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,PSOHPHQWLQJ�6WRFKDVWLF�0XOWLGLVFLSOLQDU\�'HVLJQ�
,PSURYHPHQW���([DPSOHV�DQG�,PSOLFDWLRQV�

�
3HWWHU�6DKOLQ��&ULVWLDQ�-LPHQH]���

$QGUHDV�.XKQ��7KRPDV�5LHGHQEDXHU�
�

($6L�(QJLQHHULQJ�*PE+��$O]HQDX��*HUPDQ\�
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$EVWUDFW��
�
:LWK�WKH�VWUHQJWK�LQ�PDQDJLQJ�FRPSOH[LW\�VWRFKDVWLF�DQDO\VLV�RIIHUV�XQLTXH�FKDUDFWHULVWLFV�IRU�
PXOWLGLVFLSOLQDU\� GHVLJQ� LPSURYHPHQW�� 7KHUHIRUH�� WKH� PHWKRG� KDV� EHHQ� XVHG� LQ� ODUJH�VFDOH�
PXOWLGLVFLSOLQDU\� DQDO\VHV�� VXFK� DV� PDVV� UHGXFWLRQ� ZKLOH� FRQVLGHULQJ� D� FRPELQDWLRQ� RI�
FUDVKZRUWKLQHVV�ORDG�FDVHV��IURQWDO��RIIVHW��VLGH�DQG�UHDU� LPSDFW��DQG�19+�ORDG�FDVHV��VWDWLF�
DQG�G\QDPLF�VWLIIQHVV��LQ�WKH�VDPH�DQDO\VLV���
�
+RZ� VWRFKDVWLF� DQDO\VLV� LQWURGXFHV� XQFHUWDLQW\� DQG� VFDWWHU�� PDQDJHV� UREXVWQHVV�� DQG� WKH�
PHWKRGV�DELOLW\�RI�KDQGOLQJ�FRPSOH[LW\�DQG�PDQ\�GLPHQVLRQV�RI�D�SUREOHP�VLPXOWDQHRXVO\��DUH�
VRPH� PRWLYHV� IRU� LWV� LQWURGXFWLRQ�� %RWK� H[WHQVLYH� FRPSXWDWLRQDO� DQG� HQJLQHHULQJ� SURFHVV�
RULHQWHG�LVVXHV�KDYH�WR�EH�DGGUHVVHG�DV�D�SDUW�RI�D�VROXWLRQ����
�
7KLV� SDSHU� GHVFULEHV� ZK\� VWRFKDVWLF� DQDO\VLV� LV� XVHG� IRU� PXOWLGLVFLSOLQDU\� DQDO\VHV� LQ� WKH�
DXWRPRWLYH�LQGXVWU\��DQG�LW�VXPPDUL]HV�VRPH�RI�WKH�SUDFWLFDO�LVVXHV�WR�EH�VROYHG�DV�D�SDUW�RI�D�
VROXWLRQ�LPSOHPHQWHG�LQ�FRQWHPSRUDU\�GHYHORSPHQW�SURMHFWV��
�
�
�
�
�
�
.H\ZRUGV��
�
5REXVWQHVV� PDQDJHPHQW�� 5LVN� PDQDJHPHQW�� 6WRFKDVWLF� DQDO\VLV�� 0XOWLGLVFLSOLQDU\� GHVLJQ�
RSWLPLVDWLRQ�� 5REXVW� GHVLJQ� LPSURYHPHQW�� %LIXUFDWLRQ�GULYHQ�� 0DVV� UHGXFWLRQ�� &XUVH� RI�
GLPHQVLRQDOLW\�� &UDVKZRUWKLQHVV� VLPXODWLRQ�� 2FFXSDQW� VDIHW\� VLPXODWLRQ�� 19+� VLPXODWLRQ��
5REXVWQHVV�VWXGLHV���6DIHW\�HQJLQHHULQJ��
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�� ,QWURGXFWLRQ�
$XWRPRWLYH�GHVLJQ� FRQFHSWV� DUH� EHFRPLQJ� LQFUHDVLQJO\�PRUH� FRPSOH[��ZLWK� HYHU� LQFUHDVLQJ�
GHPDQGV� RI� IXQFWLRQDOLW\�� FRVW�� UHOLDELOLW\�� OHJDO� UHTXLUHPHQWV� WR� EH�PHW� ZLWKLQ� FRQWLQXRXVO\�
VKRUWHQHG� OHDG� WLPHV��:LWK� WKLV� LQFUHDVLQJ� FRPSOH[LW\� WKH� GHYHORSPHQW� SURFHVV� EHFRPHV� D�
EDODQFLQJ� DFW� EHWZHHQ� GLIIHUHQW� VROXWLRQV�� WKHLU� ULVNV� DQG� FRQVHTXHQFHV�� 7R� GHYHORS� WKH�
DSSURSULDWH� OHYHO� RI� NQRZOHGJH� WR� DVVHV� WKHVH� ULVNV� DQG� FRQVHTXHQFHV� HQKDQFHG� GHVLJQ�
FRQFHSW� VHOHFWLRQV�� UHGXFHG�XQFHUWDLQW\�� DQG� HQKDQFHG� DQDO\WLFDO� WRROV� DUH� UHTXLUHG�� $QG� LQ�
RUGHU�WR�DYRLG�H[SHQVLYH�ODWH�UHGHVLJQV�D�FRPELQDWLRQ�RI�WKHVH�HQKDQFHPHQW�ZLWK�DQ�LQFUHDVHG�
OHYHO�RI�FRRSHUDWLRQ�DQG�FRRUGLQDWLRQ�HDUOLHU�LQ�WKH�GHYHORSPHQW�SURFHVV�LV�QHHGHG��
�
7R�PHHW�WKLV�QHHG�0XOWLGLVFLSOLQDU\�'HVLJQ�2SWLPLVDWLRQ��0'2��KDV�EHHQ�LQWURGXFHG��0'2�KDV�
EHHQ� GHILQHG� DV� D� PHWKRGRORJ\� IRU� WKH� GHVLJQ� RI� FRPSOH[� HQJLQHHULQJ� V\VWHPV� DQG�
VXEV\VWHPV�WKDW�FRKHUHQWO\�H[SORLWV�WKH�V\QHUJLVP�RI�PXWXDOO\�LQWHUDFWLQJ�SKHQRPHQD�

798
��,Q�WKH�

FRQWH[W� RI� WKLV� SDSHU� 0'2� LV� D� VWUXFWXUHG� DSSURDFK� WR� DXWRPDWLFDOO\� RU� VHPL�DXWRPDWLFDOO\�
SHUIRUP�RSWLPLVDWLRQ�RU�GHVLJQ�LPSURYHPHQW�RI�D�GHVLJQ��ZLWK�D�FRPPRQ�JRDO�GHILQLWLRQ��EDVHG�
RQ�D�FRPELQHG�VHW�RI�ORDG�FDVHV�IURP�GLIIHUHQW�HQJLQHHULQJ�GRPDLQV��7KH�YDOXH�RI�0'2�LV�WR�DV�
IDVW� DQG� HIILFLHQWO\� DV� SRVVLEOH�� DQG�ZLWKRXW� SUH�DVVXPSWLRQV�� DXWRPDWLFDOO\� YDOLGDWH� GHVLJQ�
FRQFHSWV�DQG�GHVLJQV�ZLWK�WKHLU�DVVRFLDWHG�ULVNV��
�
$Q�H[DPSOH�RI�0'2�ZLWKLQ�DXWRPRWLYH�HQJLQHHULQJ�LV�PDVV�UHGXFWLRQ�RI�D�FRPSOHWH�FDU�ERG\�
LQ�SULPH� RU� ERG\�LQ�ZKLWH�ZKLOH� FRQVLGHULQJ� FUDVKZRUWKLQHVV� DQG� 19+� FKDUDFWHULVWLF� LQ� RQH�
DQDO\VLV��6HYHUDO�GLIIHUHQW� ORDG�FDVHV�IRU�FUDVK��IRU�H[DPSOH�IURQWDO��VLGH�DQG�UHDU� LPSDFW�DUH�
FRPELQHG� ZLWK� VHYHUDO� GLIIHUHQW� ORDG� FDVHV� 19+� DQG� VLPXODWLRQV� RI� RWKHU� IXQFWLRQDO�
UHTXLUHPHQWV�GHILQHG�E\�WKH�GHYHORSPHQW�SURMHFW��7KH�JRDO�IRU�DQ�RSWLPLVDWLRQ�ZLWK�WKLV�VHW�XS�
LV�W\SLFDOO\�WR�UHGXFH�PDVV�ZLWKRXW�D�VLJQLILFDQW�UHGXFWLRQ�LQ�SHUIRUPDQFH�LQ�FUDVKZRUWKLQHVV�
RU�19+�FKDUDFWHULVWLFV��0DVV�UHGXFWLRQ�VWXGLHV�DUH�EHFRPLQJ�LQFUHDVLQJO\�IUHTXHQW��EXW�KHQFH�
WKLV��DQG�HVSHFLDOO\�ZKHQ�UHIHUULQJ�WR�D�IXOO�VFDOH�FDU�FUDVK�PRGHO��LW�LV�FRQVLGHUHG�DQ�H[WHQVLYH�
DQDO\VLV��LQ�WHUPV�RI�VL]H�RI�WKH�VLPXODWLRQ�DQG�WKH�FRPSOH[LW\�RI�WKH�GLIIHUHQW�PRGHOV�DQG�ORDG�
FDVHV�LQYROYHG����
�
:KLOH�WUDGLWLRQDO��GHWHUPLQLVWLF��0'2�PHWKRGV�KDYH�EHHQ�VXFFHVVIXO�LQ�UHGXFLQJ�WKH�OHDG�WLPH�
LQ�DQDO\VLV�RI�PXOWLSOH�GLVFLSOLQHV�� VXFK�DV� WKH�H[DPSOH�RI�PDVV� UHGXFWLRQ�GHVFULEHG�DERYH��
WKH\�GR�QRW�QHFHVVDULO\�DGGUHVV�DOO�HVVHQWLDO�LVVXHV�RI�DXWRPRWLYH�HQJLQHHULQJ��DQG�HVSHFLDOO\�
QRW� DOO� HVVHQWLDO� LVVXHV� UHOHYDQW� WR� DXWRPRWLYH� VDIHW\� HQJLQHHULQJ�

:;8=<>8
�� 7KUHH� KLJKO\� UHOHYDQW��

LVVXHV�ZKLFK�RIWHQ�DUH�LJQRUHG�LQ�WUDGLWLRQDO�0'2�DUH���
� + +RZ�WKH�LQFUHDVLQJ�FRPSOH[LW\�RI�WKH�GHVLJQ�RI�DXWRPRWLYH�V\VWHPV�LV�DGGUHVVHG���+ +RZ�XQFHUWDLQW\�DQG�VFDWWHU�LQ�WKH�SURSHUWLHV�RI�WKH�VLPXODWHG�V\VWHPV�DUH�LQWURGXFHG��+ +RZ�D�ODUJH�QXPEHU�RI�VFDWWHULQJ�LQGHSHQGHQW�DQG�GHSHQGHQW�SURSHUWLHV�DUH�KDQGOHG��
�
7KHVH�LVVXHV�DUH�W\SLFDOO\�HPSKDVL]HG�ZKHQ�WKH�VL]H�RI�WKH�SUREOHP�LV�LQFUHDVHG��DQG�ZKHQ�WKH�
VFRSH�RI�WKH�DQDO\VLV�LV�LQFUHDVHG�WR�FRYHU�PXOWLSOH�GRPDLQV�

?;8
��,Q�RUGHU�WR�DGGUHVV�WKHVH��DQG�

RWKHU� LVVXHV� HVVHQWLDO� ZKHQ� SHUIRUPLQJ� ODUJH�VFDOH� 0'2�� ($6L� (QJLQHHULQJ� LQWURGXFHG�
6WRFKDVWLF�0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW���
�
:LWK� UHIHUHQFH� WR� D� QXPEHU� RI� UHFHQW� VXFFHVVIXO� LPSOHPHQWDWLRQV� RI� VWRFKDVWLF�
PXOWLGLVFLSOLQDU\� GHVLJQ� LPSURYHPHQW� IRU� WKH� PDVV� UHGXFWLRQ� FDVH� PHQWLRQHG� DERYH�� WKLV�
DSSOLFDWLRQ� ZLOO� DOVR� VHUYH� DV� DQ� H[DPSOH� IRU� DQ� H[SODQDWLRQ� RI� KRZ� DQG� ZK\� VWRFKDVWLF�
VLPXODWLRQ�LV�XVHG�IRU�VLPXODWLRQ�RYHU�PXOWLSOH�GLVFLSOLQHV��7KH�NH\�WR�DQ�XQGHUVWDQGLQJ�RI�WKH�
VWUHQJWKV�RI�WKH�PHWKRG�LV�IRXQG�LQ�WKH�EDVLFV�RI�VWRFKDVWLF�VLPXODWLRQ��
�
�� 7KH�%DVLFV�RI�6WRFKDVWLF�6LPXODWLRQ��
�
8QGHU�UHDOLVWLF�FRQGLWLRQV�DOPRVW�DOO�SURSHUWLHV�RI�WHFKQLFDO�V\VWHPV�DUH�VXEMHFW�WR�VFDWWHU��,Q�D�
QRQ�OLQHDU�V\VWHP��VXFK�DV�FUDVK�WHVWV��HYHQ�VPDOO�YDULDWLRQV�LQ�V\VWHP�SURSHUWLHV�FDQ�OHDG�WR�
VLJQLILFDQW�YDULDWLRQV�LQ�WKH�EHKDYLRXU�RI�WKH�V\VWHP��([DPSOHV�RI�SURSHUWLHV�ZKLFK�DUH�NQRZQ�
WR� YDU\� DUH� LQLWLDO� FRQGLWLRQV�� YHORFLWLHV�� ORDGV�� PDQXIDFWXULQJ� DQG� DVVHPEO\� WROHUDQFHV��
PDWHULDO� SURSHUWLHV� DQG� ERXQGDU\� FRQGLWLRQV�� :KHQ� WKHVH� GLIIHUHQFHV� DUH� WDNHQ� LQWR�
FRQVLGHUDWLRQ��WZR�SK\VLFDO�V\VWHPV�ZLOO�QRW�SURGXFH�H[DFWO\�WKH�VDPH�RXWSXW���
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� )LJ������7KH�GHWHUPLQLVWLF�UHVXOW�DQG�WKH�UHVSRQVH�FORXG�ZKHQ�FRQVLGHULQJ�VFDWWHU��
�
7KHUHIRUH��IRU�D�UHDOLVWLF�UHSUHVHQWDWLRQ�RI�D�SK\VLFDO�V\VWHP��D�UHVSRQVH�LV�UDWKHU�UHSUHVHQWHG�
E\�D�FORXG�RI� UHVSRQVHV�� WKDQ�RQH�VLQJOH�YDOXH��6WRFKDVWLF�VLPXODWLRQ�XVLQJ� WKH�0RQWH�&DUOR�
PHWKRG�LV�LQWURGXFHG�LQ�RUGHU�WR�LQWURGXFH�WKLV�VFDWWHU�LQ�VLPXODWHG�V\VWHPV��$�FRPSDULVRQ�RI�
WKH� GHWHUPLQLVWLF� DSSURDFK� DQG� WKH� UHVSRQVH� FORXG� JHQHUDWHG�ZLWK� VWRFKDVWLF� VLPXODWLRQ� LV�
GHSLFWHG�LQ�ILJXUH���DERYH��
�
7KH� EDVLF� SULQFLSOH� RI� VWRFKDVWLF� VLPXODWLRQ� LV� VLPSOH�� %DVHG� RQ� D� QRPLQDO� LQLWLDO� PRGHO�� D�
FORQH� RI� WKLV�PRGHO� LV� SURGXFHG�� VXEVWLWXWLQJ� VHOHFWHG� SDUDPHWHUV� RI� WKH�PRGHO� E\� UDQGRP�
QXPEHUV� WKDW� IROORZ�D�UDQGRP�GLVWULEXWLRQ��7KLV�SURFHGXUH� LV� UHSHDWHG�D�QXPEHU�RI� WLPHV�� LQ�
RUGHU� WR�FUHDWH�UDQGRP�VDPSOHV�RI� WKH� UHVSRQVH��7KLV�EDVLF�SULQFLSOH� LV� IXUWKHU�GHVFULEHG� LQ�
)LJXUH�����
��
$�W\SLFDO�VDPSOH�VL]H�LQ�VWRFKDVWLF�VLPXODWLRQ�LV�EHWZHHQ����±�����VROYHU�FDOOV��DOVR�NQRZQ�DV�
UHSHWLWLRQV��RU�VKRWV��7KH�H[DFW�QXPEHU�GHSHQGV�RQ� WKH�DSSOLFDWLRQ�RI�VWRFKDVWLF�VLPXODWLRQ��
WKH�JHQHUDO� V\VWHP� UREXVWQHVV�� DQG� WKH� DFFXUDF\� UHTXLUHG� LQ� WKH�SUHGLFWLRQ�RI� UHOLDELOLW\��7R�
GHWHUPLQH�WKH�V\VWHP�UREXVWQHVV��ZKLFK�RQO\�UHTXLUHV�WKH�DVVHVVPHQW�RI�WKH�UHVSRQVH�PHDQ�
DQG�PHGLDQ��RQO\�D�OLPLWHG�QXPEHU�RI�VDPSOHV�DUH�UHTXLUHG��7KH�QXPEHU�RI�LWHUDWLRQV��DQG�WKH�
FRVW�LQ�WLPH�DQG�FRPSXWH�UHVRXUFHV�IRU�WKHLU�H[HFXWLRQ�� LV�ZKDW�DSSHDUV�WR�EH�D�ZHDNQHVV�RI�
WKH�PHWKRG��EXW�RI�FRXUVH�WKLV�FRVW�KDV�WR�EH�VHHQ�LQ�WKH� OLJKW�RI�WKH�DGGLWLRQDO�DQVZHUV�DQG�
NQRZOHGJH�GHULYHG�IURP�WKH�PHWKRG��,W�VKRXOG�DOVR�EH�QRWHG�WKDW�DOO�VDPSOHV�DUH�LQGHSHQGHQW��
7KLV�PHDQV�WKDW�LQ�RUGHU�WR�UHGXFH�WXUQ�DURXQG�WLPH�DV�PDQ\�VLPXODWLRQV�DV�SRVVLEOH�FDQ�EH�
UXQ�LQ�SDUDOOHO��,Q�DQ�LQGXVWULDO�VHWWLQJ�WKLV�PHDQV�WKDW�VWRFKDVWLF�VLPXODWLRQ�FDQ�EH�ILWWHG�WR�WKH�
GHYHORSPHQW�SURMHFWV�H[SHFWDWLRQV�RQ� UHVSRQVH� WLPHV�� DQG� WKH�PHWKRG�FDQ�EH�HFRQRPLFDOO\�
MXVWLILHG�ZLWK�KDUGZDUH�UHVRXUFHV�VXFK�DV�/LQX[�FOXVWHUV��
�
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)LJ�����7KH�EDVLF�SULQFLSOH�RI�0RQWH�&DUOR�EDVHG�VWRFKDVWLF�VLPXODWLRQ��
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7KH� LPSOHPHQWDWLRQ� RI� WKH� 0RQWH�&DUOR� PHWKRG� ZLWK� ODUJH�VFDOH� ILQLWH� HOHPHQW� DQDO\VLV� LQ�
FRQWHPSRUDU\� GHYHORSPHQW� SURMHFWV� LV� HQDEOHG� E\� WKH� VRIWZDUH� 67�250� �6WRFKDVWLF�
2SWLPLVDWLRQ� DQG� 5REXVWQHVV� 0DQDJHPHQW��� GHYHORSHG� DQG�PDUNHWHG� E\� ($6L� (QJLQHHULQJ��
67�250�LV�XVHG�WRJHWKHU�ZLWK�FRPPHUFLDO�VROYHUV�LQ�RUGHU�WR��
� + GHILQH���+ H[HFXWH��+ SRVW�SURFHVV�
�
��D�VWRFKDVWLF�VLPXODWLRQ��DV�ZHOO�DV�WR�SHUIRUP�VWRFKDVWLF�GHVLJQ�LPSURYHPHQW��67�250�FDQ�EH�
XVHG�ZLWK�DQ\�VROYHU�ZKLFK�FDQ�JHQHUDWH�LQSXW�DQG�RXWSXW�GDWD�LQ�DVFLL�IRUPDW��
�
$V� LPSRUWDQW� DV� WKH� LQWURGXFWLRQ� RI� VFDWWHU�� VWRFKDVWLF� VLPXODWLRQ� DOVR� LQWURGXFHV� WKH�
SRVVLELOLW\�WR�DVVHVV�DQG�DQDO\VH�WKH�UREXVWQHVV�RI�GHVLJQV��)LJXUH���GHVFULEHV�WKH�GLIIHUHQFH�
EHWZHHQ�GHWHUPLQLVWLF�DQG�VWRFKDVWLF�DVVHVVPHQW�RI� WKH�UHVXOW�RI�D�VLPXODWLRQ��$Q�DUELWUDULO\�
VHOHFWHG�UHVSRQVH�YDULDEOH�\��RI�D�V\VWHP� LV�H[DPLQHG��DQG� WZR�GLIIHUHQW�V\VWHPV�YDULDWLRQV�
DUH�FRPSDUHG���7KH�OLPLWLQJ�YDOXH�7�UHSUHVHQWV�WKH�PD[LPXP�WROHUDEOH�YDOXH��ZKLFK�PHDQV�WKDW�
WKH�V\VWHP�ZLOO� IDLO�ZKHQ�LI�\��!�7�� �$VVXPH� WKDW� D�GHWHUPLQLVWLF� VLPXODWLRQ�ZLOO�JHQHUDWH� WKH�
YDOXH�$��7KH�VDIHW\�PDUJLQ�V�IRU�WKH�YDOXH�RI�$�LV�V 7�$���
�
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�
� )LJ�����$QDO\VLV�RI�UREXVWQHVV��
�
7KH� FRQFOXVLRQ� LQ� D� GHWHUPLQLVWLF� VLPXODWLRQ� LV� WKDW� WKH� VDIHW\� PDUJLQV� LQ� ERWK� FDVHV� DUH�
DFFHSWDEOH��%XW�LI�ZH�FRPSOHWH�WKH�SLFWXUH�ZLWK�WKH�LQWURGXFWLRQ�RI�WKH�UHVSRQVH�FORXG��DQG�WKH�
VWDWLVWLFDO�GHVFULSWLRQ�RI�WKLV��D�KLVWRJUDP��GLIIHUHQW�SLFWXUHV�HPHUJH��7KH�OHIW�YDULDQW�H[FHHGV�
WKH�OLPLWLQJ�YDOXH�LQ�VHYHUDO�FDVHV��DQG�WKHUHIRUH�WKH�SUREDELOLW\�RI�IDLOXUH�LV�YHU\�KLJK��2Q�WKH�
RWKHU�KDQG��WKH�ULJKW�YDULDQW�KDV�D�GLVWULEXWLRQ�ZLWKLQ�RXU�GHILQHG�VDIHW\�PDUJLQ��DQG�ZLWKLQ�RXU�
OLPLWHG� VDPSOH� WKHUH� LV� QR� YDOXH� ZKLFK� H[FHHG� WKH� VHOHFWHG� OLPLW�� $Q� XQGHUVWDQGLQJ� RI� WKH�
FRPSOHWH�VWDWLVWLFDO�VDPSOH�JLYHV�XV�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�JHQHUDO�V\VWHP�EHKDYLRXU��
LQFOXGLQJ� QRW� RQO\� WKH� NQRZOHGJH� DERXW� QRPLQDO� IXQFWLRQDOLW\�� EXW� DOVR� WKH� TXDOLW\� DQG�
UREXVWQHVV��7KH�H[SHFWHG�IXQFWLRQDOLW\�LV�WKH�PRVW�OLNHO\�UHVSRQVH��RU�WKH�FHQWUH�RI�JUDYLW\�RI�
WKH� UHVSRQVH� FORXG�� 7KH� TXDOLW\� LV� H[SUHVVHG� E\� WKH� VL]H� RI� VFDWWHU�� LWV� GLDPHWHU�� 7KH�
UREXVWQHVV� LV� UHSUHVHQWHG� E\� WKH� VKDSH� RI� WKH� UHVSRQVH� FORXG�� DQG� FRXOG� EH� H[SUHVVHG� LQ�
WHUPV�RI� VWDELOLW\�� LQVWDELOLW\�� ELIXUFDWLRQV�� RXWOLHUV�� FOXVWHUV�� HWF�� � 7KLV� XQGHUVWDQGLQJ� DYRLGV�
WKH�LQWURGXFWLRQ�RI�WRR�H[FHVVLYH�RU�LQHIILFLHQW�VDIHW\�PDUJLQV��ZKLFK�ZRXOG�EH�WKH�FDVH�LI�ZH�
RQO\�XVHG�D�GHWHUPLQLVWLF�PHWKRG���
�
7KLV� H[DPSOH� LV� HDV\� WR� IROORZ�� DQG� WKH� GLVWULEXWLRQ� LV� HDVLO\� XQGHUVWRRG� DQG� GHVFULEHG�� ,Q�
PDQ\� UHDO� ZRUOG� VLWXDWLRQV� WKH� UHVSRQVH� FORXGV� DUH� QRW� UHSUHVHQWHG� E\� RUGLQDU\� *DXVVLDQ�
GLVWULEXWLRQV�� EXW� UDWKHU� E\� RXWOLHUV�� ELIXUFDWLRQV� DQG� FRPSOH[� FOXVWHU� SDWWHUQV�� 7KLV� IDFW� LV�
H[WUHPHO\�UHOHYDQW�WR�VDIHW\�HQJLQHHULQJ��VLQFH�D�PDMRULW\�RI�FUDVK�DSSOLFDWLRQV�DUH�GULYHQ�E\�
ORFDO� LQVWDELOLWLHV

v>8
�� 7KLV� LV� HVSHFLDOO\� WUXH� LQ� IDVW� QRQ�OLQHDU� SKHQRPHQD� FRPPRQ� LQ� VDIHW\�

HQJLQHHULQJ�
w>8
�� ,Q� RUGHU� WR� LGHQWLI\� D� UHVSRQVH� ZLWK� VXFK� FRPSOH[� VWUXFWXUH� VWRFKDVWLF�

VLPXODWLRQ�LV�WKH�RQO\�HFRQRPLFDOO\�IHDVLEOH�VROXWLRQ�DYDLODEOH�WRGD\��7KH�DELOLW\�RI�DVVHVVLQJ�
WKH�PRVW�OLNHO\�UHVSRQVH�RI�D�V\VWHP��DQG�WKH�SRVVLELOLW\�WR�DQDO\VH�KRZ�WKLV�UHVSRQVH�FKDQJHV�
WKURXJK�FKDQJHV�LQ�RXU�V\VWHP�SURSHUWLHV�LV�WKH�NH\�WR�UREXVWQHVV�PDQDJHPHQW��DQG�WKH�NH\�
WR�VWRFKDVWLF�RSWLPLVDWLRQ���

x yHz

��� 
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�
�� 7KH�%DVLFV�RI�6WRFKDVWLF�'HVLJQ�,PSURYHPHQW�
�
6WRFKDVWLF�'HVLJQ�,PSURYHPHQW��6',��LV�XVHG�LQ�RUGHU�WR�LPSURYH�WKH�SHUIRUPDQFH�RI�D�V\VWHP�
ZKLOH�VFDWWHU� LQ�V\VWHP�SURSHUWLHV�DUH� WDNHQ� LQWR�DFFRXQW��7KH�PHWKRG� LV�EDVHG�RQ� WKH�VDPH�
DVVXPSWLRQV�DQG� UHDVRQLQJ�DV�VWRFKDVWLF� VLPXODWLRQ��6',� LV� WKH�PHWKRG�XVHG� IRU�6WRFKDVWLF�
0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW���
�
$V� RSSRVHG� WR� WUDGLWLRQDO� RSWLPLVDWLRQ�� 6',� HQDEOHV� WKH� LPSURYHPHQW� RI� D� V\VWHP�ZKLOH� WKH�
UREXVWQHVV�LV�FRQWLQXRXVO\�DVVHVVHG�DV�D�SDUW�RI�WKH�LPSURYHPHQW�SURFHVV���,QVWHDG�RI�D�IRFXV�
RQ� RQH� RSWLPXP�� 6',� ZLOO� ILQG� DQ� LPSURYHG� VWDWH� RI� WKH� V\VWHP� ZKLOH� VFDWWHU� LQ� V\VWHP�
SURSHUWLHV� LV�FRQVLGHUHG�� ,QVWHDG�RI� ILQGLQJ� WKH�RSWLPXP� LW� ILQGV�D�VROXWLRQ� ILW� WR� LWV�SXUSRVH�
ZKHQ�D�UHDO�ZRUOG�XQFHUWDLQW\�KDV�EHHQ�LQWURGXFHG���
�
6',�DV�D�PHWKRG� LV�DQ�HYROXWLRQDU\�PHWKRG��$�GLVWLQJXLVKLQJ�FKDUDFWHULVWLF�RI� WKH�PHWKRG� LV�
WKDW� LW� GHOLEHUDWHO\� GRHV� QRW� LQWURGXFH� DQ\� DVVXPSWLRQV� RU� DSSUR[LPDWLRQV� UHJDUGLQJ� WKH�
VLPXODWHG�V\VWHP��,Q�D�UHDO�GHVLJQ�WKHUH�DUH�RIWHQ�IHZ�SURSHUWLHV�RU�'HVLJQ�3DUDPHWHUV�ZKLFK�
FDQ� EH� XVHG� LQ� RUGHU� WR� FRQWURO� WKH� SHUIRUPDQFH� RI� WKH� V\VWHP�� ,Q� SDUDOOHO� WR� WKH� GHVLJQ�
SDUDPHWHUV� WKHUH� LV� D� ODUJHU� QXPEHU� RI� SURSHUWLHV� ZKLFK� ZLOO� KDYH� D� VWURQJ� LPSDFW� RQ� WKH�
SHUIRUPDQFH�RI�WKH�V\VWHP��EXW�ZKLFK�DUH�QRW�ZLWKLQ�RXU�FRQWURO��7KHVH�SDUDPHWHUV�DUH�UHIHUUHG�
WR�DV�IUHH�VWRFKDVWLF�SURSHUWLHV��RU�QRLVH���
�
7KH�UHVSRQVH�LQ�6',� LV�GLYLGHG�LQWR�)UHH�6WRFKDVWLF�5HVSRQVH�DQG�'HILQHG�7DUJHW�5HVSRQVH��
7KH� )UHH� 6WRFKDVWLF� 5HVSRQVH� LV� UHVSRQVH�ZKLFK� WKH� XVHU� RI� WKH� PHWKRG� WUDFN� LQ� RUGHU� WR�
FRQILUP� FRQYHUJHQFH�� UREXVWQHVV�� RU� RWKHU� FRQWURO� UHVSRQVH�� ZKLOH� WKH� 'HILQHG� 7DUJHW�
5HVSRQVH�LV�WKH�UHVSRQVH�ZKLFK�FRQVWLWXWHV�WKH�WDUJHW�GHILQLWLRQ�IRU�GHVLJQ�LPSURYHPHQW��7KH�
EDVLF�SULQFLSOH�RI�6',�LV�GHVFULEHG�LQ�)LJXUH�����
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
� )LJ�����7KH�EDVLF�SULQFLSOH�RI�6',��
�
6',� LV� HLWKHU� LPSOHPHQWHG� WKRXJK�'HVLJQ�([SORUDWLRQ� RU� WKURXJK�5HWXUQ�0DSSLQJ�� ,Q�'HVLJQ�
([SORUDWLRQ�D�VWRFKDVWLF�VLPXODWLRQ�LV�H[HFXWHG��LQ�ZKLFK�WKH�GHVLJQ�SDUDPHWHUV�DUH�DOORZHG�WR�
VFDWWHU�ZLWKLQ� WKH� OLPLWV� RI� WKH� FRPSOHWH� GHVLJQ� LQWHUYDO�� 7KH� GLIIHUHQW� YDOXHV� RI� WKH� GHVLJQ�
SDUDPHWHUV�DUH�DVVLJQHG� LQ�DFFRUGDQFH�ZLWK�D�XQLIRUP�GLVWULEXWLRQ��7KLV�SURFHGXUH�ZLOO�VFDQ�
WKH�FRPSOHWH�GHVLJQ�VSDFH�LQ�RUGHU�WR�UHDFK�DQ�DSSURSULDWH�±�LPSURYHG�±�VROXWLRQ��7KH�UHVXOW�RI�
WKH� VFDQQLQJ�ZLOO� VKRZ� WKH� GLUHFW� LPSURYHG� VROXWLRQ� LPPHGLDWHO\�� WKH� SUREOHP�PLJKW� EH�� RI�
FRXUVH� WKDW� IRU� D� ODUJH� GHVLJQ� VSDFH�� RU� D� ODUJH� VHW� RI� SRVVLEOH� FRPELQDWLRQV� RI� GHVLJQ�
SDUDPHWHUV�DQG�QRLVH�WKH�WLPH�DQG�UHVRXUFHV�WR�ILQG�DQ�LPSURYHG�VROXWLRQ�PLJKW�EH�H[WHQVLYH��
$Q�DOWHUQDWLYH�PHWKRG�FDOOHG�5HWXUQ�0DSSLQJ�LV�WKHUHIRUH�LQWURGXFHG��,QVWHDG�RI�D�VFUHHQLQJ�RI�
WKH� FRPSOHWH� GHVLJQ� VSDFH� DW� RQFH� LW� VHDUFKHV� WKURXJK� WKH� GHVLJQ� VSDFH� ZLWK� VWHSZLVH�
LWHUDWLRQV��UHIHUUHG�WR�DV�UXQV����
�
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5HWXUQ�0DSSLQJ�VWDUWV�ZLWK�WKH�GHILQLWLRQ�RI�DQ�LQLWLDO�VWDWH�RI�D�V\VWHP�DQG�WKH�GHILQLWLRQ�RI�DQ�
REMHFWLYH�WDUJHW�VWDWH��:KLOH�LQ�GHWHUPLQLVWLF�0'2�WKH�REMHFWLYH�LV�WR�PRYH�D�SRLQW�WRZDUGV�DQ�
REMHFWLYH��LQ�6',�WKH�REMHFWLYH�LV�WR�PRYH�WKH�FRPSOHWH�GLVWULEXWLRQ�WR�D�UREXVW�FRPELQDWLRQ�RI�
VLQJOH� WDUJHW�REMHFWLYHV�� 7KLV� LV� GRQH� WKURXJK�D� IRUPXODWLRQ� RI� VLQJOH�GHVLJQ�REMHFWLYHV�� QRW�
WKURXJK�DQDO\WLFDO�FRQVWUXFWV�VXFK�DV�REMHFWLYH�IXQFWLRQV�DQG�FRQVWUDLQWV��7KH�WDUJHW�VWDWH�LV�
WKH�ZHLJKWHG�JRDO�GHILQLWLRQ�RI�GLIIHUHQW�RXWSXW�SDUDPHWHUV�RI�DQ�LPSURYHG�V\VWHP���
�
$V�ZLWK� WKH� GHVLJQ� H[SORUDWLRQ� DERYH� WKH� GHVLJQ� SDUDPHWHUV� IROORZV� D� XQLIRUP� GLVWULEXWLRQ�
ZKLOH� WKH�QRLVH� LV�VWRFKDVWLF��$IWHU�WKH� LQLWLDO�GHILQLWLRQ�RI�D�VWDUW�DQG�LPSURYHG�VWDWH��D�VPDOO�
VDPSOH� LV� JHQHUDWHG� ZLWK� PLQLPDO� VFDWWHU� DURXQG� WKH� LQLWLDO� VWDWH�� :LWKLQ� WKLV� VDPSOH� WKH�
GLVWDQFH�ZLWKLQ�HDFK�FDVH� WR� WKH� LPSURYHG� WDUJHW� LQ�Q�GLPHQVLRQDO�VSDFH� LV�EHLQJ�FDOFXODWHG�
DQG� D� QHZ� VDPSOH� LV� JHQHUDWHG� DURXQG� WKH� EHVW� FDVH�� 7KLV� LV� GRQH� E\� VKLIWLQJ� WKH� DYHUDJH�
YDOXHV�RI�WKH�GHVLJQ�SDUDPHWHUV�WR�WKH�YDOXH�RI�WKH�UHVSHFWLYH�SDUDPHWHU�FDPH�RXW�WR�EH�LQ�WKH�
EHVW�FDVH��7KH�LWHUDWLRQV�DUH�FRQWLQXHG�XQWLO�WKH�LPSURYHG�WDUJHW�LV�UHDFKHG��RU�XQWLO�WKH�VWDWH�RI�
WKH�V\VWHP�LV�VXIILFLHQWO\�LPSURYHG��7KH�SURFHGXUH�LV�LOOXVWUDWHG�LQ�ILJXUH�����
�
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)LJ�����6WHSZLVH�LWHUDWLRQV�RI�UHWXUQ�PDSSLQJ��
�
7KH�LPSRUWDQW�DGYDQWDJH�RI�WKLV�PHWKRG�LV�KRZ�LW�KDQGOHV�UREXVWQHVV��$QG�DQ�HIIHFW�RI�WKLV�LV�
KRZ�WKH�PHWKRG�GHDOV�ZLWK�WKH�³FXUVH�RI�GLPHQVLRQDOLW\´

�;8
��6',�LV�D�RQH�GLPHQVLRQDO�SUREOHP��

7KH�VWHSSLQJ�RI� WKH� UHVSRQVH�FORXG� LV�EDVHG�RQ�D�VLQJOH�VFDODU� YDULDEOH�� WKH�GLVWDQFH� WR� WKH�
WDUJHW�VWDWH��' �c� � ��LQ�ILJXUH���EHORZ���7KLV�YDULDEOH�GHSHQGV�RQ�DOO�LQSXW�SDUDPHWHUV��ERWK�QRLVH�
DQG�GHVLJQ�SDUDPHWHUV��DQG�DOO� IUHH�VWRFKDVWLF� UHVSRQVH�DQG� WKH�GHILQHG� WDUJHW� UHVSRQVH��RU�
IRUPXODWHG�WKURXJK��
�
� G� � �I�[� ��<� ��\

�
��

�
ZKHUH�I�LV�D�VFDODU�IXQFWLRQ�RI�LWV�WKUHH�YHFWRU�DUJXPHQWV�DQG�WKH�VXEVFULSW�UHIHUV�WR�WKH�VDPSOH�
QXPEHU�ZKLFK�PLQLPL]HV�WKH�GLVWDQFH��6LQFH�WKHVH�DUJXPHQWV�DUH�VWRFKDVWLF�YDULDEOHV��DOVR�G�
LV D�VWRFKDVWLF�YDULDEOH��7KHUHIRUH��D�FRQFOXVLRQ�WR�PDNH�LV�WKDW�WKH�UHWXUQ�PDSSLQJ�PHWKRG�LV�
LQGHSHQGHQW� RI� WKH� QXPEHU� RI� QRLVH� DQG� GHVLJQ� SDUDPHWHUV�� )RU� WUDGLWLRQDO� 0'2�PHWKRGV��
H[DFWO\� WKH� RSSRVLWH� LV� WUXH�� WKHVH� PHWKRGV� EHFRPH� FRPSXWDWLRQDOO\� H[SHQVLYH� ZLWK� DQ�
LQFUHDVLQJ�QXPEHU�RI�SDUDPHWHUV�

�>8��>8`7��>8
�� 7KH� UHDVRQ� IRU� WKLV� LV� WKDW�ZLWK� WKHVH�PHWKRGV�� WKH�

PDMRULW\��RU�XS� WR�����RI� WKH�FRPSXWDWLRQDO�HIIRUW�� LV�VSHQG�RQ� WKH�JUDGLHQW�HYDOXDWLRQ��7KLV�
JUDGLHQW� HYDOXDWLRQ� GHSHQG� GLUHFWO\� RI� WKH� QXPEHU� RI� DQG� WKH� FRPSOH[LW\� RI� WKH� SDUDPHWHUV�
LQYROYHG�� 7KLV� DUJXPHQW� LV� RQH� RI� WKH� NH\� DUJXPHQWV� IRU� WKH� LQWURGXFWLRQ� RI� VWRFKDVWLF�
PXOWLGLVFLSOLQDU\�GHVLJQ�LPSURYHPHQW��
��
�� 6WRFKDVWLF�0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW�
6WRFKDVWLF� 0XOWLGLVFLSOLQDU\� 'HVLJQ� ,PSURYHPHQW� FRPELQHV� WKH� GLIIHUHQW� FKDUDFWHULVWLFV� RI�
VWRFKDVWLF�VLPXODWLRQ�DQG�6',�LQWR�D�VWUXFWXUHG�PHWKRG�IRU�GHVLJQ�LPSURYHPHQW�RYHU�PXOWLSOH�
GRPDLQV���

�
���d� ��� ���#� � �>���

Dmin 
�� ��� � � ��� @���� �"�
���	k ��� �d� ��($
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�
$� W\SLFDO� DSSOLFDWLRQ� ZKHUH� WKH� PHWKRG� KDV� EHHQ� VXFFHVVIXOO\� GHSOR\HG� LV� PDVV� UHGXFWLRQ�
ZKLOH�FRQVLGHULQJ�VHYHUDO� ORDG�FDVHV�FUDVKZRUWKLQHVV�DQG�19+�VLPXODWLRQ��7KH� WKLFNQHVV�RI�
VKHHW�PHWDO�FRPSRQHQWV�DUH�W\SLFDOO\�YDULHG�DQG�UHVSRQVHV�GXH�WR�PXOWLSOH�FUDVK�FRQGLWLRQV�
DQG� 19+� FDVHV� DUH� H[DPLQHG� VLPXOWDQHRXVO\�� WDUJHWLQJ� WRZDUGV� D� UHGXFHG� PDVV� ZKLOH�
PDLQWDLQLQJ� GHILQHG� WDUJHW� YDOXHV� LQ� DOO� RXWSXW� SDUDPHWHUV�� 7KH� FRQFHSW� RI� 6WRFKDVWLF�
0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW�LV�RXWOLQHG�LQ�ILJXUH����
�
� �
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

)LJ�����7KH�EDVLF�SULQFLSOH�RI�VWRFKDVWLF�PXOWLGLVFLSOLQDU\��GHVLJQ�LPSURYHPHQW��
�
)URP�DQ�DQDO\WLFDO�SRLQW�RI�YLHZ�WKH�EDVLF�SULQFLSOHV�RI�6',�WKURXJK�5HWXUQ�0DSSLQJ�LV�DSSOLHG�
ZLWK�WKH�RQO\�GLIIHUHQFH�WKDW�WKH�QXPEHU�RI�SURSHUWLHV�DQG�VROYHUV�RU�ORDG�FDVHV�LQYROYHG�LQ�WKH�
GHVLJQ� LPSURYHPHQW� DUH� LQFUHDVHG�� :LWK� UHIHUHQFH� WR� KRZ� 6',� KDQGOHV� WKH� ³FXUVH� RI�
GLPHQVLRQDOLW\´�KLJKOLJKWHG�DERYH��WKLV�LV�QRW�D�FRPSXWDWLRQDO�RU�DQDO\WLFDO�LVVXH��EXW�SULPDULO\�
D�SUDFWLFDO�LVVXH�RI�PRGHO�V\QFKURQLVDWLRQ��:KHQ�D�ORDG�FDVH�LV�DGGHG�WR�D�VWRFKDVWLF�GHVLJQ�
LPSURYHPHQW�WKLV�GRHV�QRW�PHDQ�WKDW�WKH�FRVW�RI�WKH�VLPXODWLRQ�DXWRPDWLFDOO\�LV�LQFUHDVHG�GXH�
WR� WKH� LQFUHDVHG�GLPHQVLRQ��RU� WKDW�DGGLWLRQDO�DSSUR[LPDWLRQV�DQG�VLPSOLILFDWLRQV�KDYH� WR�EH�
PDGH�LQ�RUGHU�WR�DGMXVW�RXU�UHVRXUFHV�WR�ILW�ZLWK�WKH�GLPHQVLRQ�RI�WKH�SUREOHP��5DWKHU��DGGLQJ�
D� ORDG� FDVH� ZLOO� SULPDULO\� RQO\� DIIHFW� WKH� SUDFWLFDO� GHILQLWLRQ� RI� WKH� SUREOHP�� L�H�� WKDW� DQ�
DGGLWLRQDO� PRGHO� KDV� WR� EH� V\QFKURQL]HG�� DQG� DGGLWLRQDO� FRPSXWH� UHVRXUFHV� KDYH� WR� EH�
DOORFDWHG�WR�FRYHU�IRU�WKH�H[HFXWLRQ�RI�WKLV�VSHFLILF�ORDG��
�
$�W\SLFDO�VHW�XS�IRU�D�PXOWLGLVFLSOLQDU\�PDVV�UHGXFWLRQ�SURMHFW�LV��
�

/RDG�&DVH����)URQWDO�,PSDFW���� ����������HOHPHQWV������&38�KRXUV�SHU�VKRW��
�
/RDG�&DVH����6LGH�,PSDFW��� � ����������HOHPHQWV������&38�KRXUV�SHU�VKRW��

�
/RDG�&DVH����5HDU�,PSDFW��� � ����������HOHPHQWV������&38�KRXUV�SHU�VKRW��

�
/RDG�&DVH����6WDWLF�6WLIIQHVV��� ��������HOHPHQWV����&38�KRXU�SHU�VKRW��

�
/RDG�&DVH����'\QDPLF�6WLIIQHVV��� ��������HOHPHQW�����&38�KRXUV�SHU�VKRW��

�
7KH� H[DFW� VHOHFWLRQ�RI� VSHFLILF� ORDG�FDVHV� LV�GHILQHG�E\� WKH�GHYHORSPHQW�SURMHFW�� (DFK� ORDG�
FDVH� FRQVLVW� RI� D� VHSDUDWH� VWRFKDVWLF� DQDO\VLV�� DV� GHSLFWHG� LQ� ILJXUH� �� DERYH�� 7KLV� LV� D�
UHTXLUHPHQW� LQ� RUGHU� WR� FRQVLGHU� WKH� UHOHYDQW� QRLVH� DQG� UREXVWQHVV� LQ� HDFK� ORDG� FDVH� RU�
VXEGRPDLQ��7KH�VROYHUV�XVHG�IRU�FUDVKZRUWKLQHVV�DQG�19+�VLPXODWLRQ�DUH�W\SLFDOO\�0$'<02��
06&�1DVWUDQ��/6�'<1$��3$0�&5$6+��DQG�5$',266���
�
7KH�WDUJHW�GHILQLWLRQ�RI�WKH�PDVV�UHGXFWLRQ�ZLOO�EH��
�

5HGXFH�PDVV�RI�%RG\�LQ�ZKLWH�ZKLOH�WKH�GHILQHG�SHUIRUPDQFH�WDUJHWV�DUH�NHSW�FRQVWDQW��
�
7KH�QXPEHU�RI� LQSXW�SDUDPHWHUV��GHVLJQ�SDUDPHWHUV� DQG�QRLVH�SDUDPHWHUV� LV�GHWHUPLQHG�E\�
WKHLU� H[SHFWHG� LPSDFW� RQ� WKH� ILQDO� GHVLJQ�� DQG� RXU� H[SHULHQFH� RU� NQRZOHGJH� RQ� WKHLU�
LPSRUWDQFH�IRU�V\VWHP�UREXVWQHVV��

� �>�9�9�

� �>�9�9�

� �>�9�9�
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�
7KH�QXPEHU�RI�GHVLJQ�DQG�QRLVH�SDUDPHWHUV�LQ�HDFK�VWRFKDVWLF�ORDG�FDVH�LV��
�

���±�����LQGHSHQGHQW�LQSXW�SDUDPHWHUV��������GHSHQGHQW�LQSXW�SDUDPHWHUV�
�
$�PDMRULW\� RI� WKH� GHVLJQ�SDUDPHWHUV� DUH� WKH�PDWHULDO� WKLFNQHVV� RI� VKHHW�PHWDO� FRPSRQHQWV��
7\SLFDO�FRPSRQHQWV�VHOHFWHG�DUH�WKRVH�ZKLFK�DUH�NQRZ�WR�KDYH�D�FRQVLGHUDEOH�LPSDFW�RQ�WKH�
FUDVK�RU�19+�EHKDYLRXU��IRU�H[DPSOH�ORQJLWXGLQDOV�DQG�WKH�HQJLQH�PRXQW��
�
7KH� VHSDUDWH� SDUDPHWHUV�ZKLFK� FRQVWLWXWHV� WKH� WDUJHW� GHILQLWLRQ� UHSUHVHQW� D� FRPELQDWLRQ� RI�
GLIIHUHQW� WDUJHWV�� VRPH�ZKLFK�DUH� UHOHYDQW� IRU� DOO� ORDG�FDVHV��RU� WKH�JOREDO� DQDO\VLV�� VXFK�DV�
PDVV��DQG�RWKHU�ZKLFK�DUH�RQO\�UHOHYDQW�IRU�VRPH�VXEGRPDLQV�DQG�VHSDUDWH� ORDG�FDVHV��7KH�
QXPEHU�RI�UHVSRQVHV�RU�RXWSXW�SDUDPHWHUV�LQ�HDFK�VWRFKDVWLF�ORDG�FDVH�LV��
�
� ���±����RXWSXW�SDUDPHWHUV��ZLWK����SDUDPHWHUV�XVHG�LQ�WKH�ZHLJKWHG�WDUJHW�GHILQLWLRQ��
�
7KH� SDUDPHWHUV�ZKLFK� FRQVWLWXWH� WKH�ZHLJKWHG� WDUJHW� GHILQLWLRQ� DUH� W\SLFDOO\� GLVSODFHPHQWV��
VDIHW\�UHODWHG�SDUDPHWHUV��RU�SDUDPHWHUV�UHODWHG�WR�HQHUJ\�DEVRUSWLRQ�RU�WRUVLRQDO�IUHTXHQFLHV�
GHULYHG�IURP�PRGDO�DQDO\VLV��$GGLWLRQDO�RXWSXW�UHVSRQVH�WUDFNHG�LV�IRU�H[DPSOH�SDUDPHWHUV�IRU�
QXPHULFDO�FRQWURO��FRQYHUJHQFH���
�
$V�KLJKOLJKWHG�DERYH��LQWURGXFLQJ�PRUH�ORDG�FDVHV�GRHV�QRW�LQFUHDVH�WKH�DQDO\WLFDO�FRPSOH[LW\�
RI�WKH�GHVLJQ�LPSURYHPHQW�DV�VXFK��EXW�DV�ZLWK�DQ\�0'2�LW�ZLOO�DIIHFW�WKH�SURFHVV�RI�VHWWLQJ�XS�
DQ�0'2�SURMHFW��SULPDULO\�SUDFWLFDO�LVVXHV�RI�DGPLQLVWUDWLYH�FKDUDFWHU��VXFK�DV�WKH�GHILQLWLRQ�RI�
D�V\QFKURQLVHG�SURGXFW�PRGHO�RI�DOO�ORDG�FDVHV�LQYROYHG�LQ�WKH�DQDO\VLV�DQG�WKH�DOORFDWLRQ�RI�
WKH� DSSURSULDWH� KDUGZDUH� DQG� VRIWZDUH� UHVRXUFHV� IRU� HDFK� VSHFLILF� ORDG� FDVH�� 7KHVH� DQG�
VLPLODU� LVVXHV� DUH� PDQDJHG� WKURXJK� D� FRUUHFW� H[HFXWLRQ� SURFHVV� IRU� VWRFKDVWLF�
PXOWLGLVFLSOLQDU\�GHVLJQ�LPSURYHPHQW���
�
�� 7KH�3URFHVV�RI�6WRFKDVWLF�0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW�
$� PDVV� UHGXFWLRQ� SURMHFW� LV� W\SLFDOO\� H[HFXWHG� XQGHU� WLPH� SUHVVXUH� DQG� LQ� D� V\VWHPV�
HQYLURQPHQW�ZKLFK�LQFOXGH�D�ULFK�VHW�RI�GLIIHUHQW�KDUGZDUH�DQG�VRIWZDUH�SODWIRUPV�DQG�SHUKDSV�
VRPH�GLIIHUHQW�TXHXH�V\VWHPV�DQG�GLIIHUHQW�TXHXHV� LQ�RUGHU� WR�PLUURU�GLIIHUHQW�SULRULWLHV�DQG�
GLIIHUHQW� UHVRXUFH� UHTXLUHPHQWV� IRU� WKH� GLIIHUHQW� ORDG� FDVHV� LQYROYHG�� 2WKHU� FRPSOLFDWLQJ�
IDFWRUV��HVSHFLDOO\�LQ�WKH�VWDUW�XS�SKDVH�RI�WKH�GHVLJQ�LPSURYHPHQW��DUH�WKDW�VRPH�ORDG�FDVHV�
PLJKW� QRW� KDYH� EHHQ� YHULILHG� IRU� UREXVWQHVV� SULRU� WR� WKHLU� LQWURGXFWLRQ� LQ� WKH� GHVLJQ�
LPSURYHPHQW�SURMHFW��RU�WKDW�WKHUH�DUH�QR�FRQVLVWHQW�URXWLQHV�IRU�WKH�YDOLGDWLRQ�RI�WKH�PRGHOV��
WKHLU�H[HFXWLRQ��RU�WKHLU�SRVW�SURFHVVLQJ��$GGLWLRQDOO\��WKH�KDUGZDUH�DQG�VRIWZDUH�UHTXLUHPHQWV�
IRU�WKHVH�DQDO\VHV�FDQ�IRU�D�PDMRULW\�RI�ORDG�FDVHV�EH�VXEVWDQWLDO��0HWKRGV�IRU�WKH�UHGXFWLRQ�RI�
LQHIILFLHQW�XVH�RI�FRPSXWH� UHVRXUFHV��DQG�ZDVWHG�&38�F\FOHV� IRU�QRQ�FRQYHUJHQW�EHKDYLRXU��
KDYH� WR� EH� D� SDUW� RI� D� VROXWLRQ�� 7KH� SXUSRVH� ZLWK� D� FRKHUHQW� DQG� VWUXFWXUHG� SURFHVV� IRU�
VWRFKDVWLF�PXOWLGLVFLSOLQDU\�GHVLJQ�LPSURYHPHQW�LV�WR�RYHUFRPH�WKHVH�PHQWLRQHG�LVVXHV��DQG�
DV� IDVW� DV� SRVVLEOH� DQG� ZLWK� D� KLJK� OHYHO� RI� UHSHDWDELOLW\� H[HFXWH� RQH� RU� PDQ\� GHVLJQ�
LPSURYHPHQW�UXQV���
�
/DUJH� VFDOH� PDVV� UHGXFWLRQ� SURMHFWV� LQ� DXWRPRWLYH� GHYHORSPHQW� SURFHVVHV� DUH� W\SLFDOO\�
H[HFXWHG�ZKHQ�D�FHUWDLQ�OHYHO�RI�PDWXULW\�LQ�WKH�VLPXODWLRQ�PRGHOV�DQG�HQJLQHHULQJ�NQRZOHGJH�
KDV�EHHQ�UHDFKHG��'XH�WR�UHVRXUFH�UHVWULFWLRQV�WKH�PHWKRG�LV�GHSOR\HG�ZKHQ�WKH�GDWD�LQYROYHG�
FDQ�EH�H[WUDFWHG�DQG�ZKHQ�WKHUH�DUH� UHVRXUFHV�DOORFDWHG� IRU� LWV�SXUSRVH��7KH� ILJXUH���EHORZ�
JLYHV� DQ� RYHUYLHZ� WR� ZKHQ� WKH� GLIIHUHQW� DSSOLFDWLRQV� RI� VWRFKDVWLF� VLPXODWLRQ� W\SLFDOO\� DUH�
DSSOLHG�LQ�WKH�GHYHORSPHQW�SURFHVV��
�
7KH�PDVV�UHGXFWLRQ�SURMHFW�LQ�LWVHOI�LV�GLYLGHG�LQWR�WKUHH�GLIIHUHQW�SKDVHV��7KH�ILUVW�SKDVH�LV�WKH�
YDOLGDWLRQ�SKDVH��,Q�WKLV�SKDVH�DOO� LQYROYHG�PRGHOV��FRGHV�DQG�SURFHGXUHV�YDOLGDWHG��)RU�WKLV�
SXUSRVH� DOO� GLIIHUHQW� DSSOLFDWLRQV� RI� VWRFKDVWLF� VLPXODWLRQ�

797�8
�� LQFOXGLQJ� VWRFKDVWLF� PRGHO�

YDOLGDWLRQ�
7�:;8
�DUH�XVHG�WRJHWKHU�ZLWK�WKH�EDVLF�IXQFWLRQDOLW\�RI�67�250�XVHG�IRU�WHVW�DQG�TXDOLW\�

FKHFN�RI�FRPSOH[�PXOWLGLVFLSOLQDU\�DQDO\VHV��DV�LOOXVWUDWHG�E\�WKH�DUURZV�LQ�ILJXUH�����7KH�XVH�
DQG�LQWHJUDWLRQ�RI�WKH�GLIIHUHQW�DSSOLFDWLRQV�RI�VWRFKDVWLF�VLPXODWLRQ�LQFOXGHG�LQ�WKLV�SKDVH�LV�
WR�FOHDUO\�GHILQH�DXWRPDWLF�SURFHVVHV� IRU� WKH�SRVW�SURFHVVLQJ�RI�DOO� ORDG�FDVHV� LQYROYHG��)RU�
H[DPSOH� IRU� 19+� LW� LV� FRPPRQ� WR� LQWURGXFH� URXWLQHV� IRU� WKH� DXWRPDWLF� LGHQWLILFDWLRQ� RI� WKH�
GLIIHUHQW�PRGHV� WR�EH� WUDFNHG�� DQG� URXWLQHV� IRU� KDQGOLQJ� WKLV�GDWD�KDV� WR�EH� LQWURGXFHG�DQG�
WHVWHG�LQ�WKH�6',�SURFHVV��
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6LQFH�WKH�RSWLPLVDWLRQ�PHWKRG�XVHG�UHOLHV�RQ�D�UDWKHU�VLPSOH�VHW�XS�RI�UDQGRPLVLQJ�D�VWDQGDUG�
GHWHUPLQLVWLF� PRGHO� RI� D� V\VWHP�� WKHUH� LV� RIWHQ� D� OLPLWHG� QHHG� IRU� DSSUR[LPDWLRQV� DQG�
VLPSOLILFDWLRQV� RI� PRGHO�� 7KLV� IDFW� UHGXFHV� WKH� UDPS�XS� RI� WKH� PDVV� UHGXFWLRQ� SURMHFW�
VLJQLILFDQWO\��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

)LJ�����$SSOLFDWLRQV�RI�VWRFKDVWLF�DQDO\VLV�LQ�WKH�GHYHORSPHQW�SURFHVV��
�
,Q�WKH�VHFRQG�SKDVH�RI�WKH�PDVV�UHGXFWLRQ�SURMHFW��WKH�GHYHORSPHQW�SURMHFW�KDV�WR�DJUHH�RQ�D�
FRPPRQ�JRDO�GHILQLWLRQ��DQG�WR�JXDUDQWHH�WKDW�DOO�PRGHOV�FRQWDLQV�WKH�VDPH�DVVXPSWLRQV�DQG�
SURGXFW� GDWD�� UHYLVLRQ� RI� PDWHULDO� GDWD�� HWF�� 7KLV� VWHS� W\SLFDOO\� DOVR� LQYROYHV� D� ILUVW� GHVLJQ�
H[SORUDWLRQ�WR�WHVW�VXJJHVWHG�FRQFHSWV��DQG�VWHSZLVH�WHVWV�RI�VHWV�RI�ORDG�FDVHV��7KLV�SKDVH�RI�
WKH� GHVLJQ� LPSURYHPHQW� LV� WKH� PRVW� UHVRXUFH� FRQVXPLQJ�� LQ� WHUPV� RI� PDQ� WLPH� DQG�
HQJLQHHULQJ�NQRZOHGJH��
�
7KH�WKLUG�DQG�ILQDO�SKDVH�FRQVLVWV�RI�D�FRPSOHWHO\�DXWRPDWLF�SURFHGXUH�ZKHUH�WKH�VWRFKDVWLF�
PXOWLGLVFLSOLQDU\�GHVLJQ�LPSURYHPHQW�LV�H[HFXWHG�DQG�PRQLWRUHG��7KH�VWHS�LQYROYHV�WKH�UHWXUQ�
PDSSLQJ��ZKLFK�LQ�D�PDVV�UHGXFWLRQ�FDVH�W\SLFDOO\�PHDQV���±����LWHUDWLRQV�ZLWK����±����VROYHU�
VKRWV� LQ� HDFK� LWHUDWLRQ�� 7KLV� LV� WKH� SKDVH�ZKLFK� LV�PRVW� LQWHQVLYH� LQ� WHUPV�RI� KDUGZDUH� DQG�
VRIWZDUH�UHVRXUFHV��EXW�LW� LV�RIWHQ�OLJKWHU�WKDQ�SKDVH���LQ�WHUPV�RI�PDQ�WLPH�DQG�HQJLQHHULQJ�
H[SHUWLVH�� $Q� RYHUYLHZ� RI� UHVRXUFH� UHTXLUHPHQWV� DQG� WKH� GLIIHUHQW� SKDVHV� RI� WKH� PDVV�
UHGXFWLRQ�SURMHFW�LV�VXPPDUL]HG�LQ�LOOXVWUDWLRQ����
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

)LJ�����&RPSXWDWLRQDO�UHVRXUFH�UHTXLUHPHQW�RI�WKH�WKUHH�GLIIHUHQW�SKDVHV��
�
,Q� WKLV� ILQDO� SKDVH� WKH� WDUJHW� GHILQLWLRQ� LV� FRQWLQXRXVO\� PRQLWRUHG� DQG� WXQHG�� (QJLQHHULQJ�
NQRZOHGJH�DQG�GHFLVLRQV�SOD\�DQ�DFWLYH�UROH�LQ�WKLV�GHVLJQ�LPSURYHPHQW�SURFHVV��'HSHQGLQJ�
RQ�H[SHULHQFH��SUHSDUDWLRQV�DQG�DYDLODELOLW\�RI�UHVRXUFHV�WKH�FRPSOHWH�SURFHVV�IURP�SKDVH���±
��ZLOO�UHTXLUH�IURP���±����ZHHNV���
�
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$Q�LPSRUWDQW�H[SHULHQFH�LV�WKDW�WKH�ILQDO�WDUJHW�VWDWH�LV��HYHQ�WKRXJK�UHDFKHG��QRW�QHFHVVDULO\�
WKH�VWDWH�ZKLFK� UHSUHVHQWV� WKH�GHVLJQ�ZKLFK� LV�VHOHFWHG�DQG� LPSOHPHQWHG��7KH�GHYHORSPHQW�
SURMHFW�WHQGV�UDWKHU�WR�VHOHFW�D�GHVLJQ�ZKLFK�LV�LPSURYHG��UREXVW��DQG�RIWHQ�OHVV�RSWLPDO��7KLV�
GHFLVLRQ� LV� PDGH�ZLWK� UHIHUHQFH� WR� HQJLQHHULQJ� H[SHULHQFH�� DQG� LW� H[SUHVV� WKH� IRFXV� RQ� ILW��
UDWKHU�WKDQ�RSWLPDO��VROXWLRQV�DQG�GHVLJQV����
�
7KH� PDMRULW\� RI� SUDFWLFDO� LVVXHV� KDYH� WR� EH� DGGUHVVHG� WKRXJK� D� FRUUHFW� 6WRFKDVWLF�
0XOWLGLVFLSOLQDU\� 'HVLJQ� ,PSURYHPHQW� SURFHVV�� DQG� WKURXJK� DQ� DSSURSULDWH� OHYHO� RI�
IXQFWLRQDOLW\�RI�WKH�WRROVHW�XVHG�LQ�RUGHU�WR�GHILQH�DQG�PDQDJH�WKH�VWRFKDVWLF�DQDO\VLV��,Q�WKH�
FDVH� SUHVHQWHG� LQ� WKLV� SDSHU� WKH� DQDO\VLV� LV� H[HFXWHG� ZLWKLQ� DQ� LQWHJUDWHG� IUDPHZRUN� IRU�
UREXVWQHVV�� PRGHO� YDOLGDWLRQ� DQG� GHVLJQ� LPSURYHPHQW�� ,PSRUWDQW� FKDUDFWHULVWLFV� RI� WKLV�
IUDPHZRUN�DUH��

��+ )XQFWLRQDOLW\�WR�GHILQH�GHSHQGHQFLHV�DQG�FOHDU�LQWHUIDFHV�EHWZHHQ�VROYHUV�RU�ORDG�FDVHV��+ )XQFWLRQDOLW\�WR�GHILQH�EUHDN�FRQGLWLRQV�LI�VHSDUDWH�VROYHUV��RU�JURXS�RI�VROYHUV��IDLO��+ )XQFWLRQDOLW\�WR�VWRS�VHSDUDWH�VROYHUV�RU�ORDG�FDVHV�LI�XQZDQWHG�YDOXHV�RFFXU��+ )XQFWLRQDOLW\�IRU�VHSDUDWH�WHVWV�DQG�LWHUDWLRQV�RI�VLQJOH�VROYHUV�RU�ORDG�FDVHV��+ )XQFWLRQDOLW\�WR�HDVLO\�PDQDJH�DQG�DGG�GLIIHUHQW�KDUGZDUH�DQG�VRIWZDUH�SODWIRUPV��+ )XQFWLRQDOLW\�WR�PDQDJH�DQG�HDVLO\�DGG�GLIIHUHQW�TXHXH�V\VWHPV�DQG�GHILQLWLRQV��+ 5REXVW�LQWHUQDO�IXQFWLRQDOLW\�IRU�GLVWULEXWHG�FRPSXWLQJ��
�
$�VXPPDU\�RI�WKH�NH\�FKDUDFWHULVWLFV�RI�WKH�6WRFKDVWLF�0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW�
SURFHVV�DUH��
� + $Q�LQWHJUDWHG�VWRFKDVWLF�SURFHVV��+ $�KLJK�OHYHO�RU�DXWRPDWLRQ��+ &OHDUO\�GHILQHG�SURFHVVHV�DQG�URXWLQHV�IRU�WHVW�DQG�DQDO\VLV��+ &RQWURO�RI�SURGXFW�FRQILJXUDWLRQ��PRGHOV�DQG�GHSHQGHQFLHV��+ &URVV�GRPDLQ�FRPPXQLFDWLRQ�DQG�GHFLVLRQ�SURFHVV��+ $SSURSULDWH�VRXUFLQJ�LQ�WHUPV�RI�NQRZOHGJH��PDQ�KRXUV��KDUGZDUH�DQG�VRIWZDUH��
�� 6XPPDU\�DQG�2XWORRN�
7KLV�SDSHU�KDV�SUHVHQWHG�ZK\�DQG�KRZ�6WRFKDVWLF�0XOWLGLVFLSOLQDU\�'HVLJQ�,PSURYHPHQW�LV�
LPSOHPHQWHG�LQ�ODUJH�VFDOH�DXWRPRWLYH�GHYHORSPHQW�SURFHVVHV��7KH�VWUHQJWKV�RI�WKH�PHWKRG�
DQG�FRQVLGHUDWLRQV�PDGH�LQ�LWV�LPSOHPHQWDWLRQ�KDYH�EHHQ�H[HPSOLILHG�ZLWK�D�PXOWLGLVFLSOLQDU\�
PDVV�UHGXFWLRQ�SURMHFW�ZKLFK�FRYHUV�GLIIHUHQW�ORDG�FDVHV�FUDVKZRUWKLQHVV�DQG�19+�
VLPXODWLRQ���
�
:LWK�UHIHUHQFH�WR�RXU�H[SHULHQFH�VLQFH�WKH�ILUVW�IXOO�VFDOH�VWRFKDVWLF�FUDVK�LQ�������DQG�WKH�
LQFUHDVLQJ�SDFH�RI�DGRSWLRQ�LQ�LQGXVWU\���VWRFKDVWLF�PHWKRGV��RQFH�FRQVLGHUHG�QRYHO��DUH�QRZ�
DSSOLHG�LQ�WKH�JHQHUDO�HQJLQHHULQJ�ZRUN�IORZ�LQ�DXWRPRWLYH�DQG�DHURVSDFH�RUJDQLVDWLRQV��:LWK�
UHIHUHQFH�WR�WKH�SUHVHQWHG�DSSOLFDWLRQ��LWV�VFDODELOLW\�DQG�UREXVWQHVV�LQ�DQDO\VLV��EDVLF�WRROVHW�
DQG�SURFHVV��VWRFKDVWLF�PHWKRGV�SURYH�WKH�PDWXULW\�UHTXLUHG�IRU�D�UDSLG�DGRSWLRQ�LQ�
FRQWHPSRUDU\�ODUJH�VFDOH�GHYHORSPHQW�SURFHVVHV��
�
�� 5HIHUHQFHV�
�
>�@�� *LHVLQJ��-�3��%DUWKHOHP\�-�0����$�6XPPDU\�RI�0'2�$SSOLFDWLRQV�DQG�1HHGV���6XPPDU\�

RI�3DSHUV�FRPSRVHG�E\�WKH�$,$$�7HFKQLFDO�&RPPLWWHH��������S�����
�
>�@�� 6LPSVRQ�7�:��%RRNHU�$�-��*KRVK�'��*LXQWD�$�$��.RFK�3�1��<DQJ�5����$SSUR[LPDWLRQ�

0HWKRGV�LQ�0XOWLGLVFLSOLQDU\�$QDO\VLV�DQG�2SWLPL]DWLRQ��$�3DQHO�'LVFXVVLRQ���6XPPDU\�
RI�'LVFXVVLRQ�DW�WKH�$SSUR[LPDWLRQ�0HWKRGV�3DQHO��KHOG�DW�WKH��

¬ ­
�$,$$�,6602�

6\PSRVLXP�RQ�0XOWLGLVFLSOLQDU\�$QDO\VLV�DQG�2SWLPL]DWLRQ��6HSWHPEHU������������S����
�
>�@�� 0DUF]\N�-���³$XWRPRWLYH�&UDVK�6LPXODWLRQ��$�3HUVRQDO�3HUVSHFWLYH´��($6L�3XEOLFDWLRQV�

������S�������
�
>�@�� &XOOLPRUH�%��3DQF]DF�7��%DXPDQQ�-����$XWRPDWHG�0XOWLGLVFLSOLQDU\�2SWLPL]DWLRQ�RI�D�

6SDFH�EDVHG�7HOHVFRSH´��6$(����������������������S������
�
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>�@� 0DUF]\N�-���³8QFHUWDLQW\�0DQDJHPHQW�LQ�$XWRPRWLYH�&UDVK��)URP�$QDO\VLV�WR�
6LPXODWLRQ´��$60(��'HVLJQ�(QJLQHHULQJ�7HFKQLFDO�&RQIHUHQFH�
%DOWLPRUH�������������S�������

�
>�@� 0DUF]\N�-���³8QFHUWDLQW\�0DQDJHPHQW�DQG�.QRZOHGJH�*HQHUDWLRQ�LQ�&$(´��(XURSHDQ�

&RQJUHVV�RQ�&RPSXWDWLRQDO�0HWKRGV�LQ�$SSOLHG�6FLHQFHV�DQG�(QJLQHHULQJ�
(&&20$6��������6HSWHPEHU�������S����

�
>�@� 0DULR�.RHSSHQ��³7KH�&XUVH�RI�'LPHQVLRQDOLW\´���WK�2QOLQH�:RUOG�&RQIHUHQFH�RQ�6RIW�

&RPSXWLQJ�LQ�,QGXVWULDO�$SSOLFDWLRQV��:6&���6HSWHPEHU�������������S�������
�
>�@� %DODEDQRY�-��.DXIPDQQ�9��.QLOO�'�/��*RORYLGRY�2��*XLQWD�$�$��+DIWND�5�7��*URVVPDQ�%��

0DVRQ�:�+��:DWVRQ�/�7����'HSHQGHQFH�RI�2SWLPDO�6WUXFWXUDO�:HLJKW�RQ�$HURG\QDPLF�
6KDSH�IRU�D�+LJK�6SHHG�&LYLO�7UDQVSRUW´���

¬ ­
�$,$$�86$)�1$6$�,6602�6\PSRVLXP�RQ�

0XOWLGLVFLSOLQDU\�$QDO\VLV�DQG�2SWLPL]DWLRQ�KHOG�LQ�6HSWHPEHU������������S����������
�
>�@� .RFK�3�1��0DYULV�'��0LVWUHH�)����0XOWL�/HYHO��3DUWLWLRQHG�5HVSRQVH�6XUIDFHV�IRU�0RGHOLQJ�

&RPSOH[�6\VWHPV���
¬ ­
�$,$$�86$)�1$6$�,6602�6\PSRVLXP�RQ�0XOWLGLVFLSOLQDU\�

$QDO\VLV�DQG�2SWLPL]DWLRQ�KHOG�LQ�6HSWHPEHU�����������S������±���������
�
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