EHQGLQJ��DQG�PHPEUDQH�
EHQGLQJ� FRXSOLQJ� VWLIIQHVV� WHUPV� DQG� WKHUPDO� FRHIILFLHQWV�� $� WHFKQLTXH� RI
LPSOHPHQWLQJ�WKLV�IRUPXODWLRQ�ZLWK�D�VLQJOH�SODQH�RI�VKHOO�ILQLWH�HOHPHQWV�XVLQJ
WKH� 06&�1$675$1� ZDV� UHYHDOHG� WKDW� SURYLGHV� DFFXUDWH� VROXWLRQV� RI� HQWLUH
DLUIUDPHV�RU�HQJLQHV�ZLWK�FRDUVHO\�PHVKHG�PRGHOV�

7UDGLWLRQDO�PHWKRGV�XVHG�E\� LQGXVWU\� IRU� FDOFXODWLQJ�SDQHO�DQG�EHDP�VWLIIQHVV
WHUPV� IRU� FRDUVH�PHVKHG�PRGHOV� ZHUH� VKRZQ� WR� KDYH� VHYHUDO� VKRUWFRPLQJV�� $
SULPDU\�LQDFFXUDF\�LV�GXH�WR�WKH�WHFKQLTXH�RI�FRPSXWLQJ�HIIHFWLYH�($�DQG�(,�IRU
SDQHOV� DW� VHSDUDWH� QHXWUDO� D[HV� ZKLFK� SUHFOXGH� WKH� XVH� RI� D� FRPPRQ� ILQLWH
HOHPHQW�UHIHUHQFH�SODQH�DQG�FRUUHFW�GLUHFWLRQDO�FRXSOLQJ�

'HVLJQ�WR�ORDGV�TXDQWLILHG�ZLWK�VWDWLVWLFDO�DQDO\VHV

6WUXFWXUDO�DQDO\VLV�LV�SHUIRUPHG�XVLQJ�WZR�SULPDU\�GDWD��DSSOLHG�ORDGLQJV�DQG
DOORZDEOH� ORDGLQJV�� $Q� DOORZDEOH� ORDGLQJ� LV� GXH� WR� D� FRPELQDWLRQ� RI� WKH
PDWHULDO¶V�VWUHQJWK�DQG�WKH�QDWXUH�RI�WKH�VWUXFWXUDO�GHVLJQ�VXFK�DV�SDQHO�FRQFHSW�
VKDSH�� VL]H�� HWF��5HOLDELOLW\� RI� D� VWUXFWXUH� LV� GHILQHG�DV� WKH� SUREDELOLW\� WKDW� WKH
DOORZDEOH� ORDG� LV�JUHDWHU� WKDQ� WKH�UHTXLUHG� ORDG��3RWHQWLDO� IDLOXUH�RFFXUV�ZKHQ
WKH�FXUYHV�RYHUODS�LQ�WKH�PLGGOH��)LJ�����7KH�XOWLPDWH�TXHVWLRQ�EHLQJ�ZKDW�LV�WKH

µ a -µr

xr xa

R eliab ility

µ r µ a

Poten tia l
failure

Allow able load
    (capability)Required load

(Applied)
   Load
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DSSURSULDWH� µGHVLJQ�WR¶� ORDGLQJ� IRU� SHUIRUPLQJ� D� GHWHUPLQLVWLF� VWUXFWXUDO
FRPSRQHQW�DQDO\VLV�

)LJ�����$�VWDWLVWLFDO�DSSURDFK�LV�XVHG�IRU�DQDO\]LQJ�SRWHQWLDO�IDLOXUH�

7KH� DPRXQW� D� EHOO� FXUYH� GLVWULEXWLRQ� LV� QDUURZ� LV� FDOOHG� .XUWRVLV�� $� ODUJH
.XUWRVLV�LV�GHVLUDEOH�EHFDXVH�RI�LWV�QDUURZ�ZLGWK��8QIRUWXQDWHO\��DV�VHHQ�LQ�)LJ�
��� ORDGLQJV� VRPHWLPHV�KDYH� VPDOO�.XUWRVLV�� L�H�� D�ZLGHU� FXUYH� FDXVLQJ� D� ODUJHU
VHSDUDWLRQ��YDULDQFH��RI�WKH�DSSOLHG�ORDGLQJ��7KH�SUREOHP�LV�RQH�RI�GHWHUPLQLQJ
DFFHSWDEOH� OHYHOV� RI� ORDG� RU� ULVN�� ZKLFK� LV� SDUWLFXODUO\� UHOHYDQW� WR� VWUXFWXUDO
RSWLPL]DWLRQ�

$�VXEVWDQWLDO�FKDOOHQJH�WR�DXWRPDWLQJ�VWUXFWXUDO�DQDO\VLV�VL]LQJ�RSWLPL]DWLRQ�LV
µSXOOLQJ�ORDGV�¶� 7KH� SUREOHP� DULVHV� ZKHQ� PDQ\� ILQLWH� HOHPHQWV� DUH� XVHG� WR
UHSUHVHQW�D�VWUXFWXUDO�FRPSRQHQW���7KLV�LV�HVSHFLDOO\�WUXH�LI�WKH�SDQHO�KDV�YDU\LQJ
ORDG�IURP�PLGVSDQ�WR�HGJH��RU� IURP�RQH�HGJH�WR�DQRWKHU�HGJH��'HVLJQLQJ� WR� WKH
PD[LPXP�HOHPHQW�ORDG�FRXOG�EH�IDU�WRR�FRQVHUYDWLYH�DQG�UHVXOW� LQ�RYHU�ZHLJKW�
%XFNOLQJ�LV�PRUH�GHSHQGHQW�RQ�LQWHJUDWHG�W\SH�FRPSUHVVLYH�ORDG�WKDQ�DQ�HOHPHQW
SHDN�ORDG�ZKLFK�PD\�EH�ORFDWHG�DW�WKH�SDQHO
V�FRUQHU��+\SHU6L]HU�XVHV�VWDWLVWLFDO

PHWKRGV�WR�GHWHUPLQH�WKH�DSSURSULDWH�GHVLJQ�WR�ORDG�
)LJ�����7KH�+\SHU6L]HU�XVHU�FDQ�VHOHFW�WKH�.�VWDQGDUG�GHYLDWLRQ�IDFWRU�IRU

GHWHUPLQLQJ�WKH�³'HVLJQ�7R´�DSSOLHG�ORDGLQJ�IRU�VWUHQJWK�DQDO\VLV�

6WUXFWXUDO�DQDO\VHV�DUH� W\SLFDOO\�SHUIRUPHG�XVLQJ�D� FRPSRQHQW¶V�SHDN� ORDGLQJ
ZLWKRXW�PXFK�FRQFHUQ�JLYHQ�WR�WKH�DFWXDO�ORDG�GLVWULEXWLRQ��)RU�FRPSRQHQWV�ZLWK
XQLIRUP� ORDGLQJV�� L�H�� QDUURZO\� YDU\LQJ� ORDG�GLVWULEXWLRQV�ODUJH�.XUWRVLV�� WKLV
DSSURDFK� LV� VXIILFLHQW�� +RZHYHU� IRU� FRPSRQHQWV� ZLWK� ZLGHO\� YDU\LQJ� ORDG
GLVWULEXWLRQV�� L�H�� KLJKHU� ORDGLQJ� JUDGLHQWV�� WKLV� DSSURDFK� EHFRPHV� RYHUO\
FRQVHUYDWLYH��7KH�VWDWLVWLFDO�DSSURDFK�RI�+\SHU6L]HU� WUHDWV� WKH� LQGLYLGXDO� IRUFH
FRPSRQHQWV� �1[�� 1\�� 1[\�� 0[�� 0\�� 0[\�� 4[�� 4\��� RI� HDFK� HOHPHQW� RI� D� VWUXFWXUDO
FRPSRQHQW��LQ�HVVHQFH��DV�LI�WKH\�ZHUH�D�IUHTXHQF\�GLVWULEXWLRQ��RU�D�SUREDELOLW\

µ

Probability distribution

Load

Nij

Density

Probability range

K

(Density function)

Mean Standard
deviation

“Design-to”
  load

“Design-to” loading  =   µ + K
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KLVWRJUDP��,Q�WKLV�VHQVH��WKH�KHLJKW�RI�WKH�SUREDELOLW\�KLVWRJUDP�UHSUHVHQWV�IRUFH
PDJQLWXGH��DQG� WKH�EDVH�RI� WKH� JUDSK� UHSUHVHQWV� WKH�QXPEHU� RI� RFFXUUHQFHV� RI
HDFK�ORDGLQJ�PDJQLWXGH�

<HW� WKH�WUXH�KLVWRJUDP�RI� ORDG�VWUHVV�VWUDLQ�JUDGLHQWV�DUH�FRQWLQXRXV�YDULDEOHV
ZKLFK�DUH�EHLQJ�SUHGLFWHG�ZLWK�GLVFUHWH�SRLQWV�RI�WKH�)(0�PHVK��,Q�HVVHQFH��WKH
)(0� FRPSXWHG� ORDGV� DUH� D� VDPSOH� RI� WKH� VWUXFWXUH¶V� WUXH� ORDGV�� WKH� JULG� DQG
HOHPHQW� PHVK� GHQVLW\� EHLQJ� D� PHDVXUH� RI� WKH� VDPSOH� SRSXODWLRQ�� ,W� LV� WKLV
SUHPLVH� ZKLFK� OHG� XV� WR� LPSOHPHQW� HOHPHQW� DUHD� LQWR� WKH� VWDWLVWLFDO� DQDO\VLV�
,QVWHDG� RI� LPSOHPHQWLQJ� VWDWLVWLFDO� DSSURDFKHV� EDVHG� RQ� WKH� QXPEHU� RI� GDWD
SRLQWV��L�H��QXPEHU�RI�HOHPHQWV��LPSOHPHQWDWLRQ�LV�EDVHG�RQ�HDFK�HOHPHQW¶V�DUHD�
,Q�WKLV�FDVH�WKH�SUREDELOLW\�KLVWRJUDP�KDV�WKH�EDVH�RI�WKH�JUDSK�UHSUHVHQWHG��QRW
E\�WKH�QXPEHU�RI� ILQLWH�HOHPHQWV��EXW�E\� WKH���RI�DUHD�RI� WKH�FRPSRQHQW� WKDW� LV
H[SHULHQFLQJ�HDFK�ORDGLQJ�PDJQLWXGH�

,Q�WKLV�ZD\��WKH�.�IDFWRU��UHIHUUHG�WR�DV�.�VLJPD��VXFK�DV��σ��LGHQWLILHG�LQ�)LJ����LV
QRZ�XVHG�WR�DFKLHYH�WKH�GHVLUHG�FRQILGHQFH�OLPLW�RI�WKH�FRPSRQHQW¶V�DUHD�ZKLFK�LV
H[SHULHQFLQJ� D� OHYHO� RI� ORDG�� &RQYHQWLRQDOO\� XVHG�� .� UHSUHVHQWV� WKH� OHYHO� RI� D
FRPSRQHQW¶V�KLJKHVW�ORDGLQJ��7KLV�VXEWOH�GLIIHUHQFH�LQ�WKRXJKW�SHUPLWV�WKH�XVHIXO
DQDORJ\� RI� TXDQWLI\LQJ� KRZ� PXFK� DUHD� RI� D� FRPSRQHQW� ZLOO� FRQILGHQWO\
ZLWKVWDQG�WKH�FRPSRQHQW¶V�ORDGLQJ��$V�D�UHVXOW��IRU�D�RQH�VLGHG�GLVWULEXWLRQ��D�.
IDFWRU�HTXDO� WR�������RU��� LQGLFDWHV���������������DQG���������RI� WKH� FRPSRQHQW¶V
DUHD�� 7KH� UHPDLQLQJ� VPDOO� SHUFHQWDJH� RI� VWUXFWXUDO� FRPSRQHQW� DUHD� LV� EHVW
GHVLJQHG�ZLWK�D�GRXEOHU�RU�D�VPDOO�SDG�XS�RI�DGGLWLRQDO�PDWHULDO�

7KH� VWDQGDUG� GHYLDWLRQ� .� IDFWRU� LV� XVHG� IRU� VWUHQJWK� DQDO\VLV�� +RZHYHU�� IRU
LQVWDELOLW\��D�GLIIHUHQW�VWDWLVWLFDO�DSSURDFK�LV�XVHG�E\�+\SHU6L]HU��$�NH\�DVSHFW�RI
ZKLFK�LV�WR�VWDWLVWLFDOO\�GHWHUPLQH�WKH�SHUFHQWDJH�RI�WKH�FRPSRQHQW¶V�DUHD�WKDW�LV
LQ�WKH�FRPSUHVVLYH��EXFNOLQJ�]RQH�DQG�LQWHJUDWH�WKH�FRPSUHVVLYH�PDJQLWXGH�RYHU
WKDW�DUHD�� ,Q�SODQH� VKHDU� ORDGLQJ� LV� FRQVLGHUHG�DV�EHLQJ� FRPSUHVVLYH� IRU� VKHDU
EXFNOLQJ�HIIHFWV�

2WKHU� UHVHDUFKHUV� KDYH� DSSOLHG� VWDWLVWLFDO� DSSURDFKHV� WR� VWUHVV� DQDO\VLV�� 2I
SDUWLFXODU� QRWH� LV� WKH�ZRUN� RI� 9HUGHUDLPH� >�@�ZKLFK� LV� DSSOLFDEOH� WR� LVRWURSLF�
XQVWLIIHQHG�VWUXFWXUH�VXFK�DV�VROLG�URFNHW�PRWRU�WKUXVW�PRXQWV��FDVLQJV��VKURXGV�
PDLQ� IUDPHV�� VXSSRUWV�� ILWWLQJV�� FDVWLQJV�� HWF�� 7KDW� DSSURDFK� FRPELQHV
PXOWLD[LDO� DSSOLHG� VWUHVVHV� LQWR� RQH� YDOXH� XVLQJ� WKH� PLQLPXP� VWUDLQ� HQHUJ\
GLVWRUWLRQ� WKHRU\�� UHIHUUHG� WR� DV� 0LVHV� IDLOXUH� FULWHULRQ�� 7KHUHIRUH�� PXOWLD[LDO
ORDGLQJV�DUH�VWDWHG�LQ�WHUPV�RI�D�VLQJOH�YDOXH�WR�SHUIRUP�WKH�VWDWLVWLFDO�DQDO\VHV�
$V�D�UHVXOW�RI�XVLQJ�D�VLQJOH�VWUHVV�YDOXH�IRU�WKH�VWDWLVWLFDO�SURFHGXUHV��WKH�PHWKRG
LV�QRW�DSSOLFDEOH�WR�LQVWDELOLW\�IDLOXUH�PRGHV�QRU�VWLIIHQHG�SDQHO�VWUXFWXUHV��7KH
LPSOHPHQWDWLRQ�ZLWK�+\SHU6L]HU�LV�WR�XVH�XQLW�ORDGLQJV�VXFK�DV�1[��1\��1[\��HWF�
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VHSDUDWHO\�LQ�D�VWDWLVWLFDO�PDQQHU��VR�WKDW�FRPSRVLWH�PDWHULDOV��SDQHO�EXFNOLQJ�
ORFDO�EXFNOLQJ��FULSSOLQJ��HWF��RI�DLUIUDPH�VWUXFWXUH�FDQ�DOVR�EH�KDQGOHG�

*OREDO�WR�ORFDO�DQDO\VHV��$QDO\WLFDO�=RRPLQJ

*OREDO� WR� ORFDO�DQDO\VHV�XVXDOO\�PHDQV�VWDUWLQJ�DQ�DQDO\VLV�DW� WKH�V\VWHP�OHYHO
DQG� WKHQ� SDVVLQJ� V\VWHP� OHYHO� UHVSRQVHV� WR� D� PRUH� GHWDLOHG� DQDO\VLV�� )RU
LQVWDQFH�� SUHGLFWHG� UXQQLQJ� ORDGV� RI� D� SDUWLFXODU� SDQHO� DUH� SDVVHG� IURP� WKH
DLUIUDPH� ORDGV�PRGHO� �JOREDO�� WR� D�PRUH� UHILQHG�PRGHO� �ORFDO�� RI� WKH� SDQHO� IRU
SHUIRUPLQJ� ORFDO� EXFNOLQJ� RI� DOO� RI� LWV� VWLIIHQLQJ� VSDQ� ZLGWKV�� *OREDO� WR� /RFDO
DQDO\VLV� PD\� DOVR� UHIHU� WR� WKH� FDVH� ZKHUH� WKH� VWDUWLQJ� SRLQW� RI� D� FRPSRVLWH
PDWHULDO� DQDO\VLV� PD\� EH� DW� WKH� SO\� PDFUR� OHYHO�� RU� DW� WKH� ILEHU� DQG� PDWUL[
FRQVWLWXHQW� PLFUR� OHYHO�� ,Q� WKLV� FDVH�� PDFURPHFKDQLFV� LV� JOREDO� DQG
PLFURPHFKDQLFV�LV� ORFDO��$QDO\WLFDO�]RRPLQJ�LV�D� WHUP�WR� LQGLFDWH�SHUIRUPLQJ�D
JOREDO�� V\VWHP� OHYHO� DQDO\VHV� DQG� WKHQ� IRFXVLQJ� LQ� RQ� D� µKRW� VSRW¶� ZLWK� PRUH
ULJRURXV� DQDO\VLV� PHWKRGV�� VXFK� DV� WKH� ERQG� OLQH� EHWZHHQ� D� IDFHVKHHW� DQG� DQ
DWWDFKLQJ�IODQJH�RI�D�FRUHVKHHW�

,Q�RUGHU�WR�DFFRPPRGDWH�WKLV�DELOLW\�WR�GULOO�GRZQ��WKH�JOREDO� WR� ORFDO�DQDO\VHV
PXVW� EH� WKHRUHWLFDOO\� LQWHJUDWHG�� 7KLV� LQVXUHV� FRQVLVWHQW� ERXQGDU\� FRQGLWLRQV�
VWUDLQ�FRPSDWLELOLW\��DQG�HTXLOLEULXP�RI�IRUFHV�ZKHQ�PRYLQJ�GRZQ�LQ�ORFDO�GHWDLO
DQG�WKHQ�EDFN�XS�WR�WKH�JOREDO� OHYHO��7KH�GULOOLQJ�GRZQ�SURFHVV�VKRXOG�EH�TXLFN
DQG�UHTXLUH�PLQLPDO�XVHU�HIIRUW�WR�DFFRPSOLVK�

,Q�DGGLWLRQ�WR�FRQVLVWHQW�VWUHVV�VWUDLQ�ILHOGV��LPSOHPHQWDWLRQ�RI�WKHVH�FDSDELOLWLHV
UHTXLUHV� D� PHDQV� WR� WRJJOH� RQ�RII� WKH� GLIIHUHQW� OHYHO� RI� DQDO\VHV�� ,Q� IDFW�� WKH
DELOLW\�WR�VHOHFW�ZKLFK�DQDO\VHV�WR�SHUIRUP�IRU�GLIIHUHQW�ORFDWLRQV�RI�WKH�YHKLFOH�LV
QHFHVVDU\�WR�UHGXFH�UXQ�WLPHV��)RU�WKH�PRVW�SDUW��RSWLPL]DWLRQV�VKRXOG�EH�GRQH
ZLWK�QHDUO\�DOO�RI�WKH�IDLOXUH�DQDO\VHV�WXUQHG�RQ��+RZHYHU��VRPH�DQDO\VHV�ZLOO�EH
PXFK�PRUH�&38�LQWHQVLYH�DQG�PD\�QRW�EH�RI�LQWHUHVW�DOO�WKH�WLPH��$�FDVH�LQ�SRLQW
LV�WKH�JHQHUDO�PHWKRG�RI�FHOOV�DSSURDFK�WR�YLVFRHODVWLFLW\�DV�LPSOHPHQWHG�RQ�WKH
ILEHU�DQG�PDWUL[�FRQVWLWXHQW�OHYHO�RI�FRPSRVLWH�PDWHULDOV��7KRXJK�SRZHUIXO�DQG
XVHIXO�� WKLV� DQDO\VLV� FDSDELOLW\� LV�� E\� GHIDXOW�� WXUQHG� RII� LQ�+\SHU6L]HU�ZKHQ� D
FRPSRQHQW� LV�JHQHUDWHG��<HW�� LW� FDQ�HDVLO\�EH� WXUQHG�RQ� IRU�DQ\�VSHFLILF�DUHD�RI
WKH�YHKLFOH�

3  Optimization Characteristics

,GHQWLILHG� DUH� IRXU� NH\� FKDUDFWHULVWLFV� RI� WKH� RSWLPL]DWLRQ� DSSURDFK� DV
LPSOHPHQWHG� ZLWK� +\SHU6L]HU�� 7KHVH� DUH� WKH� FDSDELOLW\� WR� RSWLPL]H� WKH� WRWDO
VWUXFWXUDO� V\VWHP� TXLFNO\� LQ� PRGHO� SUHSDUDWLRQ� DQG� H[HFXWLRQ� WLPH�� DQ� REMHFW
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RULHQWHG� DSSURDFK� WR� DQDO\VLV�� D� OLEUDU\� RI� SDQHO� DQG� EHDP� FRQFHSWV�� DQG� D
IUDPHZRUN�IRU�LQQRYDWLYH�DQG�DGYDQFHG�RSWLPL]DWLRQ� ��

2SWLPL]LQJ�WKH�WRWDO�VWUXFWXUDO�V\VWHP

7KH�DELOLW\�WR�RSWLPL]H�D�WRWDO�VWUXFWXUDO�V\VWHP�ZLWK�DOO�GHVLJQ�YDULDEOHV�WXUQHG
RQ�LV�IXQGDPHQWDO�ZLWK�+\SHU6L]HU��6LQFH�ILQLWH�HOHPHQW�VHQVLWLYLW\�DQDO\VLV�DQG
QXPHULFDO� RSWLPL]HUV� DUH� QRW� XVHG� LQ� WKLV� DSSURDFK�� WKHUH� LV� QR� H[SRQHQWLDO
UHODWLRQVKLS� EHWZHHQ� UXQ� WLPH� DQG� PRGHO� VL]H�QXPEHU� RI� GHVLJQ� YDULDEOHV�� ,Q
IDFW��WKH�RQO\�PRGHO�VL]H�OLPLWDWLRQ�LV�EDVHG�RQ�SUDFWLFDO�OLPLWV�RI�WKH�OLQHDU�VWDWLF
VROYHU� DQG� SUH�SRVW� SURFHVVRUV�� 5XQ� WLPHV� DUH� TXLFN� DQG� GR� QRW� KDYH� ORFDO
PLQLPXP� VROXWLRQV� WKDW� SRVVLEO\� RFFXU� ZLWK� QXPHULFDO� RSWLPL]DWLRQ�� )DVW
UHVSRQVH�LV� LPSRUWDQW�IRU�WKH�XVHU�WR�EH�DEOH�WR�NHHS�IRFXV��,PPHGLDWH� IHHGEDFN
RQ�RSWLPL]DWLRQ�VHOHFWLRQV��JLYHQ�DXWRPDWLFDOO\��KHOSV� WKH�XVHU� WR� LQWHUDFW�ZLWK
WKH�VROXWLRQ�SURFHVV�DQG�WR�EH�DEOH�WR�VWD\�RQ�WUDFN�ZLWK�KLV�GHVLJQ�WKRXJKWV��7KLV
LV� DFFRPSOLVKHG� ZLWK� +\SHU6L]HU� EHFDXVH� WKHUH� DUH� QR� ILOH� FRQYHUVLRQV� RU
JUDSKLFDO�SUH�SRVW�SURFHVVLQJ�QHFHVVDU\�

$Q� DGYDQWDJH� RI� XVLQJ� H[SOLFLW� VROXWLRQV� LV� WKDW� DQDO\VHV� DUH� DFFRPSOLVKHG
UDSLGO\� DQG� FDQ� � FRQVLGHU� WKH� PXOWLWXGH� RI� IDLOXUH� PRGHV� DQG� ORDGFDVHV�
+\SHU6L]HU¶V�SXUSRVH�LV�WR�LQFOXGH�DOO�SRVVLEOH�IDLOXUH�PRGHV�LQ�WKH�DVVHVVPHQW�RI
D�SRVVLEOH�GHVLJQ��7KH�REMHFWLYH�LV�WKDW�WKH�XVHU�VKRXOG�EH�DEOH�WR�GHSHQG�RQ�WKH
VRIWZDUH� IRU� FDSWXULQJ� DOO� SK\VLFV� EDVHG� VWUXFWXUDO� LQWHJULW\� FKHFNV�� $V� DQ
H[DPSOH�WDNHQ�IURP�UHIHUHQFH����SDJH�����LQ�WKH�SURFHVV�RI�D�RSWLPL]LQJ�D�EHDP�
WKH�+\SHU6L]HU� XVHU� QHHG� QRW� SURYLGH� D� FRQVWUDLQW� RQ� WKH�PD[LPXP� DOORZDEOH
EHDP�KHLJKW�WR�ZLGWK�UDWLR�EHFDXVH�LQ�DGGLWLRQ�WR�VLPSOH�EHQGLQJ�VWUHVV�FULWHULD�
+\SHU6L]HU�ZRXOG�DOVR�LQYHVWLJDWH�WZLVWLQJ��ODWHUDO�WRUVLRQDO�EXFNOLQJ�HWF�

2SWLPL]DWLRQ�LQSXW�GDWD�LV�UHODWLYHO\�HDV\�WR�VHOHFW��2SWLPL]DWLRQ�ERXQGV�FDQ�EH
DVVLJQHG� WR� GLIIHUHQW� YHKLFOH� ORFDWLRQV� TXLFNO\�� UHIHUUHG� WR� DV� JURXSV�
2SWLPL]DWLRQ� VROXWLRQV� DUH� GHWHUPLQHG� IRU� FRPSRQHQWV� ZKLFK� DUH� D� VXEVHW� RI
JURXSV��&RPSRQHQWV�DUH�GHILQHG�GXULQJ�WKH�SURFHVV�RI�FRQVWUXFWLQJ�WKH�)(0�DQG
XVXDOO\� UHSUHVHQW� WKH� VPDOOHVW� SLHFH� RI� PDQXIDFWXUDEOH� VWUXFWXUH�� 7KDW� LV
VWUXFWXUH� IDEULFDWHG� ZLWK� DOO� RI� WKH� VDPH� GHVLJQ� GLPHQVLRQV� VXFK� DV� VWLIIHQHU
VSDFLQJ�� SDQHO� KHLJKW�� ZHE� WKLFNQHVV�� IDFHVKHHW� WKLFNQHVV�� OD\XSV�� HWF�� 9LVXDO
LQWHUSUHWDWLRQ� LV� SURYLGHG� DXWRPDWLFDOO\� IRU� WKH� FXUUHQW� SDQHO� FRQFHSW�
FRPSRQHQW��DQG�JURXS�

2EMHFW�RULHQWHG�DSSURDFK�WR�DQDO\]LQJ

$Q�REMHFW�RULHQWHG�DSSURDFK�WR�DQDO\]LQJ�SDQHOV�DQG�EHDPV�LV�VXJJHVWHG�LQ�RUGHU
WR�SURYLGH�JHQHUDOLW\�ZLWKLQ�WKH�GHYHORSHU¶V�FRGH��:LWKRXW�VXFK�DQ�DSSURDFK��WKH
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FRGH� ZRXOG� OLNHO\� EH� PRUH� HUURU� SURQH� DQG� KDYH� OHVV� JURZWK� SRWHQWLDO�
,PSOHPHQWDWLRQ�GRHV�QRW�UHTXLUH�DQ�REMHFW�RULHQWHG�ODQJXDJH�VXFK�DV�&����:KDW
LV�SURSRVHG�KHUH�LV�WR�LPSOHPHQW�D�KLHUDUFK\�RI�HQWLWLHV�WKDW�KDYH�D�SDUHQW���FKLOG
UHODWLRQVKLS�� ,Q�+\SHU6L]HU� WKLV� LV� FDUULHG� RXW� E\� LGHQWLI\LQJ� VHYHUDO� OD\HUV� RU
UHODWLRQVKLSV�RI�WKH�SK\VLFDO�REMHFWV�WKDW�µEXLOG�XS¶�D�SDQHO�RU�EHDP�

FEM È group È family È component È concept È segment È object

7KHVH�UHODWLRQVKLSV�DUH�XVHG�LQ�WKH�GDWDEDVH�PDQDJHPHQW�V\VWHP�WR�SURYLGH�GDWD
LQWHJULW\�� DQG� LQ� WKH� FRPSXWLQJ� ODQJXDJH�� WR� LQVWUXFW� ZKLFK� RSHUDWLRQV� WR
SHUIRUP��$Q�REMHFW�RULHQWHG�DSSURDFK�WR�DQDO\VLV� LV�SDUWLFXODUO\�UHOHYDQW�ZKHQ
DWWHPSWLQJ�WR�RSWLPL]H�D�ODUJH�OLEUDU\�RI�SDQHO�DQG�EHDP�FRQFHSWV�

/LEUDU\�RI�SDQHO�DQG�EHDP�FRQFHSWV

6WLIIQHVV� IRUPXODWLRQV� DQG� DQDO\VLV� PHWKRGV� VKRXOG� EH� DEOH� WR� KDQGOH� DQ\
YDULDWLRQ�RI�D�SDQHO�RU�EHDP�FRQFHSW��DQG�DQ\�YDULDWLRQ�RI�PDWHULDO�XVDJH��)URP
D� XVHU¶V� SHUVSHFWLYH�� D� OLEUDU\� RI� FRPPRQO\� XVHG� DHURVSDFH� SDQHO� DQG� EHDP
IDPLOLHV� DQG� VSHFLILF� FRQFHSWV� �VXFK� DV� =�� -�� ,�� 7�� DQG� KDW� VWLIIHQHG�� DQG
KRQH\FRPE��WUXVVFRUH��DQG�IRDP�VDQGZLFKHV�� WR�FKRRVH� IURP�JUHDWO\�VSHHGV�XS
WKH�DQDO\VLV�DQG�GHVLJQ�SURFHVV��3DQHO�FRQFHSWV�WKDW�DUH�SDUW�RI�D�IDPLO\�VKRXOG
XVH�WKH�VDPH�GHVLJQ�YDULDEOHV��DQG�WKH�RSWLPL]DWLRQ�VKRXOG�EH�DEOH�WR�GHWHUPLQH
ZKLFK�RI�WKH�FRQFHSWV�LV�RSWLPXP�IRU�D�SDUWLFXODU�FRPSRQHQW��7KH�DQDO\VHV�DQG
RSWLPL]DWLRQ�VKRXOG�XVH�DOO�RI�WKH�GHWDLOHG�GHVLJQ�YDULDEOHV��)LJ���

7KH� DELOLW\� WR� FKRRVH� ZKLFK� PDWHULDO� �LVRWURSLF�� SRO\PHU�� FHUDPLF�� RU� PHWDO
PDWUL[�FRPSRVLWH��KRQH\FRPE��HWF���WR�XVH�IRU�DQ\�VHJPHQW�RI�WKH�SDQHO�SURYLGHV
PRUH� RSWLPL]DWLRQ� SRWHQWLDO�� /LNHZLVH�� WKH� DELOLW\� WR� OD\XS� K\EULG� FRPSRVLWHV
WKDW�KDYH�GLIIHUHQW�SO\�PDWHULDOV�LV�D�EHQHILW��,Q�WXUQ�EHLQJ�DEOH�WR�VSHFLI\�WKHVH
K\EULG�ODPLQDWHV�IRU�GLIIHUHQW�SDQHO�VHJPHQWV�LV�HYHQ�PRUH�GHVLUDEOH��HVSHFLDOO\
ZKHQ�LW�FDQ�EH�DFFRPSOLVKHG�HDVLO\�DQG�ZLWK�GDWD�LQWHJULW\

I/Sl(b2)|6/20/90

b
b' b'Nwb

Nwt Ntt t1

t2

θ°

t3

H

M1

M2

M3

X FACE or LONGITUDINAL FACE

 Sx

b
2

Ntb
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)LJ�����$OO�GHWDLO�GHVLJQ�GLPHQVLRQV�DQG�PDWHULDO�VHOHFWLRQV�DUH�RSWLPL]HG�

)UDPHZRUN�IRU�DGYDQFHG�RSWLPL]DWLRQ

7KH�RSWLPL]DWLRQ�LPSOHPHQWDWLRQ�IUDPHZRUN�QHHGV�WR�IXQGDPHQWDOO\�EH�DEOH� WR
JURZ� LQWR� PRUH� DGYDQFHG� FDSDELOLWLHV�� )RU� LQVWDQFH�� +\SHU6L]HU� LV� DEOH� WR
LQFRUSRUDWH� UHVXOWV� IURP� 06&¶V� DHURHODVWLF� RSWLPL]DWLRQ� ZKHQ� WKH� GHVLJQ
REMHFWLYH�LV�WR�GHWHUPLQH�WKH�DPRXQW�RI�HIIHFWLYH�PHPEUDQH�DQG�EHQGLQJ�VWLIIQHVV
�($�DQG�(,�UHVSHFWLYHO\��RI�D�ZLQJ�FRYHU�UHTXLUHG�WR�DFKLHYH�D�FHUWDLQ�PLQLPXP
QDWXUDO� IUHTXHQF\�� � 7KH� FRPSXWHG� RSWLPXP� VWLIIQHVV� GLVWULEXWLRQ� FDQ� EH� LQSXW
LQWR� +\SHU6L]HU� DV� D� GHVLJQ� UHTXLUHPHQW�� DQG� WKHQ� XVHG� LQ� WKH� SURFHVV� RI
GHWHUPLQLQJ� WKH� RSWLPXP� SDQHO� RU� EHDP� FRQFHSWV�� VKDSHV�� VL]HV�� WKLFNQHVVHV�
GLPHQVLRQV��VSDFLQJV��DQG�PDWHULDO�VHOHFWLRQV�WKDW�DFKLHYH�WKH�6RO�����VWLIIQHVV
GLVWULEXWLRQ�� ZKLOH� DOVR� DFKLHYLQJ� SRVLWLYH� PDUJLQV� RQ� VWUHQJWK� DQG� VWDELOLW\
DQDO\VHV�DQG�PHHWLQJ�DOO�RWKHU�GHVLJQ�REMHFWLYHV�

2WKHU� FDSDELOLWLHV� WKH� RSWLPL]DWLRQ� IUDPHZRUN� VKRXOG� EH� DEOH� WR� JURZ� LQWR
LQFOXGH�PDQXIDFWXUHDELOLW\���VXFK�DV�WRROLQJ�JXLGHOLQHV�DQG�OD\XS�GHVLJQ�UXOHV�RI
WKXPE��$Q�DGYDQFHG�FDSDELOLW\�RI�+\SHU6L]HU�DOORZV� WKH�HQJLQHHU� WR�GHWHUPLQH
DQ\�QXPEHU�RI��ORZHVW�ZHLJKW�VROXWLRQV�VR�WKDW��IRU�LQVWDQFH��WKH�KH�ZRXOG�EH�DEOH
WR� SUHVHQW� WR� WKH�PDQXIDFWXULQJ� WHDP�� � VD\� WKH� ILUVW� WHQ� ����� RSWLPXP� GHVLJQV
EDVHG�RQ�VWUXFWXUDO�LQWHJULW\�

4  Software Environment   

)RXU� NH\� FKDUDFWHULVWLFV� RI� WKH� VRIWZDUH� HQYLURQPHQW� DV� LPSOHPHQWHG� ZLWKLQ
+\SHU6L]HU�DUH�GHVFULEHG�EHORZ��7KH\�DUH� ���GDWD� LQWHJULW\�SURYLGHG�E\�D� IXOO\
UHODWLRQDO� GDWDEDVH� PDQDJHPHQW� V\VWHP� ZLWK� LQWHJUDWHG� PDWHULDOV� GDWD�� ��
LQWHUDFWLYH�YLVXDOL]DWLRQ�RI�DQDO\VLV�DQG�RSWLPL]DWLRQ�LQSXW�DQG�RXWSXW�GDWD�����D
SRZHUIXO� JUDSKLFDO� XVHU� LQWHUIDFH� �*8,�� WKDW� XVHV� VWDQGDUG�:LQGRZV� 17� ORRN
DQG� IHHO�� DQG� ��� D� GHVLJQ� IRU� GLVWULEXWHG� FRPSXWLQJ� DQG� IXWXUH� LQWUDQHW
DSSOLFDWLRQV�

�$�UHODWLRQDO�GDWDEDVH�PDQDJHPHQW�V\VWHP

(DUO\� HIIRUWV� ZLWK� XVLQJ� D� UHODWLRQDO� GDWDEDVH� PDQDJHPHQW� V\VWHP� �5'%06�
IRFXVHG�RQ�LPSRUWLQJ�06&�1$675$1�)(0�DQG�)($�GDWD�IRU�GHPRQVWUDWLQJ�KRZ
WKH� WHFKQRORJ\� FRXOG� EH� XVHIXO� IRU� TXHU\LQJ� WKH� PRGHO� DQG� ORDGV� LQ� PDQ\
GLIIHUHQW�ZD\V�ZLWK�64/�� >�@�� �:LWK�+\SHU6L]HU�� WKH�XVH�RI�5'%06�KDV� HYROYHG
LQWR� LQFOXGLQJ�DOO�PDWHULDO� DQG�SURMHFW� LQSXW� DQG� RXWSXW� GDWD� KDYLQJ� FRPSOHWH
LQWHJULW\� YLD� DXWRPDWLF� FDVFDGLQJ� XSGDWHV�� GHOHWHV�� DQG� GDWD� ORFNLQJ�� 1RZ� D
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PXOWL�SURMHFW�� FRQFXUUHQW�PXOWL�XVHU�GDWDEDVH�ZLWK�GLIIHUHQW� OHYHOV�RI�SDVVZRUG
VHFXULW\�SURYLGHV�XVHUV�IXOO�JHQHUDOLW\�RI�VHFXULW\�RU�VKDULQJ�SHUPLVVLRQ�

7KH� EHQHILW� RI� WKH� IXOO\� LPSOHPHQWHG� 5'%06� WR� WKH� XVHU� LV� WKDW� LQWHJULW\� LV
JXDUDQWHHG� DQ\WLPH� D� FKDQJH� LV� PDGH� WR� DQ\� GDWD� >�@�� 'HVLJQ� RSWLPL]DWLRQ
UHTXLUHV� PXFK� GDWD� DQG� WKH� WDVN� RI� PDLQWDLQLQJ� LW� LV� FKDOOHQJLQJ� FRQVLGHULQJ
WKHUH� DUH� FXUUHQWO\� DERXW� ���� GLIIHUHQW� GDWD� W\SHV� � DVVRFLDWHG� ZLWK� D� GHVLJQ
SURMHFW��(DFK�RI�WKRVH�XQLTXH�GDWD�W\SHV�FRQWDLQV�PDQ\�GDWD�YDOXHV��DQG�LI�DQ\
RQH� GDWD� YDOXH� ZHUH� WR� FKDQJH�� WKH� 5'%06� ZLOO� DXWRPDWLFDOO\� µFDVFDGH¶� WKDW
FKDQJH� WKURXJKRXW� WKH� SURMHFW�� 7KLV� LV� YDOXDEOH� EHFDXVH� DQ\WLPH� GDWD� JHWV
PRGLILHG�� UHQXPEHUHG�� RU� UHQDPHG�� WKH� FKDQJH� LV� XSGDWHG� WKURXJKRXW� DOO
DVVRFLDWHG�GDWD��,I�VRPH�GDWD�LV�GHVLUHG�WR�EH�GHOHWHG��EXW�LV�EHLQJ�UHIHUHQFHG�E\�D
SURMHFW��WKDW�GDWD�FDQQRW�EH�GHOHWHG�XQWLO�LW�LV�ILUVW�GHOHWHG�IURP�HYHU\�SURMHFW�WKDW
UHIHUHQFHV�LW��,I�D�PDWHULDO¶V�GDWD� LV�PRGLILHG��VKHDU�PRGXOXV�� IRU�H[DPSOH�� WKHQ
DOO� H[LVWLQJ� SURMHFWV� WKDW� UHIHUHQFH� WKDW� SURSHUW\� ZLOO� LQGLFDWH� WKDW� WKHLU
FRPSXWHG�RSWLPL]DWLRQ�UHVXOWV�DUH�QR� ORQJHU�YDOLG��$W�ZKLFK�SRLQW� WKH�XVHU�FDQ
OHDYH� WKHP� DV� WKH\� DUH�� RU� UH�H[HFXWH� WKH� RSWLPL]DWLRQ�� 7KLV� DXWRPDWLF� GDWD
PDLQWHQDQFH� SURYLGHV� XVHU� FRQYHQLHQFH� DQG� FRQILGHQFH� LQ� DOO� GDWD�� LQFOXGLQJ
DUFKLYHG�SURMHFW�GDWD� ��

,QWHUDFWLYH�YLVXDOL]DWLRQ�RI�GDWD

7KH� QRQ�SURSULHWDU\�� ,QWHUQHW� VWDQGDUG� 9LUWXDO� 5HDOLW\� 0RGHOLQJ� /DQJXDJH
�950/�� 9HUVLRQ� �� � LV� XVHG� E\� +\SHU6L]HU� IRU� UHDO� WLPH�� �'� LQWHUDFWLYH� DQG
LQWHJUDWHG� YLVXDOL]DWLRQ� RI� PRGHO� GDWD� DQG� FRPSXWHG� UHVXOWV�� 7KLV� IRUP� RI
JUDSKLFDO� GDWD� UHSUHVHQWDWLRQ� DOORZV� PDQ\� GLIIHUHQW� LQWHUQHW� EURZVHUV� WR� EH
XVHG�IRU�GLVSOD\��7KHUHIRUH�SURMHFW�GHVLJQ�DQG�DQDO\VLV�LPDJH�ILOHV�FDQ�TXLFNO\�EH
VHQW� WR� DHURVSDFH� WHDPLQJ� SDUWQHUV�� 8VHU¶V� PD\� DOVR� DGG� WR� WKH� +\SHU6L]HU
JHQHUDWHG�ILOH�WKHLU�RZQ�SURSULHWDU\�GDWD�IRU�GLVSOD\�

&XUUHQWO\��950/�ILOHV�DUH�EHLQJ�PDGH�IRU�)(0�JULG�DQG�HOHPHQW�FRQQHFWLYLW\�DQG
)($� FRPSXWHG� HOHPHQW� IRUFHV�� +\SHU6L]HU� VSHFLILF� GDWD� VKRZQ� ZLWK� 950/
LQFOXGHV� D�� DLUIUDPH� DQG� SURSXOVLRQ� V\VWHP� VWUXFWXUDO� FRPSRQHQWV� DQG
RSWLPL]DWLRQ�JURXSV��E��FRQWUROOLQJ�IDLOXUH�PRGHV��F��RSWLPL]HG�SDQHO�DQG�EHDP
GHVLJQ� FURVV� VHFWLRQV� GUDZQ� WR� VFDOH�� DQG� G�� FURVV� VHFWLRQDO� VWUHVVHV� DQG
PDUJLQ�RI�VDIHW\�JUDGLHQWV�

*UDSKLFDO�XVHU�LQWHUIDFH

2SWLPL]DWLRQ�LPSRVHV�EXUGHQV�RQ�D�*8,�EHFDXVH�RI�WKH�DGGLWLRQDO�DPRXQW�RI�GDWD
UHTXLUHG�IRU�GLVSOD\��VXFK�DV�EHLQJ�DEOH�WR�TXLFNO\�VHH�PDUJLQV�RI�VDIHW\�IRU�DQ\
ORFDWLRQ�RI�WKH�DLUIUDPH��IRU�DQ\�SDQHO�REMHFW��IRU�DQ\�IDLOXUH�PRGH�DQDO\VLV��DQG
IRU�DQ\� ORDGVHWV��2SWLPL]LQJ�PDWHULDO� FKRLFHV�SUHVHQW�RWKHU� W\SHV�RI�*8,�QHHGV
VLQFH�D�UHGXFHG�VHW�RI�PDWHULDOV�IURP�WKH�FRPSOHWH�PDWHULDO¶V�GDWDEDVH�QHHG�WR�EH
ILOWHUHG�WR�D�PDQDJHDEOH�QXPEHU�IRU�D�JLYHQ�SURMHFW
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7KH�+\SHU6L]HU�JUDSKLFDO�XVHU�LQWHUIDFH�LV�EXLOW�RQ�WRS�RI�WKH�UHODWLRQDO�GDWDEDVH
VFKHPH��:KHQ�D�GDWDEDVH�LV�RSHQHG��D�:LQGRZV����([SORUHU�VW\OH�WUHH�YLHZ�RI�WKH
GDWDEDVH� LV� SUHVHQWHG� LQ� D� PXOWLSOH� GRFXPHQW� HQYLURQPHQW�� $OO� PDWHULDOV� DQG
SURMHFWV�LQ�WKH�GDWDEDVH�FDQ�HDVLO\�EH�EURZVHG�E\�H[SDQGLQJ�EUDQFKHV�RI�WKH�WUHH�
7R� LQWHUDFW� ZLWK� D� VSHFLILF� PDWHULDO� RU� SURMHFW�� IRUPV� ZLWK� VWDQGDUG�:LQGRZV
ORRN� DQG� IHHO� DUH� ODXQFKHG� IURP� WKH� WUHH� LQWHUIDFH�� � 7KH� XVHU� FDQ� RSHQ� PDQ\
GLIIHUHQW�IRUPV�DW�WKH�VDPH�WLPH�WR�EURZVH�GLIIHUHQW�SDUWV�RI�WKH�GDWDEDVH���)RUPV
FDQ� EH� QDYLJDWHG�� LFRQLILHG�� RU� FORVHG� DV� QHHGHG� LQ� WKH� PXOWLSOH� GRFXPHQW
LQWHUIDFH�� 7DEEHG� IRUPV� DUH� XVHG� WR� RUJDQL]H� FRPSOH[� GDWD� HIILFLHQWO\� ZKLFK
VLPSOLILHV� WDVNV� VXFK� DV� YLHZLQJ� PDUJLQV�RI�VDIHW\� IRU� DQ\� ORFDWLRQ� RI� WKH
DLUIUDPH�� RU� HGLWLQJ� JURXS� RSWLPL]DWLRQ� YDULDEOHV�� 7KHUH� LV� DGGLWLRQDO
IXQFWLRQDOLW\� WR� PDQDJH� WKH� V\VWHP� VXFK� DV� FUHDWLQJ� QHZ� XVHUV�� HGLWLQJ
SDVVZRUGV��LI�QHHGHG���DQG�FRPSDFWLQJ�GDWDEDVHV

'LVWULEXWHG�FRPSXWLQJ

$� FRQVLGHUDWLRQ� IRU� DQ\� DHURVSDFH� VRIWZDUH� LV� LWV� DELOLW\� WR� EH� SDUW� RI� D
GLVWULEXWHG� FRPSXWLQJ� HQYLURQPHQW�� 2QH� DVSHFW� RI� WKLV� LV� EHLQJ� DEOH� WR� LPSRUW
DQG� H[SRUW� WR� WKH� OHDGLQJ� YHQGRU� )(0� DQG� )($� IRUPDWV�� L�H�� 06&�1$675$1�
3$75$1��)(0$3��,�'($6��HWF��$QRWKHU�DVSHFW�RI�WKLV�LV�DXWRPDWLFDOO\�DFFHVVLQJ
ORDGV� DQG� )(0� GDWD� RYHU� QHWZRUNV�� +\SHU6L]HU� LPSOHPHQWV� WKLV� FDSDELOLW\� E\
SURYLGLQJ�SURMHFW� OHYHO�FRQWURO�RI�QHWZRUN�OLQNV�WR�RWKHU�GLVFLSOLQH�GDWD��7KDW� LV
HDFK�SURMHFW� FDUULHV�DORQJ� LQ� WKH� GDWDEDVH� WKH� IXOO� SDWK� RI� FRPSXWHU�QDPH�DQG
GLUHFWRU\�RI�WKH�GDWD�VRXUFH��7KHUHIRUH��GDWD�VXFK�DV�)($�UHVXOWV�GR�QRW�KDYH�WR
EH� FRSLHG� RU� PDQXDOO\� DFFHVVHG� E\� WKH� XVHU� ZKHQHYHU� DQ� RSWLPL]DWLRQ� UXQ� LV
LQYRNHG�

$� ILQDO� ODVW� FRQVLGHUDWLRQ� LV� WKDW� IXWXUH� GLVWULEXWHG� FRPSXWLQJ� ZLOO� OLNHO\� EH
DFFRPSOLVKHG�ZLWKLQ�D�FRPSDQ\¶V� LQWUDQHW��7KHUHIRUH�� VRIWZDUH�GHVLJQHG� WRGD\
VKRXOG�HYHQWXDOO\�EH�DEOH�WR�EH�VHUYHG�RXW�XVLQJ�0LFURVRIW�$FWLYH�;�RU�6XQ�-DYD
WHFKQRORJLHV�ZLWK�VWDQGDUG�,QWHUQHW�EURZVHUV�

5  Applications

$SSOLFDWLRQ� RI� WKH� RSWLPL]DWLRQ� SURFHVV� WR� D� FRPSOHWH� DLUIUDPH� DQG� HQJLQH� LV
UHSRUWHG�LQ�>�@��,Q�WKDW�SDSHU�WKH�V\VWHP�OHYHO�UXQQLQJ�ORDGV�ZHUH�LGHQWLILHG�IRU�D
6LQJOH�6WDJH�WR�2UELW�YHKLFOH�DQG�XVHG�WR�GHWHUPLQH�WKH�RSWLPXP�SDQHO�DQG�EHDP
GHVLJQV��PDWHULDO�VHOHFWLRQV��OD\XSV��DQG�SUHGLFWHG�XQLW�ZHLJKWV�DQG�PDUJLQV�RI�
VDIHW\�

,Q� WKLV� VHFWLRQ�� D� UHFHQW� DSSOLFDWLRQ� RI� +\SHU6L]HU� WR� DQ� DSSUR[LPDWHO\� ����
PLOOLRQ�GROODU�VWUXFWXUDO�WHVW�RI�D�VSDFH�ODXQFK��DOO�FRPSRVLWH�F\OLQGULFDO�VKHOO�LV
SUHVHQWHG��7KH�DUWLFOH�ZDV���
�E\���
�ZLWK�WKUHH�-�VKDSHG�LQWHULRU�ULQJIUDPHV�DQG
��� KDW� VKDSHG� VWLIIHQHUV�� VHH� )LJ�� ��� 7KH� WHVW� WRRN� SODFH� $XJXVW� ����� DW� 1$6$
/DQJOH\�5HVHDUFK�&HQWHU��7KH�WHVW�DUWLFOH�ZDV�IDEULFDWHG�E\�D�FRQWUDFWRU�DQG�ZDV
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UHSUHVHQWDWLYH� RI� DQ� ;���5/9� IXVHODJH� GHVLJQ�� /RDGLQJ� ZDV� ORQJLWXGLQDO
FRPSUHVVLRQ�

7KH�WHVW�DUWLFOH¶V�SXUSRVH�ZDV�SULPDULO\�WR�LQYHVWLJDWH�SDQHO�EXFNOLQJ��+RZHYHU�
+\SHU6L]HU�SUHWHVW�DQDO\VHV�SUHGLFWHG� WKDW� ORFDO�EXFNOLQJ�RI� WKH� WRWDO� IDFHVKHHW
�IDFHVKHHW� RYHU� DQG� EHWZHHQ� WKH� KDWV�� ZRXOG� RFFXU� ILUVW� DURXQG� ����� ���LQ��
SUHYHQWLQJ�WKH�VKHOO�IURP�JRLQJ�LQWR�D�SDQHO�EXFNOLQJ�PRGH��8QIRUWXQDWHO\�GXH�WR
D� IDEULFDWLRQ� SUREOHPV� LQ� WKH� ZD\� WKH� KDWV� VWLIIHQHUV� ZHUH� ERQGHG� WR� WKH
IDFHVKHHW��WKH\�SXOOHG�RII�GXULQJ�WKH�WHVW�SUHPDWXUHO\�DW�D� ORDG�RI�DURXQG�����
���LQ�� FDXVLQJ� FDWDVWURSKLF� IDLOXUH�� 7KHUHIRUH�� SDQHO� EXFNOLQJ� ZDV� QHYHU
DWWDLQHG�

,PSRUWDQW�REVHUYDWLRQV�DERXW�WKH�WHVW�FRUUHODWLRQ�SURFHVV

7KH�JHQHUDO�DSSURDFK�XVHG�E\� LQGXVWU\�DQG�1$6$� LV� WR�EXLOG�GLIIHUHQW�)(0V�RI
WKH� WHVW� DUWLFOH� WR� FDSWXUH� GLIIHUHQW� VWUXFWXUDO� UHVSRQVHV� DQG�SRWHQWLDO� IDLOXUHV�
)RU�WKLV�WHVW��DW�OHDVW�IRXU�GLVWLQFWLYH��QRQ�+\SHU6L]HU�UHODWHG��)(0V�ZHUH�EXLOW�
DQG� D� ILIWK� FRQVLGHUHG� EXW� QRW� PDGH� GXH� WR� H[FHVVLYH� FRPSXWDWLRQDO
UHTXLUHPHQWV�

$�PRGHO�ZDV� EXLOW� VLPLODU� WR� WKH� )(0�RI� WKH� ERWWRP� LPDJH� RI� )LJ�� �� WR� SUHGLFW
VWUHVV� IDLOXUH�RI� WKH�SDQHO�DQG� ULQJIUDPH�� ,W�ZDV� DOVR�XVHG� WR� SUHGLFW� IDFHVKHHW
ORFDO�EXFNOLQJ�EXW�LWV�PHVK�WXUQHG�RXW�WR�EH�WRR�ODUJH��$�VHFRQG�ZDV�EXLOW�WKDW�KDG
��KDW�VWLIIHQHUV� WR�SUHGLFW� LQVWDELOLW\� LQWHUDFWLRQ�RI� WKH�KDWV��$� WKLUG�PRGHO�ZDV
EXLOW�VLPLODU�WR�WKH�RYHUDOO�SDQHO�EXFNOLQJ�)(0�VKRZQ�LQ�WKH�PLGGOH�LPDJH�RI�)LJ�
�� WR� SUHGLFW� SDQHO� EXFNOLQJ�� 7KLV� )(0� XVHG� EHDP�URG� HOHPHQWV� IRU� WKH� KDW
VWULQJHUV��DQG�DV�FRQVHTXHQFH�GLG�QRW�FRUUHFWO\�KDQGOH� WRUVLRQDO� ULJLGLW\�RI� WKH
FORVHG�FHOOV� RU� WKH�DGGLWLRQDO� WUDQVYHUVH�EHQGLQJ� VWLIIQHVV�GXH� WR� WKH� FHOOV��$OVR
WKH� VWLIIQHVV� WHUPV� IRU� WKH� VKHOO� HOHPHQW�PDWHULDO� DQG�SURSHUW\� UHFRUGV� GLG� QRW
LQFOXGH�WKH�HIIHFWV�RI�WKH�XQV\PPHWULF�QDWXUH�RI�WKH�PHPEUDQH�EHQGLQJ�FRXSOLQJ
RI� WKH�KDWV��QRU� WKHLU� LQ�SODQH�VKHDU� IORZV��)LQDOO\�� WKH� ORFDO�EXFNOLQJ� IDFHVKHHW
VSDQ�ZLGWKV�RI�WKH�GLVWDQFH�EHWZHHQ�KDWV�ZDV�JUHDWHU�WKDQ�WKH�DFWXDO�GHVLJQ��)RU
WKHVH� UHDVRQV� LW� ZDV� WKRXJKW� WKDW� DQRWKHU� PRGHO� ZRXOG� EH� QHFHVVDU\� ZKLFK
GLVFUHWHO\� PRGHOHG� DOO� ��� KDWV� RI� WKH� WHVW� DUWLFOH� WR� DFFXUDWHO\� FDSWXUH� SDQHO
EXFNOLQJ��+RZHYHU�WKLV�PRGHO�ZDV�QRW�PDGH�GXH�WR�WKH�UHTXLUHG�KLJK�JULG�FRXQW�

2QO\�RQH�FRDUVH�)(0�ZDV�UHTXLUHG�DQG�PDGH�IRU�FRPSXWLQJ�UXQQLQJ�ORDGV�IRU�DOO
RI� +\SHU6L]HU¶V� IDLOXUH� SUHGLFWLRQV�� 7KH� JHQHUDOL]HG� VWLIIQHVV� WHUPV� RI� WKH� �'�
SODQDU��PRGHO�LQFOXGHG�WKH�IDFHVKHHW�DQG�FRUHVKHHW�SO\�OD\XSV��DQG�WKH�EHJLQQLQJ
DQG� HQGLQJ� ORFDWLRQV� RI� WKH� SO\� GURS� RIIV� RI� WKH� KDW� FRQVWUXFWLRQ� LQFOXGLQJ� WKH
DGGLWLRQDO�SOLHV�SODFHG�LQ�WKH�KDW�FURZQ��7KLV�VDPH�)(0�ZDV�DOVR�XVHG�WR�YHULI\
+\SHU6L]HU¶V�SDQHO�EXFNOLQJ�SUHGLFWLRQV�XVLQJ�06&�1$675$1�EXFNOLQJ�VROXWLRQ
DV� VKRZQ� LQ� WKH�PLGGOH� LPDJH� RI� )LJ�� ��� � 1RWH� WKDW� WKH� )(0�ZDV�PDGH� EHIRUH
NQRZLQJ�WKH�EXFNOLQJ�ZDYH�OHQJWK��DQG�WKXV�WKH�)(0�WXUQHG�RXW�WR�EH�QRW�TXLWH
ILQH� HQRXJK� IRU� WKHVH� EXFNOLQJ�ZDYHV��+RZHYHU�� IRU� FRXSOLQJ�ZLWK�+\SHU6L]HU�
WKLV� PHVK� GHQVLW\� LV� QRW� D� SUREOHP� VLQFH� RQO\� WKH� VWDWLF�� )($�PXOWLD[LDO� IRUFH
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GLVWULEXWLRQ� LV� UHTXLUHG� IRU� LWV� EXFNOLQJ� DQDO\VHV�� 7KH� H[SOLFLW�� EXFNOLQJ
SUHGLFWLRQV� RI� +\SHU6L]HU� LQFOXGHV� XQV\PPHWULF� DQG� EHQGLQJ�WZLVWLQJ
VWLIIQHVVHV�DQG�WKHLU�FRXSOLQJV�LQ�ERWK�WKH�VWLIIQHVV�IRUPXODWLRQV�DQG�HLJHQYDOXH
DQDO\VHV��DQG�DV�VXFK�RYHUFRPH�WKH�VKRUWFRPLQJV�LGHQWLILHG�DERYH�ZLWK�WKH�)(0
WKDW� ZDV� XVLQJ� EHDP�URG� HOHPHQWV� IRU� WKH� KDW� VWULQJHUV�� )RU� YHULILFDWLRQ�� WKH
FRDUVHO\�PHVKHG�)(0�RI� WKH�PLGGOH� LPDJH� RI� )LJ�� �� LQFOXGHG� WKHVH� VDPH� WHUPV
DQG�WKH�06&�1$675$1�HLJHQYDOXH�VROXWLRQ�FRPSDUHG�ZHOO�WR�+\SHU6L]HU�

7R�YHULI\�+\SHU6L]HU¶V�IDFHVKHHW�ORFDO�EXFNOLQJ�SUHGLFWLRQ��WKH�)(0�RI�WKH�ERWWRP
LPDJH�RI�)LJ����ZDV�EXLOW��+\SHU6L]HU�SUHGLFWHG�EXFNOLQJ�DW���������LQ��DQG�WKH
)($�HLJHQYDOXH�XVLQJ�06&�1DVWUDQ�ZDV���������LQ���,Q�DGGLWLRQ�WR�WKLV�)(0��$Q
LQGHSHQGHQW�)(0�EXLOW�E\�1$6$�FRQILUPHG�ORFDO�EXFNOLQJ�RI�WKH�IDFHVKHHW�DURXQG
������WR�������
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)LJ����3UHWHVW�FRUUHODWLRQ�WR�D�UHFHQW�WHVW�RI�DQ�DOO�FRPSRVLWH��KDW�VKDSHG�VWLIIHQHG
;���5/9�IXVHODJH���7KH�DUWLFOH�LV�DERXW�����VTXDUH�IHHW�LQ�DUHD�DQG�ZDV�ORDGHG�LQ
FRPSUHVVLRQ�WR�IDLOXUH��0LGGOH�LPDJH�LV�SDQHO�EXFNOLQJ�DQG�ERWWRP�LPDJH�LV�ORFDO
EXFNOLQJ�RI�WKH�IDFHVKHHW�
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7HVW�VXPPDU\

7KH� DQDO\WLFDO� DSSURDFK� XVHG� E\� +\SHU6L]HU� ZDV� VKRZQ� WR� SUHGLFW� WKH� VDPH
IDLOXUH�PRGH�DQG�ORDG�DV�1$6$¶V�SUHWHVW�DQDO\VHV�IRU�DQ�;���5/9�DOO�FRPSRVLWH
IXVHODJH� WHVW� DUWLFOH�� �+\SHU6L]HU� TXLFNO\� LGHQWLILHG� D� FULWLFDO� IDLOXUH�PRGH� RI� D
VWUXFWXUH� VR� WHVW� HQJLQHHUV� FRXOG� IRFXV� HIIRUWV� LQ� PDNLQJ� D� VSHFLILF� )(0� WKDW
DGGUHVVHG� WKLV� SDUWLFXODU� FRQFHUQ�� � )LQDOO\�� VLQFH� DOO� RI� WKH� H[SOLFLW� PHWKRGV
H[HFXWHG� LQ� OHVV� WKDQ�D�&38� VHFRQG�� WKH\�DUH� H[WUHPHO\�XVHIXO�DV�DQ�DQDO\WLFDO
HQJLQH�IRU�RSWLPL]DWLRQ�

6  Conclusions

7KLV� SDSHU� LGHQWLILHV� DQDO\WLFDO� DQG� VRIWZDUH� FKDUDFWHULVWLFV� QHFHVVDU\� WR
SURYLGH� D� QH[W� JHQHUDWLRQ� VWUXFWXUDO� RSWLPL]DWLRQ� FDSDELOLW\� WRGD\�� � $V� DQ
H[LVWLQJ� FRPPHUFLDO� VROXWLRQ� WKDW� KDV� WKHVH� FKDUDFWHULVWLFV�� 06&� XVHUV� FDQ
EHQHILW� IURP� WKH� XQLTXH� RSWLPL]DWLRQ� SURYLGHG� ZLWK� WKH� FRXSOLQJ� RI
06&�1$675$1�DQG�+\SHU6L]HU�� �06&�1$675$1� LV� XVHG� IRU� WKH� LQWHUQDO� ORDGV
VROXWLRQ�RI�WKH�ORDGV�PRGHO�DQG�+\SHU6L]HU�IRU�WKH�DHURVSDFH�DQDO\VLV�PHWKRGV�
FORVHG� IRUP� SK\VLFV� EDVHG� VROXWLRQV�� DQG� GLVFUHWH� RSWLPL]DWLRQ�� � 7KH� XVHU� FDQ
DOVR�EHQHILW�IURP�XVLQJ�+\SHU6L]HU�DV�DQ�DXWRPDWHG�VWUXFWXUDO�DQDO\VLV�WRRO�IRU
PHWDOOLF�DQG�FRPSRVLWH�DHURVSDFH�VWUXFWXUH�DV�H[HPSOLILHG�IRU�WKLV�;���5/9�WHVW
DUWLFOH�
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