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$EVWUDFW� $V WLPH�YDULDQW UHOLDELOLW\ DSSURDFKHV EHFRPH LQFUHDVLQJO\ XVHG IRU VHUYLFH OLIH SUHGLFWLRQ RI WKH
DJLQJ LQIUDVWUXFWXUH� WKH GHPDQG IRU FRPSXWHU VROXWLRQ PHWKRGV FRQWLQXHV WR LQFUHDVH� (IIFLHQW FRPSXWHU
WHFKQLTXHV KDYH EHFRPH ZHOO HVWDEOLVKHG IRU WKH UHOLDELOLW\ DQDO\VLV RI VWUXFWXUDO V\VWHPV� 7KXV IDU�
KRZHYHU� WKLV LV ODUJHO\ OLPLWHG WR WLPH�LQYDULDQW UHOLDELOLW\ SUREOHPV� 7KHUHIRUH� WKH UHTXLUHPHQWV IRU WLPH�
YDULDQW UHOLDELOLW\ SUHGLFWLRQ RI GHWHULRUDWLQJ VWUXFWXUDO V\VWHPV XQGHU WLPH�YDULDQW ORDGV KDYH UHPDLQHG
LQFRPSOHWH� 7KLV VWXG\ SUHVHQWV D FRPSXWHU SURJUDP IRU 5(/LDELOLW\ RI 7LPH�9DULDQW 6<6WHPV� 5(/76<6�
7KLV SURJUDP XVHV D FRPELQHG WHFKQLTXH RI DGDSWLYH LPSRUWDQFH VDPSOLQJ� QXPHULFDO LQWHJUDWLRQ� DQG IDXOW
WUHH DQDO\VLV WR FRPSXWH WLPH�YDULDQW UHOLDELOLWLHV RI LQGLYLGXDO FRPSRQHQWV DQG V\VWHPV� 7LPH�LQYDULDQW
TXDQWLWLHV DUH JHQHUDWHG XVLQJ 0RQWH &DUOR VLPXODWLRQ� ZKHUHDV WLPH�YDULDQW TXDQWLWLHV DUH HYDOXDWHG XVLQJ
QXPHULFDO LQWHJUDWLRQ� /RDG GLVWULEXWLRQ DQG SRVW�IDLOXUH UHGLVWULEXWLRQ DUH FRQVLGHUHG XVLQJ IDXOW WUHH
DQDO\VLV� 7KH VWUHQJWKV DQG OLPLWDWLRQV RI 5(/76<6 DUH SUHVHQWHG YLD D QXPHULFDO H[DPSOH�

.H\ ZRUGV� GHWHULRUDWLQJ V\VWHPV� IDLO�VDIH VWUXFWXUHV� LPSRUWDQFH VDPSOLQJ� OLIH SUHGLFWLRQ� 0RQWH &DUOR
VLPXODWLRQ� QXPHULFDO LQWHJUDWLRQ� UDQGRP YDULDEOHV� WLPH�YDULDQW UHOLDELOLW\�

�� ,QWURGXFWLRQ

$V OLIH�F\FOH FRVW DQDO\VLV PHWKRGV JUDGXDOO\ EHFRPH UHTXLUHG IRU PDLQWHQDQFH SODQQLQJ GHFLVLRQV

RI LQIUDVWUXFWXUH V\VWHPV �<DQHY ����� )UDQJRSRO HW DO� ����� ������ WKH QHHG IRU SUHGLFWLQJ WKH

UHOLDELOLW\ RI GHWHULRUDWLQJ VWUXFWXUHV FRQWLQXHV WR LQFUHDVH� :KHQ ORDG DQG�RU UHVLVWDQFH YDU\ ZLWK

WLPH� WLPH�YDULDQW UHOLDELOLW\ DQDO\VLV KDV WR EH XVHG WR SUHGLFW WKH VHUYLFH OLIH RI VWUXFWXUHV� ,Q WKH

SDVW GHFDGH� WLPH�YDULDQW UHOLDELOLW\ PHWKRGV KDYH EHHQ GHYHORSHG IRU GHWHULRUDWLQJ VWUXFWXUHV XQGHU

WLPH YDU\LQJ ORDGV �:HQ DQG &KHQ ����� 0RUL DQG (OOLQJZRRG ������ 5HFHQWO\� WKHVH PHWKRGV KDYH

DOVR EHHQ DSSOLHG WR GHWHULRUDWLQJ EULGJHV �(QULJKW ����� (QULJKW DQG )UDQJRSRO ����D� E��

&RPSXWLQJ WKH WLPH�YDULDQW UHOLDELOLW\ RI GHWHULRUDWLQJ VWUXFWXUHV LV QRW D WULYLDO WDVN� )RU H[DPSOH�

KXQGUHGV RI PLOOLRQV RI FRPSXWDWLRQV PD\ EH UHTXLUHG WR SUHGLFW WKH UHOLDELOLW\ RI VWUXFWXUHV

FRQVLVWLQJ RI RQO\ D IHZ �VD\� WKUHH WR ILYH� PHPEHUV �(QULJKW ������ 6LQFH WKH OLPLW VWDWHV FDQQRW

JHQHUDOO\ EH H[SUHVVHG LQ FORVHG IRUP� FRPSXWDWLRQDOO\ HIILFLHQW DOJRULWKPV EDVHG RQ WKH ILUVW RU

VHFRQG RUGHU UHOLDELOLW\ PHWKRG FDQQRW EH XVHG �0HOFKHUV ������ ,QVWHDG� RQH PXVW UHVRUW WR

QXPHULFDO LQWHJUDWLRQ RU VLPXODWLRQ� 2UGLQDU\ 0RQWH &DUOR PHWKRGV FDQ EH XVHG EXW DUH LPSUDFWLFDO

GXH WR WKH ODUJH QXPEHU RI FRPSXWDWLRQV UHTXLUHG IRU DFFXUDWH UHVXOWV� 9DULDQFH UHGXFWLRQ XVLQJ
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LPSRUWDQFH VDPSOLQJ LV D VROXWLRQ WR WKLV SUREOHP� EHFDXVH WKH QXPEHU RI VLPXODWLRQV FDQ EH

UHGXFHG ZKLOH PDLQWDLQLQJ WKH VDPH OHYHO RI DFFXUDF\ DV FRPSDUHG WR RUGLQDU\ 0RQWH &DUOR

VLPXODWLRQ� 6HYHUDO LPSRUWDQFH VDPSOLQJ WHFKQLTXHV DUH DYDLODEOH �H�J�� DGDSWLYH� GLUHFW� PRGLILHG

VHDUFK� XSGDWLQJ� DPRQJ RWKHUV�� +RZHYHU� ZLWK WKH H[FHSWLRQ RI DGDSWLYH WHFKQLTXHV� PRVW RI WKHVH

PHWKRGV XVH JUDGLHQW VHDUFK DOJRULWKPV WR LGHQWLI\ WKH LPSRUWDQW UHJLRQV LQ ZKLFK WKH OLPLW VWDWHV

PXVW EH H[SUHVVHG LQ FORVHG IRUP �'H\ DQG 0DKDGHYDQ ������ $GDSWLYH LPSRUWDQFH VDPSOLQJ LV

WKHUHIRUH D YLDEOH DOWHUQDWLYH WR RUGLQDU\ 0RQWH &DUOR VLPXODWLRQ IRU WKH SUHGLFWLRQ RI WLPH�YDULDQW

UHOLDELOLW\�

7KLV VWXG\ SUHVHQWV D FRPSXWHU SURJUDP IRU WLPH�YDULDQW UHOLDELOLW\ DQDO\VLV RI JHQHUDO GHWHULRUDWLQJ

VWUXFWXUDO V\VWHPV� 7KH FRPSXWHU SURJUDP IRU 5(/LDELOLW\ RI 7LPH�9DULDQW 6<6WHPV� 5(/76<6�

XVHV D FRPELQHG WHFKQLTXH RI DGDSWLYH LPSRUWDQFH VDPSOLQJ� QXPHULFDO LQWHJUDWLRQ� DQG IDXOW WUHH

DQDO\VLV WR FRPSXWH WLPH�YDULDQW UHOLDELOLWLHV RI FRPSRQHQWV DQG V\VWHPV� 7LPH�LQYDULDQW TXDQWLWLHV

DUH JHQHUDWHG XVLQJ 0RQWH &DUOR VLPXODWLRQ� ZKHUHDV WLPH�YDULDQW TXDQWLWLHV DUH HYDOXDWHG XVLQJ

QXPHULFDO LQWHJUDWLRQ� /RDG GLVWULEXWLRQ DQG SRVW�IDLOXUH UHGLVWULEXWLRQ DUH FRQVLGHUHG XVLQJ IDXOW WUHH

DQDO\VLV�

�� 7LPH�YDULDQW V\VWHP UHOLDELOLW\

&RQVLGHU WKH ILUVW�IDLOXUH �DOVR FDOOHG ZHDNHVW�OLQN� V\VWHP RI P GHWHULRUDWLQJ PHPEHUV VXEMHFWHG

WR D 3RLVVRQ OLYH ORDG SURFHVV ZLWK LQWHQVLW\ 6� VKRZQ LQ )LJ� �� ZKHUH WKH OLYH ORDG // DQG GHDG

ORDG '/ DUH GHQRWHG E\ 6� DQG 6�� UHVSHFWLYHO\� 7KH WLPH�YDULDQW IDLOXUH SUREDELOLW\ RI WKLV V\VWHP

XQGHU 6� FDQ EH H[SUHVVHG DV �0RUL DQG (OOLQJZRRG ������
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5(/76<6� $ FRPSXWHU SURJUDP IRU OLIH SUHGLFWLRQ RI GHWHULRUDWLQJ V\VWHPV ���

ZKHUH 6� WLPH�YDULDQW �OLYH� ORDG� λ6� DQG )6� DUH WKH PHDQ ORDG RFFXUUHQFH UDWH DQG WKH FXPXODWLYH

GLVWULEXWLRQ IXQFWLRQ RI 6�� UHVSHFWLYHO\� JL�W� UHVLVWDQFH GHJUDGDWLRQ IXQFWLRQ IRU PHPEHU L� FL VWUXFWXUDO

DFWLRQ FRHIILFLHQW IRU PHPEHU L� DQG  MRLQW SUREDELOLW\ GHQVLW\ IXQFWLRQ RI WKH LQLWLDO VWUHQJWK

RI WKH PHPEHUV LQ WKH V\VWHP�

)RU VHUYLFH OLIH SUHGLFWLRQV RI GHWHULRUDWLQJ IDLO�VDIH V\VWHPV� WKH SRVW�IDLOXUH PDWHULDO EHKDYLRU

DQG ORDG VKDULQJ FKDUDFWHULVWLFV RI PHPEHUV KDYH WR EH FRQVLGHUHG� 7KH SRVW�IDLOXUH EHKDYLRU

FRHIILFLHQW ηL FDQ EH XVHG WR UHSUHVHQW WKH SRVW�IDLOXUH UHVLVWDQFH RI D PHPEHU RI D IDLO�VDIH V\VWHP�

)RU SHUIHFWO\ EULWWOH EHKDYLRU� ηL LV DVVLJQHG D YDOXH RI �� DQG WKH PHPEHU FDUULHV QR ORDG DIWHU LW

KDV IDLOHG� )RU SHUIHFWO\ GXFWLOH EHKDYLRU� ηL LV DVVLJQHG D YDOXH RI �� DQG WKH IDLOHG PHPEHU

FRQWLQXHV WR VXSSRUW D ORDG HTXDO WR LWV UHVLVWDQFH�

$Q LGHDOL]HG GHWHULRUDWLQJ P�PHPEHU IDLO�VDIH V\VWHP VXEMHFWHG WR D 3RLVVRQ OLYH ORDG SURFHVV

ZLWK LQWHQVLW\ 6� LV VKRZQ LQ )LJ� � �(QULJKW DQG )UDQJRSRO ����E�� 7KH FXPXODWLYH�WLPH IDLOXUH

SUREDELOLW\ RI WKH V\VWHP LQ )LJ� � FDQ EH H[SUHVVHG DV �(QULJKW DQG )UDQJRSRO ����E��

���

ZKHUH

���

3I �W/�SDU UHSUHVHQWV WKH SUREDELOLW\ RI IDLOXUH RI WKH SDUDOOHO IDLO�VDIH V\VWHP RYHU D GXUDWLRQ ��� W/�� 6�
LV WLPH YDU\LQJ OLYH ORDG� λ6� DQG )6� DUH WKH PHDQ RFFXUUHQFH UDWH DQG WKH FXPXODWLYH GLVWULEXWLRQ

IXQFWLRQ RI 6�� UHVSHFWLYHO\� JL�W� LV WKH UHVLVWDQFH GHJUDGDWLRQ IXQFWLRQ IRU PHPEHU L �L�H�� IUDFWLRQ RI

LQLWLDO VWUHQJWK RI PHPEHU L UHPDLQLQJ DW WLPH W�� LV WKH MRLQW SUREDELOLW\ GHQVLW\ IXQFWLRQ RI

WKH LQLWLDO VWUHQJWK RI WKH PHPEHUV LQ WKH V\VWHP� P� QXPEHU RI FXW�VHWV �L�H�� IDLOXUH SDWKV��

 UHVLVWDQFH VKDULQJ IDFWRU RI PHPEHU L LQ WKH GDPDJHG VWDWH ZKHUH T LV WKH VHTXHQFH

RI O IDLOHG PHPEHUV� �� O � P� ηM SRVW�IDLOXUH EHKDYLRU FRHIILFLHQW RI PHPEHU M� � � ηM � �� DQG

JM�W� UHVLVWDQFH GHJUDGDWLRQ IXQFWLRQ RI PHPEHU M�

�� $GDSWLYH LPSRUWDQFH VDPSOLQJ

7KH IDLOXUH SUREDELOLW\ 3I RI D JHQHUDO VWUXFWXUDO V\VWHP FDQ EH HVWLPDWHG XVLQJ LPSRUWDQFH VDPSOLQJ

�0HOFKHUV ����� ������
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���

ZKHUH , > @ LQGLFDWRU IXQFWLRQ �L�H�� , > @ � LI ; LV LQ WKH IDLOXUH GRPDLQ '� , > @ � LI ; LV QRW LQ WKH

IDLOXUH GRPDLQ�� I;� � LV WKH SUREDELOLW\ GHQVLW\ IXQFWLRQ LQ ;� DQG K9� � LV WKH LPSRUWDQFH VDPSOLQJ

IXQFWLRQ� $Q HVWLPDWRU RI IDLOXUH SUREDELOLW\ LV GHILQHG DV �0HOFKHUV ������

���

ZKHUH Q QPRQWH QXPEHU RI WULDOV �L�H�� QXPEHU RI VDPSOHV XVHG IRU 0RQWH &DUOR VLPXODWLRQ�� DQG

 YHFWRU RI VDPSOH YDOXHV WDNHQ IURP WKH LPSRUWDQFH VDPSOLQJ IXQFWLRQ K9 � �� ,PSRUWDQFH

VDPSOLQJ FDQ EH XVHG WR VROYH ��� DQG ���� SURYLGHG WKDW DQ LPSRUWDQFH VDPSOLQJ IXQFWLRQ FDQ EH

LGHQWLILHG� 7KH RSWLPDO LPSRUWDQFH VDPSOLQJ IXQFWLRQ FDQ EH H[SUHVVHG LQ WHUPV RI WKH IDLOXUH

SUREDELOLW\ 3I �0HOFKHUV ������

���

$OWKRXJK 3I PXVW EH NQRZQ WR HYDOXDWH ���� LW FDQ EH DSSUR[LPDWHG E\ ZKLFK LV REWDLQHG

LQLWLDOO\ XVLQJ 0RQWH &DUOR VLPXODWLRQ� 5(/76<6 XVHV DQ DGDSWLYH LPSRUWDQFH VDPSOLQJ VFKHPH

VXJJHVWHG E\ 0RUL DQG (OOLQJZRRG ������ LQ ZKLFK WKH LPSRUWDQFH VDPSOLQJ IXQFWLRQ LV FRPSXWHG

XVLQJ LQWHUPHGLDWH IDLOXUH SUREDELOLW\ HVWLPDWHV REWDLQHG GXULQJ WKH VLPXODWLRQ SURFHGXUH� )RU

H[DPSOH� FRQVLGHU RQH RI WKH UDQGRP YDULDEOHV YL RI WKH LPSRUWDQFH VDPSOLQJ YHFWRU Y� 7KH PHDQ

YDOXH RI YL� µ9L� FDQ EH H[SUHVVHG DV�

���

&RPSDULQJ ��� DQG ���� LW IROORZV WKDW� IURP ���� DQ HVWLPDWRU IRU FDQ EH H[SUHVVHG DV IROORZV�

���

ZKHUH  HVWLPDWRU IRU � Q  QPRQWH QXPEHU RI WULDOV�  �LQWHUPHGLDWH� HVWLPDWH RI IDLOXUH

SUREDELOLW\ ���� DQG  YHFWRU RI VDPSOH YDOXHV WDNHQ IURP WKH LPSRUWDQFH VDPSOLQJ IXQFWLRQ � ��

�� 2YHUYLHZ RI 5(/76<6

7KH IORZFKDUW RI WKH 5(/76<6 FRPSXWHU FRGH LV VKRZQ LQ )LJ� �� 7KLV SURJUDP FRQVLVWV RI IRXU

PDLQ PRGXOHV� �D� LPSRUWDQFH VDPSOLQJ� �E� QXPHULFDO LQWHJUDWLRQ� �F� IDXOW WUHH DQDO\VLV� DQG �G�

DGDSWLYH DOJRULWKP� 7KH LQLWLDO PHDQ YDOXH RI WKH LPSRUWDQFH VDPSOLQJ IXQFWLRQ YHFWRU LV XVHU

GHILQHG� DQG LV LQFOXGHG DV SDUW RI WKH LQSXW GDWD ILOH� 7KH LPSRUWDQFH VDPSOLQJ IXQFWLRQ FRHIILFLHQW

RI YDULDWLRQ �&29� YHFWRU LV VHW WR DQ LQLWLDO YDOXH ZKLFK LV SURSRUWLRQDO WR WKH YDOXH RI WKH LQLWLDO

UHVLVWDQFH &29 YHFWRU� &RYDULDQFH PDWULFHV DQG WKHLU DVVRFLDWHG GHWHUPLQDQWV DQG LQYHUVHV DUH

FRPSXWHG IRU WKH LPSRUWDQFH VDPSOLQJ IXQFWLRQ DQG LQLWLDO UHVLVWDQFH XVLQJ RUWKRJRQDO WUDQVIRUPDWLRQ

�0HOFKHUV ����� DQG JHQHUDO PDWUL[ VROYHU DOJRULWKPV �3UHVV HW DO� ������
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5(/76<6� $ FRPSXWHU SURJUDP IRU OLIH SUHGLFWLRQ RI GHWHULRUDWLQJ V\VWHPV ���

)LJ� � )ORZFKDUW IRU WKH 5(/76<6 FRPSXWHU SURJUDP� �D� 3DUW � RI �� �E� 3DUW � RI �� �F� 3DUW � RI �
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8VLQJ WKH LQLWLDO YDOXHV IRU WKH PDLQ GHVFULSWRUV RI WKH LPSRUWDQFH VDPSOLQJ IXQFWLRQ� DQ

LQWHUPHGLDWH HVWLPDWH IRU WKH V\VWHP IDLOXUH SUREDELOLW\ LV FRPSXWHG XVLQJ 0RQWH &DUOR VLPXODWLRQ�

7KH WLPH�LQYDULDQW UDQGRP LPSRUWDQFH VDPSOLQJ IXQFWLRQ YHFWRU LV FUHDWHG E\ WKH LQYHUVH

WUDQVIRUPDWLRQ PHWKRG �)LJ� �� DGDSWHG IURP 0HOFKHUV ����� XVLQJ D UDQGRP QXPEHU JHQHUDWRU� DQG

WKH PXOWL�YDULDWH LQLWLDO UHVLVWDQFH DQG LPSRUWDQFH VDPSOLQJ SUREDELOLW\ GHQVLW\ IXQFWLRQV � � � DQG

YÅ N

I5�

)LJ� � )ORZFKDUW IRU WKH 5(/76<6 FRPSXWHU SURJUDP� �G� 3DUW � RI �� �H� 3DUW � RI �

)LJ� � ,QYHUVH WUDQVIRUPDWLRQ PHWKRG RI REWDLQLQJ UDQGRP VDPSOHV LQ 5(/76<6 �DGDSWHG IURP
0HOFKHUV �����



5(/76<6� $ FRPSXWHU SURJUDP IRU OLIH SUHGLFWLRQ RI GHWHULRUDWLQJ V\VWHPV ���

� �� UHVSHFWLYHO\� DUH HYDOXDWHG DW WKH YDOXHV FRQWDLQHG LQ � $GGLWLRQDO WLPH�LQYDULDQW UDQGRP

YDULDEOHV� VXFK DV WKH GHDG ORDG DQG VWUHQJWK GHJUDGDWLRQ UDQGRP YDULDEOHV DUH DOVR JHQHUDWHG XVLQJ

WKH LQYHUVH WUDQVIRUPDWLRQ PHWKRG�

7KH H[SUHVVLRQ ��� GW LV HYDOXDWHG XVLQJ QXPHULFDO LQWHJUDWLRQ� $W HDFK WLPH LQFUHPHQW� WKH

QRUPDOL]HG UHVLVWDQFH UL� QRUP RI HDFK PHPEHU LV FRPSXWHG EDVHG RQ WKH YDOXH RI WKH UHVLVWDQFH

GHJUDGDWLRQ IXQFWLRQ JL�W�� WKH GHWHUPLQLVWLF LQLWLDO UHVLVWDQFH YDOXH IURP WKH WLPH�LQYDULDQW LQLWLDO

UHVLVWDQFH YHFWRU UL� D VWUXFWXUDO DFWLRQ FRHIILFLHQW RU UHVLVWDQFH VKDULQJ IDFWRU � DQG WKH

SRVW�IDLOXUH EHKDYLRU FRHIILFLHQW ηM�

7KH QRUPDOL]HG UHVLVWDQFH RI WKH RYHUDOO VWUXFWXUH LV GHSHQGHQW RQ WKH V\VWHP FODVVLILFDWLRQ� )RU

ILUVW�IDLOXUH V\VWHPV� WKH QRUPDOL]HG UHVLVWDQFH RI WKH V\VWHP UQ�II LV HTXDO WR WKH PLQLPXP YDOXH RI

QRUPDOL]HG UHVLVWDQFH IRU DOO PHPEHUV LQ WKH V\VWHP�

���

)RU IDLO�VDIH V\VWHPV� WKH QRUPDOL]HG UHVLVWDQFH RI WKH V\VWHP UQ�IV LV FRPSXWHG XVLQJ IDXOW WUHH

DQDO\VLV� 5HVLVWDQFH VKDULQJ IDFWRUV DUH FRPSXWHG EDVHG RQ WKH VWLIIQHVVHV RI WKH LQGLYLGXDO

PHPEHUV� 7KH IDLOXUH SDWK LV LGHQWLILHG� DQG WKH QRUPDOL]HG SRVW�IDLOXUH UHVLVWDQFH LV FRPSXWHG IRU

LQGLYLGXDO PHPEHUV FRQVLGHULQJ WKH IDLOXUH VHTXHQFH DQG DVVRFLDWHG ORDG UHGLVWULEXWLRQ� 7KH

QRUPDOL]HG UHVLVWDQFH RI WKH V\VWHP LV FRPSXWHG E\ SHUIRUPLQJ D FRPSOHWH IDXOW WUHH DQDO\VLV DV

IROORZV�

����

1XPHULFDO LQWHJUDWLRQ LV SHUIRUPHG IRU HDFK RI WKH QPRQWH VDPSOHV JHQHUDWHG GXULQJ 0RQWH &DUOR

VLPXODWLRQ� 2QFH WKH FRPELQHG 0RQWH &DUOR�QXPHULFDO LQWHJUDWLRQ SURFHGXUH LV FRPSOHWH� WKH PHDQ

DQG &29 RI WKH LQWHUPHGLDWH HVWLPDWH RI WKH V\VWHP IDLOXUH SUREDELOLW\ DUH FRPSXWHG� 7KH

LPSRUWDQFH VDPSOLQJ IXQFWLRQ DQG DVVRFLDWHG FRYDULDQFH PDWUL[ DUH XSGDWHG EDVHG RQ WKH PHDQ

YDOXH RI WKH LQWHUPHGLDWH IDLOXUH SUREDELOLW\ HVWLPDWH� 7KH FRPELQHG SURFHGXUH RI 0RQWH &DUOR

VLPXODWLRQ� QXPHULFDO LQWHJUDWLRQ� DQG IDXOW WUHH DQDO\VLV LV UHSHDWHG IRU WKH QXPEHU RI DGDSWDWLRQV

QDGS GHILQHG E\ WKH XVHU� 7KH QXPEHUV RI VLPXODWLRQV DQG DGDSWDWLRQV DUH VHOHFWHG VXFK WKDW

VXIILFLHQW DFFXUDF\ LV REWDLQHG�

7KH HVWLPDWRU RI WKH WRWDO V\VWHP IDLOXUH SUREDELOLW\ GHSHQGV RQ D PDLQ IDLOXUH SUREDELOLW\

HVWLPDWH� � ZKLFK LV REWDLQHG XVLQJ WKH PRVW UHFHQWO\ XSGDWHG YDOXH IRU WKH LPSRUWDQFH

VDPSOLQJ IXQFWLRQ� DQG D SUHOLPLQDU\ IDLOXUH SUREDELOLW\ HVWLPDWH� � ZKLFK LV DQ DYHUDJH RI DOO

RI WKH LQWHUPHGLDWH IDLOXUH SUREDELOLW\ HVWLPDWHV REWDLQHG GXULQJ SUHOLPLQDU\ DQDO\VLV �0RUL DQG

(OOLQJZRRG ������

����

ZKHUH  ZHLJKWLQJ IDFWRU IRU FRPELQLQJ DQG � 7KH ZHLJKWLQJ IDFWRU GHSHQGV RQ WKH

HVWLPDWHG YDULDQFHV RI DQG �VHH 0RUL DQG (OOLQJZRRG ���� IRU GHWDLOV�� %RWK WKH PHDQ

(� � DQG FRHIILFLHQW RI YDULDWLRQ 9� � RI DUH SURYLGHG LQ WKH 5(/76<6 RXWSXW ILOH�

8VHUV FDQ DGMXVW QPRQWH DQG QDGS VR WKDW VXIILFLHQW DFFXUDF\ LV REWDLQHG �L�H�� DGMXVW QPRQWH DQG QDGS

VXFK WKDW 9� ��9� ZKHUH 9 LV WKH PD[LPXP DOORZDEOH YDOXH IRU FRPSXWDWLRQDO DFFXUDF\ �H�J��
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��� 0LFKDHO 3� (QULJKW DQG 'DQ 0� )UDQJRSRO

9 �������

�� 1XPHULFDO H[DPSOH

&RQVLGHU WKH GHWHULRUDWLQJ WKUHH�PHPEHU IDLO�VDIH V\VWHP VKRZQ LQ )LJ� �� 7KH HOHPHQW OLQNLQJ WKH

YHUWLFDO PHPEHUV LV DVVXPHG WR EH SHUIHFWO\ ULJLG DQG FRQVWUDLQHG WR UHPDLQ KRUL]RQWDO VR WKDW WKH

D[LDO GHIRUPDWLRQV RI WKH PHPEHUV DUH HTXDO� ,QLWLDOO\ �L�H�� DW WLPH W ��� WKH PHDQV DQG FRHIILFLHQWV

RI YDULDWLRQ RI WKH PHPEHUV DUH DVVXPHG� UHVSHFWLYHO\� DV IROORZV� (�5�� (�5�� (�5�� ��� DQG

9�5�� 9�5�� 9�5�� ���� �VHH 7DEOH ��� $OVR� WKH LQLWLDO UHVLVWDQFHV DUH DVVXPHG WR EH VWDWLVWLFDOO\

LQGHSHQGHQW �L�H�� ρ5 ��� )XUWKHUPRUH� ORDG DQG UHVLVWDQFH DUH LQGHSHQGHQW YDULDEOHV� 8QGHU WKH

3RLVVRQ SRLQW SURFHVV ORDG 6��W� VKRZQ LQ )LJ� �� (T� ��� FDQ EH XVHG IRU WLPH�YDULDQW UHOLDELOLW\

DQDO\VLV RI WKH GHWHULRUDWLQJ IDLO�VDIH V\VWHP� 7KH PHPEHUV DUH XQGHU HQYLURQPHQWDO DWWDFN� DQG WKH

UHVLVWDQFH RI HDFK PHPEHU LV D WLPH�YDULDQW TXDQWLW\ ZKLFK FDQ EH H[SUHVVHG DV�

5�W� 5� ± J�W� ����

ZKHUH 5�W� WLPH�YDULDQW UHVLVWDQFH� 5� LQLWLDO UHVLVWDQFH� DQG J�W� UHVLVWDQFH GHJUDGDWLRQ IXQFWLRQ�

0DQ\ GHJUDGDWLRQ IXQFWLRQV ��� J�W�� �� DUH SRVVLEOH �(QULJKW ������

)RU H[DPSOH�

J�W� �−N� ± W � N� ± W
� ����

ZKHUH W HODSVHG WLPH VLQFH GHJUDGDWLRQ LQLWLDWLRQ� DQG N� DQG N� DUH UDQGRP YDULDEOHV� 0HDQ YDOXHV

RI N� DQG N� DQG WKH GDPDJH LQLWLDWLRQ WLPH 7, IRU PHPEHUV �� �� DQG � DUH LQGLFDWHG LQ 7DEOH �� 7KH

FRHIILFLHQWV RI YDULDWLRQ RI WKHVH WKUHH SDUDPHWHUV DUH VHW WR ]HUR �L�H�� 9�N�� 9�N�� 9�7,� �� ZKHUH

9� ± � FRHIILFLHQW RI YDULDWLRQ�� )RU GHWDLOV UHJDUGLQJ WKH GHYHORSPHQW RI WKH UHVLVWDQFH GHJUDGDWLRQ

IXQFWLRQ DQG WKH PDLQ GHVFULSWRUV RI WKH UDQGRP YDULDEOHV N1 DQG N� LQ (T� ����� VHH (QULJKW ������

DQG (QULJKW DQG )UDQJRSRO �����F�� 6\VWHP IDLOXUH LV GHILQHG DV IDLOXUH RI DOO PHPEHUV LQ WKH

V\VWHP LQ WKH LQWHUYDO ��� W/@�

,Q )LJ� �� IDLOXUH SUREDELOLWLHV DVVRFLDWHG ZLWK WKH WKUHH PHPEHU V\VWHP �)LJ� �� 7DEOHV � 	 �� DUH

)LJ� � 1XPHULFDO H[DPSOH� ��PHPEHU GHWHULRUDWLQJ SDUDOOHO V\VWHP

7DEOH � /RDG DQG UHVLVWDQFH UDQGRP YDULDEOHV

9DULDEOH
���

'HVFULSWLRQ
���

0HDQ YDOXH
���

&RHIILFLHQW RI YDULDWLRQ
���

'HQVLW\ GLVWULEXWLRQ
���

,QLWLDO UHVLVWDQFH RI PHPEHU L ����� ���� /RJQRUPDO

//� ,QLWLDO OLYH ORDG ����� ���� 1RUPDO

5L

�



5(/76<6� $ FRPSXWHU SURJUDP IRU OLIH SUHGLFWLRQ RI GHWHULRUDWLQJ V\VWHPV ���

VKRZQ YHUVXV WLPH� )DLOXUH SUREDELOLW\ LQFUHDVHV ZLWK WLPH� UHJDUGOHVV RI WKH SRVW�IDLOXUH PDWHULDO

EHKDYLRU η RI WKH PHPEHUV LQ WKH V\VWHP� ,W FDQ EH REVHUYHG WKDW η KDV D VLJQLILFDQW LQIOXHQFH RQ

WKH V\VWHP IDLOXUH SUREDELOLW\� ZLWK WKH ODUJHVW SHUFHQWDJH GLIIHUHQFHV RFFXUULQJ EHWZHHQ η ��� DQG

7DEOH � 5HVLVWDQFH GHJUDGDWLRQ UDQGRP YDULDEOHV

0HPEHU
���

( �N��
���

( �N��
���

( �7,�
���

� ������ ��� −
� ������ ��� ����

� ������ ��� ����

)LJ� � )DLOXUH SUREDELOLW\ YHUVXV WLPH IRU ��PHPEHU V\VWHP

)LJ� � )DLOXUH SUREDELOLW\ YHUVXV QXPEHU RI DGDSW�
DWLRQV IRU ��PHPEHU EULWWOH V\VWHP

)LJ� � )DLOXUH SUREDELOLW\ YHUVXV QXPEHU RI DGDSW�
DWLRQV IRU ��PHPEHU GXFWLOH V\VWHP



��� 0LFKDHO 3� (QULJKW DQG 'DQ 0� )UDQJRSRO

���� )XUWKHU GHWDLOV UHJDUGLQJ WKH LQIOXHQFHV RI YDULRXV IDFWRUV �H�J�� ORDG�UHVLVWDQFH�VWUHQJWK

GHJUDGDWLRQ UDQGRP YDULDEOHV� FRUUHODWLRQ� PDWHULDO EHKDYLRU� FDQ EH IRXQG LQ +HQGDZL DQG

)UDQJRSRO ������� (QULJKW ������� DQG (QULJKW DQG )UDQJRSRO �����E��

7KH LQIOXHQFH RI WKH QXPEHU RI DGDSWDWLRQV XVHG LQ WKH LPSRUWDQFH VDPSOLQJ RQ V\VWHP IDLOXUH

SUREDELOLW\ HVWLPDWHV LV VKRZQ LQ )LJV� � DQG �� IRU SHUIHFWO\ EULWWOH �η �� DQG SHUIHFWO\ GXFWLOH �η 
�� PDWHULDO EHKDYLRU� UHVSHFWLYHO\� ,Q WKHVH ILJXUHV� V\VWHP IDLOXUH SUREDELOLW\ LV VKRZQ YHUVXV WKH

QXPEHU RI DGDSWDWLRQV QDGS IRU W/ ��� ��� DQG �� \HDUV� ZLWK QPRQWH ����� ,W FDQ EH REVHUYHG WKDW �D�

WKH IDLOXUH SUREDELOLW\ YDOXHV GLIIHU VLJQLILFDQWO\ IRU WKH YDULRXV HYDOXDWLRQ WLPHV DQG PDWHULDO

EHKDYLRUV FRQVLGHUHG� DQG �E� WKH HIIHFW RI QDGS RQ WKH FXPXODWLYH�WLPH IDLOXUH SUREDELOLWLHV LV YHU\

VLPLODU �RQ D SHUFHQWDJH EDVLV��

�� 6WUHQJWKV DQG OLPLWDWLRQV RI 5(/76<6

7KH DGDSWLYH LPSRUWDQFH VDPSOLQJ�QXPHULFDO LQWHJUDWLRQ WHFKQLTXH XVHG LQ 5(/76<6 IRU

FRPSXWLQJ IDLOXUH SUREDELOLW\ HVWLPDWHV LV PDLQO\ EDVHG RQ ZRUN UHSRUWHG E\ 0HOFKHUV ������ DQG

0RUL DQG (OOLQJZRRG ������� &RPELQHG ZLWK IDXOW WUHH DQDO\VLV �DV GHVFULEHG LQ (QULJKW ������ WKLV

WHFKQLTXH DOORZV IRU WKH HIILFLHQW FRPSXWDWLRQ RI IDLOXUH SUREDELOLWLHV RI ERWK ILUVW�IDLOXUH DQG IDLO�

VDIH V\VWHPV� )RU V\VWHP UHOLDELOLW\ DQDO\VLV� WKH QXPEHU RI VLPXODWLRQV UHTXLUHG E\ 5(/76<6 LV

VHYHUDO RUGHUV RI PDJQLWXGH ORZHU WKDQ WKDW UHTXLUHG IRU RUGLQDU\ 0RQWH &DUOR VLPXODWLRQ� )RU

H[DPSOH� IDLOXUH SUREDELOLWLHV IRU IDLO�VDIH V\VWHPV FRQVLVWLQJ RI ILYH XQFRUUHODWHG PHPEHUV FDQ EH

REWDLQHG XVLQJ 5(/76<6 ZLWK QPRQWH ����� DQG QDGS ��� ZLWK D UHODWLYHO\ VPDOO FRPSXWDWLRQDO HUURU

�L�H�� FRHIILFLHQW RI YDULDWLRQ RI V\VWHP IDLOXUH SUREDELOLW\� 9 >3I �W/�SDU@� OHVV WKDQ ������ 2YHU RQH

KXQGUHG PLOOLRQ VLPXODWLRQV PD\ EH UHTXLUHG WR DFKLHYH WKH VDPH OHYHO RI DFFXUDF\ XVLQJ RUGLQDU\

0RQWH &DUOR VLPXODWLRQ�

2QH RI WKH OLPLWDWLRQV RI 5(/76<6 LV UHODWHG WR WKH LQLWLDO VHOHFWLRQ RI WKH LPSRUWDQFH VDPSOLQJ

IXQFWLRQ� 7KH LPSRUWDQFH VDPSOLQJ IXQFWLRQ FXUUHQWO\ XVHG LV EDVHG RQ WKH PXOWL�YDULDWH LQLWLDO

UHVLVWDQFH SUREDELOLW\ GHQVLW\ IXQFWLRQ� 7KLV LPSRUWDQFH VDPSOLQJ IXQFWLRQ DSSHDUV WR EH VXIILFLHQW

IRU WLPH�YDULDQW UHOLDELOLW\ SUHGLFWLRQV IRU V\VWHPV LQ ZKLFK OLYH ORDG DQG UHVLVWDQFH DUH WKH RQO\

UDQGRP YDULDEOHV� :KHQ DGGLWLRQDO UDQGRP YDULDEOHV PXVW EH FRQVLGHUHG �H�J�� GHDG ORDG� VWUHQJWK

GHJUDGDWLRQ UDWH� FRUURVLRQ LQLWLDWLRQ WLPH� DPRQJ RWKHUV�� WKH QXPEHU RI 0RQWH &DUOR VLPXODWLRQV

JHQHUDOO\ PXVW EH LQFUHDVHG E\ RQH RU PRUH RUGHU�V� RI PDJQLWXGH IRU HDFK DGGLWLRQDO UDQGRP

YDULDEOH WR REWDLQ DFFXUDWH UHVXOWV�

7LPH�YDULDQW UHOLDELOLW\ SUHGLFWLRQV XVLQJ 5(/76<6 DUH EDVHG RQ D VSHFLILF UHODWLRQVKLS DPRQJ

ORDG DQG UHVLVWDQFH� $V VWDWHG SUHYLRXVO\ LQ WKH GHVFULSWLRQ RI (TV� ��� DQG ���� ORDG DQG UHVLVWDQFH

PXVW EH LQGHSHQGHQW TXDQWLWLHV� )XUWKHUPRUH� IRU V\VWHP UHOLDELOLW\ FRPSXWDWLRQV� ORDG HIIHFWV LQ DOO

RI WKH PHPEHUV PXVW EH SHUIHFWO\ FRUUHODWHG� 7KHUHIRUH� 5(/76<6 GRHV QRW KDYH WKH DELOLW\ WR

SUHGLFW WKH UHOLDELOLWLHV RI V\VWHPV LQ ZKLFK ORDG DQG UHVLVWDQFH DUH QRW LQGHSHQGHQW� DQG�RU ORDG

HIIHFWV LQ LQGLYLGXDO PHPEHUV DUH OHVV WKDQ SHUIHFWO\ FRUUHODWHG� ,W GRHV� KRZHYHU� KDYH WKH DELOLW\ WR

FRPSXWH UHOLDELOLW\ RI V\VWHPV LQ ZKLFK LQLWLDO UHVLVWDQFHV DUH SDUWLDOO\ FRUUHODWHG�

$QRWKHU OLPLWDWLRQ RI 5(/76<6 LV WKH UHTXLUHPHQW IRU XVHU�GHILQHG FRQWURO H[HFXWLRQ SDUDPHWHUV�

7KH WRWDO QXPEHU RI VLPXODWLRQV QVLP UHTXLUHG IRU WLPH�YDULDQW V\VWHP UHOLDELOLW\ UHVXOWV LV WKH

SURGXFW RI WKH QXPEHU RI 0RQWH &DUOR VLPXODWLRQV QPRQWH DQG WKH QXPEHU RI DGDSWDWLRQV QDGS �L�H��

QVLP QPRQWH ± QDGS�� &XUUHQWO\� YDOXHV IRU QPRQWH DQG QDGS PXVW EH VSHFLILHG E\ WKH XVHU� 6LQFH WKH WRWDO

QXPEHU RI VLPXODWLRQV UHTXLUHG IRU DFFXUDWH V\VWHP UHOLDELOLW\ SUHGLFWLRQV LV GHSHQGHQW RQ D YDULHW\



5(/76<6� $ FRPSXWHU SURJUDP IRU OLIH SUHGLFWLRQ RI GHWHULRUDWLQJ V\VWHPV ���

RI IDFWRUV �H�J�� QXPEHU RI PHPEHUV LQ WKH V\VWHP� WRWDO QXPEHU RI UDQGRP YDULDEOHV� V\VWHP

EHKDYLRU� SRVW�IDLOXUH PDWHULDO EHKDYLRU� FRUUHODWLRQ DPRQJ LQLWLDO PHPEHU UHVLVWDQFHV� DPRQJ

RWKHUV�� WKH XVHU PD\ XQGHU� RU RYHU� HVWLPDWH WKH UHTXLUHG YDOXHV IRU QPRQWH DQG QDGS� +RZHYHU� WKH

XVHU FDQ DGMXVW WKHVH YDOXHV IRU VXIILFLHQW DFFXUDF\ EDVHG RQ WKH YDOXH RI 9� � SURYLGHG LQ WKH

5(/76<6 RXWSXW ILOH� $Q DOJRULWKP FDQ HDVLO\ EH DGGHG WR WKH SURJUDP WR DGMXVW QPRQWH DQG QDGS

EDVHG RQ WKH FRHIILFLHQW RI YDULDWLRQ RI IDLOXUH SUREDELOLW\ WR DFKLHYH VDWLVIDFWRU\ UHVXOWV� HOLPLQDWLQJ

WKH QHHG IRU XVHU�GHILQHG YDOXHV RI QPRQWH DQG QDGS�

�� &RQFOXVLRQV

5(/76<6 LV D JHQHUDO FRPSXWHU SURJUDP ZKLFK FDQ EH XVHG WR SUHGLFW WKH WLPH�YDULDQW UHOLDELOLW\

RI VWUXFWXUDO V\VWHPV� ,W XVHV D FRPELQHG WHFKQLTXH RI DGDSWLYH LPSRUWDQFH VDPSOLQJ� QXPHULFDO

LQWHJUDWLRQ� DQG IDXOW WUHH DQDO\VLV WR FRPSXWH WLPH�YDULDQW UHOLDELOLWLHV RI LQGLYLGXDO FRPSRQHQWV DQG

V\VWHPV� 7KLV DSSURDFK UHGXFHV WKH QXPEHU RI VLPXODWLRQV UHTXLUHG IRU DFFXUDWH UHVXOWV E\ VHYHUDO

RUGHUV RI PDJQLWXGH DV FRPSDUHG WR RUGLQDU\ 0RQWH &DUOR VLPXODWLRQ�

5(/76<6 FDQ EH DSSOLHG WR D ZLGH YDULHW\ RI VWUXFWXUDO V\VWHPV �H�J�� ILUVW�IDLOXUH� IDLO�VDIH

V\VWHPV�� ,W LV FXUUHQWO\ OLPLWHG WR VWUXFWXUHV LQ ZKLFK ORDG DQG UHVLVWDQFH DUH VWDWLVWLFDOO\

LQGHSHQGHQW UDQGRP YDULDEOHV� DQG ORDG HIIHFWV ZLWKLQ LQGLYLGXDO PHPEHUV DUH SHUIHFWO\ FRUUHODWHG�

7KLV FDQ EH D VHYHUH OLPLWDWLRQ IRU VWUXFWXUHV ZKRVH UHVLVWDQFH LV GHSHQGHQW RQ ORDG PDJQLWXGH RU

VHTXHQFH �H�J�� FUHHS� IDWLJXH� HDUWKTXDNH�� 5(/76<6 DOVR KDV WKH DELOLW\ WR FRPSXWH UHOLDELOLW\ RI

V\VWHPV LQ ZKLFK LQLWLDO UHVLVWDQFHV DUH SDUWLDOO\ FRUUHODWHG�

$V LOOXVWUDWHG LQ WKLV VWXG\� 5(/76<6 FDQ EH XVHG WR SUHGLFW WKH OLIH RI GHWHULRUDWLQJ V\VWHPV

XQGHU ORDG� UHVLVWDQFH� DQG GDPDJH XQFHUWDLQWLHV� ,W FDQ DOVR EH FRPELQHG ZLWK ILQLWH HOHPHQW

DQDO\VLV WR SUHGLFW WKH WLPH�YDULDQW UHOLDELOLW\ RI JHQHUDO VWUXFWXUHV �VHH (QULJKW ���� IRU GHWDLOV�� ,Q

HLWKHU FDVH� WLPH�YDULDQW UHOLDELOLW\ DQDO\VLV LV SHUIRUPHG IRU GHWHULRUDWLQJ VWUXFWXUHV ZKLFK LQFOXGHV

WKH LQIOXHQFHV RI WLPH�YDULDQW ORDGV� WLPH�YDULDQW UHVLVWDQFH� DQG SRVW�IDLOXUH ORDG UHGLVWULEXWLRQ�

$FNQRZOHGJHPHQWV

7KH ZRUN GHVFULEHG LQ WKLV SDSHU ZDV FRQGXFWHG E\ WKH ILUVW ZULWHU DV SDUW RI KLV 3K�'� VWXGLHV DW

WKH 8QLYHUVLW\ RI &RORUDGR XQGHU WKH VXSHUYLVLRQ RI WKH VHFRQG ZULWHU� 7KH SDUWLDO ILQDQFLDO VXSSRUW

RI WKH 1DWLRQDO 6FLHQFH )RXQGDWLRQ WKURXJK JUDQWV &06��������� &06��������� DQG &06�

������� LV JUDWHIXOO\ DFNQRZOHGJHG� 7KH FRRSHUDWLRQ RI 3URIHVVRUV %UXFH (OOLQJZRRG DQG <DVXKLUR

0RUL LV DOVR JUDWHIXOO\ DFNQRZOHGJHG�

5HIHUHQFHV

'H\� $� DQG 0DKDGHYDQ� 6� ������� ¦'XFWLOH VWUXFWXUDO V\VWHP UHOLDELOLW\ DQDO\VLV XVLQJ DGDSWLYH LPSRUWDQFH
VDPSOLQJ§� 6WUXFW� 6DIHW\� (OVHYLHU� ��� ��������

(QULJKW� 0�3� ������� ¦7LPH�YDULDQW UHOLDELOLW\ RI UHLQIRUFHG FRQFUHWH EULGJHV XQGHU HQYLURQPHQWDO DWWDFN§� 3K'
7KHVLV� 'HSW� RI &LY�� (QYLU�� DQG $UFK� (QJU�� 8QLYHUVLW\ RI &RORUDGR� %RXOGHU� &ROR�

(QULJKW� 0�3� DQG )UDQJRSRO� '�0� �����D�� ¦6HUYLFH�OLIH SUHGLFWLRQ RI GHWHULRUDWLQJ FRQFUHWH EULGJHV§� -� 6WUXFW�

3Å IWRW



��� 0LFKDHO 3� (QULJKW DQG 'DQ 0� )UDQJRSRO

(QJUJ�� $6&(� ������� ��������
(QULJKW� 0�3� DQG )UDQJRSRO� '�0� �����E�� ¦)DLOXUH WLPH SUHGLFWLRQ RI GHWHULRUDWLQJ IDLO�VDIH VWUXFWXUHV§� -� 6WUXFW�

(QJUJ�� $6&(� �������� ����������
(QULJKW� 0�3� DQG )UDQJRSRO� '�0� �����F�� ¦3UREDELOLVWLF DQDO\VLV RI UHVLVWDQFH GHJUDGDWLRQ RI UHLQIRUFHG FRQFUHWH
EULGJH EHDPV XQGHU FRUURVLRQ§� (QJUJ� 6WUXFW�� ������� ��������

)UDQJRSRO� '�0�� /LQ� .�<� DQG (VWHV� $�&� ������� ¦/LIH�F\FOH FRVW GHVLJQ RI GHWHULRUDWLQJ VWUXFWXUHV§� -� 6WUXFW�
(QJUJ�� $6&(� �������� ����������

)UDQJRSRO� '�0�� *KRVQ� 0�� +HDUQ� *� DQG 1RZDN� $� ������� ¦*XHVW HGLWRULDO� 6WUXFWXUDO UHOLDELOLW\ LQ EULGJH
HQJLQHHULQJ§� -� %ULGJH (QJUJ�� $6&(� ����� ��������

+HQGDZL� 6� DQG )UDQJRSRO� '�0� ������� ¦6\VWHP UHOLDELOLW\ DQG UHGXQGDQF\ LQ VWUXFWXUDO GHVLJQ DQG HYDOXDWLRQ§�
6WUXFW� 6DIHW\� (OVHYLHU� �������� ������

0HOFKHUV� 5�(� ������� 6WUXFWXUDO 5HOLDELOLW\� $QDO\VLV DQG 3UHGLFWLRQ� (OOLV +RUZRRG�:LOH\� &KLFKHVWHU� 8�.�
0HOFKHUV� 5�(� ������� ¦,PSRUWDQFH VDPSOLQJ LQ VWUXFWXUDO V\VWHPV§� 6WUXFWXUDO 6DIHW\� (OVHYLHU� ����� �����
0RUL� <� DQG (OOLQJZRRG� %� ������� 0HWKRGRORJ\ IRU 5HOLDELOLW\ %DVHG &RQGLWLRQ $VVHVVPHQW � $SSOLFDWLRQ WR

&RQFUHWH 6WUXFWXUHV LQ 1XFOHDU 3ODQWV� 185(*�&5������ 251/�6XE����6'���� 8�6� 1XFOHDU 5HJXODWRU\
&RPPLVVLRQ� :DVKLQJWRQ� '�&�

3UHVV� :�+�� 7HXNRORVN\� 6�$�� 9HWWHUOLQJ� :�7� DQG )ODQQHU\� %�3� ������� 1XPHULFDO 5HFLSHV LQ )2575$1 � 7KH
$UW RI 6FLHQWLILF &RPSXWLQJ� 6HFRQG (GLWLRQ� &DPEULGJH 8QLYHUVLW\ 3UHVV�

:HQ� <�.� DQG &KHQ� +�&� ������� ¦6\VWHP UHOLDELOLW\ XQGHU WLPH YDU\LQJ ORDGV� , DQG ,,§� -� (QJUJ� 0HFK��
$6&(� ������� ��������

<DQHY� %� ������� ¦7KH PDQDJHPHQW RI EULGJHV LQ 1HZ <RUN &LW\§� 6WUXFWXUDO 5HOLDELOLW\ LQ %ULGJH (QJLQHHULQJ�
'�0� )UDQJRSRO DQG *� +HDUQ� HGV�� 0F*UDZ�+LOO %RRN &R�� ,QF�� 1HZ <RUN� ������




