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RI�QHZ�JXLGHOLQHV�FRXOG�RQO\�EH�GHYHORSHG�DIWHU�XQGHUVWDQGLQJ�WKH�HIIHFWV�RI�UHVWUDLQW�V\VWHPV��WKH�GHVLJQ��
DGGLWLRQDO�HOHPHQWV��W\SH�RI�URDG�DQG�VDIHW\�EDUULHU�ORFDWLRQ�RQ�D�URDG�RU�HQJLQHHULQJ�VWUXFWXUH�DQG�WKH�URDG�
DQG�WUDIILF�FRQGLWLRQV�RQ�WKHLU�IXQFWLRQDOLW\�DQG�VDIHW\��7KH�SDSHU�ZLOO�SUHVHQW�WKH�SUHOLPLQDU\�UHVXOWV�RI�WKLV�
UHVHDUFK� �UHVHDUFK�SURMHFW�± 526(���2QH�ZD\� WR�XQGHUVWDQG� WKH� IXQFWLRQDOLW\�RI� URDG�VDIHW\�GHYLFHV� LV� WR�
EXLOG�QXPHULFDO�PRGHOV�DQG�FRQGXFW�VLPXODWLRQ�WHVWV�RI�YLUWXDO�FUDVK�WHVWV� 7KH�DUWLFOH�SUHVHQWV�WKH�VFRSH�RI�
ZRUN�FRQGXFWHG�DV�SDUW�RI�DQ�HIIRUW�WR�GHYHORS�QHZ�YHKLFOH�UHVWUDLQW�V\VWHP�JXLGHOLQHV�

��,QWURGXFWLRQ

5RDG�LQIUDVWUXFWXUH�DQG�URDGVLGHV�FDQ�EH�D�IDFWRU�FDXVLQJ�
URDG� DFFLGHQWV� ZKHQ� URDG� XVHU� HUURUV� RFFXU� �H�J��
HOHPHQWV� WKDW� DUH� QRW� HDVLO\� FRPSUHKHQGHG� RU� FOHDU��
SRRUO\� RUJDQLVHG� WUDIILF�� FXUEHG� YLVLELOLW\�� JHRPHWULF�
SDUDPHWHUV� QRW� DGHTXDWH� IRU� WKH� VSHHGV�� DQG� KDYH� D�
VWURQJ� LQIOXHQFH� RQ� DFFLGHQW� VHYHULW\�� HVSHFLDOO\� ZKHUH�
UXQ�RII�URDG�DFFLGHQWV�DUH�FRQFHUQHG�

5XQ�RII�URDG� DFFLGHQWV� DQG� WKHLU� FRQVHTXHQFHV� FDQ�
EH� UHGXFHG� E\� LPSURYLQJ� WKH� URDG� DQG� VWUHHW� QHWZRUN��
FRPSOHWLQJ� DQG� UHFRQVWUXFWLQJ� WKH� H[LVWLQJ� QHWZRUN��
GHYHORSLQJ� DQG� LPSOHPHQWLQJ� ³VHOI�H[SODQDWRU\� URDGV´��
GHYHORSLQJ� DQG� LPSOHPHQWLQJ� ³IRUJLYLQJ� URDGV´ DQG�
SURYLGLQJ� URDG� VLJQV� DQG� PDUNLQJV� WKDW� DUH� PRUH�
XQGHUVWDQGDEOH�DQG�URDG�XVHU�IULHQGO\�

2QH�RI�WKH�GHYLFHV�VXSSRUWLQJ�WKHVH�DFWLRQV�LV�WKH�XVH�
RI� URDG� VDIHW\� EDUULHUV�� %HIRUH� DSSURSULDWH� VWHSV� DUH�
WDNHQ�� LW� LV� QHFHVVDU\� WR� UHFRJQLVH� WKH� FRQGLWLRQV� LQ�
ZKLFK�KD]DUGV�RQ�WKH�URDG�RFFXU�DQG�WKH�HIIHFWLYHQHVV�RI�
WKH�HTXLSPHQW�XVHG��8QIRUWXQDWHO\��WKLV�NLQG�RI�UHVHDUFK�
LV� VWLOO� ODFNLQJ� LQ� 3RODQG�� 7R� FKDQJH� WKDW�� D� UHVHDUFK�
SURMHFW� ZDV� ODXQFKHG� IRFXVVLQJ� RQ� URDG� VDIHW\� GHYLFHV�
ZLWK� SDUWLFXODU� HPSKDVLV� RQ� VDIHW\� EDUULHUV�� 7KH� UHVXOWV�
RI� WKH�SURMHFW�FDQ�EH�XVHIXO� IRU�PRUH� WKDQ� MXVW�3RODQG¶V�
URDG�QHWZRUN�� DQG� FDQ� LQ� IDFW� KHOS� WR� LPSURYH� URDGVLGH�
VDIHW\�DFURVV (XURSH�EHFDXVH�RI�WKH�VFDOH�RI�WKH�UHVHDUFK�

7KH� PDLQ� JRDO� RI� WKH� 526(� SURMHFW� �5RDG� 6DIHW\�
(TXLSPHQW�� LV� WR� FRQGXFW� FRPSUHKHQVLYH� WHVWV� DQG�
DQDO\VHV� RI� YDULRXV� YHKLFOH� UHVWUDLQW� V\VWHPV� LQFOXGLQJ�
WKRVH�GHILQHG�XQGHU� VWDQGDUG�31�(1������DQG� W\SHV�RI�
VXSSRUWLQJ� VWUXFWXUHV� GHILQHG� XQGHU� VWDQGDUG� 31�(1�
������GHSOR\HG�RQ�URDGV�DQG�HQJLQHHULQJ�VWUXFWXUHV��7KH�
ZRUN� LV� WR� LQFOXGH� SUHOLPLQDU\� WHVWV� RI� URDG� VDIHW\�

HTXLSPHQW� DOUHDG\� LQ� RSHUDWLRQ�� DGGLWLRQDO� VLWH� WHVWV� IRU�
VHOHFWHG� FUDVK� WHVWV�� H[WHQGHG� QXPHULFDO� WHVWV� DQG�
FRPSUHKHQVLYH� DQDO\VHV� WR� KHOS� IRUPXODWH� URDG� VDIHW\�
HTXLSPHQW�VXJJHVWLRQV�DQG�UHFRPPHQGDWLRQV��7KH�PDLQ�
SURMHFW� UHVXOW� LV�D�PHWKRG� IRU� VHOHFWLQJ�RSWLPDO� V\VWHPV�
WR� SUHYHQW� HUUDQW� YHKLFOHV� LQ� UHODWLRQ� WR�� WKH� W\SH� DQG�
VHYHULW\�RI� WKH�KD]DUG�� URDG�FODVV�� YROXPH�DQG�VWUXFWXUH�
RI�YHKLFOH�VWUHDPV�DQG�WUDIILF�FRQGLWLRQV��YHKLFOH�VSHHGV��
RQ�WKH�URDGV��7KH�SURMHFW�DLPV�WR�XVH�DQG�IXUWKHU�GHYHORS�
WKH� PRVW� PRGHUQ� QXPHULFDO� VLPXODWLRQV� RI� FUDVK� WHVWV��
)LJXUH���VKRZV�WKH�GLDJUDP�RI�SURMHFW�GHOLYHU\�

)LJ���� 7KH�GLDJUDP�RI�SURMHFW�GHOLYHU\

6R� IDU�� D� VLJQLILFDQW� QXPEHU� RI� VWXGLHV� KDYH� EHHQ�
FRQGXFWHG� WR�GHWHUPLQH� WKH�HIIHFW�RI� WUDIILF�YROXPH�DQG�
URDG� JHRPHWU\� RQ� WUDIILF� DFFLGHQWV�� 7KHVH� VWXGLHV� KDYH�
VKRZQ�WKDW� LPSURYLQJ� WKH�JHRPHWU\�RI� WKH�URDGZD\�FDQ�
VLJQLILFDQWO\� UHGXFH� WKH� QXPEHU� DQG� FRQVHTXHQFHV� RI�
DFFLGHQWV��$�ORW�RI�WKH�UHVHDUFK�ORRNV�DW�KRZ�WKH�URDGVLGH�
FKDQJHV� VDIHW\�� 7UDIILF� DFFLGHQW� VWDWLVWLFV� LQ� PDQ\�
FRXQWULHV� VKRZ� WKDW� DERXW� D� TXDUWHU� RI� DOO� IDWDOLWLHV� DUH�
FDXVHG�E\�HUUDQW�YHKLFOHV�
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$�UXQ�RII�URDG�FROOLVLRQ�GHVFULEHV�WKH�SULPDU\�URDG�HYHQW�
LQ�ZKLFK�D�YHKLFOH�OHDYHV�WKH�URDGZD\�DV�D�UHVXOW�RI�ORVV�
RI� VWDELOLW\� RU� VXGGHQ� FKDQJH� RI� GLUHFWLRQ� RI� WUDYHO�
�IRUFHG� E\� VSHHGLQJ�� ORVV� RI� WUDFWLRQ�� HWF���� $OWKRXJK�
RFFDVLRQDOO\� DIWHU� VXFK� FROOLVLRQV� YHKLFOHV� FDQ� UHWXUQ� WR�
WKH�URDGZD\��LW�YHU\�RIWHQ�OHDGV�WR�GDQJHURXV�VHFRQGDU\�
HYHQWV�VXFK�DV��UROO�RYHU��GULYLQJ� LQWR�D�GLWFK��KLWWLQJ�DQ�
HPEDQNPHQW� RU� DQ� REMHFW� RU� URDGVLGH� GHYLFH� H�J���
UXQQLQJ�LQWR�D�URDG�EDUULHU��KLWWLQJ�D�WUHH��D�SROH�RU�D�URDG�
VLJQ� >�@�� 7KH� VWXG\� RI� DYDLODEOH� OLWHUDWXUH� VKRZV� WKDW�
VRPH� UHVHDUFKHUV� WULHG� WR� HVWDEOLVK� WKH� LQIOXHQFH� RI�
VHOHFWHG�URDG�SDUDPHWHUV��ZLGWK�RI�WKH�URDGZD\�>�@��W\SH�
DQG� ZLGWK� RI� WKH� URDG� VKRXOGHU� >�@��� URDG� VWUXFWXUHV�
�EULGJHV��FXOYHUWV��URDG�VLJQV��>����@��REVWDFOHV�DORQJ�WKH�
URDG� �WUHHV�� SRVWV>��� �@�� DQG� URDG� HTXLSPHQW� �URDG�
EDUULHUV�DQG�HQFORVXUHV��>����@�RQ�WKH�ULVN�RI�UXQ�RII�URDG�
FROOLVLRQV�� 7KH� UHVXOWV� RI� WKHLU� UHVHDUFK� ZHUH� XVHG� WR�
PRGHO� DQG� VLPXODWH� WKH� HIIHFWV� RI� YDULRXV� FRPELQDWLRQV�
RI� JHRPHWULF� SDUDPHWHUV� DQG� WKH� URDG� DQG� WUDIILF�
SDUDPHWHUV� RQ� WKH� IUHTXHQF\� DQG� HIIHFWV� RI� DFFLGHQWV��
%DVHG�RQ� WKH�PRGHOV�� D� VHW�RI�SUHYHQWLYH�PHDVXUHV�ZDV�
GHYHORSHG�DQG�LW�ZDV�VKRZQ�WKDW�WKH�IUHTXHQF\�RI�HYHQWV�
FDQ� EH� VLJQLILFDQWO\� UHGXFHG� E\� LQFUHDVLQJ� ODQH� DQG�
VKRXOGHU� ZLGWK�� ZLGHQLQJ WKH� FHQWUDO� UHVHUYDWLRQ��
ZLGHQLQJ� WKH� URDGZD\� DW� EULGJH� HQWUDQFH�� PRYLQJ� DQG�
UHPRYLQJ� GDQJHURXV� URDG� REMHFWV�� GHFUHDVLQJ� WKH�
JUDGLHQW� RI� VORSHV� DQG� HVFDUSPHQWV� RI� GLWFKHV� DQG�
LQWURGXFLQJ�EDUULHUV�DQG�RWKHU�VDIHW\�V\VWHPV�>��@��0RUH�
UHFHQW� UHVHDUFK� IRFXVVHG� RQ� URDGV� WKDW� IRUJLYH� GULYHU�
HUURU�� IRU�ZKLFK� WKH� URDGVLGH�REVWDFOH�IUHH� ]RQHV� WXUQHG�
RXW� WR� EH� LPSRUWDQW >���� ��@�� 8VLQJ� WKH� UHVXOWV� RI� ILHOG�
UHVHDUFK�� PDWKHPDWLFDO� PRGHOOLQJ� DQG� FRPSXWHU�
VLPXODWLRQ��WKH�UHFRPPHQGHG�ZLGWKV�RI�WKH�REVWDFOH�IUHH�
DUHD��WKH�GLVWDQFH�IURP�WKH�URDGZD\�DQG�WKH�KHLJKW�RI�WKH�
URDG� EDUULHUV� ZHUH� GHWHUPLQHG� >��@�� $� WUHH� ORFDWHG� WRR�
FORVH� WR� WKH� URDGZD\�� D� EDG� VWUXFWXUH� RI� D� SROH� RU� URDG�
VLJQ��D�SRRUO\�GHVLJQHG�RU�LQVWDOOHG�VDIHW\�EDUULHU�V\VWHP�
DUH� WKH� VXEMHFWV� RI� VWXG\�� UHVHDUFK� DQG� SUHSDUDWLRQ� RI�
VWDQGDUGV��JXLGHOLQHV��RU�H[DPSOHV�RI�JRRG�SUDFWLFH�>��@��
7KH�PDLQ�FRQVHTXHQFH�RI�KD]DUGV�RQ�WKH�URDGVLGH�LV�QRW�
WKH�SUREDELOLW\�RI�DQ�DFFLGHQW��EXW� LWV�VHYHULW\� >��@��7KH�
VHYHULW\� RI� URDG� DFFLGHQWV� LQ� 3RODQG� UHVXOWV� SULPDULO\�
IURP� LPSURSHUO\� GHVLJQHG� RU� XVHG� URDG� LQIUDVWUXFWXUH��
7KLV� LV� WKH� FRQVHTXHQFH� RI� WKH� DEVHQFH� RU� SRRUO\�
IRUPXODWHG� UHJXODWLRQV� DQG� IDLOXUH� WR� DSSO\� URDG� VDIHW\�
VWDQGDUGV >EXG]\ĔVNL�PDWHF@��2QH�RI�WKH�PRVW�LPSRUWDQW�
SURMHFWV� LPSOHPHQWHG� LQ� (XURSH� ZDV� 5,6(5� �5RDGVLGH�
,QIUDVWUXFWXUH� IRU� 6DIHU� (XURSHDQ� 5RDGV�� >��@�� 7KH�
SURMHFW� ZDV� GHVLJQHG� WR� GHWHUPLQH� WKH� EHKDYLRXU� RI�
GULYHUV� �LQ�DGMXVWLQJ�VSHHG�� LQ�UHODWLRQ� WR� WKH�FRQGLWLRQV�
HQFRXQWHUHG�� :KDW� ZDV� IRXQG� ZDV� WKDW� WKH� FRUUHODWLRQ�
EHWZHHQ�WKH�RFFXUUHQFH�RI�WKH�FHQWUDO�UHVHUYDWLRQ�DQG�WKH�
W\SH�RI�EDUULHU�DQG�DOVR� WKH�GHSHQGHQFH�RI� WKH�YHKLFOH¶V�
URDG�SRVLWLRQ�RQ�WKH�REVWDFOH�W\SH�>��@ LQGLFDWHV�WKDW�WKH�
EHVW� FXUUHQW� HVWLPDWHV� RI� WKH� HIIHFWV� RI� PHGLDQ� EDUULHUV�
DUH�D�����LQFUHDVH� LQ�DFFLGHQW� UDWH��D�����UHGXFWLRQ� LQ�
WKH�FKDQFH�RI�VXVWDLQLQJ�D�IDWDO�LQMXU\�JLYHQ�DQ�DFFLGHQW��
DQG� D� ���� UHGXFWLRQ�ZKHQ� VXVWDLQLQJ� D� SHUVRQDO� LQMXU\�
JLYHQ� DQ� DFFLGHQW��:LWKLQ� WKH� VFRSH� RI� UHVHDUFK� RQ� WKH�

LPSDFW�RI�URDG�EDUULHUV�DQG�WKH�URDGVLGH�HQYLURQPHQW�RQ�
URDG� WUDIILF� VDIHW\� RWKHU� VWXGLHV� ZHUH� FRQGXFWHG��
LQFOXGLQJ� WHVW� UHVXOWV�� ZKLFK� GHPRQVWUDWHG� WKDW� WKH�
GHYHORSPHQW� RI� D� VDIH� URDGVLGH� DQG� WKH� FRUUHFW� XVH� RI�
YHKLFOH�UHVWUDLQW�V\VWHPV�DUH�NH\�WR�LPSURYLQJ�WKH�VDIHW\�
RI� URDG� LQIUDVWUXFWXUH� XVHUV�� ,W� LV� DOVR� LPSRUWDQW� IRU�
UHVHDUFK� WR� LQFOXGH�DFWXDO� VSHHGV�RI�YHKLFOHV� >��@ �� ,W� LV�
VSHHG�WKDW�LV�WKH�SULPDU\�GHWHUPLQDQW�RI�DFFLGHQW�VHYHULW\�
RI�URDGVLGH�UHODWHG�DFFLGHQWV��

$QRWKHU�PDMRU�(XURSHDQ�SURMHFW�RQ�WKH�XVH�RI�VDIHW\�
EDUULHUV� DQG� WKHLU� HIIHFW� RQ� VDIHW\� ZDV� WKH� 6$9H56�
SURMHFW� >��@ ZKLFK� KHOSHG� WR� EXLOG� WRROV� IRU� URDGVLGH�
VDIHW\�PDQDJHPHQW�

([SHULPHQWDO� VWXGLHV� RQ� URDG� VDIHW\� ZHUH� ILUVW�
FRQGXFWHG� LQ� WKH� 86� LQ� WKH� HDUO\� ����V�� 7RGD\¶V�
H[SHULPHQWDO� FUDVK� WHVWV� DUH� SUHSDUHG� DQG� FRQGXFWHG�
XQGHU�VWULFW�SURFHGXUHV�VHW�RXW�LQ�WKH�VWDQGDUGV��(1�������
:LWK� KLJK� FRVWV� RI� ILHOG� WHVWV�� QHZ� UHVHDUFK� PHWKRGV�
ZHUH� LQYHVWLJDWHG�� 7KH� QHZ� HUD� RI� UHVHDUFK� RQ�
GHYHORSLQJ� DQG� DQDO\VLQJ� URDG� VDIHW\� HTXLSPHQW� JRHV�
EDFN� WR� WKH� LQWURGXFWLRQ� RI� FRPSXWHU� PHFKDQLFV�� )LUVW�
XVHG� LQ� WKH� ����V� IRU� PLOLWDU\� SXUSRVHV�� QXPHULFDO�
VLPXODWLRQV�ZHUH�XVHG�DV�DQDO\WLFDO�WRROV��7KH\�ZHUH�ILUVW�
XVHG� IRU� FLYLOLDQ� DSSOLFDWLRQV� LQ� WKH� ODWH� ����V� ZLWK�
FRPSXWHU� FUDVK� VLPXODWLRQV�� 7KLV� ZDV� VXSSRUWHG� E\� WKH�
FRPPHUFLDO� YHUVLRQ� RI� WKH� SURJUDPPH� /6�'<1$��
+DOOTXLVW� ��������6LPXODWLRQV�RI� FUDVK� WHVWV� FDQ� DOVR�EH�
GRQH� LQ� WKH� 3$0�&5$6+� RU� $%$486� (;3/,&,7�
SURJUDPPHV��([SHULPHQWDO� WHVWV��PRGHOOLQJ�� VLPXODWLRQ��
YDOLGDWLRQ� DQG� H[SHULPHQWDO� YHULILFDWLRQ� RI� FUDVK� WHVWV�
DUH�DOO�FRYHUHG�H[WHQVLYHO\�LQ�QXPHURXV�UHVHDUFK�DUWLFOHV�
DQG�GHYHORSPHQW�ZRUN�UHSRUWV >������@��7KH�OLWHUDWXUH�RQ�
QXPHULFDO� UHVHDUFK� RQ� GLIIHUHQW� W\SHV� RI� FUDVKHV� ZLWK�
URDG� VDIHW\� HTXLSPHQW� LV� YHU\� H[WHQVLYH >�����@ KDYH�
FRQGXFWHG�GHWDLOHG�QXPHULFDO�PRGHOOLQJ�DQG�VLPXODWLRQV�
RI�FUDVK�WHVWV�WKDW�DUH�UHTXLUHG�IRU�FRQWDLQPHQW�OHYHO�+��
XQGHU�WKH�VWDQGDUG�(1�������7KH�ZRUNV >������@ SUHVHQW�
QXPHULFDO� PRGHOOLQJ� DQG� VLPXODWLRQ� RI� QRQ�PRGLILHG�
�VWUDLJKW�OLQH�EDUULHU��DQG�PRGLILHG��FXUYHG�EDUULHU� FUDVK�
WHVWV�� W\SH�7%���DQG�7%��� 7KHUH�ZDV� DOVR� DQ� DQDO\VLV�
RI�KRZ� WKH� V\VWHPV�EHKDYH�ZKHQ�FUDVKHG� LQWR�E\�D�EXV�
>��@�

� &UDVK�WHVWV�

$� GHWDLOHG� UHYLHZ� ZDV� FRQGXFWHG� RI� SUHYLRXV� VDIHW\�
EDUULHU� ILHOGZRUN� WR� FUHDWH� D� FUDVK� WHVW� GDWDEDVH�� $Q�
DQDO\VLV� RI� JHQHUDOO\� DYDLODEOH� UHSRUWV� DQG� UHSRUWV�
REWDLQHG� E\� WKH� DXWKRUV� KHOSHG� WR� LGHQWLI\� D� VHW� RI�
SUREOHPV� ZKLFK� ZHUH� LQYHVWLJDWHG� SRRUO\� RU� QRW� DW� DOO��
7KH�IROORZLQJ�FUDVK�WHVWV�ZHUH�SHUIRUPHG��ILJ� ����
x 7%��� FUDVK� WHVW�� FRQGXFWHG� LQ� DFFRUGDQFH� ZLWK�
VWDQGDUG�31�(1�����������IRU�D�URDG�ZLUH�URSH�EDUULHU�
IRU� D� VHFWLRQ� RI� D� EDUULHU� LQVWDOOHG� RQ� D� FXUYH� ZLWK� D�
UDGLXV�RI�����PHWUHV���'HYLDWLRQ�IURP�WKH�VWDQGDUG� WKH�
EDUULHU�RQ�D�KRUL]RQWDO�FXUYH��WKH�UHVW�IROORZV�WKH�UXOHV�
RI� WKH� VWDQGDUG��� ,Q� DGGLWLRQ�� D� VHFRQG� FUDVK� ZDV�
FRQGXFWHG� LQ� WKH� VDPH� SODFH�� -XVWLILFDWLRQ�� /LWWOH� LV�
NQRZQ�DERXW�EDUULHU�EHKDYLRXU�RQ�KRUL]RQWDO�FXUYHV��LQ�
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SDUWLFXODU� ZKHQ� WKH� EDUULHU� LV� KLW� RQ� WKH� LQQHU�
�FRQYH[�HGJH� RI� URDG� RQ� D� KRUL]RQWDO� FXUYH�� 2I�
SDUWLFXODU� LPSRUWDQFH� IRU� LGHQWLI\LQJ� WKH� SRWHQWLDO�
ZLGWK�RI�WKH�REVWDFOH�IUHH�]RQH�EHKLQG�WKH�EDUULHU�

x 7%��� FUDVK� WHVW�� FRQGXFWHG� LQ� DFFRUGDQFH� ZLWK�
VWDQGDUG�31�(1�����������IRU�D�URDG�VWHHO�EDUULHU�IRU�
D�VHFWLRQ�RI�D�EDUULHU�LQVWDOOHG�RQ D�FXUYH�ZLWK�D�UDGLXV�
RI�����PHWUHV���'HYLDWLRQ�IURP�WKH�VWDQGDUG� WKH�EDUULHU�
RQ�D�KRUL]RQWDO�FXUYH��WKH�UHVW�IROORZV�WKH�UXOHV�RI�WKH�
VWDQGDUG��� -XVWLILFDWLRQ�� /LWWOH� LV� NQRZQ� DERXW� EDUULHU�
EHKDYLRXU�RQ�KRUL]RQWDO�FXUYHV�� LQ�SDUWLFXODU�ZKHQ�WKH�
EDUULHU� LV� KLW� RQ� WKH� LQQHU� �FRQYH[�� HGJH�RI� URDG�RQ� D�
KRUL]RQWDO� FXUYH�� 2I� SDUWLFXODU� LPSRUWDQFH� IRU�
LGHQWLI\LQJ�WKH�SRWHQWLDO�ZLGWK�RI�WKH�REVWDFOH�IUHH�]RQH�
EHKLQG�WKH�EDUULHU�

x 7%��� FUDVK� WHVW�� FRQGXFWHG� LQ� DFFRUGDQFH� ZLWK�
VWDQGDUG� 31� (1����������� IRU� D� URDG� VWHHO� EULGJH�
SDUDSHW� �ORZ�� PRXQWHG� RQ� D� FRQFUHWH� SODWH� ZLWK� D� ���
FP�KLJK�NHUE�� -XVWLILFDWLRQ��1HHG� WR�EHWWHU�XQGHUVWDQG�
YHKLFOH� EHKDYLRXU� XSRQ� KLWWLQJ� WKH� NHUE� DQG� SDUDSHW�
ZLWK� VSHFLDO� HPSKDVLV� RQ� WKH�$6,� SDUDPHWHU�� /DFN� RI�
VXIILFLHQW�EDVHOLQH�PDWHULDOV�IRU�QXPHULFDO�WHVWV�

x 7%��� FUDVK� WHVW�� FRQGXFWHG� LQ� DFFRUGDQFH� ZLWK�
VWDQGDUG� 31� (1����������� IRU� D� URDG� VWHHO� EULGJH�
SDUDSHW� �ORZ�� PRXQWHG� RQ� D� FRQFUHWH� SODWH� ZLWK� D� ���
FP�KLJK�NHUE�� -XVWLILFDWLRQ��1HHG� WR�EHWWHU�XQGHUVWDQG�
YHKLFOH� EHKDYLRXU� XSRQ� KLWWLQJ� WKH� NHUE� DQG� SDUDSHW�
ZLWK� VSHFLDO� HPSKDVLV� RQ� WKH�$6,� SDUDPHWHU�� /DFN� RI�
VXIILFLHQW�EDVHOLQH�PDWHULDOV�IRU�QXPHULFDO�WHVWV�

x 7%���FUDVK�WHVW�FRQGXFWHG�LQ�DFFRUGDQFH�ZLWK�VWDQGDUG�
31�(1����������� IRU� WKH� FRQQHFWLRQ� EHWZHHQ� D� URDG�
ZLUH� URSH� EDUULHU� ZLWK� D� VWHHO� EDUULHU�� -XVWLILFDWLRQ��
1HHG� WR� EHWWHU� XQGHUVWDQG� � V\VWHP� EHKDYLRXU� DQG� WKH�
HIIHFW� RQ� WKH�YHKLFOH� IRU� D� IUHTXHQWO\� XVHG� FRQQHFWLRQ�
LQ� 3RODQG�� /DFN� RI� VXIILFLHQW� EDVHOLQH� PDWHULDOV� IRU�
QXPHULFDO�WHVWV�

x 7%��� FUDVK� WHVW�� FRQGXFWHG� LQ� DFFRUGDQFH� ZLWK�
VWDQGDUG� 31 (1����������� IRU� D� VWHHO� EDUULHU� DQG�
OLJKWLQJ� FROXPQ� SODFHG� ZLWKLQ� WKH� EDUULHU¶V� ZRUNLQJ�
ZLGWK��$�VWHHO�EDUULHU�+��:��$��FROXPQ�FODVV�+(�����
-XVWLILFDWLRQ��$�IUHTXHQW�RFFXUUHQFH� LQ�3RODQG� WR�KDYH�
REMHFWV� SODFHG� ZLWKLQ� WKH� EDUULHU¶V� ZRUNLQJ� ZLGWK�
�OLJKWLQJ FROXPQV�� JDQWULHV�� HWF���� 3RRU� XQGHUVWDQGLQJ�
RI� KRZ� WKH� V\VWHP� ZRUNV� DQG� WKH� FRQVHTXHQFHV� RI� D�
FUDVK��LQ�SDUWLFXODU�LQYROYLQJ�DQ�HUUDQW�YHKLFOH�

)LJ���� 6DPSOH�SKRWRV�IURP�FUDVK�WHVWV

��1XPHULFDO�FUDVK�WHVWV�

7KH� PDLQ� REMHFWLYH� RI� VDIHW\� EDUULHU� PRGHOOLQJ� DQG�
VLPXODWLRQ�WHVWV�LV�WR�GHYHORS�QXPHULFDO�PRGHOV�RI�FUDVK�
WHVWV� 7KH�ZRUN�FRQGXFWHG�LQ������LQFOXGHG�DQ�H[WHQVLYH�
UHYLHZ� RI� WKH� OLWHUDWXUH�� DGMXVWLQJ� YHKLFOH� QXPHULFDO�
PRGHOV� WR� WKH� QHHGV� RI� WKH� SURMHFW� DQG� SUHOLPLQDU\�
QXPHULFDO�WHVWV��%XLOGLQJ�RQ�WKHVH�UHVXOWV�LQ������IXUWKHU�
UHVHDUFK�LQFOXGHG�VLPXODWLRQV�RI�YLUWXDO�FUDVK�WHVWV�XVLQJ�
D� FRPPHUFLDO� V\VWHP� RI� WKH� ILQLWH� HOHPHQWV� PHWKRGV�
�0(6���WKH /V�'\QD�
1XPHULFDO�PRGHOV�ZHUH�GHYHORSHG�IRU�VWHHO�EDUULHU�7%���
DQG 7%���� ZLUH� URSH� 7%��� DQG� FRQFUHWH� EDUULHU� 7%���
FUDVK� WHVWV�� 7KH� VLPXODWLRQV� DUH� EHLQJ� YDOLGDWHG� ZLWK�
UHVXOWV�IURP�UHDO�FUDVK�WHVWV��$�VHULHV�RI�SLORW�VLPXODWLRQV�
ZHUH FRQGXFWHG� WR� YHULI\� WKH� PRGHOV� RI� WKH� VWHHO�
JXDUGUDLO� EDUULHU�� ZLUH� URSH� EDUULHU� DQG� FRQFUHWH� EDUULHU�
RQ� VWUDLJKW� OLQH� VHFWLRQV�� 7KH� V\VWHP¶V� EDVLF� VWUXFWXUDO�
HOHPHQW�DUH�JXDUGUDLOV�PRXQWHG� WR�SRVWV�XVLQJ�EUDFNHWV��
,Q� DGGLWLRQ�� IRU� WKH� SXUSRVHV� RI� WKH� WHVW� QHZ�PRGHOV� RI�
WKH�ZLUH�URSH�DQG�FRQFUHWH�EDUULHUV�ZHUH�PDGH��7KH�ILUVW�
ZLUH�URSH�EDUULHU�PRGHO�FRQVLVWV�RI�WKUHH�� OLQHV DWWDFKHG�
WR�SRVWV�XVLQJ�KRRNV�ZKLFK�ZKHQ�KLW�E\�D�YHKLFOH�PXVW�
PDNH�VXUH� WKDW� WKH�ZLUH� URSH�ZLOO�GHWDFK� IURP�WKH�SRVWV�
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HDVLO\��$IWHU�D�OLWHUDWXUH�VWXG\�PRGHOV�ZHUH�VHOHFWHG�IURP�
WKH�/V�'\QD¶V�PDWHULDOV� OLEUDU\�ZKLFK�GHVFULEH� WKH�ZLUH�
URSH¶V� VWDWH� RI� WHQVLRQ� DQG� LQFOXGH� SUH�WHQVLRQ�� ,Q� WKH�
SRVWV¶�PRGHO�RI�WKH�VWHHO�PDWHULDO�UHDO�PDWHULDO�GDWD�ZHUH�
XVHG� REWDLQHG�IURP�ODERUDWRU\�WHVWV�RI�SRVW�VDPSOHV��7KH�
PRGHO� XVHG� VHOHFWHG� DOJRULWKPV� WR� IROORZ� WKH� FRQWDFW�
EHWZHHQ� WKH� PRGHO¶V� HOHPHQWV�� 7KDQNV� WR� WKLV� LW� ZDV�
SRVVLEOH� WR� UHSUHVHQW� FUDVKHV EHWZHHQ� WKH� ZLUH� URSHV�
PRGHOOHG�DV�EHDP�HOHPHQWV�DQG�WKH�RWKHU�HOHPHQWV�RI�WKH�
QXPHULFDO�PRGHO�� ,Q� WKH� VHFRQG�PRGHO�RI� WKH�ZLUH� URSH�
EDUULHU� ZKLFK� FRQVLVWV� RI� �� OLQHV VHSDUDWHG� E\� D� SODVWLF�
HOHPHQW D� GLIIHUHQW� DSSURDFK�ZDV� DSSOLHG� WR� VLPXODWLQJ�
FRQWDFW� EHWZHHQ� WKH� ILQLWH� HOHPHQWV� ZKLFK� GHVFULEH� WKH�
OLQH� DQG� FRDWLQJ� HOHPHQWV� XVHG IRU� WKH� GLVFUHWLVDWLRQ� RI�
WKH� RWKHU� HOHPHQWV� RI� WKH� PRGHO� VXFK� DV� SRVWV� RU� WKH�
YHKLFOH�� 7KH� EHDP� HOHPHQWV� ZKLFK� FUHDWH� WKH� OLQH� D[LV�
JHRPHWU\�ZHUH�DVVLJQHG�WKH�OLQH¶V�PHFKDQLFDO�SURSHUWLHV��
$URXQG� WKRVH� HOHPHQWV� DQ� DGGLWLRQDO� QRQ�VWUXFWXUDO�
FRDWLQJ� ZDV� PRGHOOHG� WR� KHOS� ZLWK� FRQWDFW� GHVFULSWLRQ��
%RWK� PRGHOV� XVH� SUH�WHQVLRQ� RI� WKH� ZLUH� URSHV�� 7ZR�
PRGHOV� RI� FRQFUHWH� EDUULHUV� ZHUH� PDGH� FRQVLVWLQJ� RI�
VHJPHQWV� MRLQHG� ZLWK� D� VWHHO� EULGJH�� 7KH� PRGHO� DOVR�
LQFOXGHV WKH�EDUULHU¶V� LQWHUQDO� VWUXFWXUH� 7KH� ILUVW�PRGHO�
LV�D� WHPSRUDU\�EDUULHU�����P ORQJ��7KH� VHFRQG�PRGHO� LV�
DQ�DQFKRUHG�EDUULHU�����P ORQJ��%DVHG�RQ� WKH�UHYLHZ�RI�
WKH� OLWHUDWXUH� DQ� DGYDQFHG�PRGHO� RI� FRQFUHWH� ZDV� XVHG�
IRU� PRGHOOLQJ� SXUSRVHV�� ,W� ZDV� PDGH� VSHFLILFDOO\� WR�
DQDO\VH�GDPDJH�WR�FRQFUHWH�GXULQJ�IDVW�FKDQJLQJ�HYHQWV��
7KH� PRGHO� KHOSV� WR� UHSUHVHQW� WKH� DSSUR[LPDWHG�
PRUSKRORJ\� RI� PLFUR� VFUDWFKHV� WR� PDWFK� WKH� VFUDWFKHV�
VKRZQ� LQ� WKH� SKRWRJUDSKV� IURP� WKH� UHDO� WHVW�� &RQFUHWH�
DQG� VWHHO� PDWHULDO� GDWD� ZHUH� REWDLQHG� IURP� ODERUDWRU\�
WHVWV� XVLQJ� VDPSOHV� IURP� EDUULHU� SLHFHV� $� GHWDLOHG�
GHVFULSWLRQ� ZDV� XVHG� RI� WKH� IULFWLRQ� EHWZHHQ� GLIIHUHQW�
PDWHULDOV�LQFOXGLQJ�WKH�VSHHG�RI�GLVSODFHPHQW��

:RUN�KDV�DOVR�EHJXQ�RQ�PRGHOOLQJ�VDIHW\�EDUULHUV�RQ�
KRUL]RQWDO� FXUYHV�� 7KH� FXUUHQW� (1� ����� VWDQGDUGV� IRU�
VDIHW\� EDUULHU� FUDVK� WHVWV� RQO\� UHJXODWH� VWUDLJKW� VHFWLRQV�
RI� EDUULHUV� DQG� EDUULHUV� RQ� KRUL]RQWDO� FXUYHV� DUH� QRW�
FRYHUHG�� 8VLQJ� QXPHULFDO� VLPXODWLRQV� D� SLORW� VHULHV� RI�
FUDVK�WHVWV�ZDV�FRQGXFWHG�ZLWK�VWHHO�DQG�ZLUH�URSH�JXDUG�
UDLO�EDUULHUV�RQ�KRUL]RQWDO�FXUYHV��7KH�DQDO\VLV�ORRNHG�DW�
GLIIHUHQW� FXUYH� UDGLL�� :RUN� EHJDQ� RQ� GHYHORSLQJ�
QXPHULFDO� 0(6� PRGHOV� IRU� WZR� FUDVK� WHVWV� FRQVLVWHQW�
ZLWK� WKH�7%���FUDVK� WHVW� �DFFRUGLQJ� WR�VWDQGDUG 31�(1�
����������� IRU� VDIHW\� EDUULHUV� LQVWDOOHG� RQ� KRUL]RQWDO�
FXUYHV��7KH� ILUVW� WHVW�ZDV�FRQGXFWHG� IRU� FODVV�1��:��$
URDG�ZLUH�URSH�EDUULHU DQG�WKH�VHFRQG�IRU�FODVV�1��:��$�
URDG� VWHHO� EDUULHU�� %DUULHU� V\VWHPV� ZHUH� LQVWDOOHG� RQ�
FRQYH[�KRUL]RQWDO�FXUYHV�ZLWK�D�UDGLXV RI���� P��)LJ����
VKRZV� WKH� PRGHOV� RI� WKHVH� EDUULHU� V\VWHPV� DQG� D�
FRPSDULVRQ�WR�D�UHDO�VLWH�WHVW��$W�SUHVHQW��WKH�PRGHOV�DUH�
EHLQJ�YDOLGDWHG��7KH\�VWLOO�QHHG�DQWL�JODUH�VFUHHQV�ZKLFK�
ZHUH�XVHG�LQ�WKH�VLWH�WHVW��(DUO\�UHVXOWV�RI�FUDVK�LQWHQVLW\�
DUH�DV�IROORZV��IRU�WKH�ZLUH�URSH�EDUULHU�$6,� �������WHVW�
VLWH� UHVXOW� ������ 7+,9  �� NP�K� �WHVW� VLWH� UHVXOW� ���
NP�K��� IRU� WKH� VWHHO� EDUULHU� $6,�  � ����� �WHVW� VLWH� UHVXOW�
����� 7+,9  ���� NP�K��WHVW�VLWH�UHVXOW ���NP�K��

)LJ���� 7KH�QXPHULFDO�PRGHO�DQG�YLHZ�RI�V\VWHP�DW�D�
WHVW�VLWH��EDUULHU�RQ�D�KRUL]RQWDO�FXUYH��UDGLXV���� P��D��
VWHHO�EDUULHU��E��ZLUH�URSH�EDUULHU�

)RU� WKH� SXUSRVHV� RI� WKH� WDVN�� D� GHWDLOHG� SURJUDPPH� RI�
QXPHULFDO�VDIHW\�EDUULHU�FUDVK�WHVWV�ZDV�GHYHORSHG��,Q�WKH�
ILUVW�VWDJH�D�VHULHV�RI�FDOFXODWLRQV�ZHUH FDUULHG�RXW�IRU�D�
FRQFUHWH�EDUULHU�DQG�FUDVK�WHVWV�LQYROYLQJ�%0:�VHULHV ��
YHKLFOH�� DW� ������ NJ�� 7KHVH� WHVWV DUH� EDVHG� RQ� WKH�
VWDQGDUG�7%�� WHVW DQG� WKH�PRGLILFDWLRQV�DUH�DSSOLHG� WR�
WKH� VSHHG� DQG� DQJOH�RI� WKH� LPSDFW�� SODFH�RI� LPSDFW� DQG�
EDUULHU� OHQJWK�� 1XPHULFDO� PRGHOV� IRU� WKHVH� WHVWV� ZHUH�
EXLOW� XVLQJ� D� 7%�� VLPXODWLRQ� DV� WKH� EDVLV�� ,W� ZDV�
YDOLGDWHG� VXFFHVVIXOO\�� 7KH� DQDO\VHG� EDUULHU� V\VWHP� LV�
QRW� DQFKRUHG��7KH� WRWDO� OHQJWK�RI� WKH�EDUULHU¶V�PRGHO� LV�
���P� DQG� GRHV� QRW� KDYH� EHJLQQLQJV RU� WHUPLQDWLRQV� ,Q�
DGGLWLRQ�� WKH� VDPH� VFRSH� RI� WHVWV� ZLOO� DSSO\� WR� DQ�
DQFKRUHG� FRQFUHWH� EDUULHU�� ��� P ORQJ� ZKLFK� LQFOXGHV�
EHJLQQLQJ�DQG�WHUPLQDWLQJ�VHFWLRQV�

$QRWKHU� GHYHORSPHQW� LV� PRGHOOLQJ� WKH� JURXQG� IRU�
PRXQWLQJ� VDIHW\� EDUULHU� SRVWV�� ,Q� QXPHULFDO� VLPXODWLRQV�
WKLV�ZDV�GRQH�E\�LQWURGXFLQJ�D�F\OLQGHU�VKDSHG�EDVH��7R�
SRVW�SURFHVV WKH� UHVXOWV�� LQ�KRXVH� SURJUDPPHV� DQG�
VFULSWV� ZHUH� XVHG� WR� GHWHUPLQH� DFFHOHUDWLRQ� LQWHQVLW\�
LQGLFDWRUV��$6,��WKH�WKHRUHWLFDO�YDOXH�RI�WKH�VSHHG�RI�WKH�
KHDG� RQ� LPSDFW�� 7+,9�� ZRUNLQJ� ZLGWK� DQG� G\QDPLF�
GHIOHFWLRQ��

1XPHULFDO�PRGHOV� IRU�QXPHULFDO�YHKLFOH� VLPXODWLRQV�
ZHUH� VRXUFHG� IURP� JHQHUDOO\� DYDLODEOH� RQ�OLQH� OLEUDULHV�
DV� RSHQ� VRXUFH�� 7KH� YHKLFOH� PRGHO� UHVRXUFH� ZDV�
FRPSOHPHQWHG� ZLWK� D� %0:� QXPHULFDO� PRGHO� ERXJKW�
IURP� 7UDQVSROLV� �SUHYLRXVO\ /,(5�� )UDQFH�� 7KH�PRGHO�
LV�RI�D�������NJ�YHKLFOH�DQG� LV�GHGLFDWHG� WR 7%���FUDVK�
WHVWV��,W�FRUUHVSRQGV�WR�%0:�YHKLFOHV�XVHG�LQ�UHDO�FUDVK�
WHVWV��7KH�PRGHO�KDV�EHHQ�LQVWUXPHQWDO�IRU�WKH�DFFXUDF\�
DQG� UHOLDELOLW\� RI� 7%�� FUDVK� WHVW� FDOFXODWLRQV�� )LJ�� ��
VKRZV�D�FRPSDULVRQ�EHWZHHQ�WKH�0(6�PRGHO�RI�D�%0:�
YHKLFOH� DQG� D� UHDO� YHKLFOH�� 7KH� YHKLFOH� PRGHOV� ZHUH�
V\VWHPDWLFDOO\� PRGLILHG� LQ� RUGHU� WR� VROYH� VRPH� LVVXHV��
VXFK� DV� LPSURYLQJ� WKH� VXVSHQVLRQ�� W\UH� PRGHO� DQG�
GLVFUHWLVDWLRQ��

)LJ���� $�%0: YHKLFOH��D��0(6 PRGHO��E��UHDO�WHVW�
YHKLFOH�
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� 'DWDEDVH�GHYHORSPHQW�

8QGHUVWDQGLQJ� KRZ� VDIHW\� EDUULHUV� FKDQJH� URDG� VDIHW\�
UHTXLUHV� LQ�GHSWK� VWXGLHV� VXFK� DV� GDWDEDVH� H[SORUDWLRQ�
DQG� GHVLJQ�� FRQGXFWLQJ� QXPHULFDO� WHVWV� �EDVHG� RQ� FUDVK�
WHVWV��DQG�VDIHW\�PRGHOOLQJ��)LJ�������0RUH� WKDQ�VHYHQW\�
VHFWLRQV� RI� QDWLRQDO� URDGV� ZLWK� D� WRWDO� OHQJWK� RI� DERXW�
������ NP� DFURVV� DOO� RI� 3RODQG¶V� UHJLRQV� DUH� EHLQJ�
PRQLWRUHG�IRU�URDG�DFFLGHQWV��URDG�SDUDPHWHUV�DQG�WUDIILF�
YROXPHV�� 7KH� GDWD� FROOHFWHG� DW� WKHVH� VLWHV� LQFOXGHV�
SKRWRJUDSKLF� GRFXPHQWDWLRQ� RI� DFFLGHQWV� WKDW� LQYROYH�
UXQQLQJ�LQWR�D�URDG�VDIHW\�GHYLFH��)LJ������

7KH� FROOHFWHG� GDWD� DUH� XVHG� WR� GHYHORS� PRGHOV� RI�
URDG� VDIHW\� PHDVXUHV� DQG� PHWKRGV� IRU� PDQDJLQJ� URDG�
VDIHW\� WRROV��6LPLODUO\� WR� WKH�75/�UHVHDUFK� >��@��DV�SDUW�
RI� REVHUYDWLRQ� RI� KRZ� URDG� VDIHW\� GHYLFHV� RSHUDWH��
YDULRXV�URDG�VHFWLRQV�ZHUH�VHOHFWHG�E\�GHYLFH��ROG�W\SH��
QHZ�W\SH��VWHHO��ZLUH�URSH��FRQFUHWH��DQG�WUDIILF�DQG�URDG�
SDUDPHWHUV�� $Q� LPSRUWDQW� FULWHULRQ� IRU� WKH� VHOHFWLRQ� RI�
VHFWLRQV� ZDV� WKH� DVVHVVPHQW� RI� LQGLYLGXDO� ULVN� >��@ RI�
UXQQLQJ� LQWR� VDIHW\�EDUULHUV�RU�SROHV��'DWD�ZHUH�GLYLGHG�
LQWR� WKUHH� JURXSV�� 5RDG� 'DWDEDVH� ± FRQWDLQLQJ�
LQIRUPDWLRQ�DERXW�VHFWLRQV��ORFDWLRQ��JHRPHWU\��URDGVLGH��
7UDIILF�'DWDEDVH�± FRQWDLQLQJ�GDWD� RQ� WKH�YROXPH�� W\SH�
RI�WUDIILF�VWUXFWXUH��$FFLGHQW�'DWDEDVH�± FRQWDLQLQJ�GDWD�
RQ� DFFLGHQWV�� YLFWLPV�� FLUFXPVWDQFHV�� W\SHV�� FDXVHV��
SHUSHWUDWRUV��HWF�

)LJ��� 'LDJUDP�RI�DQDO\WLFDO�ZRUN�RQ�URDG�UHVWUDLQW�
V\VWHPV��

)LJ���� 3KRWRJUDSKLF�GRFXPHQWDWLRQ�RI�URDG�DFFLGHQWV�
�VRXUFH��*HQHUDO�'LUHFWRUDWH�RI�1DWLRQDO�5RDGV�DQG�
0RWRUZD\V�

��+D]DUG�LGHQWLILFDWLRQ�DQG�URDG�VDIHW\�
PHDVXUH�PRGHOV�

6HFWLRQV�RI�QDWLRQDO�URDGV�ZKLFK�KDYH�UHFRUGHG�URDGVLGH�
UHODWHG�DFFLGHQWV��KLWWLQJ D�WUHH��XWLOLW\�SROH��VLJQ��EDUULHU��
YHKLFOH�UROO�RYHU�RQ�WKH�VKRXOGHU��RQ�DQ�HPEDQNPHQW��LQ�
D� GLWFK� ZLWKLQ� WKH� ODVW� �� \HDUV�ZHUH� DQDO\VHG� LQ�GHWDLO��
)LJ� �� VKRZV� D�PDS� RI� WKH�PRVW� GDQJHURXV� VHFWLRQV� RI�
QDWLRQDO� URDGV� LQ� WKH�SDUWLFXODU� UHJLRQV��$�GHWDLOHG� URDG�
VDIHW\� LQVSHFWLRQ� ZLOO� EH� FRQGXFWHG� IRU� HDFK� RI� WKH�
VHFWLRQV�WR�LGHQWLI\�WKH�KD]DUGV�DQG�VXJJHVW�WUHDWPHQWV�

)LJ����0DS�RI�WKH�PRVW�KD]DUGRXV�VHFWLRQV�GXH�WR�
URDGVLGH�FRQGLWLRQV�LQ�WKH�UHJLRQV

$�UHSRUW�ZDV�GUDIWHG�VKRZLQJ� WKH� UHVXOWV�RI�DQ�DQDO\VLV�
DQG�FODVVLILFDWLRQ�RI�LPSURSHU�XVH�RI�URDG�VDIHW\�GHYLFHV�
DQG� KD]DUGV� DQG� VRXUFHV� RI� KD]DUGV� LI� WKHUH� DUH� QR�
UHVWUDLQWV� RU� WKH� UHVWUDLQWV� DUH� ZURQJO\� XVHG�� 7KH�
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H[DPSOH�XVHG� LQ� WKLV�FDVH�ZDV� WKH�UHJLRQ�RI�3RPRUVNLH��
)LJ� �� VKRZV�DQ�H[DPSOH�RI�DQ�DQDO\VLV�RI�D�KD]DUGRXV�
URDG� VHFWLRQ� ZLWK� WKH� SRVVLELOLW\� RI� D� UXQ�RII�URDG�
DFFLGHQW��)LJ� �� JLYHV�DQ�H[DPSOH�RI� KD]DUGV� LGHQWLILHG�
GXULQJ�D�URDG�VDIHW\�LQVSHFWLRQ�RQ�D�QDWLRQDO�URDG�

)LJ� �� $QDO\VLV RI�D�VHOHFWHG VHFWLRQ�RI�QDWLRQDO�URDG ��

)LJ���� ,GHQWLILFDWLRQ�RI�KD]DUGV�RQ�VHFWLRQ�RI�15
URDG ��

7DEOH��� 3DUDPHWHU�HVWLPDWHV�RI�WKH�FUDVK�SUHGLFWLRQ�PRGHO�
RI�(T�����

3DUDPHWHU &RHIILFLHQWV 9DOXH

$GMXVWPHQW Į ����

7UDIILF�YROXPH�4 ȕ� ����

��RI�EDUULHUV�% ȕ� �����

��RI�HPEDQNPHQWV�6 ȕ� ����

��RI�WUHHV�WR����P��7� ȕ� ����

��RI�WUHHV�DERYH����P��7� ȕ� �����

��RI�IRUHVWV�7� ȕ� �����

5RDG�FODVV�& ȕ� �����

�� RI� VKRXOGHUV� DERYH� ���� ȕ� �����

��RI�VKRXOGHUV�WR�����P�3� ȕ� �����

��RI�VRIW�VKRXOGHUV��3� ȕ�� ����

7KH� GDWDEDVH� LQFOXGHV� SDUDPHWHUV� DVVLJQHG� WR� UHIHUHQFH�
OHQJWKV� IURP� �� � �� NP�� ZKLFK� DUH�� OHQJWK� RI� VHFWLRQ��
DQQXDO� DYHUDJH� GDLO\� WUDIILF� IORZ�� QXPEHU� RI�
LQWHUVHFWLRQV� DQG� H[LWV�� VKDUH� RI� VHFWLRQV� ZLWK� EDUULHUV��
VKDUH�RI� VHFWLRQV�ZLWK� WUHHV��QXPEHU�RI� VLJQV��SRVWV�DQG�
RWKHU� URDG�IXUQLWXUH��$FFRUGLQJ� WR� WKH�UHFRPPHQGDWLRQV�
�EDVHG� RQ� WKH� DQDO\VLV� RI� RWKHU� PRGHOV�� WKH� IROORZLQJ�
DVVXPSWLRQV�ZHUH�GHYHORSHG�

x PRGHO� WR�EH�XVHG�WR�FDOFXODWH�ULVN�LQGH[�DQG�VHYHULW\�
RI�HYHQWV�

x ULVN�LQGH[�ZLOO�GHSHQG�RQ�WUDIILF�YROXPH�
x WKH� DQDO\VHV� WR� EH� EDVHG� RQ� WKH� H[LVWLQJ� GDWD� RQ�

DFFLGHQWV�� KLWWLQJ� D� EDUULHU�� UXQQLQJ� LQWR� D� WUHH��
UXQQLQJ�LQWR�D�SROH�RU�VLJQ�

x WKH� UHVXOWV� WR� GLVWLQJXLVK� EHWZHHQ� FURVV�VHFWLRQV�
�VLQJOH�DQG�GXDO�FDUULDJHZD\��DQG�FODVVHV�
7KH� UHVXOWV� RI� WKH� VWXG\� DUH� SUHVHQWHG� EDVHG� RQ� WKH�

'$�YLFWLPV�GHQVLW\�PRGHO� IRU� VLQJOH FDUULDJHZD\� URDGV�
RI�*3�FODVV��PDLQ�URDG�ZLWK�DFFHOHUDWHG�WUDIILF��RXWVLGH�D�
EXLOW�XS� DUHD�� 7KH� DFFLGHQW� GHQVLW\� PRGHO� LV� GHVFULEHG�
ZLWK�WKH�IROORZLQJ�IRUPXOD�

'$
� � ��� � � �� �

� � � � � �� �% �6 7 7 7 & 3 3 3*2) < 4 H
E E E EE E E E EED � � � � � � � � � �

���
ZKHUH��
'$ H[SHFWHG� QXPEHU� RI� DFFLGHQWV� SHU�
NLORPHWUHV�RI�URDG�
Į DGMXVWPHQW�FRHIILFLHQW�
4 DQQXDO�DYHUDJH�GDLO\�WUDIILF���$$'7�
ȕM������«�Q� FDOFXODWLRQ�FRHIILFLHQWV�
%�6�7��7��7� &�3��3��3�� � IDFWRUV� UHODWHG� WR� WKH� ULVN�RI� DQ�
DFFLGHQW�

,Q� WKH� FDVH� RI� WKH� '$� YLFWLPV� GHQVLW\� PRGHO�� WKH�
GHWHUPLQDWLRQ� FRHIILFLHQW� LV� ������ 7KH� IDFWRUV� ZLWK� WKH�
VWURQJHVW� HIIHFW� RQ� WKH� PRGHO� KDG� WR� GR� ZLWK� EDUULHUV��
QXPEHU� RI� WUHHV� DORQJ� WKH� FDUULDJHZD\� �XS� WR� ���� DQG�
PRUH�WKDQ�����P�IURP�WKH�HGJH�� QXPEHU�RI�EDUULHUV�DQG�
URDG�FODVV��7KH�VWXG\�VKRZHG�WKDW�DFFLGHQW�GHQVLW\�JRHV�
GRZQ�DV�WKH�QXPEHU�RI�EDUULHUV�DQG�KDUG�VKRXOGHUV�JRHV�
XS��:KHQ�DOO� WKH�RWKHU�SDUDPHWHUV�DUH�DYHUDJHG�DQG� WKH�
HIIHFWV� RI� $$'7� DUH� LQFOXGHG�� '$� VKRZV� D� FOHDU�
LQFUHDVH� IRU� PRUH� WKDQ� D� ���� VKDUH� RI� VHFWLRQV� ZLWK�
URDGVLGH� WUHHV� WKDW� DUH� OHVV WKDQ� ���� P� DZD\� IURP� WKH�
URDG� HGJH� DQG� QR� EDUULHUV� DUH� SUHVHQW�� :KHUH� VDIHW\�
EDUULHUV�DUH�SUHVHQW��'$�GURSV� VLJQLILFDQWO\� IRU� VHFWLRQV�
ZLWK� URDGVLGH� WUHHV� PRUH� WKDQ� ���� P� DZD\� IURP� URDG�
HGJH� DQG� HPEDQNPHQWV�� $V� WKH� ZRUN� FRQWLQXHV�� LW� ZLOO�
VWXG\�D�JUHDWHU�OHYHO�RI�GHWDLO��WKH�KHLJKW�DQG�JUDGLHQW�RI�
VORSHV�� SUHVHQFH� RI� REVWDFOHV�� VKDUH� RI� KHDY\� JRRGV�
YHKLFOHV��W\SH�RI�VDIHW\�EDUULHUV��URDGZD\�ZLGWK��GLIIHUHQW�
FURVV�VHFWLRQV��VLQJOH�DQG�GXDO�FDUULDJHZD\V������FURVV�
VHFWLRQ���

��6XPPDU\

2YHU�WKH�ODVW�WZHQW\�ILYH�\HDUV�PRUH�WKDQ��������SHRSOH�
ZHUH� NLOOHG� RQ� 3ROLVK� URDGV� LQ� UXQ�RII�URDG� FUDVKHV� �RI�
ZKLFK�D�FOHDU�PDMRULW\�LQYROYHG�KLWWLQJ�D�WUHH���7KH�PDLQ�
IDFWRUV�WKDW�LQIOXHQFH�WKH�ULVN�RI�EHLQJ�LQYROYHG�LQ�VXFK�D�
FUDVK� DUH�� KLVWRULF� GHYHORSPHQWV�� URDG� FODVV�� OHQJWK� DQG�
HOHPHQW�RI�FDUULDJHZD\��KD]DUGRXV�HOHPHQWV�DW� WKH�HGJH�
RI� FDUULDJHZD\� �PDLQO\� WUHHV��� VDIHW\�PHDVXUHV� LQ� SODFH�
RU� ODFN� RI� VDIHW\�PHDVXUHV�� 7R� LPSURYH� URDGVLGH� VDIHW\�
ZH� PXVW�� LGHQWLI\� WKH� KD]DUGV� RQ� WKH� URDG� QHWZRUN��
FRQGXFW� FKHFNV�� FRQGXFW� UHVHDUFK� �EXLOG� PRGHOV� RI� WKH�
HIIHFWV� RI� VHOHFWHG� IDFWRUV� RQ� URDG� VDIHW\�� HIIHFWLYHQHVV�
HYDOXDWLRQ��� LPSOHPHQW� VDIHW\� VWDQGDUGV�� GHYHORS�
JXLGDQFH� DQG� SULQFLSOHV� IRU� VDIH� URDGVLGHV�� HQVXUH� WKDW�
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WKHUH�LV�FROODERUDWLRQ�EHWZHHQ�GHVLJQHUV��URDG�DXWKRULWLHV�
DQG� HQYLURQPHQWDO� RUJDQLVDWLRQV� DQG� LQVWLWXWLRQV� DQG�
H[FKDQJH�H[SHULHQFH�ZLWK�RWKHU�FRXQWULHV��0RUH�PRGHOV�
VKRXOG�EH�GHYHORSHG�WKDW�FRPELQH�URDG�KD]DUGV�ZLWK�WKH�
ULVN RI�DFFLGHQWV��ZLWK�SDUWLFXODU�HPSKDVLV�RQ�WKH�LPSDFW�
RI� URDG� UHVWUDLQW� V\VWHPV�� )RU� \HDUV� URDGVLGH�
HQYLURQPHQWV� KDYH� EHHQ� RQH� RI� WKH� PRVW� QHJOHFWHG�
DVSHFWV�RI�URDG�VDIHW\�HIIRUWV�LQ�3RODQG��&ODULW\�LV�QHHGHG�
RQ� WKH� HIIHFWV� RI� URDGVLGHV� RQ� URDG� VDIHW\�� :H� PXVW�
XQGHUVWDQG� WKH� KD]DUGV� URDGVLGHV� FDXVH� DQG� LPSOHPHQW�
HIIHFWLYH�VROXWLRQV�

$FNQRZOHGJHPHQWV�5HVHDUFK� LV� IXQGHG� E\� WKH� 'HYHORSPHQW�
RI� 5RDG� ,QQRYDWLRQ� UHVHDUFK� SURJUDPPH�� SURMHFW� 5,'� �$�
�FRQWUDFW�QXPEHU�'=3�5,'�,�������1&%5��������DQG�RUGHUHG�
E\�� 7KH� 1DWLRQDO� &HQWUH� IRU� 5HVHDUFK� DQG� 'HYHORSPHQW�
�1&%L5�� DQG� WKH�*HQHUDO�'LUHFWRUDWH IRU�1DWLRQDO�5RDGV� DQG�
0RWRUZD\V��*''.L$���

5HIHUHQFHV

�� 0�� %XG]\QVNL�� .�� -DPUR]�� /�� -HOLQVNL�� DQG� 0��
$QWRQLXN�� ³:K\� DUH� 7UHHV� 6WLOO 6XFK� D� 0DMRU�
+D]DUG� WR� 'ULYHUV� LQ� 3RODQG"�´� LQ� 7UDQVSRUWDWLRQ�
5HVHDUFK�3URFHGLD��������YRO�����

�� 0�� $�� &DILVR� 6��� &DYD� *�� /D�� ³,GHQWLILFDWLRQ� RI�
KD]DUG�ORFDWLRQ�DQG�UDQNLQJ�RI�PHDVXUHV�WR�LPSURYH�
VDIHW\� RQ� ORFDO� UXUDO� URDGV� )LQDO� UHVHDUFK� UHSRUW�´�
�����

�� -� :��+��9DQ�3HWHJHP�DQG�)��:HJPDQ��³$QDO\]LQJ�
URDG� GHVLJQ� ULVN� IDFWRUV� IRU� UXQ�RII�URDG� FUDVKHV� LQ�
WKH� 1HWKHUODQGV� ZLWK� FUDVK� SUHGLFWLRQ� PRGHOV�´� -��
6DIHW\� 5HV��� YRO�� ���� QR�� )HEUXDU\�� SS�� ���±�����
�����

�� $DVKWR��5RDGVLGH�'HVLJQ�*XLGH�������

�� &��%URGLH��&��-XUHZLF]��/��6WHLQPHW]��&��3KLOOLSV��3��
&DLUQH\�� DQG� *�� 9HLWK�� ,PSURYLQJ� 5RDGVLGH� 6DIHW\�
6XPPDU\�5HSRUW���

�� <DQQLV� *��� %HVW� SUDFWLFH� IRU� FRVW� � HIIHFWLYH� URDG�
VDIHW\�LQIUDVWUXFWXUH�LQYHVWPHQWV�������

�� &��'��)LW]SDWULFN��&��3��+DUULQJWRQ��0�� D��.QRGOHU��
DQG�0��5��(��5RPRVHU��³7KH�LQIOXHQFH�RI�FOHDU�]RQH�
VL]H�DQG�URDGVLGH�YHJHWDWLRQ�RQ�GULYHU�EHKDYLRU�´�-��
6DIHW\�5HV���YRO������QR��)HEUXDU\��SS����±����������

�� -�� +LOOV� *��� /��� %DJXOH\� &��� -��� .LUN� 6��� &RVW� DQG�
6DIHW\� (IILFLHQW� 'HVLJQ� 6WXG\� RI� 5XUDO� 5RDGV� LQ�
'HYHORSLQJ�&RXQWULHV�)LQDO�5HSRUW�&RXQWULHV�������

�� 6�� 9DUGDNL�� )�� 3DSDGLPLWULRX�� DQG� 3�� .RSHOLDV��
³5RDG� VDIHW\� DXGLW� RQ� D� PDMRU� IUHHZD\��
LPSOHPHQWLQJ� VDIHW\� LPSURYHPHQWV�´� (XU�� 7UDQVS��
5HV��5HY���YRO�����QR�����SS�����±����������

��� -�� /HH� DQG� )�� 0DQQHULQJ�� ³,PSDFW RI� URDGVLGH�
IHDWXUHV� RQ� WKH� IUHTXHQF\� DQG� VHYHULW\� RI� UXQ�RII�
URDGZD\� DFFLGHQWV�� DQ� HPSLULFDO� DQDO\VLV�´� $FFLG��
$QDO��3UHY���YRO������QR�����SS�����±����0DU�������

��� )�� /D� 7RUUH�� 3�� 6DOHK�� (�� &HVROLQL�� DQG� <�� *R\DW��
³,PSURYLQJ� 5RDGVLGH� 'HVLJQ� WR� )RUJLYH� +XPDQ�
(UURUV�´� 3URFHGLD� � 6RF�� %HKDY�� 6FL��� YRO�� ���� SS��
���±�����2FW�������

��� )�� $�� %XUODFX�� 2�� 7DULWD�&LPSHDQX�� DQG� 0�� 'LFX��
³7KH� 1HHG� IRU� 6DIHU� DQG� )RUJLYLQJ� 5RDGV�´� 3URF��
,QW��&RQI��5RDG�5DLO�,QIUDVWUXFW��&(75$��$SU�������

��� 1��-DPLHVRQ��*��:DLEO��DQG�5��'DYLHV��³55�����8VH�
RI�URDGVLGH�EDUULHUV�YHUVXV�FOHDU�]RQHV�´������

��� -�� 0�� +ROGULGJH�� 9�� 1�� 6KDQNDU�� DQG� *�� )��
8OIDUVVRQ�� ³7KH� FUDVK� VHYHULW\� LPSDFWV� RI� IL[HG�
URDGVLGH�REMHFWV�´�-��6DIHW\�5HV���YRO������QR�����SS��
���±�����-DQ�������

��� $$6+72�� +LJKZD\� 6DIHW\� 0DQXDO�� :DVKLQJWRQ��
$PHULFDQ� $VVRFLDWLRQ� RI� 6WDWH� +LJKZD\� DQG�
7UDQVSRUWDWLRQ�2IILFLDOV�������

��� 6�� GH� 5LGGHU�� 5�� YDQ� GHU� +RUVW�� DQG� 5�� 7KRPVRQ��
³'����(QYHORSH�RI�YHKLFOH�DQG�GULYHU�UHVSRQVH�SULRU�
WR� FROOLVLRQV 3URMHFW� $&521<0�� 5,6(5� 7,7/(��
5RDGVLGH�,QIUDVWUXFWXUH�IRU�6DIHU�(XURSHDQ�5RDGV�´�
6XVWDLQ��*URZWK¶�3URJUDP��������

��� 5��(OYLN� DQG�7��9DD��7KH� KDQGERRN� RI� URDG� VDIHW\�
PHDVXUHV��(OVHYLHU�������

��� 6��*DFD�DQG�0��.LHF��³6SHHG�0DQDJHPHQW�IRU�/RFDO�
DQG�5HJLRQDO�5XUDO�5RDGV�´�7UDQVS��5HV��3URFHGLD��
YRO������SS������±�����������

��� 6�� *DFD��0�� .LHF�� DQG�0�� %XG]\QVNL�� ³(YDOXDWLQJ�
WKH�HIIHFWLYHQHVV�RI�QRQ�SK\VLFDO�VSHHG�PDQDJHPHQW�
PHDVXUHV� :HE� RI� 6FLHQFH� &RUH� &ROOHFWLRQ� )XOO�
5HFRUG�´�������SS�����±����

��� )�� /D� 7RUUH�� *�� :LOOLDPV�� 5�� 7KRPVRQ�� DQG� &��
6WHIDQ�� ³&('5� &DOO� ������ 6DIHW\�� 8VH� RI� 9HKLFOH�
5HVWUDLQW� 6\VWHPV� 6$9H56� 6HOHFWLRQ� RI�
$SSURSULDWH� 9HKLFOH� 5HVWUDLQW� 6\VWHPV� *XLGHOLQH�
IRU� WKH� VHOHFWLRQ� RI� WKH� PRVW� DSSURSULDWH� 5RDGVLGH�
9HKLFOH�5HVWUDLQW�6\VWHP�´������

��� -��'��0��+��(��5266�� -5���'��/�� 6,&.,1*��5��$��
=,00(5�� ³1DWLRQDO� &RRSHUDWLYH� +LJKZD\�
5HVHDUFK�3URJUDP�5HSRUW�����´������

��� ³$$6+72�)+:$� -RLQW� ,PSOHPHQWDWLRQ�
$JUHHPHQW� IRU� WKH�$$6+72�0DQXDO� IRU�$VVHVVLQJ�
6DIHW\�+DUGZDUH�������´�S�������������

��� =�� 5HQ� DQG� 0�� 9HVHQMDN�� ³&RPSXWDWLRQDO� DQG�
H[SHULPHQWDO� FUDVK� DQDO\VLV� RI� WKH� URDG VDIHW\�
EDUULHU�´�(QJ�� )DLO�� $QDO��� YRO�� ���� QR�� ��� SS�� ���±
�����'HF�������

��� 0��%RURYLQãHN��0��9HVHQMDN��0��8OELQ��DQG�=��5HQ��
³6LPXODWLRQ� RI� FUDVK� WHVWV� IRU� KLJK� FRQWDLQPHQW�
OHYHOV�RI�URDG�VDIHW\�EDUULHUV�´�(QJ��)DLO��$QDO���YRO��
����QR�����SS������±������'HF�������

��� ,�� .UHMD� DQG�0�� /��:HNH]HU�� -HUU\�:�� ³&RPSXWHU�
VLPXODWLRQ� RI� YHKLFOH� FROOLVLRQV� ZLWK� URDG� VDIHW\�
GHYLFHV�´�5RDG�&RQVWU���YRO����������

��� 0�� 9HVHQMDN�� 0�� %RURYLQãHN�� DQG� =�� 5HQ��
³&RPSXWDWLRQDO� VLPXODWLRQV� RI� URDG� VDIHW\� EDUULHUV�
XVLQJ�/6�'<1$�´������

��� 0�� .ODV]WRUQ\�� '�� %�� 1\F]�� DQG� 3�� 6]XUJRWW��
³0RGHOOLQJ�DQG�VLPXODWLRQ�RI�FUDVK�WHVWV�RI�1��:��
$�FDWHJRU\�VDIHW\�URDG�EDUULHU�LQ�KRUL]RQWDO�FRQFDYH�
DUF�´� ,QW�� -�� &UDVKZRUWKLQHVV�� YRO�� ���� QR�� ��� SS��
���±�����1RY�������
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��� 0�� .ODV]WRUQ\�� .�� =LHORQND�� '�� %�� 1\F]�� DQG� 3��
3RVXQLDN�� ³([SHULPHQWDO� YHULILFDWLRQ� RI� VLPXODWLRQ�
RI� WE���FUDVK� WHVW� IRU�VS������URDG�VDIHW\�EDUULHU�RQ�
KRUL]RQWDO� FRQFDYH� DUF�´� -�� &LY�� (QJ�� (QYLURQ��
$UFKLW���YRO��]������QU���,�������

��� .�� :LOGH�� .�� -DPUR]�� '�� %UXVNL�� 6�� %XU]\ĔVNL�� -��
&KUyĞFLHOHZVNL�� DQG� :�� :LWNRZVNL�� ³1XPHULFDO�
VWXG\� RI� EXV� FROOLVLRQ� LQ� EDUULHU� V\VWHP� DQG� WUXVV�
VXSSRUW� VWUXFWXUH�´� -�� &LY�� (QJ�� (QYLURQ�� $UFKLW���
�����

��� *��/��:LOOLDPV��³:KROH�/LIH�&RVW�%HQHILW�$QDO\VLV�
IRU�0HGLDQ�6DIHW\�%DUULHUV�´

��� :��.XVWUD�� .�� -DPUR]�� DQG�0�� %XG]\QVNL�� ³6DIHW\�
3/� $� 6XSSRUW� 7RRO� IRU� 5RDG� 6DIHW\� ,PSDFW�
$VVHVVPHQW�´�LQ�7UDQVSRUWDWLRQ�5HVHDUFK�3URFHGLD��
������YRO�����
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