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$XWHXU���%$8:(16�6pEDVWLHQ�
'pS{W�GH�OD�WKqVH��������
�
&LWDWLRQ���%$8:(16�6pEDVWLHQ���������'�VWHP�PRGHOOLQJ�LQ�WURSLFDO�IRUHVW���
WRZDUGV� LPSURYHG� ELRPDVV� DQG� ELRPDVV� FKDQJH� HVWLPDWHV�� 7KqVH� GH� GRFWRUDW��
*HPEORX[�$JUR�%LR�7HFK�±�8QLYHUVLWp�GH�/LqJH��*HPEORX[�����S��
�
&UpGLWV�SKRWRJUDSKLTXHV�����
�
&HWWH�°XYUH�HVW�VRXV� OLFHQFH�&UHDWLYH�&RPPRQV��9RXV�rWHV� OLEUH�GH�UHSURGXLUH��GH�
PRGLILHU��GH�GLVWULEXHU�HW�GH�FRPPXQLTXHU�FHWWH�FUpDWLRQ�DX�SXEOLF�VHORQ�OHV�FRQGLWLRQV�
VXLYDQWHV���

�� 3DWHUQLWp� �%<����YRXV�GHYH]�FLWHU� OH�QRP�GH� O
DXWHXU�RULJLQDO�GH� OD�PDQLqUH�
LQGLTXpH�SDU�O
DXWHXU�GH�O
°XYUH�RX�OH�WLWXODLUH�GHV�GURLWV�TXL�YRXV�FRQIqUH�FHWWH�
DXWRULVDWLRQ��PDLV�SDV�G
XQH�PDQLqUH�TXL�VXJJpUHUDLW�TX
LOV�YRXV�VRXWLHQQHQW�
RX�DSSURXYHQW�YRWUH�XWLOLVDWLRQ�GH�O
°XYUH����

�� 3DV�G
XWLOLVDWLRQ�FRPPHUFLDOH��1&����YRXV�Q
DYH]�SDV�OH�GURLW�G
XWLOLVHU�FHWWH�
FUpDWLRQ�j�GHV�ILQV�FRPPHUFLDOHV���

�� 3DUWDJH� GHV� FRQGLWLRQV� LQLWLDOHV� j� O
LGHQWLTXH� �6$���� VL� YRXV� PRGLILH]��
WUDQVIRUPH]�RX� DGDSWH]� FHWWH� FUpDWLRQ�� YRXV�Q
DYH]� OH�GURLW�GH�GLVWULEXHU� OD�
FUpDWLRQ� TXL� HQ� UpVXOWH� TXH� VRXV� XQ� FRQWUDW� LGHQWLTXH� j� FHOXL�FL��¬� FKDTXH�
UpXWLOLVDWLRQ� RX� GLVWULEXWLRQ� GH� FHWWH� FUpDWLRQ�� YRXV� GHYH]� IDLUH� DSSDUDLWUH�
FODLUHPHQW�DX�SXEOLF� OHV�FRQGLWLRQV�FRQWUDFWXHOOHV�GH�VD�PLVH� j�GLVSRVLWLRQ��
&KDFXQH�GH�FHV�FRQGLWLRQV�SHXW�rWUH�OHYpH�VL�YRXV�REWHQH]�O
DXWRULVDWLRQ�GX�
WLWXODLUH�GHV�GURLWV� VXU�FHWWH�°XYUH��5LHQ�GDQV�FH�FRQWUDW�QH�GLPLQXH�RX�QH�
UHVWUHLQW�OH�GURLW�PRUDO�GH�O¶DXWHXU��
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$EVWUDFW�
7URSLFDO�IRUHVWV�DUH�WKH�PDLQ�FRQWULEXWRUV�RI�&2��HPLVVLRQV�EHWZHHQ�WKH�ELRVSKHUH�

DQG�WKH�DWPRVSKHUH�LQ�WKH�ODQG�XVH�VHFWRU��7KH�GHIRUHVWDWLRQ�DQG�GHJUDGDWLRQ�RI�WKHVH�
IRUHVWV�DUH�WKH�PDLQ�VRXUFHV�RI�HPLVVLRQV�IURP�WKLV�VHFWRU��ZKLFK�DFFRXQWV�IRU�����RI�
WKH�ZRUOG
V� &2�� HPLVVLRQV�� 7KH�PRQLWRULQJ� RI� &2�� HPLVVLRQV� DQG� UHPRYDOV� IURP�
WURSLFDO� IRUHVWV� UHTXLUHV� ILQH�PHDVXUHPHQWV�RI� WKHLU� WUHHV��7KHVH�PHDVXUHPHQWV� DUH�
WKHQ�XVHG�DV�LQSXWV�LQ�DOORPHWULF�PRGHO�WR�SUHGLFW�WKH�WUHH�DERYHJURXQG�ELRPDVV�DQG�
WKXV�LQGLUHFWO\�WKHLU�HTXLYDOHQW�LQ�&2���+RZHYHU��D�VLJQLILFDQW�SURSRUWLRQ�RI�WUHHV�LQ�
WURSLFDO� IRUHVWV�VKRZ�PRUSKRORJLFDO� VLQJXODULWLHV�RQ� WKH�VWHP�VXFK�DV�EXWWUHVVHV�RU�
RWKHU�LUUHJXODULWLHV��7KH�KHLJKW��+320��RI�WKH�GLDPHWHU�PHDVXUHG��'320��LV�WKHUHIRUH�
FRPPRQO\�UDLVHG�DERYH�WKH�EXWWUHVVHV�WR�UHDFK�D�FLUFXODU�SDUW�RI�WKH�VWHP��7KH�VWDQGDUG�
RI�PHDVXULQJ� WKH�GLDPHWHU�DW�EUHDVW�KHLJKW� �'%+�� LV� WKHQ� ORVW�� ,Q� WKLV�FRQWH[W�� WKLV�
WKHVLV� DLPV� WR� LPSURYH� WKH�PRQLWRULQJ�RI� WURSLFDO� WUHHV�ZLWK� VWHP� LUUHJXODULWLHV� E\�
XVLQJ� UHFHQW� WKUHH�GLPHQVLRQDO� ��'�� PHDVXUHPHQW� WRROV� DQG� GHYHORSLQJ� D� PRGHO�
EDVHG�DSSURDFK�WR�KDUPRQL]H�KHLJKW�PHDVXUHPHQWV�RI�WKH�GLDPHWHUGR��
)LUVW�� ZH� HYDOXDWHG� WKH� SRWHQWLDO� RI� WKH� FORVH�UDQJH� WHUUHVWULDO� SKRWRJUDPPHWULF�

DSSURDFK� �&573�� WR� PHDVXUH� LUUHJXODU� VKDSHG� VWHPV�� 7KH� DGYDQWDJH� RI� WKLV� �'�
DSSURDFK�LV�LWV�ORZ�FRVW�DQG�HDVH�RI�LPSOHPHQWDWLRQ�DV�LW�RQO\�UHTXLUHV�D�FDPHUD�DQG�
WDUJHWV��)ROORZLQJ�WKH�FRQYLQFLQJ�UHVXOWV�RI�WKLV�DSSURDFK��ZH�VWXGLHG�WKH�TXDOLW\�RI�
WKH�DOORPHWULF�UHODWLRQVKLS�EHWZHHQ�YDULDEOHV�H[WUDFWHG�IURP�WKH�VWHP�FURVV�VHFWLRQ�DW�
����P�KHLJKW�DQG�DERYH�JURXQG�ELRPDVV��:H�IRXQG�WKDW�WKH�HTXLYDOHQW�GLDPHWHU�RI�WKH�
EDVDO�DUHD�DW�����P�KHLJKW��'%+
��FRUUHODWHV�EHWWHU�ZLWK�DERYHJURXQG�WUHH�ELRPDVV�DQG�
WKXV� LWV� FDUERQ� FRQWHQW� WKDQ� GRHV� GLDPHWHU� DERYH� EXWWUHVV� �'320��� 7KHUHIRUH��
KDUPRQL]DWLRQ�RI�+320�WR�����P�KHLJKW�VKRXOG�EH�IXUWKHU�VWXGLHG�WR�LPSURYH�ELRPDVV�
HVWLPDWHV��
6HFRQGO\��ZH�LQYHVWLJDWHG�WKH�SRWHQWLDO�RI�D�KDQG�KHOG�PRELOH�OLGDU�VFDQQHU��+0/6��

WR�PHDVXUH�LQ��'�QRW�RQO\�RQH�WUHH�DW�D�WLPH�EXW�PDQ\�WUHHV�IURP�IRUHVW�SORWV�ZLWK�D�
���P�UDGLXV�LQ�%HOJLDQ�WHPSHUDWH�IRUHVW��7R�DVVHVV�WKH�+0/6��ZH�FRPSDUHG�LW�WR��'�
PHDVXUHPHQWV� PDGH� ZLWK� D� PRUH� FRPPRQO\� XVHG� VWDWLF� WHUUHVWULDO� ODVHU� VFDQQLQJ�
�7/6��DQG�ZLWK�FRQYHQWLRQDO�IRUHVW�LQYHQWRU\�GLDPHWHU�DQG�SRVLWLRQ�PHDVXUHPHQWV��
7KH� +0/6� KDV� D� EHWWHU� �'� VSDWLDO� FRYHUDJH� RI� WKH� VWHPV� WKDQ� WKH� 7/6� DQG� WKH�
SUHFLVLRQ�RI�WKH�VWHP�GLDPHWHU�PHDVXUHPHQWV�LV�DOVR�EHWWHU�ZLWK�WKH�+0/6��6HWWLQJ�
XS�WKH�SORW�DQG�VFDQQLQJ�LW�IURP�ILYH�ORFDWLRQV�ZLWK�WKH�7/6�WDNHV�WKUHH�WLPHV�ORQJHU�
WKDQ� VFDQQLQJ�ZLWK�+0/6�� 7KLV� SLRQHHULQJ�ZRUN� VKRZV� XV� WKH� SRWHQWLDO� RI� XVLQJ�
+0/6� LQ� WURSLFDO� IRUHVWV� WKURXJK� LWV� VSHHG� RI� H[HFXWLRQ� DQG� LWV� LPSRUWDQW� VSDWLDO�
FRYHUDJH�DW�WKH�VWHP�OHYHO��DQ�LPSRUWDQW�LVVXH�IRU�LUUHJXODU�VKDSHG�WUHH�VWHPV���
7KLUGO\��ZH�GHYHORSHG�DQG�DVVHVVHG�D�PRGHO�EDVHG�DSSURDFK�IRU�KDUPRQL]LQJ�+320�

WR�FRUUHFW�WKH�ELDV�LQGXFHG�E\�LUUHJXODU�VWHPV�LQ�WKH�DERYHJURXQG�ELRPDVV�HVWLPDWHV�
RI� IRUHVW� LQYHQWRU\� SORWV�� )ROORZLQJ� WKH� HVWLPDWLRQ� RI� '%+
� XVLQJ� D� WDSHU� PRGHO�
SURSRVHG�LQ�RXU�VWXG\��ZH�ILQG�WKDW�FRQYHQWLRQDO�DERYHJURXQG�ELRPDVV�HVWLPDWHV��L�H��
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ZLWK� RQO\� '320��� FRPSDUHG� WR� HVWLPDWHV� PDGH� ZLWK� '%+
�� VKRZ� DQ� LQFUHDVLQJ�
GLYHUJHQFH�ZLWK�WKH�LQFUHDVH�RI�LUUHJXODU�VWHPV�SURSRUWLRQ�ZLWKLQ�SORWV�DQG�JRLQJ�XS�
WR������LQ�RXU�VWXG\��7KHVH�UHVXOWV�VKRZ�WKH�LPSRUWDQFH�RI�FRQVLGHULQJ�+320�ZKHQ�
HVWLPDWLQJ�DERYHJURXQG�ELRPDVV�LQ�WURSLFDO�IRUHVWV��HVSHFLDOO\�LQ�IRUHVWV�ZLWK�PDQ\�
LUUHJXODU�VWHPV��(VWLPDWHV�RI�WKH�HYROXWLRQ�RI�SORW�DERYH�JURXQG�ELRPDVV�RYHU�WLPH�
VKRXOG�DOVR�EH�UHYLVHG�WR�EHWWHU�FRQVLGHU�WKH�ELRPDVV�JURZWK�RI�LUUHJXODU�VKDSHG�WUHH�
VWHPV��ZKLFK�KDV�EHHQ�XQGHUHVWLPDWHG�XQWLO�QRZ���
)LQDOO\��EDVHG�RQ�WKH�UHVXOWV�RI�WKLV�UHVHDUFK��ZH�VXPPDUL]H�WKH��'�PHDVXUHPHQW�

WRROV�FXUUHQWO\�DYDLODEOH�DQG�GHVFULEH�WKHLU�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�LQ�WKH�FDVH�
RI�LUUHJXODU�VWHPV��%DVHG�RQ�DYDLODEOH�KXPDQ�DQG�WHFKQLFDO�UHVRXUFHV��ZH�DOVR�JLYH�
UHFRPPHQGDWLRQV�RQ�WKH�KDUPRQL]DWLRQ�PHWKRG�WR�XVH�LQ�SHUPDQHQW�VDPSOLQJ�SORWV�WR�
FRUUHFW� WKH�ELDV� LQGXFHG�E\� LUUHJXODU� VWHPV�� ,PSURYHG�PRQLWRULQJ�RI� WKHVH� WURSLFDO�
WUHHV�PD\�SURYLGH�D�EHWWHU�XQGHUVWDQGLQJ�RI�VRPH�RI� WKH�UHVLGXDO�� L�H��XQH[SODLQHG��
WHUUHVWULDO�HFRV\VWHP�&2��VLQN�FXUUHQWO\�QRWHG�LQ�,3&&�UHSRUWV������

� �
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5pVXPp�
/HV�IRUrWV�WURSLFDOHV�VRQW�OHV�SULQFLSDOHV�FRQWULEXWULFHV�GHV�pPLVVLRQV�GH�&2��HQWUH�

OD�ELRVSKqUH�HW�O¶DWPRVSKqUH�GDQV�OH�VHFWHXU�GH�O¶DIIHFWDWLRQ�GHV�WHUUHV��/D�GHVWUXFWLRQ�
HW�GpJUDGDWLRQ�GHV�FHV�IRUrWV�VRQW�OHV�SULQFLSDOHV�VRXUFHV�G¶pPLVVLRQV�GH�FH�VHFWHXU�TXL�
UHSUpVHQWH� ��� �� GHV� pPLVVLRQV� PRQGLDOHV� GH� JD]� j� HIIHW� GH� VHUUH�� /H� VXLYL� GHV�
pPLVVLRQV�HW�DEVRUSWLRQV�GH�&2��GHV�IRUrWV�WURSLFDOHV�SDVVH�SDU�GHV�PHVXUHV�ILQHV�GHV�
DUEUHV� TXL� OHV� FRQVWLWXHQW� HW� O¶XWLOLVDWLRQ� GH� FHV� PHVXUHV� GDQV� GHV� PRGqOHV�
DOORPpWULTXHV�SUpGLVDQW�OD�ELRPDVVH�DpULHQQH�GH�FHV�DUEUHV�HW�GRQF�LQGLUHFWHPHQW�OHXUV�
pTXLYDOHQWV�&2���&HSHQGDQW��XQH�SDUW�LPSRUWDQWH�G¶DUEUHV�HQ�IRUrW�WURSLFDOH�SUpVHQWH�
GHV� VLQJXODULWpV�PRUSKRORJLTXHV� VXU� OH� WURQF� WHOOHV� TXH�GHV� FRQWUHIRUWV� RX�G¶DXWUHV�
LUUpJXODULWpV�� FH� TXL� FRPSOH[LILH� OD� WUDQVIRUPDWLRQ� GHV� PHVXUHV� GH� WHUUDLQ� YLD� FHV�
PRGqOHV� DOORPpWULTXHV�� (Q� HIIHW�� VXU� FHV� DUEUHV�� OD� KDXWHXU� �+320�� GH� PHVXUH� GX�
GLDPqWUH��'320��HVW�FODVVLTXHPHQW�UHKDXVVpH�SRXU�DWWHLQGUH�XQH�SDUWLH�FLUFXODLUH�GX�
WURQF��/H�FDUDFWqUH�VWDQGDUG�GX�GLDPqWUH�PHVXUp�j�KDXWHXU�GH�SRLWULQH��'+3��HVW�GRQF�
SHUGX��'DQV�FH�FRQWH[WH��FHWWH� WKqVH�D�SRXU�REMHFWLI�G¶DPpOLRUHU� OH�VXLYL�GHV�DUEUHV�
WURSLFDX[�SUpVHQWDQW�GHV�LUUpJXODULWpV�VXU�OH�WURQF�SDU�O¶XVDJH�G¶RXWLOV�GH�PHVXUH�HQ�
WURLV�GLPHQVLRQV���'���HW�GH�SURSRVHU�XQH�PpWKRGH�TXL�SUHQQH�PLHX[�HQ�FRPSWH�FHV�
VLQJXODULWpV�PRUSKRORJLTXHV��
7RXW� G
DERUG�� QRXV� DYRQV� pYDOXp� OH� SRWHQWLHO� GH� O¶DSSURFKH� SKRWRJUDPPpWULTXH�

WHUUHVWUH��&573��SRXU�PHVXUHU�OHV�WURQFV�LUUpJXOLHUV��/¶DYDQWDJH�GH�FHWWH�DSSURFKH��'�
HVW�VRQ�IDLEOH�FR�W�HW�VD�IDFLOLWp�GH�PLVH�HQ�°XYUH�FDU�HOOH�QH�QpFHVVLWH�TX¶XQ�DSSDUHLO�
SKRWR�HW�GHV�FLEOHV��6XLWH�DX[�UpVXOWDWV�FRQFOXDQWV�GH�FHWWH�DSSURFKH��QRXV�DYRQV�pWXGLp�
OD�TXDOLWp�GH� OD�UHODWLRQ�DOORPpWULTXH�HQWUH�GHV�YDULDEOHV�FDOFXOpHV�VXU� OD�EDVH�GH� OD�
VXUIDFH�GH�VHFWLRQV�GH�WURQFV�j�����P�GH�KDXWHXU�HW�OD�ELRPDVVH�DpULHQQH��,O�HQ�UHVVRUW�
TXH� OH� GLDPqWUH� pTXLYDOHQW� j� OD� VXUIDFH� GH� OD� VHFWLRQ� j� ����P� GH� KDXWHXU� �'+3¶��
SUpVHQWH�XQH�PHLOOHXUH�FRUUpODWLRQ�DYHF�OD�ELRPDVVH�DpULHQQH�GHV�DUEUHV�TXH�OD�PHVXUH�
GX� GLDPqWUH� DX�GHVVXV� GHV� FRQWUHIRUWV� �'320��� 3DU� FRQVpTXHQW� XQH� KDUPRQLVDWLRQ�
SHUPHWWDQW� GH� UDPHQHU� OHV� PHVXUHV� IDLWHV� DX�GHVVXV� GHV� FRQWUHIRUWV� j� ����P� HVW� j�
HQYLVDJHU�SRXU�DPpOLRUHU�OHV�HVWLPDWLRQV�GH�ELRPDVVH��
(QVXLWH�� QRXV� DYRQV� pWXGLp� OH� SRWHQWLHO� G¶XQ� VFDQQHU� OLGDU�PRELOH� �+0/6�� SRXU�

PHVXUHU�HQ��'�QRQ�SOXV�XQ�VHXO�DUEUH�j�OD�IRLV�PDLV�GHV�SODFHWWHV�IRUHVWLqUHV�GH����P�
GH�UD\RQ�HQ�IRUrW�WHPSpUpH�EHOJH��3RXU�pYDOXHU�FHW�RXWLO��QRXV�O¶DYRQV�FRPSDUp�j�GHV�
PHVXUHV��'�IDLWHV�DYHF�XQ�VFDQQHU�OLGDU�WHUUHVWUH�VWDWLTXH��7/6��SOXV�FRPPXQpPHQW�
XWLOLVp�HW��DYHF�GHV�PHVXUHV�GH�GLDPqWUH�HW�GH�SRVLWRQ�FODVVLTXHV�G¶LQYHQWDLUH�IRUHVWLHU��
/H�+0/6�SUpVHQWH�XQH�PHLOOHXUH�FRXYHUWXUH�VSDWLDOH�GHV�WURQFV�HQ��'�TXH�OH�7/6�HW�
OD�PHVXUH�GX�GLDPqWUH�GHV�WURQFV�HVW�pJDOHPHQW�PHLOOHXUH�DYHF�OH�+0/6���/H�WHPSV�
GH�PLVH�HQ�SODFH�HW�G¶DFTXLVLWLRQ�G¶XQH�SODFHWWH�HQ�+0/6�HVW���IRLV�LQIpULHXU�DX�WHPSV�
G¶DFTXLVLWLRQ�GH�FLQT�VFDQV�7/6��&H� WUDYDLO�SUpFXUVHXU�QRXV�PRQWUH� OH�SRWHQWLHO�GH�
O¶XVDJH�GX�+0/6�HQ�IRUrW�WURSLFDOH�DX�WUDYHUV�GH�O¶LPSRUWDQWH�FRXYHUWXUH�VSDWLDOH�TX¶LO�
SURFXUH�j�KDXWHXU�GHV�WURQFV�HW�VD�UDSLGLWp�GH�PLVH�HQ�°XYUH���
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(QILQ��QRXV�DYRQV�GpYHORSSp�HW�pYDOXp�XQH�PpWKRGH�G¶KDUPRQLVDWLRQ�GX�+320�DILQ�
GH�FRUULJHU�OH�ELDLV�LQGXLW�SDU�OHV�WURQFV�LUUpJXOLHUV�GDQV�OHV�HVWLPDWLRQV�GH�ELRPDVVH�
DpULHQQH�GH�SODFHWWHV�G¶LQYHQWDLUH��6XLWH�j�O¶HVWLPDWLRQ�GX�'+3¶��JUkFH�j�O¶pTXDWLRQ�GH�
GpILOHPHQW� SURSRVpH� GDQV� QRWUH� pWXGH�� QRXV� FRQVWDWRQV� TXH� OHV� HVWLPDWLRQV� GH�
ELRPDVVH�DpULHQQH�IDLWHV�GH�PDQLqUH�FRQYHQWLRQQHOOH��F¶HVW�j�GLUH�DYHF�XQLTXHPHQW�
'320�� VRQW� LQIpULHXUHV� DX[� HVWLPDWLRQV� IDLWHV� DYHF� OHV� '+3¶�� &HWWH� GLYHUJHQFH�
DXJPHQWH�DYHF� OD�SURSRUWLRQ�G¶DUEUHV�j� WURQF� LUUpJXOLHU� DX� VHLQ�GHV�SDUFHOOHV� HW�YD�
MXVTX¶j�������GDQV�OH�FDV�GH�QRWUH�pWXGH��&HV�UpVXOWDWV�GpYRLOHQW�O¶LPSRUWDQFH�GH�OD�
SULVH� HQ� FRPSWH� GH� +320� GDQV� OHV� HVWLPDWLRQV� GH� ELRPDVVH� DpULHQQH� GHV� IRUrWV�
WURSLFDOHV��SOXV�SDUWLFXOLqUHPHQW�GDQV�OHV�IRUrWV�SUpVHQWDQW�XQH�SURSRUWLRQ�LPSRUWDQWH�
GH� WURQFV� LUUpJXOLHUV��/HV�HVWLPDWLRQV�VXU� O¶pYROXWLRQ�GH�FHWWH�ELRPDVVH�DpULHQQH�DX�
FRXUV�GX� WHPSV�GHYURQW�pJDOHPHQW�rWUH� UHYXHV�DILQ�GH�PLHX[�SUHQGUH�HQ�FRPSWH� OD�
FURLVVDQFH� HQ� ELRPDVVH� GHV� DUEUHV� j� WURQF� LUUpJXOLHU� TXL� HVW� MXVTX¶j� SUpVHQW� VRXV�
HVWLPpH���
)LQDOHPHQW��VXU�EDVH�GHV�UpVXOWDWV�GH�FHWWH�UHFKHUFKH�QRXV�V\QWKpWLVRQV�OHV�RXWLOV�GH�

PHVXUHV��'�DFWXHOOHPHQW�GLVSRQLEOHV�HW�SUpVHQWRQV�OHXUV�DYDQWDJHV�HW�LQFRQYpQLHQWV�
UHVSHFWLIV� GDQV� OH� FDV� GHV� DUEUHV� j� WURQF� LUUpJXOLHU�� 'HV� UHFRPPDQGDWLRQV� VRQW�
pJDOHPHQW�GRQQpHV� VXU� OD�PDQLqUH�GH�FRUULJHU� OH�ELDLV� LQGXLW�SDU� FHV�DUEUHV� VXU� OHV�
HVWLPDWLRQV�GH�VWRFN�HW�GH�FKDQJHPHQWV�GH�VWRFNV�GH�FDUERQH�GHV�SDUFHOOHV�GH�VXLYL�GH�
FURLVVDQFH�HQ�IRQFWLRQ�GHV�PR\HQV�KXPDLQV�HW�WHFKQLTXHV�GLVSRQLEOHV��/¶DPpOLRUDWLRQ�
GX�VXLYL�GH�FHV�DUEUHV�WURSLFDX[�SHUPHWWUD�SHXW�rWUH�GH�PLHX[�FRPSUHQGUH�XQH�SDUWLH�
GX� SXLWV� GH� &2�� UpVLGXHO�� F¶HVW� j� GLUH� QRQ� H[SOLTXp�� GH� O¶pFRV\VWqPH� WHUUHVWUH�
DFWXHOOHPHQW�FRQVWDWp�GDQV�OHV�UDSSRUWV�GX�*,(&������
� �
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5HPHUFLHPHQWV�
7RXW�G¶DERUG��MH�UHPHUFLH�WRXV�OHV�RUJDQLVPHV�TXL�RQW�FRQWULEXp�DX�ILQDQFHPHQW�GH�

FHWWH� WKqVH� HW� GH�PHV� WUDYDX[�GH� WHUUDLQ� �� OH�)RQGV�)UDQoDLV�SRXU� O¶(QYLURQQHPHQW�
0RQGLDO��))(0��HW�O¶$JHQFH�)UDQoDLVH�GX�'pYHORSSHPHQW��$)'��TXL�RQW�FR�ILQDQFp�
OH�SURMHW�'\QDI)RU�SDU�OHTXHO�PHV�GHX[�SUHPLqUHV�DQQpHV�GH�WKqVH�RQW�pWp�ILQDQFpHV�
DLQVL�TXH�OH�WUDYDLO�GH�WHUUDLQ�j�/RXQGRXQJRX�HQ�5pSXEOLTXH�GX�&RQJR��&RQYHQWLRQV�
&==���������'�DQG�&==���������(���-H�UHPHUFLH�pJDOHPHQW�OHV�RUJDQLVPHV�&,)25�
�&HQWHU� IRU� ,QWHUQDWLRQDO� )RUHVWU\� 5HVHDUFK��� 5	6'� �5HVVRXUFHV� DQG� 6\QHUJLHV�
'HYHORSPHQW�� HW� O¶81,.,6� �8QLYHUVLWp� GH� .LVDQJDQL��� SDUWHQDLUHV� GX� SURMHW�
5()25&2�ILQDQFp�SDU�O¶8QLRQ�(XURSpHQQH�HW�TXL�RQW�FRQWULEXp�DX�ILQDQFHPHQW�HW�j�
OD� SUpSDUDWLRQ� ORJLVWLTXH� GH� PRQ� WUDYDLO� GH� WHUUDLQ� j� <DQJDPEL� HW� j� %LDUR� HQ�
5pSXEOLTXH� 'pPRFUDWLTXH� GX� &RQJR�� /D� %DQTXH� 0RQGLDOH� DX� WUDYHUV� GX� SURMHW�
35(5(''��SLORWp�SDU�1DWXUH��TXL�D�pJDOHPHQW�ILQDQFp�PRQ�WUDYDLO�GH�WKqVH�SHQGDQW�
TXHOTXHV�PRLV� HW� O¶,QVWLWXW� GH� 5HFKHUFKH� SRXU� OH� 'pYHORSSHPHQW� �,5'�� SRXU� OHXU�
VXSSRUW�ILQDQFLHU�HW�ORJLVWLTXH�j�0LQGRXURX�,,�DX�&DPHURXQ���
-H�WLHQV�pJDOHPHQW�j�UHPHUFLHU�FHOOHV�HW�FHX[�TXL�P¶RQW�DFFRPSDJQp�HW�RQW�MRXp�XQ�

U{OH�LPSRUWDQW�GXUDQW�OH�WUqV�ORQJ�SpULSOH�GH�FHWWH�WKqVH��$X�GHOj�GX�WUDYDLO�VFLHQWLILTXH�
TXH�UHSUpVHQWH�XQH�WKqVH��F¶HVW�pJDOHPHQW�XQH�DYHQWXUH�KXPDLQH�XQ�SHX�SDUWLFXOLqUH�
SRXU�FHOXL�TXL�OD�PqQH��
8Q�JUDQG�PHUFL�6\OYLH�SRXU�WD�VXSHUYLVLRQ��WRQ�VRXWLHQ�HW�WD�SDWLHQFH��&H�Q¶pWDLW�SDV�

pYLGHQW�GH�PH�VXLYUH�j�GLVWDQFH��7X�pWDLV�WRXMRXUV�GLVSRQLEOH�GqV�TXH�M¶HQ�H[SULPDLV�
OH�EHVRLQ��
0HUFL�3KLOLSSH��F¶HVW�DX�WUDYHUV�GH�WRQ�HQWKRXVLDVPH�GpERUGDQW�TXH�MH�PH�VXLV�ODQFp�

GDQV� FHWWH� DYHQWXUH� HW� TXH� M¶DL� H[SORUp� FHV� RXWLOV� LQQRYDQWV� GDQV� QRWUH� GLVFLSOLQH�
LQLWLDOHPHQW� SHX� WHFKQRORJLTXH�� -¶DL� WRXMRXUV� HX� SODLVLU� j� WUDYDLOOHU� j� WHV� F{WpV�� WD�
MRYLDOLWp�HW�WRQ�pQHUJLH�VRQW�FRPPXQLFDWLYHV��(YLWHU�OD�GLVSHUVLRQ�I�W�QRWUH�SOXV�JUDQG�
GpIL��
0HUFL� $GHOLQH�� WRXMRXUV� SUpVHQWH�� j� O¶pFRXWH�� UpDFWLYH�� VWUXFWXUDQWH�� GLUHFWH� HW�

HIILFDFH��0HUFL�SRXU�WHV�UHOHFWXUHV�WRXMRXUV�WUqV�SHUWLQHQWHV��/D�TXDOLWp�GH�PRQ�WUDYDLO�
VFLHQWLILTXH�DXUDLW�pWp�ELHQ�PRLQGUH�VDQV�OHV�VFDQV�GH�WHV�\HX[�GH�O\Q[��7RQ�FRDFKLQJ�
KXPDLQ�P¶D�pJDOHPHQW�SHUPLV�GH�WHQLU�OD�GLVWDQFH��
0HUFL�-HDQ�/RXLV�SRXU�WRQ�VRXWLHQ�DX�ODQFHPHQW�GH�PD�WKqVH��-¶DL�WRXMRXUV�HX�XQ�

SURIRQG�UHVSHFW�SRXU�OH�WUDYDLO�TXH�WX�PqQHV�GDQV�FHV�EHOOHV�IRUrWV�WURSLFDOHV��
0HUFL�$OH[DQGUH�SRXU�WD�SUpVHQFH�HW�WRQ�DFFXHLO�j�WRQ�EXUHDX��-¶pWDLV�XQ�SHX�SHUGX�

DYHF�WRXV�FHV�JLJDV�GH�GRQQpHV��'�HW�WHV�FRQVHLOV�WHFKQLTXHV�P¶RQW�SHUPLV�GH�PH�VRUWLU�
GH�O¶RUQLqUH���
0HUFL�4XHQWLQ�SRXU�WRQ�DFFXHLO�FKDOHXUHX[�HQ�5'&�HW�WRXWHV�OHV�IDFLOLWpV�TXH�WX�P¶DV�

SHUPLVHV�GDQV�FH�SD\V��
0HUFL� &RUDOLH� SRXU� WRQ� LQYHVWLVVHPHQW� HW� WD� ULJXHXU� GDQV� OD� PLVVLRQ� GH� WHUUDLQ�

GLIILFLOH�TXH�WX�DV�PHQpH�j�/RXQGRXQJRX�HW�SRXU�OHV�GLIIpUHQWV�PRPHQWV�SDUWDJpV��
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0HUFL�$ODLQ�SRXU�OH�WUDYDLO�G¶RPEUH�GH�QHWWR\DJH�GHV�GRQQpHV�TXH�WX�DV�UpDOLVp�DYHF�
ULJXHXU��
0HUFL� 3LHUUH� SRXU� WRQ� DSSXL� HW� OHV� YHUUHV� TXL� VXLYLUHQW� QRWUH� WUDYDLO� GH� WHUUDLQ� j�

0LQGRXURX�,,��
7KDQNV�WR�.LP�DQG�%DUW�IRU�\RXU�FROODERUDWLRQ�RQ�WKLV�YDOXDEOH�VFLHQWLILF�SDSHU��
0HUFL�j�1DWXUH��GH�P¶DYRLU�SHUPLV�GH�SURORQJHU��GH�SOXVLHXUV�PRLV��OH�ILQDQFHPHQW�

GH�FHWWH�WKqVH�HQ�VRQ�GpEXW���
0HUFL� DX[� VRFLpWpV� IRUHVWLqUHV� TXL� QRXV� RQW� DFFXHLOOLV� SRXU� FHV� UHFKHUFKHV�� SOXV�

SDUWLFXOLqUHPHQW� $OSLFDP� HW� &,%�2/$0�� 0HUFL� pJDOHPHQW� DX[� SURIHVVHXUV� )��
%R\HPED���/��1GMHOH���&��/RPED�GH�O¶81,.,6�SRXU�OHV�IDFLOLWpV�RIIHUWHV�HQ�5'&��
-H� WLHQV� pJDOHPHQW� j� UHPHUFLHU� WRXWH� O¶pTXLSH�GH� IRUrW� WHPSpUpH� TXH� M¶DL� F{WR\pH�

GXUDQW�WRXWHV�FHV�DQQpHV�DX�VHLQ�GH�FHV�YLHX[�PXUV�GH�*HPEORX[�HW�DYHF�TXL�M¶DL�SDVVp�
G¶H[FHOOHQWV�PRPHQWV��-¶DL�SHXU�GH�YRXV�FLWHU�DX�ULVTXH�G¶HQ�RXEOLHU«�0DULH��0DULH�
$QJH��$GULHQ��*DXWKLHU��&pGULF��+XJXHV��-R��1LFR��3HWHU��6WHSK��)UDQoRLV��[��0LNKDLO��
-pU{PH��6DP��$WFKRXP��&RUHQWLQ��&KORp��-DFTXHV«�0DLV�pJDOHPHQW�OHV�WURSLFDX[���
-HDQ�<YHV��*UDFH��&pGULF�HW�WRXV�OHV�DXWUHV�����
-H�WHUPLQHUDL�FHV�UHPHUFLHPHQWV�SDU�PD�SHWLWH�IDPLOOH��$QQH��1RDK��6LPRQ�HW�/RXLV��

SRXU�P¶DYRLU� SHUPLV� GH� QH� MDPDLV� RXEOLHU� OH� YUDL� RUGUH� GHV� SULRULWpV��$QQH��PHUFL�
G¶DYRLU�pWp� Oj�GXUDQW� WRXW�FH� ORQJ�SURFHVVXV�TXL�QH�I�W�SDV�GH� WRXW� UHSRV�GDQV�PRQ�
HVSULW����
�
�
�
�
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7DEOH�RI�FRQWHQWV�
��^dZ��d� s//�
Z�^hD�� /y�
Z�D�Z�/�D�Ed^� y/�
d��>��K&��KEd�Ed^� y///�
>/^d�K&�&/'hZ�^� ys�
>/^d�K&�d��>�^� yy�
���Z�s/�d/KE^� yy/�

'�E�Z�>�/EdZK�h�d/KE� ϭ�

ϭ͘ϭ�d,��dZKW/��>�&KZ�^d^�/E�d,��'>K��>���Z�KE��h�'�d� ϯ�
ϭ͘ϭ͘ϭ�,Kt�&KZ�^d^�&/d�/EdK�d,��'>K��>���Z�KE��h�'�d͍� ϯ�
ϭ͘ϭ͘Ϯ�,Kt�/DWKZd�Ed�/^�d,��ZK>��K&�dZKW/��>�&KZ�^d^�/E�d,��'>K��>���Z�KE��h�'�d͍� ϰ�
ϭ͘ϭ͘ϯ�,Kt�WZ��/^���Z��d,����Z�KE�^dK�<^��E��^dK�<��,�E'���^d/D�d�^�/E�dZKW/��>�
&KZ�^d^͍� ϱ�
ϭ͘Ϯ͘�d,��^d�D��/�D�d�Z͕���<�z�&��dhZ��/E�dZKW/��>�&KZ�^d^�DKE/dKZ/E'� ϳ�
ϭ͘Ϯ͘ϭ� t,z��E��,Kt�D��^hZ/E'�d,��^d�D��/�D�d�Z͍� ϳ�
ϭ͘Ϯ͘Ϯ͘�,Kt�dK�D��^hZ��d,���/�D�d�Z�KE�/ZZ�'h>�Z�^d�D^͍� ϳ�
ϭ͘ϯ͘�d,���hZZ�Ed�D�d,K�^�dK�D��^hZ��/ZZ�'h>�Z�^d�D��ZK^^Ͳ^��d/KE^� ϭϬ�
ϭ͘ϯ͘ϭ��/Z��d�D��^hZ�D�Ed^�/E�d,��&/�>�� ϭϬ�
ϭ͘ϯ͘Ϯ�DK��>Ͳ��^����WWZK��,�^� ϭϮ�
ϭ͘ϰ͘�Z�^��Z�,�^dZ�d�'z� ϭϯ�
ϭ͘ϰ͘ϭ͘�Z�^��Z�,�'�W^��E��K�:��d/s�^� ϭϯ�
ϭ͘ϰ͘Ϯ͘�^dZh�dhZ��K&�d,��d,�^/^� ϭϰ�

ϯ��D��^hZ�D�Ed^�K&�/ZZ�'h>�Z>z�^,�W���^d�D^� ϭϲ�

Ϯ͘ϭ͘�WZ��D�>�� ϭϴ�
Ϯ͘Ϯ͘�d,��^�/�Ed/&/��W��ZͲZ�s/�t���W�W�Z� ϭϵ�

ϯ��^d�D�D��^hZ�D�Ed^��d�d,��W>KdͲ>�s�>� ϯϮ�

ϯ͘ϭ͘�WZ��D�>�� ϯϰ�
ϯ͘Ϯ͘�d,��^�/�Ed/&/��W��ZͲZ�s/�t���W�W�Z� ϯϱ�

D�</E'�dZKW/��>�&KZ�^d�W>Kd^��KDW�Z��>�� ϱϮ�
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ϰ͘ϭ͘�WZ��D�>�� ϱϰ�
ϰ͘Ϯ͘�d,��^�/�Ed/&/��W��ZͲZ�s/�t���W�W�Z� ϱϱ�

�/^�h^^/KE� ϲϴ�

ϱ͘ϭ͘�d,��D�:KZ�&/E�/E'^� ϳϬ�
ϱ͘ϭ͘ϭ�d,���&&��d/s�E�^^�K&��/Z��d�ϯ��D��^hZ/E'�dKK>^�/E�dZKW/��>�&KZ�^d^� ϳϬ�
ϱ͘ϭ͘Ϯ�d,��DK��>Ͳ��^����WWZK��,�dK�Ks�Z�KD��d,���hZZ�Ed�>/D/d^�K&�ϯ��D��^hZ/E'�
dKK>^� ϳϭ�
ϱ͘Ϯ͘�d,��W�Z^W��d/s�^� ϳϮ�
ϱ͘Ϯ͘ϭ�t,/�,�ϯ��D��^hZ�D�Ed�dKK>�/E�t,/�,���^��&KZ�W�ZD�E�Ed�&KZ�^d�/Es�EdKZz�
W>Kd^͍� ϳϮ�
ϱ͘Ϯ͘Ϯ�d,���>K^�ͲZ�E'��ϯ��D��^hZ�D�Ed�dKK>^�/E�KW�Z�d/KE�>�WZ��/^/KE�&KZ�^dZz� ϳϰ�
ϱ͘Ϯ͘ϯ�d,��DK��>Ͳ��^����WWZK��,�^�dK�Ks�Z�KD��d,���hZZ�Ed�>/D/d^�K&�ϯ��D��^hZ/E'�
dKK>^� ϳϱ�
ϱ͘ϯ͘�WZ��d/��>�Z��KDD�E��d/KE�&KZ�D��^hZ/E'�/ZZ�'h>�Z>z�^,�W���dZ���^d�D^�/E�
W�ZD�E�Ed�&KZ�^d�/Es�EdKZz�W>Kd^� ϳϳ�

Z�&�Z�E��^� ϴϬ�

�WW�E�/��^� ϵϮ�

�WW�E�/y�ϭ�ʹ�^hWW>�D�Ed�Zz�/E&KZD�d/KE�K&�^�/�Ed/&/��W�W�Z�K&��,�Wd�Z�Ϯ͗�d�ZZ�^dZ/�>�
W,KdK'Z�DD�dZz͗���EKEͲ��^dZh�d/s��D�d,K��&KZ�DK��>>/E'�/ZZ�'h>�Z>z�^,�W���
dZKW/��>�dZ���dZhE<^� ϵϯ�
^/�ϭ͗���^�Z/Wd/KE�K&�d,��>KhE�KhE'Kh�^/d��;Z�Wh�>/��K&��KE'KͿ͘� ϵϯ�
^/�Ϯ͗�D�d,K�K>K'z��E��s�>/��d/KE�K&�d,��W,KdK'Z�DD�dZ/��WZK��^^͘� ϵϰ�
^/�ϯ͗�WKD���&/E/d/KE͕�&KZD�dd/E'��/KD�^^���d���E����Z��ϭϯϬ�;/����,͛ͿͲ&/�>��s�Z/��>��
Z�>�d/KE^,/W^� ϵϵ�
�WW�E�/y�Ϯ�Ͳ�^hWW>�D�Ed�Zz�/E&KZD�d/KE�K&�d,��^�/�Ed/&/��W�W�Z�K&��,�Wd�Z�ϯ͗�&KZ�^d�
/Es�EdKZz�t/d,�d�ZZ�^dZ/�>�>/��Z͗����KDW�Z/^KE�K&�^d�d/���E����,�E�Ͳ,�>��DK�/>��
>�^�Z�^��EE/E'� ϭϬϰ�
�WW�E�/y�ϯ�ʹ�^hWW>�D�Ed�Zz�/E&KZD�d/KE�K&�d,��^�/�Ed/&/��W�W�Z�K&��,�Wd�Z�ϯ͗���ϯ��
�WWZK��,�dK�DK��>�d,��d�W�Z�K&�/ZZ�'h>�Z�dZ���^d�D^͗�D�</E'�W>Kd^��/KD�^^�
�^d/D�d�^��KDW�Z��>��/E�dZKW/��>�&KZ�^d^� ϭϬϵ�
�
�
�

� �
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/LVW�RI�ILJXUHV�
)LJXUH� ����� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� RYHUDOO� SHUWXUEDWLRQ� RI� WKH� JOREDO�

FDUERQ� F\FOH� FDXVHG� E\� DQWKURSRJHQLF� DFWLYLWLHV�� DYHUDJHG� JOREDOO\� IRU� WKH� GHFDGH�
�����������7KH�EXGJHW�LPEDODQFH�LV�DOVR�VKRZQ�LQ�JUH\��7KLV�ILJXUH�LV�IURP�/H�4XpUp�
HW�DO���������������DQG�KDV�EHHQ�XSGDWHG�ZLWK�GDWD�IURP�)ULHGOLQJVWHLQ�HW�DO������������
)LJXUH������(UURU�SURSDJDWLRQ�IURP�WKH�GDWD�VRXUFHV��OLJKW�EOXH�UHFWDQJOHV��XS�WR�WKH�

UHJLRQ�ZLGH� $*%� HVWLPDWHV� �OLJKW� RUDQJH� UHFWDQJOH�� E\� XVLQJ� WUHH� DERYHJURXQG�
ELRPDVV�PRGHO��7UHH�$*%�PRGHO��DQG�UHPRWH�VHQVLQJ�PRGHO��56�PRGHO���7KH�UHJLRQ�
ZLGH�$*%�GHQVLW\��0J�KD��LV�WKHQ�XVHG�DV�HPLVVLRQ�IDFWRU��()��LQ�HT�����««««���

)LJXUH� ����� 7KH� LQWHUQDWLRQDO� VWDQGDUG� RI� WKH� SRLQW� RI�PHDVXUHPHQW� �320��� WKH�
EUHDVW�KHLJKW��L�H������P��DQG�WKH�SUDFWLFDO�GLDPHWHU�320��'UHI��PHDVXUHG�LQ�D�WURSLFDO�
IRUHVW�ZLWK�LUUHJXODUO\�VKDSHG�WUHH�VWHPV�VXFK�DV�EXWWUHVVHV�WUHHV��7KH�FRS\ULJKW�RI�WKH�
IRUHVW�GUDZLQJ�EHORQJV�WR�$QGUHMD�%UXOH��«««««««««««««««««��
)LJXUH������7KH�GLVWULEXWLRQ�RI�+320�YDOXHV�KLJKHU� WKDQ�����P�LQ���KD� WURSLFDO�

IRUHVW�SORWV�RI�&HQWUDO�$IULFD��GDWD�IURP�3ORWRQ�HW�DO����������«««««««««���

)LJXUH������:LUH�PHWKRG�WR�HVWLPDWH�WKH�EDVDO�DUHD�RI�D�FURVV�VHFWLRQ��OHIW��VKDSLQJ�
WKH�ZLUH��ULJKW��FRXQWLQJ�WKH�QXPEHU�RI�VTXDUHV�ZLWK�D�UHIHUHQFH�DUHD���«««««���
)LJXUH� ����� ([DPSOH� RI� D� FRQYH[�FRQFDYH� PHWKRG� ZLWK� PHDVXUHPHQWV� RI� WKH�

F\OLQGULFDO� DQG� EXWWUHVVHV� FRPSRQHQWV� �PRGLILHG� ILJXUH� RI� +HQU\� HW� DO���
������««««««««««««««««««««««««««««««�����
)LJXUH� ����� 7KH� XVH� RI�7HUUHVWULDO� /DVHU� 6FDQQLQJ� �7/6�� WR�PHDVXUH� LUUHJXODUO\�

VKDSHG�WUHH�VWHPV��PRGLILHG�ILJXUH�RI�1|ONH�HW�DO�����������«««««««««�����
)LJXUH������([DPSOH�RI�D�PRGHO�EDVHG�DSSURDFK�EDVHG�RQ�D�WDSHU�PRGHO��0HDVXUHG�

WDSHU�GDWD�RI�WKH�UHJXODU�SDUW�RI�WKH�VWHP�ZLWK�RSWLFDO�GHQURPHWHU��SRLQWV��DQG�ILWWHG�
WDSHU�PRGHOV��OLQHV��IRU� LQGLYLGXDO� WUHHV��6ROLG� OLQHV�VKRZ�WKH�EHVW�ILW�FXUYHV� WR� WKH�
PHDVXUHG�GDWD�IRU�HDFK�VWHP��VROLG���GDVKHG�OLQHV�VKRZ�WKH�WDSHU�FXUYHV�REWDLQHG�E\�
H[WUDSRODWLQJ� IURP� WKH������GLDPHWHU�PHDVXUHPHQW� IRU� HDFK� WUHH�XVLQJ� WKH�EHVW�ILW�
WDSHU� YDOXH� IRU� WKH� VWHP�� DQG� GRWWHG� OLQHV� VKRZ� WKH� H[WUDSRODWLRQ� IURP� WKH� �����
GLDPHWHU�XVLQJ�WKH�JHQHUDO�PRGHO�DSSOLHG�WR�WKDW�VWHP��7KH�KRUL]RQWDO�GDVKHG�OLQH�LV�
WKH�VWDQGDUG�KHLJKW�DW�����P��PRGLILHG�ILJXUH�RI�&XVKPDQ�HW�DO��������«««««����

)LJXUH������&RQFHSWXDO�IUDPHZRUN�RI�WKH�WKHVLV��%LRPDVV�FKDQJHV�DUH�GHULYHG�IURP�
ELRPDVV�VWRFNV�HVWLPDWHG�DW�WZR�GLIIHUHQW�\HDUV��WQ �Q�\HDUV�DIWHU�WKH�\HDU�W��«««����
)LJXUH������:RUNIORZ�RI�WKH�QRQ�GHVWUXFWLYH�PHWKRG�IRU�WKH�WKUHH�GLPHQVLRQDO�WUHH�

PRGHOOLQJ�VXLWDEOH�IRU�ODUJH�DQG�LUUHJXODUO\�VKDSHG�WURSLFDO�WUHHV��7KH�PDLQ�VWHSV�DUH�
����DFTXLVLWLRQ�RI�SKRWRJUDSKV�DOO�DURXQG�WKH�WUHH������ORFDWLRQ�RI�WKH�SKRWRJUDSKV�LQ�
WKH� WKUHH�GLPHQVLRQDO� VSDFH� EDVHG� RQ� WKH� VWUXFWXUH�IURP�PRWLRQ� SURFHVV� �WKH� EOXH�
VTXDUHV�LQ�VXE�)LJXUH���FRUUHVSRQGV�WR�WKH�SKRWRJUDSKV�������VFDOLQJ�WKH�SURMHFW�ZLWK�
UHIHUHQFH�SRLQWV�DQG�����JHQHUDWLQJ�D�GHQVH�WKUHH�GLPHQVLRQDO�SRLQW�FORXG�RI�WKH�VWHP��
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,Q�WKH�SRVW�SURFHVVLQJ�SKDVH��WKH�WUHH�VNHOHWRQ�LV�FRPSXWHG��VWHS����E\�VOLFLQJ�WKH�SRLQW�
FORXG� DORQJ� WKH� ]�D[LV� DQG� HVWLPDWLQJ� WKH� FHQWUH� RI� HDFK� FURVV�VHFWLRQ�� 7KHQ��
PHDVXUHPHQWV�RI�FURVV�VHFWLRQV�DUH�FDUULHG�RXW�SHUSHQGLFXODU�WR�WKH�VNHOHWRQ��VWHS�����
)LQDOO\��LQ�VWHS����EDVHG�RQ�WKH�FURVV�VHFWLRQDO�PHDVXUHPHQWV��WKH�VWHPPRUSKRORJ\�LV�
DQDO\VHG�E\�FRPSXWLQJ�VKDSH�LQGLFHV�DQG�ILWWLQJ�WDSHU�FXUYHV��««««««««���
)LJXUH������9DULDWLRQ�RI�WKH�VKDSH�LQGH[�'H%$��%DVDO�$UHD�'HILFLW��DORQJ�WKH�VWHP�

IRU����&��PLOGEUDHGLL��DQG����(��F\OLQGULFXP��7KH�FRORXUHG�OLQHV�FRUUHVSRQG�WR�WUHHV�
ZLWK�FRQWUDVWHG�GLDPHWHUV��DQG�WKH�EODFN�GRWV��DV�ZHOO�DV�WKH�LQWHUVHFWLRQ�EHWZHHQ�WKH�
VROLG�DQG�GDVKHG�OLQHV��LQGLFDWH�WKH�SRVLWLRQ�RI�WKH�GLDPHWHU�DERYH�EXWWUHVVHV��'$%���
&URVV�VHFWLRQV�ZLWK�D�'H%$�EHORZ�WKH������UHIHUHQFH�YDOXH�DUH�FRQVLGHUHG�FLUFXODU��
«««««««««««««««««««««««««««««««««���
)LJXUH� ����� 5HODWLRQVKLS� EHWZHHQ� WKH� VKDSH� LQGH[�'H%$� �%DVDO� $UHD� 'HILFLW�� DW�

����P�KHLJKW�DQG�WKH�GLDPHWHU�RI�D�GLVF�ZLWK�WKH�VDPH�DUHD�DV�WKH�EDVDO�DUHD�DW�����P�
KHLJKW��'DUHD������«««««««««««««««««««««««««�«���
)LJXUH������%LRPDVV�HUURU�RI�GLIIHUHQW�DOORPHWULF�PRGHOV�DFFRUGLQJ�WR�WKH�GLDPHWHU�

XVHG��7KH�PRGHO�P��LV�WKH�PRGHO�ILWWHG�ZLWK�'$%��WKH�PRGHO�P��LV�WKH�PRGHO�ILWWHG�
ZLWK�'DUHD�����WKH�&KDYH�HW�DO���������������PRGHO�ZLWKRXW�KHLJKW�LV�WKH�PRGHO�IRU�
PRLVW�IRUHVW�ZKLFK�LV�ILWWHG�ZLWK�D�PL[HG�RI�'%+�DQG�'$%�GDWD��WKH�)D\ROOH�HW�DO��
�����D��E��PRGHO�LV�D�ORFDO�PXOWLVSHFLHV�PRGHO�ZKLFK�LV�ILWWHG�ZLWK�D�PL[HG�RI�'%+�
DQG�'$%�GDWD��WKH�&KDYH�HW�DO���������������PRGHO�ZLWK�KHLJKW�LV�WKH�PRGHO�IRU�PRLVW�
IRUHVW�UHTXLULQJ�WKH�KHLJKW�LQ�DGGLWLRQ�WR�GLDPHWHU�DQG�EDVDO�ZRRG�GHQVLW\��DOVR�ILWWHG�
ZLWK�D�PL[HG�RI�'%+�DQG�'$%�GDWD��DQG�WKH�&KDYH�HW�DO���������PRGHO�ZLWK�KHLJKW�
LV�D�PRGHO�UHTXLULQJ�WKH�KHLJKW�LQ�DGGLWLRQ�WR�GLDPHWHU�DQG�EDVDO�ZRRG�GHQVLW\��DOVR�
ILWWHG�ZLWK�D�PL[HG�RI�'%+�DQG�'$%�GDWD��7KH�VROLG�DQG�GDVKHG�OLQHV�DUH�ORFDO�ILWWHG�
OLQHV��ORHVV�ILWWLQJ�ZLWK�D�VSDQ�RI�������WKH�VROLG�OLQH�LV�ILWWHG�RQ�ELRPDVV�GDWD�SUHGLFWHG�
ZLWK� '$%� �FURVV� V\PEROV�� DQG� WKH� GDVKHG� OLQH� RQ� ELRPDVV� GDWD� SUHGLFWHG� ZLWK�
'DUHD�����VTXDUH�V\PEROV���'$%��GLDPHWHU�DERYH�EXWWUHVVHV��««««««««�����
)LJXUH������5HODWLRQVKLSV�EHWZHHQ�WKH�GLDPHWHU�RI�D�GLVF�ZLWK�WKH�VDPH�DUHD�DV�WKH�

EDVDO�DUHD�DW��B��P�KHLJKW��'DUHD�����DQG�ILHOG�PHDVXUHPHQWV�LQFOXGLQJ�WKH�GLDPHWHU�RI�
WKH�FRQYH[�KXOO�PHDVXUHG�DW��B��P�KHLJKW��'&RQYH[+XOO�����DURXQG�WKH�EXWWUHVVHV��D���WKH�
KHLJKW�RI�WKH�GLDPHWHU�DERYH�EXWWUHVVHV��+'$%���E���DQG�WKH�GLDPHWHU�DERYH�EXWWUHVVHV�
�'$%��DW�D�YDULDEOH�KHLJKW��F���««««««««««««««««««««�����
)LJXUH� ����� 2YHUYLHZ� RI� WKH� VWXG\� DUHD�� ZLWK� WKH� ORFDWLRQV� RI� WKH� SORWV� �,5�

RUWKRLPDJH�ZLWK�FRQWRXU�LQWHUYDOV�RI����P�RI�HOHYDWLRQ���««««««««««�����

)LJXUH������/RFDWLRQV�RI�WKH�7/6�DQG�WKH�VSKHUHV��OHIW��DQG�ZDONLQJ�SDWWHUQ�IRU�WKH�
+0/6�GDWD�DFTXLVLWLRQV��VWDUWLQJ�LQ�UHG�DQG�HQGLQJ�LQ�GDUN��«««««««««����
)LJXUH������&RPSDULVRQ�RI�D�����P�KHLJKW�VOLFH�RI�WKH�SRLQW�FORXG��WKLFNQHVV�RI����

FP��RI�RQH�3LFHD�DELHV�VWHP�VFDQQHG�ZLWK�WKH�KDQG�KHOG�PRELOH�ODVHU�VFDQQLQJ�=(%��
DQG�ZLWK�WKH�PXOWLVFDQ�PHWKRG��)$52����)URP�WKH�OHIW��ZH�KDYH�WKH�WRS�YLHZ�RI�WKH�



[YLL�

VOLFHV��WKH��'�GHQVLW\�JUDSK�RI�WKH�VOLFHV��KLVWRJUDPV�RI�WUDQVHFWV�ZLWKLQ�WKH�VOLFHV�ZLWK�
ELQV�RI���PP��UHG�GRWWHG�OLQHV�DUH�WUDQVHFWV�IROORZLQJ�WKH�[�D[LV�DQG�WKH�\HOORZ�GRWWHG�
OLQH�WUDQVHFWV�IROORZLQJ�WKH�\�D[LV��DQG��ILQDOO\��RQ�WKH�ULJKW��ZH�KDYH�DQ�RYHUOD\�RI�WKH�
=(%��VOLFH�DQG�WKH�)$52��VOLFH��«««««««««««««««««����

)LJXUH� ����� 3HUFHQWDJH� RI� WKH� FURVV�VHFWLRQ� FORVXUH� EHWZHHQ� WKH� WKUHH� GLIIHUHQW�
VFDQQLQJ�PHWKRGV�DFFRUGLQJ�WR�WKH�YLVXDO�LQWHUSUHWDWLRQ�RI�WKH�SRLQW�FORXG�VOLFHV�DW�����
P�KHLJKW��WKLFNQHVV�RI����FP��RI�WKH�HLJKW�SORWV��««««««««««««««���

)LJXUH������'70�GLIIHUHQFHV�FRPSDULQJ�GLIIHUHQW�VFDQ�VHWXSV��7KH�ELDV�LV�JHQHUDOO\�
ORZ��EXW�WKH�VORSH�DQG�XQGHUVWRU\�OHDG�WR�YDULDWLRQ�LQ�WKH�JHQHUDWHG�'70V��QRWH�WKDW�
WKH� \�D[LV� VFDOH� LV� GLIIHUHQW� IRU� WKH� WZR� JUDSKV���
«««««««««««««««�����

)LJXUH������&+0�GLIIHUHQFHV�FRPSDULQJ�GLIIHUHQW�VFDQ�VHWXSV��«««««««����
)LJXUH������&+0�LOOXVWUDWLRQ�RI�WZR�SORWV�ZLWK�WKH�WKUHH�GLIIHUHQW�VFDQQLQJ�PHWKRGV��

«««««««««««««««««««««««««««««««««���
)LJXUH������2Q�WKH�OHIW��VFDWWHUSORWV�RI�WKH�'%+�PHDVXUHG�ZLWK�WKH�WDSH�YHUVXV�WKH�

'%+�GHULYHG�IURP�WKH�GLIIHUHQW�/L'$5�GDWD��7KH�GDVKHG�OLQH�VKRZV�WKH�����OLQH�DQG�
WKH� VROLG� OLQH� WKH� WUHQG�OLQH�� 2Q� WKH� ULJKW�� WKH� GLDPHWHU� GLIIHUHQFH� EHWZHHQ� '%+�
HVWLPDWHV�IURP�/L'$5�DQG�'%+�PHDVXUHG�LQ�WKH�ILHOG�ZLWK�D�WDSH��WKH�\�VFDOH�RI�WKH�
UHVLGXDO�SORW�RI�)$52���LV�GLIIHUHQW�WR�WKH�RWKHU�UHVLGXDO�SORWV���7KH�VROLG�JUH\�FXUYH�
LV�FRPSRVHG�RI�ORFDO�ILWWHG�OLQHV��/2(66�ILWWLQJ�ZLWK�D�VSDQ�RI������IRU�WKH�VSHFLHV�
FODVVLILHG�DV�VPRRWK�EDUN�VSHFLHV�DQG� WKH� ORQJ�GDVKHG�UHG�FXUYH�VKRZV� ORFDO� ILWWHG�
OLQHV� IRU� WKH� URXJK� EDUN� VSHFLHV�� 7KH� \� YDOXHV� RI� WKH� KRUL]RQWDO� GRWWHG� OLQHV� DUH��
UHVSHFWLYHO\����FP�DQG����FP��ZKLFK�DUH�WKUHVKROG�YDOXHV�GLVFXVVHG�LQ�WKH�UHVXOWV��«���
)LJXUH� ����� &RQYHQWLRQDO� �OHIW�� DQG� RULJLQDO� �ULJKW�� ZRUNIORZV� IRU� SORW�OHYHO�

DERYHJURXQG� ELRPDVV� �$*%�� VWRFN� DQG� VWRFN� FKDQJH� HVWLPDWHV�� ,Q� WKH� RULJLQDO�
ZRUNIORZ��WKH�KHLJKW��+320��RI�WKH�PHDVXUHG�'320�LV�KDUPRQL]HG�DW�EUHDVW�KHLJKW�
�L�H�������P��DQG�WKH�UHVXOWLQJ�HTXLYDOHQW�GLDPHWHU�DW�EUHDVW�KHLJKW��'%+¶��LV�FRPSXWHG�
ZLWK�D�WDSHU�PRGHO�EHIRUH�HVWLPDWLQJ�WUHH�$*%�RI�WKH�WUHHV�ZLWK�LUUHJXODU�VWHPV�LQ�WKH�
IRUHVW� LQYHQWRU\�SORWV��7KH� WDSHU�PRGHO�DQG� WKH�$*%�PRGHO�XVHG� LQ� WKLV� VWXG\�DUH�
EDVHG� RQ� WKUHH�GLPHQVLRQDO� ��'�� GDWD� DQG� GHVWUXFWLYH� GDWD�� UHVSHFWLYHO\�� ,Q� WKH�
RULJLQDO�ZRUNIORZ��WKH�$*%�PRGHO�KDV�'%+�DV�RQH�RI�LWV�SUHGLFWRUV��L�H���'320�IRU�
UHJXODU�VWHPV�DQG�'%+��IRU�LUUHJXODU�VWHPV���7KH�SHUIRUPDQFHV�RI�WKH�$*%�PRGHO�
IURP�WKH�RULJLQDO�ZRUNIORZ�DUH�WHVWHG�LQ�WKLV�VWXG\�DQG�WKH�SORW�OHYHO�$*%�VWRFN�DQG�
VWRFN�FKDQJH�HVWLPDWHV�RI�WKH�WZR�ZRUNIORZV�DUH�FRPSDUHG��2WKHU�YDULDEOHV��ȡ��ZRRG�
GHQVLW\��7+��WRWDO�WUHH�KHLJKW��«««««««««««««««««««««����
)LJXUH������0DLQ�DWWULEXWHV�XVHG�LQ�WKH�WDSHU�PRGHOV��7KH�FURVV�VHFWLRQ�H[WUDFWHG�

IURP�WKH��'�GDWD�DW�WKH�VWDQGDUG�EUHDVW�KHLJKW������P��LV�LQGLFDWHG�ZLWK�DOO�WKH�W\SHV�
RI�PHDVXUHPHQWV�XVHG�LQ�WKH�VWXG\��««««««««««««««««««�����



�

[YLLL�

)LJXUH������7DSHU�SDUDPHWHU�D�RI�HDFK�WDSHU�PRGHO�ILWWHG�DW�WKH�WUHH�OHYHO��(T�����
DQG�JURXSHG�E\�VSHFLHV��6ROLG�DQG�GRWWHG�YHUWLFDO�UHG�OLQHV�UHSUHVHQW�WKH�PHDQ�DQG�WKH�
PHDQ��6'�RI�D�DFURVV�DOO�VSHFLHV��UHVSHFWLYHO\��««««««««««««««����
)LJXUH������(TXLYDOHQW�GLDPHWHUV�'DUHD�L�DORQJ�WKH�VWHP���'DUHD�L�LV�SUHGLFWHG�IURP�

�L��WKH�WDSHU�PRGHOV�ILWWHG�RQ�HDFK�WUHH�VHSDUDWHO\��JUHHQ�FXUYHV��DQG��LL��WKH�JHQHUDO�
PRGHO�P�� ILWWHG�RQ� DOO� WUHHV� �RUDQJH� FXUYHV���&XUYHV� UHSUHVHQW�'DUHD�L� SUHGLFWLRQV�
IURP�WKH� WZR�DSSURDFKHV� IRU� ILYH� LQGLYLGXDO� WUHHV� IURP�VSHFLHV�VKRZLQJ�FRQWUDVWHG�
VWHP�VKDSHV��$\RXV��7ULSORFKLWRQ�VFOHUR[\ORQ��DQG�)URPDJHU��&HLED�SHQWHQGUD��DUH�
VSHFLHV� ZLWK� ZHOO�GHYHORSHG� EXWWUHVVHV�� 6DSHOOL� �(QWDQGURSKUDJPD� F\OLQGULFXP�� LV�
NQRZQ� WR�GHYHORS� LUUHJXODULWLHV� DW� WKH�EDVH�RI� WKH� VWHP�ZLWK�VRPHWLPHV�EXWWUHVVHV��
(PLHQ��$OVWRQLD�ERRQHL�� LV�D�IOXWHG�VSHFLHV�DQG�,URNR��0LOLFLD�H[FHOVD��KDV�D�PRUH�
FLUFXODU�VWHP�ZLWK�VRPH�LUUHJXODULWLHV�DW�WKH�EDVH�RI�WKH�VWHP�IRU�WKH�ODUJHVW�LQGLYLGXDOV��
2Q�WKH�ULJKW��WKH�FURVV�VHFWLRQV�RI�WKH�ILYH�WUHHV�IRU�WZR�UHIHUHQFH�KHLJKWV��WKH�EUHDVW�
KHLJKW� �����P��DQG� WKH�KHLJKW�RI� WKH�SRLQW�RI�PHDVXUHPHQW� �+320��RI� WKH�UHIHUHQFH�
GLDPHWHU� �'320�� ORFDWHG� ���FP� DERYH� WKH� LUUHJXODULWLHV�� 7KH� VL]HV� RI� WKH� FURVV�
VHFWLRQV�DUH�SURSRUWLRQDO�ZLWKLQ�WUHHV�EXW�QRW�DPRQJ�WUHHV��««««««««««���

)LJXUH������7KH��KD�SORW�VFDOH�UHODWLYH�GLIIHUHQFH�RQ�$*%�VWRFN�DQG�VWRFN�FKDQJH�
EHWZHHQ�WKH�UHIHUHQFH�DSSURDFK�/RF�'%+�DQG�DSSURDFKHV�XVLQJ�'320��/RF�'320�DQG�
3DQ�'320��RU� WKH�SDQWURSLFDO�DSSURDFK�ZLWK�'%+��3DQ�'%+���7KH�EDVDO�DUHD�ZDV�
FRPSXWHG�ZLWK�'%+��7KH�VWRFN�FKDQJH�HVWLPDWHV�DUH�EDVHG�RQ�D���\HDUV�LQWHUYDO�UH�
PHDVXUHPHQW��«««««««««««««««««««««««««««����
)LJXUH� ����� 7KH� LQFUHDVLQJ� $*%� RI� WZR� YLUWXDO� WUHHV� ZLWK� WKH� VDPH� '320�

DFFRUGLQJ�WR�WKH�LQFUHDVLQJ�VL]H�RI�WKH�WUHH�GLDPHWHUV�'320�RYHU�WLPH��7KH�ILUVW�YLUWXDO�
WUHH�KDV�D�FRQVWDQW����P�+320��'320�LV�WKHQ�HTXDO�WR�WKH�VR�FDOOHG�GLDPHWHU�DW�EUHDVW�
KHLJKW��'%+��GDUN�EOXH�JUHHQ��DQG��WKH�VHFRQG�YLUWXDO�WUHH�KDV�LWV�320�UDLVHG�WKURXJK�
WKH� WLPH� �OLJKW� JUHHQ��� )RU� WKLV� ODWHU� YLUWXDO� WUHH�� WKH� HTXLYDOHQW� GLDPHWHU� DW� EUHDVW�
KHLJKW��'%+¶��LV������KLJKHU�WKDQ�'320��VORSH�RI�WKH�OLQHDU�UHJUHVVLRQ�'%+¶�'320�
ZLWKRXW� LQWHUFHSW� ILWWHG�RQ� WKH� WUHHV�ZLWK�+320!���P�RI� WKH�&RQJROHVH�SORWV�RI� WKH�
VWXG\�LQ�FKDSWHU�����$*%�HVWLPDWHV�DUH�EDVHG�RQ�WKH�VDPH�'320�FRUUHFWHG�$*%�PRGHO�
DQG�ZLWK�D�EDVLF�ZRRG�GHQVLW\�RI������J�P���IRU�ERWK��6XSSOHPHQWDU\�LQIRUPDWLRQ�RI�
%DXZHQV�HW�DO����������««««««««««««««««««««««««���

)LJXUH�������'�PHDVXUHPHQW�RI�VWHPV�ZLWK�D�VPDUWSKRQH�XVLQJ�VIP�SURFHVV�DQG�
EXLOG�LQ�ORZ�UDQJH�/L'$5�V\VWHP��6FUHHQVKRW�RI�WKUHH�DSSOLFDWLRQV�EXLOW�IRU��'�GDWD�
DFTXLVLWLRQ���D���'�6FDQQHU�$SS���E��3RO\FDP���F��6LWH6FDSH��)LJXUH�IURP�*ROORE�HW�
DO����������««««««««««««««««««««««««««««������
)LJXUH������7UHH�FHQWHUHG�DSSURDFKHV�WR�PDQDJH�WKH�LVVXH�RI�LUUHJXODUO\�VKDSHG�WUHH�

VWHPV� LQ� DERYHJURXQG� ELRPDVV� PRQLWRULQJ� LQ� WURSLFDO� IRUHVW� LQYHQWRU\� SORWV�� 7KH�
DSSURDFK�$� LV� EDVHG� RQ� FRQYHQWLRQDO� WUHH� PHDVXUHPHQWV� DQG�� RSWLRQDOO\�� ZLWK� DQ�
DGGLWLRQDO�PHDVXUHPHQW�� 'FRQYKXOO���� �WKH� HTXLYDOHQW� GLDPHWHU� RI� WKH� FRQYH[� KXOO� DW�
���P�KHLJKW��VHH� WH[W� IRU� IXUWKHU�GHWDLOV�� LQW� WKH�FDVH�RI�$�,,�DQG�$�,,,��$*%�'320�



[L[�

DOORPHWULF� PRGHO� LV� WKH� FXUUHQW� FRQYHQWLRQDO� DOORPHWULF� PRGHO� UHTXLULQJ� WKH� VWHP�
GLDPHWHU�'320�DV�RQH�SUHGLFWRU�LQ�WKH�PRGHO��$*%�'%+¶�PRGHO�LV�DV�PRGHO�FDOLEUDWHG�
RQ�'%+�RU�HTXLYDOHQW�'%+�PHDVXUHPHQW�LQVWHDG�RI�'320��7KH�DSSURDFK�%�LV�EDVHG�
RQ� FORVH�UDQJH� WHUUHVWULDO� SKRWRJUDPPHWU\� �&573�� RU� RWKHU� VFDQQLQJ� PHWKRGV� WR�
H[WUDFW�WKH�'%+¶�RI�WKH�IRFDO�WUHH��,Q�&��WKH�ZKROH�WUHH�LV�VFDQQHG�ZLWK�7/6�DQG�WKH�
ZKROH� DERYHJURXQG� ZRRG\� YROXPH� LV� PRGHOOHG� DQG� FRQYHUWHG� LQWR� DERYHJURXQG�
ELRPDVV�XVLQJ�FRQYHUVLRQ�IDFWRU�EDVHG�RQ�EDVLF�ZRRG�GHQVLW\��7KH�DFFXUDF\�RI�WKH�
DERYHJURXQG� ELRPDVV� HVWLPDWHV� LQFUHDVHV� IURP� WKH� DSSURDFK� $� WR�
&«««««««««««««««««««««««««««««««««««����

� �
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�

7DEOH������&KDUDFWHULVWLFV�RI�WKH�WKUHH�YDOLGDWLRQ�WUHHV�DQG�WKH����DGGLWLRQDO�WUHHV��
«««««««««««««««««««««««««««««««««���

7DEOH������5HVXOWV�RI�WKH�UHJUHVVLRQ�DQDO\VLV�RI�WKH�ELRPDVV�DOORPHWULF�(TQ����������
7DEOH������3ORW�GHVFULSWLRQ�EDVHG�RQ�ILHOG�LQYHQWRU\�GDWD�����««««««««���

7DEOH������$FTXLVLWLRQ�DQG�SURFHVVLQJ�WLPH�IRU�WKH�GLIIHUHQW�VFDQQLQJ�VHWXSV��66��
)$52���06��)$52���DQG�+0/6��=(%����«««««««««««««««���
7DEOH� ����� 7KH� PD[LPXP�� PHDQ�� DQG� FRHIILFLHQW� RI� YDULDWLRQ� �VWDQGDUG�

GHYLDWLRQ�PHDQ��RI�WKH�&+0�KHLJKWV�RI�WKH�GLIIHUHQW�VFDQQLQJ�VHWXSV��«««««�����
7DEOH������6XPPDU\�VWDWLVWLFV�RI�'%+�ILWWLQJ�RI�DOO�WKH�WUHHV�GHWHFWHG�E\�HDFK�VHWXS��

7KH�URRW�PHDQ�VTXDUH�HUURU��506(��LQ�SHUFHQWDJH�LV�WKH�506(�GLYLGHG�E\�WKH�PHDQ�
'%+��««««««««««««««««««««««««««««««����
7DEOH� ����� $ERYHJURXQG� ELRPDVV� �$*%�� PRGHOV� UHWULHYHG� IURP� WKH� OLWHUDWXUH�

�P3$1��RU�ILWWHG�LQ�WKLV�VWXG\��P/2&�'320�DQG�P/2&�'%+���«««««««««««����

7DEOH������*RRGQHVV�RI�ILWV�RI�WKH�JHQHUDO�WDSHU�PRGHOV��(T�����ZLWK�GLIIHUHQW�IL[HG�
FRYDULDWHV� XVHG� WR� SUHGLFW� WKH� WDSHU� SDUDPHWHU�DL�M�N�� 7KH� URRW� PHDQ� VTXDUH� HUURU�
�506(���WKH�PHDQ�DEVROXWH�HUURU��0$(��DQG�WKH�PHDQ�HUURU�ZHUH�FRPSXWHG�RYHU�DOO�
WKH�FURVV�VHFWLRQV�DV�ZHOO�DV�IRU�FURVV�VHFWLRQV�DW�D�����P�KHLJKW�RQO\���7KH�PRGHO�P��
UHTXLUHV�K�GF�FRYDULDWH�ZKLFK�LV�EDVHG�RQ�'FRQY+XOO�����D�YDULDEOH�QRW�URXWLQHO\�PHDVXUHG�
LQ�IRUHVW�LQYHQWRU\��)RU�PRGHO�P���EHIRUH�WKH�VHOHFWLRQ�RI�WKH�VLJQLILFDQW�FRYDULDWHV�LQ�
WKH� ILWWLQJ� SURFHVV�� ZH� RQO\� VHOHFWHG� FRYDULDWHV� WKDW� DUH� EDVHG� RQ� FRQYHQWLRQDO�
PHDVXUHPHQWV�LQ�IRUHVW�LQYHQWRULHV��««««««««««««««««««�����
7DEOH������*HQHUDO�IL[HG�SDUDPHWHUV�IRU�WKH�WZR�JHQHUDO�WDSHU�PRGHOV�RI�WKH�WDEOH����

7KH� SDUDPHWHUV� FRUUHVSRQG� WR� WKH� HTXDWLRQ� DLMN � �ȕ��E��L�E��L�M�E��L�M�N��� ȕ�ā'320��
ȕ�āK�GF��ȕ�āK�Gð��(T������«««««««««««««««««««««««����
7DEOH� ����� 3UHGLFWLRQ� HUURU� RI� WKH� IRXU� DSSURDFKHV� WHVWHG� WR� WUHH�OHYHO� $*%�

HVWLPDWHV� ZLWK� GHVWUXFWLYH� $*%� PHDVXUHPHQWV� DYDLODEOH� IRU� ���� WUHHV�� 7KH�
VLJQLILFDQFH�RI�D�ELDV�LQ�WKH�PHDQ�HUURU�ZDV�DVVHVVHG�ZLWK�W�WHVW���IRU�3�����������
IRU�3����������IRU�3���������DQG�QV�IRU�QRW�VLJQLILFDQW���0$(�LV�WKH�PHDQ�DEVROXWH�
HUURU��««««««««««««««««««««««««««««««�����
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$EEUHYLDWLRQV�
$)2/8��6HFWRU�RI�$JULFXOWXUH��)RUHVWU\��DQG�2WKHU�/DQG�8VH�

$*%��$ERYHJURXQG�ELRPDVV�
$/6��$HULDO�/DVHU�6FDQQLQJ��

&+0��&DQRS\�+HLJKW�0RGHO�

&2���&DUERQ�GLR[LGH�
&573��&ORVH�UDQJH�WHUUHVWULDO�SKRWRJUDPPHWU\�

'%+��'LDPHWHU�DW�EUHDVW�KHLJKW�

'320��5HIHUHQFH�GLDPHWHU�PHDVXUHG�LQ�WKH�ILHOG�
'$%��'LDPHWHU�PHDVXUHG�DERYH�WKH�EXWWUHVVHV�

'70��'LJLWDO�(OHYDWLRQ�0RGHO�

()��(PLVVLRQ�IDFWRU�
*+$��WRWDO�WUHH�EDVDO�DUHD�SHU�KHFWDUH�RI�D�SORW�

*+*��*UHHQKRXVH�JDVHV��

*166��*OREDO�1DYLJDWLRQ�6DWHOOLWH�6\VWHP�
+0/6��+DQG�KHOG�PRELOH�ODVHU�VFDQQLQJ�

+320��+HLJKW�RI�PHDVXUHPHQW�RI�WKH�GLDPHWHU�'320�

,3&&��,QWHUJRYHUQPHQWDO�3DQHO�RQ�&OLPDWH�&KDQJH�
0/6��0RELOH�/DVHU�6FDQQLQJ�

06�� )RUHVW� LQYHQWRU\� SORW� VFDQQHG� ZLWK� 0XOWLSOH� 6FDQV� RI� D� 7HUUHVWULDO� /DVHU�
6FDQQLQJ�V\VWHP�

1+$��1XPEHU�RI�WUHHV��GLDPHWHU�DW�EUHDVW�KHLJKW�!���FP��SHU�KHFWDUH�RI�D�SORW�

320��3RLQW�RI�PHDVXUHPHQW�

3/6��3HUVRQDO�/DVHU�6FDQQLQJ�
363��3HUPDQHQW�6DPSOH�3ORW�

460��4XDQWLWDWLYH�6WUXFWXUH�0RGHOV�EDVHG�RQ�D��'�SRLQWFORXG�RI�WUHHV��

6/$0��6LPXOWDQHRXV�ORFDOL]DWLRQ�DQG�PDSSLQJ�

6IP��6WUXFWXUH�IURP�PRWLRQ�

66��)RUHVW�LQYHQWRU\�SORW�VFDQQHG�ZLWK�D�VLQJOH�VFDQ�

7/6��7HUUHVWULDO�ODVHU�VFDQQLQJ�
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9/3��9HORG\QH�SXFN�OLGDU�VHQVRU���
=(%���WKH�ILUVW�YHUVLRQ�RI�WKH�KDQG�KHOG�VFDQQHU�RI�WKH�EUDQG�*HRVODP��
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&KDSWHU����*HQHUDO�LQWURGXFWLRQ�

��

����7KH�WURSLFDO�IRUHVWV�LQ�WKH�JOREDO�FDUERQ�EXGJHW�
������+RZ�IRUHVWV�ILW�LQWR�WKH�JOREDO�FDUERQ�EXGJHW"��
&XUUHQW� KXPDQ� DFWLYLW\� SURIRXQGO\� DIIHFWV� WKH� HQYLURQPHQW�� IURP� (DUWK¶V� PDMRU�
ELRJHRFKHPLFDO�F\FOHV�WR�WKH�HYROXWLRQ�RI�OLIH��OHDGLQJ�WR�D�QHZ�JHRORJLFDO�HSRFK��WKH�
$QWKURSRFHQH� �/HZLV� DQG�0DVOLQ�� �������7KH�KXPDQ� DOWHUDWLRQ�RI�ELRJHRFKHPLFDO�
F\FOHV�KDV�EHHQ�ORQJ�UHFRJQL]HG��9LWRXVHN��������DQG�VSHFLILFDOO\�WKDW�RI�WKH�FDUERQ�
F\FOH� �9LWRXVHN� HW� DO��� ������� 7KH� WRWDO� QHW� ODQG�DWPRVSKHUH� IOX[� RI� &2�� RQ� ERWK�
PDQDJHG� DQG�XQPDQDJHG� ODQGV� SURYLGHG� D� JOREDO� QHW� UHPRYDO� IURP������ WR� �����
DFFRUGLQJ�WR�PRGHOV�������������*W&2��\U±���-LD�HW�DO���������\HOORZ�UHFWDQJOH�LQ�)LJXUH�
����7KLV�QHW�UHPRYDO�FRPHV�IURP�WZR�PDLQ�FRPSRQHQWV�� �L��7KH�QHW�DQWKURSRJHQLF�
HPLVVLRQV� IURP� WKH� VHFWRU� RI�$JULFXOWXUH�� )RUHVWU\� DQG�2WKHU�/DQG�8VH� �$)2/8��
ZKLFK� DUH� �� �� ��*W� &2�� \U±�� DQG�PDLQO\� GULYHQ� E\� ODQG� FRYHU� FKDQJH�� LQFOXGLQJ�
GHIRUHVWDWLRQ�DQG�DIIRUHVWDWLRQ�UHIRUHVWDWLRQ��DQG�ZRRG�KDUYHVWLQJ��DQG��LL��PRGHOOHG�
QHW�UHPRYDOV�GXH�WR�QRQ�DQWKURSRJHQLF�SURFHVVHV�DUH��������*W�&2��\U±��RQ�PDQDJHG�
DQG� XQPDQDJHG� ODQGV�� GULYHQ� E\� HQYLURQPHQWDO� FKDQJHV� VXFK� DV� LQFUHDVLQJ� &2���
QLWURJHQ�GHSRVLWLRQ�DQG�FOLPDWH�FKDQJHV��DFFRXQWLQJ�IRU�WKH�UHPRYDO�RI�����RI�WKH�
&2��HPLWWHG�IURP�DOO�DQWKURSRJHQLF�DFWLYLWLHV��IRVVLO�IXHO��LQGXVWU\�DQG�$)2/8���

�
)LJXUH������6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�RYHUDOO�SHUWXUEDWLRQ�RI�WKH�JOREDO�FDUERQ�
F\FOH�FDXVHG�E\�DQWKURSRJHQLF�DFWLYLWLHV��DYHUDJHG�JOREDOO\�IRU�WKH�GHFDGH������������
7KH�EXGJHW�LPEDODQFH�LV�DOVR�VKRZQ�LQ�JUH\��7KLV�ILJXUH�LV�IURP�/H�4XpUp�HW�DO���������

������DQG�KDV�EHHQ�XSGDWHG�ZLWK�GDWD�IURP�)ULHGOLQJVWHLQ�HW�DO����������
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��

������+RZ�LPSRUWDQW�LV�WKH�UROH�RI�WURSLFDO�IRUHVWV�LQ�WKH�JOREDO�
FDUERQ�EXGJHW"��

7KH�DERYHJURXQG�WURSLFDO�IRUHVW�JURZLQJ�VWRFN�LV�DURXQG�����������*W�&��$YLWDELOH�
HW�DO���������%DFFLQL�HW�DO���������6DDWFKL�HW�DO����������DERXW�D�ILIWK�WR�D�TXDUWHU�PXFK�
RI�WKH�FDUERQ�KHOG�LQ�WKH�DWPRVSKHUH�RU�DERXW�KDOI�RI�WKH�UHVHUYH�RI�FRDO��)ULHGOLQJVWHLQ�
HW�DO����������7KLV�SRRO�LV�KRZHYHU�YHU\�G\QDPLF�WKURXJK�WKH�SKRWRV\QWKHVLV�DQG�WKH�
UHVSLUDWLRQ� SURFHVVHV� OHDGLQJ� WR� ODUJH� IRUHVW�DWPRVSKHUH� IOX[HV�� *LYHQ� WKHVH� ODUJH�
IOX[HV��D�VPDOO�SURSRUWLRQDO�FKDQJH�LQ�HLWKHU�WKH�XSWDNH�RU�WKH�UHOHDVH�RI�&2��FDQ�UHVXOW�
LQ� D� ODUJH�QHW� VRXUFH�RU� VLQN� �0LWFKDUG���������0DQ\�GULYHUV� FDQ�DIIHFW� WKHVH�&2��
IOX[HV�DW�GLIIHUHQW�VSDWLDO�DQG�WHPSRUDO�VFDOHV�DV�WKH�DLU�WHPSHUDWXUH��UDLQIDOOV��IRUHVW�
ILUH��KDUYHVW��GHIRUHVWDWLRQ�� DIIRUHVWDWLRQ�UHIRUHVWDWLRQ�� LQFUHDVH� LQ�DWPRVSKHULF�&2��
FRQFHQWUDWLRQ��&2��IHUWLOLVDWLRQ���DQG�QLWURJHQ�GHSRVLWLRQ��-LD�HW�DO����������'HSHQGLQJ�
RQ�WKH�VSDWLDO�DQG�WLPH�VFDOH��DQWKURSRJHQLF�DFWLYLWLHV�DUH�GLUHFWO\�RU�LQGLUHFWO\�UHODWHG�
WR�WKHVH�GULYHUV��
7KH�ODUJHVW�SRWHQWLDO�IRU�UHGXFLQJ�$)2/8�HPLVVLRQV�LV�WKURXJK�UHGXFHG�GHIRUHVWDWLRQ�
DQG� IRUHVW� GHJUDGDWLRQ� ����±����*W�&2��HT�\U±��� -LD� HW� DO�� ������� DFWLYLWLHV� WKDW� DUH�
PDLQO\�RFFXUULQJ�LQ�WKH�WURSLFV��%XWVLF�HW�DO���������0RXWLQKR�HW�DO���������=DULQ�HW�DO���
�������%HVLGHV�SUHVHUYLQJ�FDUERQ�VWRFNV��WKH�WURSLFDO�IRUHVW�KDV�DOVR�D�VHFRQG�FDUERQ�
EHQHILFLDO�HIIHFW�RI�NHHSLQJ�D� ODQG�XVH�ZLWK�D�QHW�VLQN�LQ�WKH�FDVH�RI� WKH�UHPDLQLQJ�
VWUXFWXUDOO\�LQWDFW�WURSLFDO�IRUHVWV��/HZLV�HW�DO���������3DQ�HW�DO���������3KLOOLSV�DQG�
/HZLV��������=DULQ�HW�DO����������7KLV�VHFRQG�EHQHILFLDO�HIIHFW�LV�QHYHUWKHOHVV�H[SHFWHG�
WR�VORZ�GRZQ�LQ�WKH�FOLPDWH�FKDQJLQJ�IXWXUH��0F'RZHOO�HW�DO���������3KLOOLSV�HW�DO���
������5RZODQG�HW�DO���������DQG�VHHPV�WR�EH�DOUHDG\�OHVV�LPSRUWDQW��%ULHQHQ�HW�DO���
������+XEDX� HW� DO��� ������� 6KRUWO\�� WURSLFDO� IRUHVWV� DUH� OLNHO\� WR� EHFRPH� D� FDUERQ�
VRXUFH��RZLQJ�WR�FRQWLQXHG�IRUHVW�ORVV�DQG�WKH�HIIHFW�RI�FOLPDWH�FKDQJH�RQ�WKH�DELOLW\�
RI� WKH� UHPDLQLQJ� IRUHVWV� WR� FDSWXUH� H[FHVV� DWPRVSKHULF� FDUERQ� GLR[LGH� �0LWFKDUG��
�������1RWH� WKHVH�VLQN�HVWLPDWHV�DQG�WUHQGV�DUH�DFFRPSDQLHG�E\�KLJK�XQFHUWDLQWLHV�
�-LD�HW�DO���������0LWFKDUG�HW�DO���������0LWFKDUG��������3KLOOLSV�DQG�/HZLV����������

� �
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��

������ +RZ� SUHFLVH� DUH� WKH� FDUERQ� VWRFNV� DQG� VWRFN� FKDQJH�
HVWLPDWHV�LQ�WURSLFDO�IRUHVWV"��
%DVHG�RQ�,3&&�JXLGHOLQHV���������������PRQLWRULQJ�WKH�IRUHVW�ODQG�DQQXDO�HPLVVLRQV�
DQG� UHPRYDOV� RI� JUHHQKRXVH� JDVHV� �*+*�� UHTXLUHV� VXEGLYLGLQJ� WKLV� FDWHJRU\� LQWR�
PDQDJHG� DQG� XQPDQDJHG� ODQGV��0DQDJHG� ODQGV� FDWHJRU\�� GHILQHG� DV� ³ODQG�ZKHUH�
KXPDQ� LQWHUYHQWLRQV� DQG� SUDFWLFHV� KDYH� EHHQ� DSSOLHG� WR� SHUIRUP� SURGXFWLRQ��
HFRORJLFDO�RU�VRFLDO� IXQFWLRQV´�� LV�VXE�GLYLGHG� LQWR� WKH�IRUHVW� ODQG�UHPDLQLQJ�IRUHVW�
ODQG� �LQFOXGLQJ� DFWLYLWLHV� VXFK� DV� ORJJLQJ��� GHIRUHVWDWLRQ� DQG�
DIIRUHVWDWLRQ�UHIRUHVWDWLRQ��7KH�WZR�ODVW�VXE�FDWHJRULHV�DUH�ODQG�XVH�FKDQJHV�ZKLOH�QR�
ODQG�XVH� FKDQJH� LV� RFFXUULQJ� LQ� WKH� ILUVW� FDWHJRU\��7KH� HPLVVLRQV� DQG� UHPRYDOV� RI�
*+*�IURP�WKHVH�ODQGV�DUH�HVWLPDWHG�IROORZLQJ�WKH�JHQHUDO�HTXDWLRQ����
ࡱ ൌ  ൈ �ࡲࡱ � � � � � � � eTXDWLRQ���

:KHUH�� ( � *+*� HPLVVLRQV� LQ� WRQV� RI� &2�HT�� $�  � DFWLYLW\� GDWD� UHODWLQJ� WR� WKH�
HPLVVLRQ� VRXUFH� �FDQ� EH� DQ� DUHD�� DQLPDO� QXPEHUV� RU�PDVV� XQLW�� GHSHQGLQJ� RQ� WKH�
VRXUFH�W\SH��DQG�()� �HPLVVLRQ�IDFWRU�IRU�D�VSHFLILF�JDV�DQG�VRXUFH�FDWHJRU\��WRQV�SHU�
XQLW�RI�$��
7URSLFDO�IRUHVW�ODQGV�DUH�D�NH\�FDWHJRU\�WKDW�UHTXLUHV�WKH�PRVW�DFFXUDWH�HVWLPDWHV�RI�
WKH�HPLVVLRQV�DQG�UHPRYDOV�RI�*+*��,Q�WKH�FDVH�RI�WKH�VXEFDWHJRU\�RI�GHIRUHVWDWLRQ��
HVWLPDWLQJ� WKH� HPLVVLRQV� ZRXOG� EH� D� PDMRU� FKDOOHQJH� ZLWKRXW� WKH� XVH� RI� UHPRWH�
VHQVLQJ�GDWD� IRU� UHPRWH� UHJLRQV�DV� LQ�PDQ\�SDUWV� RI� WKH� WURSLFV��6SDFHERUQ� UHPRWH�
VHQVLQJ�GDWD�FRPELQHG�ZLWK�JURXQG�PHDVXUHPHQWV�SOD\�D�NH\�UROH�LQ�GHWHUPLQLQJ�WKH�
ORVV� RI� IRUHVW� FRYHU� DQG� WKHLU� IOX[HV� �$FKDUG� HW� DO��� �������7KH�XQFHUWDLQW\� RQ� WKH�
HPLVVLRQV�ZRXOG� WKHQ�GHSHQG�RQ� WKH�XQFHUWDLQW\�RI� IRUHVW�ELRPDVV�HVWLPDWHV�DW� WKH�
SL[HO�OHYHO�FRPELQHG�ZLWK�WKH�QXPEHU�RI�VDPSOHV��L�H���WKH�QXPEHU�RI�SL[HOV�ZLWKLQ�WKH�
DUHD�GHIRUHVWHG� �()�XQFHUWDLQW\��DQG� WKH�XQFHUWDLQW\� UHODWHG� WR� WKH�GHWHFWLRQ�RI� WKH�
SL[HO�GHIRUHVWHG��$�XQFHUWDLQW\����
7KH�XQFHUWDLQW\�DURXQG�()�LV�WKH�UHVXOW�RI�HUURU�SURSDJDWLRQ�IURP�ILHOG�PHDVXUHPHQWV�
XS� WR� PHDQ� DERYHJURXQG� ELRPDVV� �$*%�� GHQVLW\� HVWLPDWHV� �0J� RI� DERYHJURXQG�
ELRPDVV� SHU� KHFWDUH��)LJXUH� ������ 7R� LOOXVWUDWH� WKH� XQFHUWDLQW\� UHODWHG� WR� ELRPDVV�
HVWLPDWHV�DW�D�YHU\�ODUJH�VFDOH�0LWFKDUG�HW�DO���������FRPSDUHG�WZR�ZHOO�NQRZQ�SDQ�
WURSLFDO�ELRPDVV�PDSV�EDVHG�RQ�PHGLXP�UHVROXWLRQ�LPDJHU\������P�±������P��DQG�
VKRZHG�VXEVWDQWLDO�GLIIHUHQFHV� LQ�SL[HO�$*%�YDOXHV�ZLWK�D� OLWWOH�FRQVLVWHQF\�LQ� WKH�
GLUHFWLRQ� RI� WKH� GLIIHUHQFH�� 1RWH� WKDW� QRQH� RI� WKH� GDWD� OD\HUV� XVHG� �LPDJHU\� DQG�
5$'$5�� WR� FDSWXUH� WKH� YDULDWLRQV� RI� IRUHVW� ELRPDVV� DUH� VHQVLWLYH� WR� WKH� UDQJH� RI�
ELRPDVV� YDOXHV� IRXQG� LQ� WURSLFDO� IRUHVWV� DQG� RIWHQ� VDWXUDWH� DW� ORZ� ELRPDVV� YDOXHV�
�0LWFKDUG�HW�DO�����������
7KH� VWDWH�RI�WKH�DUW� UHPRWH� VHQVLQJ� WHFKQRORJ\� IRU� GHQGURPHWULFV� HVWLPDWHV�� WKH�
$HULDO�/DVHU�6FDQQLQJ� �$/6��=RONRV� HW� DO�� ������ZLWK� DQ� DUHD�EDVHG� DSSURDFK� IRU�
PRGHOOLQJ�SORW�$*%��FRXOG�HVWLPDWH�UHJLRQDO�QDWLRQDO�$*%�GHQVLW\�ZLWK�DQ�HUURU�RI�
DURXQG������&KHQ�HW�DO����������7KLV�LV�DQ�HUURU�VLPLODU�WR�WKH�HVWLPDWHV�IURP�GHVLJQ�



�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJH�HVWLPDWHV��

��

EDVHG�DSSURDFK�ZLWK�FRQYHQWLRQDO�IRUHVW�LQYHQWRU\�SORW�GDWD�EXW�ZLWK�WKH�DGYDQWDJH�WR�
EH�VSDWLDOO\�H[SOLFLW��&KHQ�HW�DO�����������
7KH� XQFHUWDLQWLHV� LQ� WURSLFDO� IRUHVW� ELRPDVV� HVWLPDWHV� IURP� UHPRWH� VHQVLQJ� GDWD�
�PHGLXP�UHVROXWLRQ� LPDJHU\��5$'$5�RU�$/6��DUH�EDVHG�RQ� WKH�DVVXPSWLRQ�RI�QR�
ELDV� WKURXJKRXW� WKH� ZKROH� ZRUNIORZ� IURP� ILHOG� PHDVXUHPHQWV� WR� ELRPDVV� PDSV�
�)LJXUH������&KHQ�HW�DO����������������1HYHUWKHOHVV��DQ� LPSRUWDQW�ELDV�PLJKW�FRPH�
IURP� WKH� FKRLFH� RI� WKH� DOORPHWULF� ELRPDVV� PRGHO� XVHG� WR� FRQYHUW� WUHH� ILHOG�
PHDVXUHPHQW�WR�DERYHJURXQG�ELRPDVV��&KDYH�HW�DO���������&KHQ�HW�DO���������0ROWR�
HW�DO���������=KDR�HW�DO����������0RUHRYHU��WKH�DEVHQFH�RI�ELDV�LQ�WKH�PHDVXUHPHQW�RI�
RQH�RI�WKH�PDLQ�IHDWXUHV�WR�SUHGLFW�WKH�$*%��WKH�VWHP�GLDPHWHU��LV�QRW�JXDUDQWHHG�DV�
ZH�ZLOO�VHH�LQ�WKH�QH[W�VHFWLRQ��&ODUN��������&XVKPDQ�HW�DO���������'HDQ�HW�DO���������
0HWFDOI�HW�DO���������0XOOHU�/DQGDX�HW�DO�����������
�

�
)LJXUH������(UURU�SURSDJDWLRQ�IURP�WKH�GDWD�VRXUFHV��OLJKW�EOXH�UHFWDQJOHV��XS�WR�WKH�
UHJLRQ�ZLGH�$*%�HVWLPDWHV��OLJKW�RUDQJH�UHFWDQJOH��E\�XVLQJ�WUHH�DERYHJURXQG�
ELRPDVV�PRGHO��7UHH�$*%�PRGHO��DQG�UHPRWH�VHQVLQJ�PRGHO��56�PRGHO���7KH�
UHJLRQ�ZLGH�$*%�GHQVLW\��0J�KD��LV�WKHQ�XVHG�DV�HPLVVLRQ�IDFWRU��()��LQ�HT������

�
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��

�����7KH�VWHP�GLDPHWHU��D�NH\�IHDWXUH�LQ�WURSLFDO�IRUHVWV�
PRQLWRULQJ�
������ :K\�DQG�KRZ�PHDVXULQJ�WKH�VWHP�GLDPHWHU"�
7KH�PRVW�LPSRUWDQW�DQG�HDVLHVW�YDULDEOH�WR�PHDVXUH�LQ�WKH�ILHOG�LV�WKH�VWHP�GLDPHWHU�
DW�WKH�EDVH�RI�WKH�WUHH��$W�WKH�WUHH�OHYHO��GLDPHWHU�LV�D�SUR[\�RI�WUHH�VL]H��ZKLFK�LV�DQ�
LPSRUWDQW� OLIH�KLVWRU\� WUDLW� WKDW� GHWHUPLQHV� WKH� SUREDELOLW\� RI� UHJXODU� IUXLWLQJ�
�3OXPSWUH���������7KH�GLDPHWHU�LV�DOVR�VWURQJO\�UHODWHG�WR�WKH�RWKHU�GHVFULSWRUV�RI�WUHH�
VL]H� VXFK� DV� WRWDO� KHLJKW� �)HOGSDXVK� HW� DO�� ������ %DQLQ� HW� DO�� ������ DQG� FURZQ�
GLPHQVLRQV��$QWLQ�HW�DO���������'LDPHWHU�LV�WKXV�D�NH\�SUHGLFWRU�WR�HVWLPDWH�VWHP�DQG�
WUHH�YROXPH��%HO\HD��������)D\ROOH�HW�DO�������E��1RJXHLUD�HW�DO���������DQG�ELRPDVV�
�&KDYH�HW�DO����������������$W�WKH�VWDQG�OHYHO��WKH�GLVWULEXWLRQ�RI�GLDPHWHUV�LV�XVHG�WR�
GHVFULEH�VWDQG�VWUXFWXUH��5RQGHX[��������DQG�UHFRYHU\�DIWHU�GLVWXUEDQFH��6XFFHVVLYH�
GLDPHWHU� PHDVXUHPHQWV� RI� WUHHV� LQ� SHUPDQHQW� VDPSOH� SORWV� �363�� HQDEOH� WKH�
TXDQWLILFDWLRQ� RI� WUHH� JURZWK� �&ODUN� DQG�&ODUN�� ������ 6ZDLQH� HW� DO��� �������ZRRG�
SURGXFWLRQ��%DQLQ�HW�DO����������DQG�IRUHVW�OHYHO�FDUERQ�EXGJHWV��&ODUN��������&RRPHV�
HW�DO���������3DQ�HW�DO����������
,Q� 363�� WUHH� GLDPHWHU� LV� UHSHDWHGO\� PHDVXUHG� DW� WKH� VDPH� ORFDWLRQ� RQ� WKH� VWHP�
�ORFDWLRQ�GHILQHG�DV�WKH�³SRLQW�RI�PHDVXUHPHQW���320´�DQG�LWV�UHODWHG�KHLJKW��+320���
7KH� LQWHUQDWLRQDO� VWDQGDUG� IRU� +320� LV� ³DW� EUHDVW� KHLJKW�´� DQG� WKH� FRUUHVSRQGLQJ�
GLDPHWHU� LV� FDOOHG� WKH� GLDPHWHU� DW� EUHDVW� KHLJKW� �'%+�� %HO\HD�� ������� 7KLV� EUHDVW�
KHLJKW� LV�JHQHUDOO\�GHILQHG�DV�����P�DERYH�JURXQG�OHYHO� �$OGHU�DQG�6\QQRWW��������
%UXFH�DQG�6FKXPDFKHU���������EXW� WKHUH�DUH�VWLOO� ORFDO�YDULDWLRQV��H�J������IW� LQ� WKH�
86$� DQG� ���� P� LQ� WKH� 6RXWK� RI� %HOJLXP��� ,Q� IRUHVW� LQYHQWRULHV�� VSHFLDO�
UHFRPPHQGDWLRQV�KDYH�EHHQ�PDGH�IRU�WUHHV�RQ�VORSHV��OHDQLQJ�WUHHV��IRUNHG�WUHHV��DQG�
WUHHV�ZLWK�ORFDO�GHIRUPDWLRQ�DW�EUHDVW�KHLJKW��$OGHU�DQG�6\QQRWW��������&DLOOLH]�DQG�
$OGHU��������&RQGLW�HW�DO���������)RUEHV�DQG�0H\HU��������3LFDUG�DQG�*RXUOHW�)OHXU\��
������ 5RQGHX[�� �������+RZHYHU�� WKHUH� LV� QR� VWDQGDUGL]HG� SURWRFRO� IRU� LUUHJXODUO\�
VKDSHG�VWHPV�VXFK�DV�IOXWHG�RU�EXWWUHVVHG�WUHHV�DQG�WUHHV�ZLWK�VWLOW�URRWV��HYHQ�WKRXJK�
WKH\�DUH�DEXQGDQW�LQ�WURSLFDO�IRUHVWV��

�������+RZ�WR�PHDVXUH�WKH�GLDPHWHU�RQ�LUUHJXODU�VWHPV"��
+DQGERRNV�DQG�WHFKQLFDO�SDSHUV�UHFRPPHQG�PRYLQJ�WKH�+320�DERYH�WKH�EXWWUHVVHV�
RU�WKH�VWLOWV�WR�UHDFK�D�UHJXODU�SDUW�RI�WKH�VWHP��)LJXUH�������,Q�WKH�FDVH�RI�EXWWUHVVHG�
WUHHV��$OGHU�DQG�6\QQRWW��������UHFRPPHQGHG�XVLQJ�D�KHLJKW�RI�DW�OHDVW���P�DERYH�
EXWWUHVVHV�VR�WKDW�WKH�320�FDQ�UHPDLQ�WKH�VDPH�IRU�D�GHFDGH�RU�PRUH�DQG�GRHV�QRW�
UHTXLUH� FRQWLQXDO� XSZDUG� DGMXVWPHQW�� ,Q� VRPH� SHUPDQHQW� VDPSOH� SORWV�� GLDPHWHU�
PHDVXUHPHQWV�KDYH�EHHQ�PRYHG�XS����FP�DERYH�WKH�EXWWUHVVHV��&DLOOLH]�DQG�$OGHU��
������� DV� LQ� 0DUFi� ,VODQG�� %UD]LO� �7KRPSVRQ� HW� DO��� ������� RU� ��� FP� DERYH� WKH�
EXWWUHVVHV��DV�LQ�%DUUR�&RORUDGR�,VODQG��3DQDPD��&RQGLW��������DQG�WKH�$PD]RQLDQ�
SORWV� RI� WKH� 5$,1)25� QHWZRUN� �3KLOOLSV� HW� DO��� ������� $OWHUQDWLYHO\�� IRFXVLQJ� RQ�
WURSLFDO�$IULFDQ�IRUHVWV�ZKHUH�WUHHV�DUH�NQRZQ�WR�DFKLHYH�ODUJHU�GLDPHWHUV��6OLN�HW�DO���
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��

������DQG�VKRZ�KXJH�GHIRUPDWLRQV�DW�EUHDVW�KHLJKW��&KDSPDQ�HW�DO���������/HWRX]H\��
������� 3LFDUG� DQG� *RXUOHW�)OHXU\� ������� UHFRPPHQGHG� IL[LQJ� WKH� +320� DW� D�
VWDQGDUGL]HG�KHLJKW�RI�����P�IRU�DOO�WUHHV�EHORQJLQJ�WR�VSHFLHV�WKDW�GHYHORS�EXWWUHVVHV��
7KLV� UHFRPPHQGDWLRQ�ZDV� DGRSWHG� LQ�0EDwNL�� &HQWUDO�$IULFDQ�5HSXEOLF� �*RXUOHW�
)OHXU\� HW� DO��� ������ DQG� WKH� &HQWUDO� $IULFDQ� SORWV� RI� WKH� '\Q$I)RU� QHWZRUN�
�ZZZ�G\QDIIRU�RUJ��� ,Q� WKH�FDVH�RI� IOXWHG� WUHHV�� WZR�FRQWUDVWLQJ�RSWLRQV�KDYH�EHHQ�
UHFRPPHQGHG�� HLWKHU� WKH� VHOHFWLRQ� RI� WKH� 320� DUELWUDULO\� DERYH� WKH� GHIRUPDWLRQ�
�$OGHU�DQG�6\QQRWW�������&RQGLW�HW�DO��������RU�PHDVXULQJ�WKH�SHULPHWHU�RI�WKH�FRQYH[�
KXOO�RI�WKH�VWHP�DW�WKH�VWDQGDUG�����P�KHLJKW��3KLOOLSV�HW�DO����������

�
)LJXUH������7KH�LQWHUQDWLRQDO�VWDQGDUG�RI�WKH�SRLQW�RI�PHDVXUHPHQW��320���WKH�EUHDVW�
KHLJKW��L�H������P��DQG�WKH�SUDFWLFDO�GLDPHWHU�320��'UHI��PHDVXUHG�LQ�D�WURSLFDO�IRUHVW�
ZLWK�LUUHJXODUO\�VKDSHG�WUHH�VWHPV�VXFK�DV�EXWWUHVVHV�WUHHV��7KH�FRS\ULJKW�RI�WKH�IRUHVW�

GUDZLQJ�EHORQJV�WR�$QGUHMD�%UXOH��

�
'HVSLWH� WKH�GHYHORSPHQW�RI� UHJLRQDO�DQG�ZRUOGZLGH�363�QHWZRUNV��D�VWDQGDUG� IRU�
PHDVXULQJ� WKH� UHIHUHQFH�GLDPHWHU� IRU�DOO�PRUSKRORJLFDO� VWHP� W\SHV� LV� VWLOO�PLVVLQJ��
0RUHRYHU�� WKH� RFFXUUHQFH� RI� LUUHJXODULWLHV� LV� KLJKO\�YDULDEOH� LQ� WKH� GLIIHUHQW� IRUHVW�
W\SHV�DQG�VWDQGV��LQFUHDVLQJ�WKH�GLIILFXOW\�RI�FRPSDULQJ�WKH�SORWV�VWDQGV�IRUHVW�W\SHV�
RQ�WKH�EDVLV�RI�GHULYHG�GLDPHWHU�PHWULFV�DV�EDVDO�DUHD�RU�$*%��&XVKPDQ�HW�DO���������
������0XOOHU�/DQGDX�HW�DO����������7KH�LQIRUPDWLRQ�RI�D�KLJKHU�+320�WKDQ�WKH�VWDQGDUG�
KHLJKW�RI�����P�LV�DQ�LQGLUHFW�LQGLFDWRU�RI�WKH�SUHVHQFH�RI�LUUHJXODULWLHV�DW�WKH�EUHDVW�
KHLJKW�LQ�IRUHVW�LQYHQWRU\�SORWV��)LJXUH�����VKRZV�WKH�LPSRUWDQFH�DQG�WKH�YDULDELOLW\�
RI�WKH�QXPEHU�RI�WUHHV�ZLWK�+320�!����P�LQ���KD�SORWV�LQ�&HQWUDO�$IULFD��
�

�
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�

)LJXUH������7KH�GLVWULEXWLRQ�RI�+320�YDOXHV�KLJKHU�WKDQ����P�LQ���KD�WURSLFDO�IRUHVW�
SORWV�RI�&HQWUDO�$IULFD��GDWD�IURP�3ORWRQ�HW�DO����������

� �
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����� 7KH� FXUUHQW� PHWKRGV� WR� PHDVXUH� LUUHJXODU� VWHP�
FURVV�VHFWLRQV��
������'LUHFW�PHDVXUHPHQWV�LQ�WKH�ILHOG�
7R�DFFXUDWHO\�PHDVXUH�WKH�EDVDO�DUHD�DQG�WKH�YROXPH�RI�LUUHJXODU�VWHPV��D�YDULHW\�RI�
PHWKRGV��LQFOXGLQJ�GHVWUXFWLYH�DQG�QRQ�GHVWUXFWLYH�DSSURDFKHV��KDYH�EHHQ�SURSRVHG��
'HVWUXFWLYH�PHWKRGV�KDYH�EHHQ�XVHG�WR�GHYHORS�DOORPHWULF�HTXDWLRQV��7KH�LUUHJXODU�
SDUWV�RI�VWHPV�DUH�ORJJHG��DQG�WKH�FURVV�VHFWLRQV�DUH�PHDVXUHG�EDVHG�RQ�JHRUHIHUHQFHG�
SKRWRJUDSKV� DQG�GLJLWDOL]DWLRQ�RI� WKH�RXWOLQH� RI� WKH� VHFWLRQV� �'HDQ� DQG�5R[EXUJK��
������)D\ROOH�HW� DO�������D��RU�GUDZLQJV�RQ� ODUJH� VKHHWV�RI�SDSHU� �1RJXHLUD�HW�DO���
�������

� �
)LJXUH������:LUH�PHWKRG�WR�HVWLPDWH�WKH�EDVDO�DUHD�RI�D�FURVV�VHFWLRQ��OHIW��VKDSLQJ�WKH�

ZLUH��ULJKW��FRXQWLQJ�WKH�QXPEHU�RI�VTXDUHV�ZLWK�D�UHIHUHQFH�DUHD�� �
1RQ�GHVWUXFWLYH�DSSURDFKHV� LQFOXGH� WKH�ZLUH�PHWKRG�� WKH�FRQYH[�FRQFDYH�PHWKRG�
DQG�WKH�7HUUHVWULDO�/DVHU�6FDQQLQJ��7/6��PHWKRG��7KH�ZLUH�PHWKRG�XVHV�WZR�ZLUHV�
SUHVVHG�DJDLQVW� WKH� LUUHJXODU�VWHP�WR�VKDSH� WKH�FURVV�VHFWLRQ��7KH�VKDSHG�ZLUHV�DUH�
WKHQ�SXW�RQ�D�ZRRGHQ�ERDUG�ZLWK�D�JULG�DQG�WKH�DUHD�RI�WKH�FURVV�VHFWLRQ�LV�HVWLPDWHG�
E\�FRXQWLQJ�WKH�VTXDUHV�HQFORVHG�ZLWKLQ�WKH�ZLUH��)LJXUH������1JRPDQGD�HW�DO����������
1HYHUWKHOHVV�� WKH� IOH[LELOLW\� RI� WKH� ZLUH� DQG� WKH� VTXDUH� FRXQWLQJ� PD\� OHDG� WR�
PHDVXUHPHQW�HUURUV���
7KH� FRQYH[�FRQFDYH�PHWKRG� UHTXLUHV�YDULRXV�PHDVXUHPHQWV�RI� DOO� FRQYH[� �VSXUV��
DQG�FRQFDYH�SDUWV��IOXWHV��RI�WKH�VWHP�WR�ILQDOO\�PRGHO�WKH�WUXQN�DV�DQ�DUUDQJHPHQW�RI�
D�F\OLQGULFDO�HOHPHQW�DQG�EXWWUHVV�HOHPHQWV��)LJXUH������'HDQ�DQG�5R[EXUJK��������
+HQU\� HW� DO��� ������� 7KH� VLPSOLILFDWLRQ� RI� WKH� VWHP� PRUSKRORJ\� PD\� QRW� EH� LQ�
DFFRUGDQFH�ZLWK�WKH�UHDO�YROXPH�RI�WKLV�LUUHJXODU�SDUW�RI�WKH�VWHP��1|ONH�HW�DO�����������
7KH�7/6�PHWKRG� FRQVLVWV� RI� VFDQQLQJ� WKH� WUHH� IURP�GLIIHUHQW� SRLQWV� RI� YLHZ�� ,Q�

WURSLFDO�IRUHVWV��WKLV�ODVW�PHWKRG�LV�PDLQO\�XVHG�WR�PRGHO�WKH�DERYUHJURXQG�YROXPH�RI�
WKH�WUHHV��7KH�YROXPH�LV�HVWLPDWHG�E\�ILWWLQJ�JHRPHWULFDO�SULPLWLYHV�VXFK�DV�F\OLQGHUV�
RQ�WKH�UHVXOWLQJ��'�SRLQW�FORXG�RI�WKH�VFDQQHG�WUHHV��7KH�PDLQ�DSSURDFK�IRU�WKLV�ILWWLQJ�
SURFHVV� LV� WKH� VR�FDOOHG� TXDQWLWDWLYH� VWUXFWXUH� PRGHOV� �460V�� 'X� HW� DO��� ������
+DFNHQEHUJ�HW�DO���������5DXPRQHQ�HW�DO���������7URFKWD�HW�DO����������,Q�WKH�FDVH�RI�
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���

LUUHJXODUO\�VKDSHG�SDUW�RI�WKH�VWHPV��PHVKLQJ��1|ONH�HW�DO���������7DNRXGMRX�HW�DO���
������RU�ILWWLQJ�IUHH�IRUP�FXUYHV�RQ�WKH�FURVV�VHFWLRQV��*ROORE�HW�DO���������3IHLIHU�
DQG� :LQWHUKDOGHU�� ������ DUH� DOWHUQDWLYHV� WR� WKH� FRQYHQWLRQDO� ILWWLQJ� SURFHVV� RI�
F\OLQGHUV��1HYHUWKHOHVV��RQO\�WKH�VWXG\�RI��1|ONH�HW�DO���������XVHG�7/6�GDWD�WR�DGGUHVV�
WKH� LVVXH� RI� WKH� EXWWUHVVHV� LQ� WKH� FRQWH[W� RI� IRUHVW� LQYHQWRU\� PHDVXUHPHQWV�
�)LJXUH��������

�
)LJXUH������([DPSOH�RI�D�FRQYH[�FRQFDYH�PHWKRG�ZLWK�PHDVXUHPHQWV�RI�WKH�
F\OLQGULFDO�DQG�EXWWUHVVHV�FRPSRQHQWV��PRGLILHG�ILJXUH�RI�+HQU\�HW�DO����������

�
�

)LJXUH������7KH�XVH�RI�7HUUHVWULDO�/DVHU�6FDQQLQJ��7/6��WR�PHDVXUH�LUUHJXODUO\�
VKDSHG�WUHH�VWHPV��PRGLILHG�ILJXUH�RI�1|ONH�HW�DO����������



�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJH�HVWLPDWHV��

���

������0RGHO�EDVHG�DSSURDFKHV��
,QVWHDG�RI�PHDVXULQJ�WKH�EDVDO�DUHD�DW�����P�KHLJKW�RI�WKH�LUUHJXODU�VWHPV��PRGHOV�FDQ�
EH�XVHG�WR�HVWLPDWH�WKLV�EDVDO�DUHD�IURP�RWKHU�VWHP�PHDVXUHPHQWV��FRYDULDWHV��DV�WKH�
GLDPHWHU� DERYH� WKH�EXWWUHVVHV� �'$%�RU�PRUH�JHQHUDO��'320�� DQG� WKH�+320��7KHVH�
PRGHOV�FDQ�EH�HPSLULFDO�PRGHOV��1JRPDQGD�HW�DO���������RU�WDSHU�PRGHOV��&XVKPDQ�
HW�DO�����������������7KH�IRUPHU�PHWKRG�ZLOO�UHODWH�WKH�EDVDO�DUHD�DW����P�KHLJKW�WR�
FRYDULDWHV�ZLWKRXW� DVVXPSWLRQV� RQ� WKH� IRUP�RI� WKH�PRGHO�� 7KH� GHSHQGHQF\� RI� WKH�
PRGHO� WR� WKH� FDOLEUDWLRQ� GDWD� LV� KLJK� DQG� VKRXOG� EH� RQO\� XVHG� LQ� WKH� UDQJH� RI� WKH�
FDOLEUDWLRQ�GDWD���
,Q�WKLV�ODWWHU�PHWKRG��&XVKPDQ�HW�DO���������VXJJHVW�PHDVXULQJ�GLDPHWHUV�RI�WKH�XSSHU�
UHJXODU�SDUW�RI�WKH�VWHP��L�H��DERYH�WKH�EXWWUHVVHV��WR�FDOLEUDWH�D�WDSHU�PRGHO�DQG�SURMHFW�
WKDW�WDSHU�GRZQZDUG�XS�WR�����P�KHLJKW��)LJXUH�������7KLV�DSSURDFK�RI�WKH�WDSHU�PRGHO�
PHWKRG�DVVXPHV�WKDW�WKH�HTXLYDOHQW�UHJXODU�GLDPHWHU�DW����P�KHLJKW�LV�KLJKO\�UHODWHG�
WR�DERYH�JURXQG�ELRPDVV�EXW�WKLV�K\SRWKHVLV�ZDV�QRW�WHVWHG�ZLWK�UHIHUHQFH�ELRPDVV�
GDWD��%DVHG�RQ��'�GDWD��PHDVXULQJ�RQO\�WKH�UHJXODU�SDUW�RI�WKH�VWHPV�LQ�QRW�DQ\PRUH�
UHTXLUHG�DQG�WDSHU�PRGHO�FRXOG�EH�ILWWHG�RQ�FURVV�VHFWLRQV�IURP�WKH�LUUHJXODU�SDUW�RI�
WKH�VWHP�DV�ZHOO�WR�LQFUHDVH�WKH�FRQVLVWHQF\�RI�WKH�WDSHU�PRGHO��

�
)LJXUH������([DPSOH�RI�D�PRGHO�EDVHG�DSSURDFK�EDVHG�RQ�D�WDSHU�PRGHO��0HDVXUHG�
WDSHU�GDWD�RI�WKH�UHJXODU�SDUW�RI�WKH�VWHP�ZLWK�RSWLFDO�GHQURPHWHU��SRLQWV��DQG�ILWWHG�
WDSHU�PRGHOV��OLQHV��IRU�LQGLYLGXDO�WUHHV��6ROLG�OLQHV�VKRZ�WKH�EHVW�ILW�FXUYHV�WR�WKH�
PHDVXUHG�GDWD�IRU�HDFK�VWHP��VROLG���GDVKHG�OLQHV�VKRZ�WKH�WDSHU�FXUYHV�REWDLQHG�E\�
H[WUDSRODWLQJ�IURP�WKH������GLDPHWHU�PHDVXUHPHQW�IRU�HDFK�WUHH�XVLQJ�WKH�EHVW�ILW�
WDSHU�YDOXH�IRU�WKH�VWHP��DQG�GRWWHG�OLQHV�VKRZ�WKH�H[WUDSRODWLRQ�IURP�WKH������

GLDPHWHU�XVLQJ�WKH�JHQHUDO�PRGHO�DSSOLHG�WR�WKDW�VWHP��7KH�KRUL]RQWDO�GDVKHG�OLQH�LV�
WKH�VWDQGDUG�KHLJKW�DW�����P��PRGLILHG�ILJXUH�RI�&XVKPDQ�HW�DO�����������

� �
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�����5HVHDUFK�VWUDWHJ\�
�������5HVHDUFK�JDSV�DQG�REMHFWLYHV�
&RQYHQWLRQDO� IRUHVW� LQYHQWRU\� PHDVXUHPHQW� WRROV� �JUDGXDWHG� WDSH� DQG� FDOLSHU��

DVVXPH�FLUFXODULW\�LQ�WKH�FURVV�VHFWLRQV�DGGLQJ�PDQ\�FKDOOHQJHV�WR�WKH�PRQLWRULQJ�RI�
LUUHJXODUO\�VKDSHG�WUHH�VWHPV��&ODUN��������&XVKPDQ�HW�DO���������'HDQ�HW�DO���������
0HWFDOI�HW�DO���������0XOOHU�/DQGDX�HW�DO���������7DOERW�HW�DO����������)LUVW�VWXGLHV�RQ�
WKH�XVH�RI��'�PHDVXUHPHQW�WRROV�VXFK�DV�7/6�LV�VKRZLQJ�JUHDW�SRWHQWLDO�IRU�LPSURYLQJ�
WKH�PRQLWRULQJ�RI� LUUHJXODUO\�VKDSHG�VWHPV��1|ONH�HW�DO���������DQG�UHTXLUH�IXUWKHU�
LQYHVWLJDWLRQV�LQ�WKH�FRQWH[W�RI�FORVHG�GHQVH�WURSLFDO�IRUHVWV��
&XUUHQW�WURSLFDO�WUHH�$*%�PRGHOV�GR�QRW�WDNH�LQWR�DFFRXQW�WKH�ELDV�FRPLQJ�IURP�WKH�

FDOLEUDWLRQ� GDWD� WKDW� LQFOXGH� LUUHJXODUO\� VKDSHG� WUHH� VWHPV�ZLWK� QRQVWDQGDUG�+320�
�&XVKPDQ�HW�DO���������0XOOHU�/DQGDX�HW�DO���������1|ONH�HW�DO����������:KLOH�WKH�HUURU�
GXH�WR�WKH�$*%�PRGHO�FKRLFH�LV�WKH�ODUJHVW�VRXUFH�RI�HUURU�LQ�$*%�GHQVLW\�HVWLPDWHV�
�0J� RI� $*%�KD�� 3LFDUG� HW� DO��� ������� QR� VWXGLHV� ZHUH� FRQGXFWHG� WR� DVVHVV� WKH�
PDJQLWXGH�RI�WKH�µDOORPHWULF¶�HUURU�FRPLQJ�IURP�QRQVWDQGDUG�+320��
7KH�QRQVWDQGDUG�+320�RI�D�ODUJH�SURSRUWLRQ�RI�HPHUJHQW�WUHHV�LQ�WKH�XSSHU�FURZQ�

OD\HU� OHDGV� WR� D� V\VWHPDWLF� HUURU� LQ�$*%� VWRFN� HVWLPDWHV� �&XVKPDQ� HW� DO��� �������
,QGHHG��LQ�WURSLFDO�IRUHVWV��WKH�ODUJHVW�SURSRUWLRQ�RI�LUUHJXODUO\�VKDSHG�WUHH�VWHPV�LV�
XVXDOO\�HQFRXQWHUHG�LQ�WKHVH�HPHUJHQW�WUHHV��1|ONH�HW�DO���������=KL\XDQ�HW�DO����������
:KLOH� WKHVH� HPHUJHQW� WUHHV� DFFRXQW� IRU� D� ODUJH� IUDFWLRQ� RI� WURSLFDO� IRUHVW� ELRPDVV�
�%DVWLQ�HW�DO���������/XW]�HW�DO���������6OLN�HW�DO���������� WKH�LPSDFW�RI�QRQVWDQGDUG�
+320�RQ�SORW�ELRPDVV�HVWLPDWHV�UHTXLUHV�IXUWKHU�LQYHVWLJDWLRQV��&XVKPDQ�HW�DO���������
0XOOHU�/DQGDX�HW�DO�����������
7KH� PDLQ� ERWWRP� DSSURDFK� IRU� LQYHVWLJDWLQJ� IRUHVW� FDUERQ� IOX[HV� LV� UHSHDWHG�

FHQVXVHV�RI�WUHHV�LQ�SORWV��&XUUHQW�PHDVXUHPHQW�SURFHGXUHV�IRU�LUUHJXODUO\�VKDSHG�WUHH�
VWHPV�DV�EXWWUHVVHG�WUHHV�LQWURGXFH�V\VWHPDWLF�HUURU�LQ�SORW�OHYHO�HVWLPDWHV�RI�ELRPDVV�
FKDQJH��7KH�+320� RI� EXWWUHVVHG� WUHHV� LV� RIWHQ�PRYHG� XSZDUGV� DV� EXWWUHVVHV� JURZ��
%HFDXVH�RI�WKH�WUHH�VWHPV�WDSHU��GLDPHWHU�GHFUHDVHV�ZLWK�KHLJKW���ELRPDVV�JURZWK�LQ�
EXWWUHVVHG�LQGLYLGXDOV�WHQGV�WR�EH�XQGHUHVWLPDWHG��0HWKRGV�KDYH�EHHQ�LQWURGXFHG�WR�
FRUUHFW�ELRPDVV�JURZWK�HVWLPDWHV�LQ�LQGLYLGXDO�WUHHV�IRU�PHDVXUHPHQW�KHLJKW�LQFUHDVHV�
�7DOERW�HW�DO����������KRZHYHU��WKHVH�PHWKRGV�FKDQJH�WKH�GLVWULEXWLRQ�RI�+320�RYHU�
WLPH��LQWURGXFLQJ�ELDVHV�LQ�SORW�OHYHO�HVWLPDWHV�RI�ELRPDVV�FKDQJH��7KH�PDJQLWXGH�RI�
WKLV�HUURU�LV�QHYHUWKHOHVV�GLIILFXOW�WR�DSSUHKHQG�VLQFH�ELRPDVV�SURGXFWLRQ�LV�QRW�GULYHQ�
E\�ODUJH�WUHHV��/LJRW�HW�DO����������7KHUHIRUH��LW�UHPDLQV�XQFOHDU�KRZ�WKH�DEXQGDQFH�RI�
WUHHV�ZLWK�LUUHJXODU�VWHP�EDVHV�FRXOG�DIIHFW�HVWLPDWHV�RI�VWDQG�ELRPDVV�SURGXFWLYLW\�
DQG�FDUERQ�FDSWXUH��
�
�

� �



�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJH�HVWLPDWHV��

���

7KH�JHQHUDO�REMHFWLYH�RI�WKH�WKHVLV�LV�WR�LPSURYH�WKH�PRQLWRULQJ�RI�ODUJH�WURSLFDO�
WUHHV�ZLWK�VWHP�LUUHJXODULWLHV�E\�H[SORULQJ�DGYDQFHG��'�PHDVXULQJ�WRROV���
7KH�VSHFLILF�REMHFWLYHV�DUH�L��WR�LGHQWLI\�HIIHFWLYH�QRQGHVWUXFWLYH�PHDVXUHPHQW�WRROV�

IRU� PHDVXULQJ� LUUHJXODUO\� VKDSHG� VWHPV� DW� WKH� WUHH� OHYHO� DQG� WKH� SORW� OHYHO�� LL�� WR�
SURSRVH�DQ�HIIHFWLYH�PHWKRG�WR�EHWWHU�WDNH�LQWR�DFFRXQW�WKH�VLQJXODULWLHV�JHQHUDWHG�E\�
WKH� LUUHJXODULWLHV� RI� VRPH� VWHPV� LQ� WKH� PRQLWRULQJ� RI� WURSLFDO� IRUHVW� ELRPDVV� DQG�
ILQDOO\�� LLL�� WR� DVVHVV� WKH� LPSDFW� RI� D�EHWWHU� FRQVLGHUDWLRQ�RI� WKH� LUUHJXODUO\� VKDSHG�
VWHPV�LQ�WKH�DERYHJURXQG�ELRPDVV�VWRFN�DQG�VWRFN�FKDQJHV�DW�WKH�SORW�OHYHO��

�������6WUXFWXUH�RI�WKH�WKHVLV�
7KH� FRQFHSWXDO� IUDPHZRUN� RI� WKLV� WKHVLV� IROORZV� WKH� FRQYHQWLRQDO� ZRUNIORZ� WR�
HVWLPDWH�WKH�DERYHJURXQG�JURZLQJ�VWRFN�YROXPH�RU�ELRPDVV�RI�D�IRUHVW�ZLWK�D�VSHFLDO�
IRFXV��DW�HDFK�VWHS�RI�WKH�ZRUNIORZ��RQ�WKH�LVVXH�RI�QRQVWDQGDUG�SRLQWV�RI�PHDVXUHPHQW�
�)LJXUH��������

�
)LJXUH������&RQFHSWXDO�IUDPHZRUN�RI�WKH�WKHVLV��%LRPDVV�FKDQJHV�DUH�GHULYHG�IURP�

ELRPDVV�VWRFNV�HVWLPDWHG�DW�WZR�GLIIHUHQW�\HDUV��WQ �Q�\HDUV�DIWHU�WKH�\HDU�W����
�
,Q� &KDSWHU� ��� ZH� VWXGLHG� WKH� RULJLQDO� FORVH�UDQJH� WHUUHVWULDO� SKRWRJUDPPHWULF�
DSSURDFK��&573�RU�DOVR�FDOOHG�VWUXFWXUH�IURP�PRWLRQ��6I0��WR�PHDVXUH�WKH�EDVLV�RI�
WKH�LUUHJXODUO\�VKDSHG�VWHP�RI�VRPH�WURSLFDO�WUHHV�DQG�DVVHVVHG�LWV�LPSDFW�LQ�WHUPV�RI�
DERYHJURXQG�ELRPDVV�HVWLPDWHV��6SHFLILFDOO\��ZH�GHYHORSHG�WKH�HQWLUH�ZRUNIORZ�WR�
H[WUDFW� FURVV�VHFWLRQV� DORQJ� WKH� VWHPV� IURP� WKH� UHVXOWLQJ� �'� GDWD� RI� WKH� &573�
DSSURDFK��:H�DOVR�GLVHQWDQJOHG�WKH�HIIHFWV�RI�+320� LQ� WKH�GHYHORSPHQW��ILWWLQJ��RI�
$*%�PRGHOV�DQG�LWV�LPSDFW�RQ�WUHH�$*%�HVWLPDWHV���



&KDSWHU����*HQHUDO�LQWURGXFWLRQ�

���

7KLV�VWXG\�ZDV�SXEOLVKHG�LQ�0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ��LQ�DQ�DUWLFOH�HQWLWOHG�
µ7HUUHVWULDO� SKRWRJUDPPHWU\�� D� QRQ�GHVWUXFWLYH� PHWKRG� IRU� PRGHOOLQJ� LUUHJXODUO\�
VKDSHG�WURSLFDO�WUHH�WUXQNV¶��%DXZHQV�HW�DO����������
,Q�&KDSWHU����ZH�H[SORUHG�SORW�OHYHO��'�PHDVXUHPHQW�PHWKRGV�WR�KDYH�H[KDXVWLYH�
�'� PHDVXUHPHQWV� RI� WKH� WUHHV� ZLWKLQ� D� IRFDO� DUHD�� 7KH� �'� PHWKRGV� VWXGLHG� DUH�
WHUUHVWULDO�ODVHU�VFDQQLQJ��7/6��DSSURDFKHV�DQG�KDQG�KHOG�PRELOH�ODVHU�VFDQQLQJ�WRRO�
�+0/6��LQ�IRUHVWV�FORVH�WR�RXU�UHVHDUFK�ODE�LQ�%HOJLXP��7KLV�VWXG\�ZDV�SXEOLVKHG�LQ�
)RUHVWV�� LQ� DQ� DUWLFOH� HQWLWOHG� µ)RUHVW� ,QYHQWRU\� ZLWK� 7HUUHVWULDO� /L'$5�� $�
&RPSDULVRQ� RI� 6WDWLF� DQG� D� +DQG�+HOG�0RELOH� /DVHU� 6FDQQLQJ¶� �%DXZHQV� HW� DO���
�������7KH�IRUHUXQQHU�UHVXOWV�RI�WKLV�VWXG\�ZHUH�WKH�ILUVW�VWDJH�EHIRUH�JRLQJ�IXUWKHU�LQ�
WKH�XVH�RI�WKHVH�WHFKQRORJLHV�WR�PHDVXUH�LQ��'�DOO�WKH�VWHPV�LQ�WURSLFDO�IRUHVW�SORWV���
,Q�&KDSWHU����ZH�XVHG�WKH��'�PHDVXUHPHQW�WRROV�LGHQWLILHG�LQ�&KDSWHU����&573��

DQG� LQ� &KDSWHU� �� �7/6�� WR� FROOHFW� �'� GDWD� RQ� ���� WUHHV� DFURVV� �� VLWHV� ORFDWHG�
UHVSHFWLYHO\�LQ�VRXWKHDVWHUQ�&DPHURRQ��Q �����LQ�QRUWKHUQ�&RQJR�5HSXEOLF��Q �����
DQG�QRUWKHUQ�'HPRFUDWLF�5HSXEOLF�RI�&RQJR��Q �����:H�DQDO\]HG�WKH�WDSHU�RI�WKHVH�
WUHHV�ZLWK�LUUHJXODULWLHV�LQ�WKH�VWHP�WR�KDUPRQL]H�WKH�+320�DW�WKH�VWDQGDUG�KHLJKW�RI�
����P�� $V� LQ� &KDSWHU� ��� ZH� GLVHQWDQJOHG� WKH� HIIHFWV� RI� +320� LQ� WKH� GHYHORSPHQW�
�ILWWLQJ��RI�$*%�PRGHOV�DQG�LWV�LPSDFW�RQ�WUHH�$*%�HVWLPDWHV��:H�ILQDOO\�DQDO\]HG�
WKH�HIIHFW�RI�WKLV�KDUPRQL]DWLRQ�IRU�$*%�VWRFNV�DQG�VWRFN�FKDQJH�HVWLPDWHV�DW�WKH�SORW�
OHYHO��7KLV�VWXG\�ZDV�SXEOLVKHG�LQ�(FRORJLFDO�$SSOLFDWLRQV��LQ�DQ�DUWLFOH�HQWLWOHG��µ$�
�'� DSSURDFK� WR� PRGHO� WKH� WDSHU� RI� LUUHJXODU� WUHH� VWHPV�� PDNLQJ� SORWV� ELRPDVV�
HVWLPDWHV�FRPSDUDEOH�LQ�WURSLFDO�IRUHVWV¶��%DXZHQV�HW�DO������������
,Q�&KDSWHU����WKH�PDLQ�UHVXOWV�DQG�DFKLHYHPHQWV�RI�WKH�WKHVLV�DUH�VXPPDUL]HG�DQG�

GLVFXVVHG��:H�GLVFXVV�WKH�SHUVSHFWLYH�RI�WKH��'�PHDVXUHPHQW�WRROV��
�
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�'�PHDVXUHPHQWV�RI�LUUHJXODUO\�VKDSHG�

VWHPV�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV��

���

�����3UHDPEOH�

�
,Q�WKLV�FKDSWHU��ZH�DLPHG�WR�GHYHORS�D�QHZ�PHWKRG�EDVHG�RQ�WHUUHVWULDO�FORVH�UDQJH�

SKRWRJUDPPHWU\�IRU�PHDVXULQJ�DQG�PRGHOLQJ�LUUHJXODU�VWHPV��7KLV�DSSURDFK�LV�FKHDS�
DQG�HDV\�WR�LPSOHPHQW�LQ�WKH�ILHOG�DV�LW�RQO\�UHTXLUHV�D�FDPHUD�DQG�D�JUDGXDWHG�URG��
:H� YDOLGDWHG� WKH� DSSURDFK�ZLWK� GHVWUXFWLYH� FURVV�VHFWLRQ�PHDVXUHPHQWV� DORQJ� WKH�
VWHP�RI�WKUHH�EXWWUHVVHG�WUHHV��7R�GHPRQVWUDWH�WKH�EURDGHU�XWLOLW\�RI�WKLV�PHWKRG��ZH�
H[WHQGHG�WKH�YDOLGDWHG�DSSURDFK�WR����DGGLWLRQDO�WUHHV�EHORQJLQJ�WR�WZR�VSHFLHV��&HOWLV�
PLOGEUDHGLL� �8OPDFHDH�� DQG�(QWDQGURSKUDJPD�F\OLQGULFXP� �0HOLDFHDH���%DVHG�RQ�
WKH��'�PRGHOV��ZH�FRPSXWHG�VKDSH�LQGLFHV�IRU�HDFK�WUHH��DQG�ZH�DQDO\]HG�WKH�VWHP�
PRUSKRORJ\�RI�WKH�WZR�VSHFLHV��)LQDOO\��ZH�DQDO\]HG�VRPH�VWDQGDUGL]HG�SUHGLFWRUV�IRU�
WKH�HVWLPDWLRQ�RI�DERYH�JURXQG�ELRPDVV��
7KLV�FKDSWHU�LV�ZULWWHQ�LQ�WKH�IROORZLQJ�VFLHQWLILF�SHHU�UHYLHZHG�SDSHU��%DXZHQV��6���

)D\ROOH��$���*RXUOHWဨ)OHXU\�� 6���1GMHOH�� /��0���0HQJDO��&���	�/HMHXQH�� 3�� ��������
7HUUHVWULDO� SKRWRJUDPPHWU\�� D� QRQဨGHVWUXFWLYH� PHWKRG� IRU� PRGHOOLQJ� LUUHJXODUO\�
VKDSHG�WURSLFDO�WUHH�WUXQNV��0HWKRGV�LQ�(FRORJ\�DQG�(YROXWLRQ�����������������
� �



&KDSWHU�����'�PHDVXUHPHQWV�RI�LUUHJXODU\�VKDSHG�VWHPV�
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�����7KH�VFLHQWLILF�SHHU�UHYLHZHG�SDSHU�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV��
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV��
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���



&KDSWHU�����'�PHDVXUHPHQWV�RI�LUUHJXODU\�VKDSHG�VWHPV�
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���
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV��
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�

���

�����3UHDPEOH�

�
,Q� WKLV� FKDSWHU�� ZH� DVVHVVHG� WKH� SRWHQWLDO� RI� WKH� �'�PHDVXUHPHQW� WRROV� WKDW� DUH�

WHUUHVWULDO�ODVHU�VFDQQLQJ��7/6��DQG�KDQG�KHOG�PRELOH�ODVHU�VFDQQLQJ��+0/6��WR�VFDQ�
DOO�WKH�WUHHV�ZLWKLQ�DQ�DUHD�DW�RQFH��7KH�UHVHDUFK�ZDV�OHG�LQ�IRUHVWV�FORVH�WR�RXU�UHVHDUFK�
ODE�LQ�%HOJLXP��+DYLQJ�DOO�WKH�WUHHV��'�VFDQQHG�LQ�WKH�SORW�DOORZV�WKH�XVH�RI�RWKHU�
DOORPHWULHV� DQG� FRQYHUVLRQ� IDFWRUV� WKDQ� FRQYHQWLRQDO� WUHH�OHYHO� $*%�PRGHOV��:H�
IRFXVHG� WKH� VWXG\� RQ� WKH� ILUVW� VWHS� RI� WKH�ZRUNIORZ� VWDUWLQJ� DW� WKH� SORW� OHYHO�� 7KH�
IRUHUXQQHU�UHVXOWV�RI�WKLV�VWXG\�ZHUH�WKH�ILUVW�VWDJH�EHIRUH�JRLQJ�IXUWKHU�LQ�WKH�XVH�RI�
WKHVH�WHFKQRORJLHV�WR�PHDVXUH�LQ��'�DOO�WKH�VWHPV�LQ�WURSLFDO�IRUHVW�SORWV��
7KLV�FKDSWHU�LV�ZULWWHQ�LQ�WKH�IROORZLQJ�VFLHQWLILF�SHHU�UHYLHZHG�SDSHU��%DXZHQV��6���

%DUWKRORPHXV��+���&DOGHUV��.���	�/HMHXQH��3����������)RUHVW�LQYHQWRU\�ZLWK�WHUUHVWULDO�
/L'$5��$�FRPSDULVRQ�RI�VWDWLF�DQG�KDQG�KHOG�PRELOH�ODVHU�VFDQQLQJ��)RUHVWV��������
�����

� �



&KDSWHU�����'�VWHP�PHDVXUHPHQWV�DW�WKH�SORW�OHYHO�
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�����7KH�VFLHQWLILF�SHHU�UHYLHZHG�SDSHU�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�

���
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�

���



&KDSWHU�����'�VWHP�PHDVXUHPHQWV�DW�WKH�SORW�OHYHO�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�
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&KDSWHU�����'�VWHP�PHDVXUHPHQWV�DW�WKH�SORW�OHYHO�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�
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&KDSWHU�����'�VWHP�PHDVXUHPHQWV�DW�WKH�SORW�OHYHO�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�

���

�����3UHDPEOH�

�
,Q�WKLV�FKDSWHU��ZH�DLPHG�WR�EHWWHU�LQFOXGH�WKH�VSHFLILFLWLHV�RI�WKH�LUUHJXODUO\�VKDSHG�

VWHPV�LQWR�WKH�HQWLUH�ZRUNIORZ�IRU�HVWLPDWLQJ�WKH�DERYHJURXQG�ELRPDVV�DQG�ELRPDVV�
FKDQJH�LQ�WURSLFDO�IRUHVWV��:H�XVHG�WKH�WHFKQRORJLHV�WHVWHG�LQ�WKH�SUHYLRXV�FKDSWHUV�WR�
PHDVXUH�DQG�PRGHO�LUUHJXODUO\�VKDSHG�VWHPV��
7KLV�FKDSWHU�LV�ZULWWHQ�LQ�WKH�IROORZLQJ�VFLHQWLILF�SHHU�UHYLHZHG�SDSHU��%DXZHQV��6���

3ORWRQ��3���)D\ROOH��$���/LJRW��*���/RXPHWR��-��-���/HMHXQH��3���	�*RXUOHW�)OHXU\��6��
�������� $� �'� DSSURDFK� WR� PRGHO� WKH� WDSHU� RI� LUUHJXODU� WUHH� VWHPV�� PDNLQJ� SORWV�
ELRPDVV� HVWLPDWHV� FRPSDUDEOH� LQ� WURSLFDO� IRUHVWV�� (FRORJLFDO� $SSOLFDWLRQV�� �������
H�������
� �



&KDSWHU����0DNLQJ�WURSLFDO�IRUHVW�SORWV�FRPSDUDEOH�
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�����7KH�VFLHQWLILF�SHHU�UHYLHZHG�SDSHU�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJHV�HVWLPDWHV�
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�'�VWHP�PRGHOOLQJ�IRU�LPSURYHG�WURSLFDO�IRUHVW�ELRPDVV�	�ELRPDVV�FKDQJH�HVWLPDWHV�

���

�����7KH�PDMRU�ILQGLQJV�
7KH�PDLQ�REMHFWLYH�RI�RXU�WKHVLV�ZDV�WR� LPSURYH�WKH�PRQLWRULQJ�RI�ODUJH�WURSLFDO�

WUHHV�ZLWK�VWHP�LUUHJXODULWLHV�E\�H[SORULQJ�GLUHFW��'�PHDVXULQJ� WRROV�DQG�D�PRGHO�
EDVHG�DSSURDFK�IRU�EURDGHU�XVHV��

������7KH�HIIHFWLYHQHVV�RI�GLUHFW��'�PHDVXULQJ� WRROV� LQ� WURSLFDO�
IRUHVWV�
7KH� ORZ�FRVW� FORVH�UDQJH� WHUUHVWULDO� SKRWRJUDPPHWULF� DSSURDFK� �&573�� LV� DQ�

HIIHFWLYH��'�PHDVXUHPHQW�WRRO�IRU� LUUHJXODUO\�VKDSHG�VWHPV�HQFRXQWHUHG�LQ�WURSLFDO�
IRUHVWV��7KH�PDLQ�OLPLWDWLRQV�RI�&573�DUH� WKH�PD[LPXP�KHLJKW� UHDFKHG��������P��
%DXZHQV�HW�DO���������)DQJ�DQG�6WULPEX��������DQG�WKH�OLJKW�FRQGLWLRQV�WKDW�PLJKW�
OLPLW�WKH�VXFFHVV�RI�WKH��'�SRLQW�FORXG�JHQHUDWLRQ��%HVLGHV�JRRG�FDPHUD�TXDOLW\�DQG�
ZLGH�DQJOH� OHQV�� DGGLQJ� DUWLILFLDO� WDUJHWV� LV� KLJKO\� UHFRPPHQGHG� WR� KHOS� WKH� 6I0�
SURFHVV� DQG� LQFUHDVH� WKH� VXFFHVV� RI� WUHH� VWHP� SRLQW� FORXG� JHQHUDWLRQ�� *RRG� ILHOG�
SURWRFRO�DQG�FDPHUD�JHDU�LQFUHDVH�WKH�VXFFHVV�RI�SRLQW�FORXG�JHQHUDWLRQ�IURP�DURXQG�
�������WR��������RI�WKH�VDPSOHG�WUHHV��%DXZHQV�HW�DO���������&XVKPDQ�HW�DO����������
3HUVRQDO�ODVHU�VFDQQLQJ��DV�WKH�KDQGKHOG�PRELOH�ODVHU�VFDQQLQJ��+0/6���JLYHV�QHZ�

LQVLJKW�IRU�GLUHFW��'�PHDVXUHPHQWV�DW�WKH�SORW�DQG�WUHH�VFDOHV��+0/6�FRXOG�UHPRYH�
VRPH�OLPLWDWLRQV�RI�WKH�PRUH�FRQYHQWLRQDO�VWDWLF�WHUUHVWULDO�ODVHU�VFDQQLQJ��7/6��WRROV�
LQ� WKH� WURSLFDO�GHQVH�IRUHVW� VLQFH�ZDONLQJ�ZLWK�+0/6�WKURXJK� WKH�SORW� UHVXOWV� LQ�D�
WKHRUHWLFDOO\�XQOLPLWHG�QXPEHU�RI� VFDQ�SRVLWLRQV��7KH�RFFOXVLRQ�HIIHFW� �SDUW� RI� WKH�
VWHPV� QRW� VFDQQHG� GXH� WR� WKH� VXUURXQGLQJ� YHJHWDWLRQ�� LV� WKHQ� UHGXFHG�� 7KH� ORZHU�
VSDWLDO� SUHFLVLRQ� RI� WKH� UHVXOWLQJ� SRLQW� FORXG� RI� WKLV� W\SH� RI� GHYLFH� FRPSDUHG� WR�
FRQYHQWLRQDO�7/6�LV�FRPSHQVDWHG�E\�D�ORZHU�RFFOXVLRQ�UDWH��DQ�LPSRUWDQW�LVVXH�LQ�WKH�
FDVH�RI�VWHPV�ZLWK�LUUHJXODULWLHV���
,Q�WKH�FDVH�RI�7/6�SRLQW�FORXG��WKH�LVVXH�RI�RFFOXGHG�VWHP�SDUWV�LV�VROYHG�E\�ILWWLQJ�

JHRPHWULFDO�SULPLWLYHV�DV�D�F\OLQGHU�WKDW�FRPSOHWHV�WKH�RFFOXGHG�SDUWV��7KLV�PRGHOOLQJ�
DSSURDFK�LV�QRW�DGDSWHG�IRU�LUUHJXODU�VKDSHV��0HVKLQJ��%DXZHQV�HW�DO���������1|ONH�
HW�DO���������7DNRXGMRX�HW�DO���������RU�ILWWLQJ�IUHH�IRUP�FXUYHV��*ROORE�HW�DO���������
3IHLIHU�DQG�:LQWHUKDOGHU��������DUH�DOWHUQDWLYH�PRGHOOLQJ�PHWKRGV�LQ�WKLV�ODWWHU�FDVH��
1HYHUWKHOHVV�� WKHVH� DOWHUQDWLYH�PHWKRGV� UHTXLUH� D� ORZ� OHYHO� RI� RFFOXVLRQ�ZKLFK� LV�
KDUGO\� REWDLQHG� ZLWK� FRQYHQWLRQDO� WURSLFDO� 7/6� SORW� VHWXSV� �0DUWLQ�'XFXS� HW� DO���
������7DR�HW�DO���������:LONHV�HW�DO����������7KH�+0/6�UHGXFHV�VLJQLILFDQWO\�RFFOXGHG�
SDUWV�RI� WKH�VWHPV��1HYHUWKHOHVV�� WKH�TXDOLW\�RI� WKH�+0/6�SRLQW�FORXG�IRU�DFFXUDWH�
UHFRQVWUXFWLRQ�RI�WKH�FURVV�VHFWLRQ�RI�LUUHJXODU�VWHPV�QHHGV�WR�EH�WHVWHG�DV�ZHOO�DV�WKH�
HIIHFW� RI� WKH� GHQVH� XQGHUJURZWK� HQFRXQWHUHG� LQ� WURSLFDO� IRUHVWV� RQ� WKH� RYHUDOO�
FRQVLVWHQF\�RI�WKH�+0/6�SRLQW�FORXG��

� �
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���

������7KH�PRGHO�EDVHG�DSSURDFK�WR�RYHUFRPH�WKH�FXUUHQW�OLPLWV�RI�
�'�PHDVXULQJ�WRROV�
$�VLPSOH� WDSHU�PRGHO� ILWWHG�RQ��'�GDWD�VLJQLILFDQWO\� LPSURYHV� WKH�PRQLWRULQJ�RI�

WURSLFDO�IRUHVW�ELRPDVV��:H�ILUVW�VKRZHG�WKDW�KDUPRQL]LQJ�WKH�KHLJKW�RI�VWHP�GLDPHWHU�
PHDVXUHPHQW��+320��LQ�WUHH�ELRPDVV�GDWD�XVHG�IRU�ILWWLQJ�$*%�PRGHOV�LPSURYHV�WKH�
UHODWLRQVKLS�DQG�UHPRYHV�DOORPHWULF�QHJDWLYH�ELDV�IRU�ODUJH�WUHHV��:H�WKHQ�IRXQG�DQ�
LQFUHDVLQJ� QHJDWLYH� GLIIHUHQFH� EHWZHHQ� FRQYHQWLRQDO� SORW� $*%� HVWLPDWHV� DQG�
FRUUHFWHG�$*%�HVWLPDWHV�ZLWK�WKH�LQFUHDVLQJ�VKDUH�RI�LUUHJXODUO\�VKDSHG�VWHPV�ZLWKLQ�
WKH�SORW��XS�WR��������+DUPRQL]LQJ�+320�LQ�IRUHVW�LQYHQWRU\�SORWV�GDWD�EHIRUH�XVLQJ�
$*%�PRGHOV�DOORZV�FRPSDULQJ�SORW�$*%�VWRFNV�E\�UHPRYLQJ�WKH�QHJDWLYH�HUURU�WUHQG���
$GGLWLRQDOO\��ZH�QRWLFHG�WKDW�L��WKH�VWHP�EDVLV�WDSHU�PRUH�VORZO\�LQ�WUHHV�ZLWK�ODUJHU�

GLDPHWHUV��WKH�WDSHU�LV�ORZHU�LQ�ODUJH�WUHH�GLDPHWHU�WKDQ�ORZHU�RQHV��DQG��LL��GXH�WR�WKH�
WDSHU��WKH�$*%�JURZWK�RI�WUHHV�ZLWK�+320�!�����P�ZDV�SUHYLRXVO\�XQGHUHVWLPDWHG�
ERWK� RQ� WUHHV� ZLWK� D� FRQVWDQW� +320� DQG� WKRVH� ZLWK� DQ� DULVH� +320� RYHU� WLPH�
�)LJXUH��������

�
)LJXUH������7KH�LQFUHDVLQJ�$*%�RI�WZR�YLUWXDO�WUHHV�ZLWK�WKH�VDPH�'320�DFFRUGLQJ�
WR�WKH�LQFUHDVLQJ�VL]H�RI�WKH�WUHH�GLDPHWHUV�'320�RYHU�WLPH��7KH�ILUVW�YLUWXDO�WUHH�KDV�
D�FRQVWDQW����P�+320��'320�LV�WKHQ�HTXDO�WR�WKH�VR�FDOOHG�GLDPHWHU�DW�EUHDVW�KHLJKW��
'%+��GDUN�EOXH�JUHHQ��DQG��WKH�VHFRQG�YLUWXDO�WUHH�KDV�LWV�320�UDLVHG�WKURXJK�WKH�
WLPH��OLJKW�JUHHQ���)RU�WKLV�ODWHU�YLUWXDO�WUHH��WKH�HTXLYDOHQW�GLDPHWHU�DW�EUHDVW�KHLJKW�
�'%+¶��LV������KLJKHU�WKDQ�'320��VORSH�RI�WKH�OLQHDU�UHJUHVVLRQ�'%+¶�'320�ZLWKRXW�
LQWHUFHSW�ILWWHG�RQ�WKH�WUHHV�ZLWK�+320!���P�RI�WKH�&RQJROHVH�SORWV�RI�WKH�VWXG\�LQ�
FKDSWHU�����$*%�HVWLPDWHV�DUH�EDVHG�RQ�WKH�VDPH�'320�FRUUHFWHG��'%+¶��$*%�
PRGHO�DQG�ZLWK�D�EDVLF�ZRRG�GHQVLW\�RI������J�P���IRU�ERWK��6XSSOHPHQWDU\�

LQIRUPDWLRQ�RI�%DXZHQV�HW�DO����������7KH�WUHH�ZLWK�+320�!����KDV�D�KLJKHU�$*%�
JURZWK�WKDQ�WKH�WUHH�ZLWK�+320� �����IRU�WKH�VDPH�'320��H�J���'320� �����FP���
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�����7KH�SHUVSHFWLYHV�
������:KLFK��'�PHDVXUHPHQW�WRRO�LQ�ZKLFK�FDVH�IRU�SHUPDQHQW�
IRUHVW�LQYHQWRU\�SORWV"�
6RPH�FRQVLGHUDWLRQV�LQ�ILHOG�GDWD�DFTXLVLWLRQ�
$�PLQLPXP� VWDQGDUG� LQ� WKH� ILHOG� GDWD� DFTXLVLWLRQ� SURWRFRO� LV� UHTXLUHG� WR� HQVXUH�

RSWLPDO��'�PHDVXUHPHQWV�RI�WKH�WUHHV�DQG�GDWD�LQWHURSHUDELOLW\�EHWZHHQ�FDPSDLJQV�
�:LONHV�HW�DO����������7KH�ILHOG�GDWD�DFTXLVLWLRQ�SURWRFRO�ZLOO�ILUVW�GHSHQG�RQ�WKH�VFDOH�
�WUHH�OHYHO�YV�SORW�OHYHO���EXW�WKH�WHPSWDWLRQ�ZRXOG�OHDG�VFLHQWLVWV�DQG�ILHOG�RSHUDWRUV�
WR�WU\�WR�RSWLPL]H�WKHLU�ILHOGZRUN�E\�GLUHFWO\�ZRUNLQJ�DW�WKH�SORW�OHYHO�WR�LQFUHDVH�WKH�
QXPEHU�RI�LQGLYLGXDOV�PHDVXUHG�DW�RQFH�DQG�JHWWLQJ�PRUH�DUHD�EDVHG�GDWD�WR�DQVZHU�
WR� IRUHVWU\� DQG� HFRORJLFDO� TXHVWLRQV�� 1HYHUWKHOHVV�� WUHH�OHYHO� ILHOG� GDWD� DFTXLVLWLRQ�
SURWRFRO� LV� VWLOO� UHFRPPHQGHG� WR� HQVXUH� WKH� EHVW� �'�PRGHOOLQJ� RI� WKH� WUHH�� PRUH�
VSHFLILFDOO\�IRU�LUUHJXODUO\�VKDSHG�WUHH�VWHPV��
&ORVH�UDQJH�WHUUHVWULDO�SKRWRJUDPPHWU\�WKH�ORZ�FRVW�DSSURDFK�
7KH�XVH�RI�FORVH�UDQJH�WHUUHVWULDO�SKRWRJUDPPHWU\�ZLOO�VWLOO�EH�DQ�LPSRUWDQW� WUHH�

OHYHO��'�PHDVXUHPHQW�WRRO�IRU�LUUHJXODU�VWHPV�GHVSLWH�LWV�UDQJH�OLPLW��%DXZHQV�HW�DO���
������&XVKPDQ�HW�DO����������,QGHHG��LWV�ORZ�FRVW�DQG�HDVH�RI�XVH�UHPRYH�VRPH�FXUUHQW�
OLPLWV� HQFRXQWHUHG� LQ� �'� PHDVXUHPHQW� WRROV� �7DEOH� ������ 0XOWLFRSWHU� 8$9�
�XQPDQQHG� DHULDO� YHKLFOH� DOVR� NQRZQ� DV� GURQH�� LV� DQ� DOWHUQDWLYH� WR� RYHUFRPH� WKH�
KHLJKW� OLPLWDWLRQ�� 1HYHUWKHOHVV�� VXUURXQGLQJ� YHJHWDWLRQ� PXVW� EH� UHPRYHG� EHIRUH�
IOLJKWV�DQG�PLJKW�EH�D�OLPLWDWLRQ�IRU�VWXGLHV�ZLWKLQ�363��
7/6�IRU� WKH��'�GHVFULSWLRQ�RI� WKH�ZKROH�DERYHJURXQG�SDUW�RI� WKH� WUHHV� �FURZQ�

LQFOXGHG��
7/6�KDV�EHHQ�XVHG�ZLWK�VXFFHVV�LQ�FORVH�GHQVH�WURSLFDO�IRUHVWV�EXW�RIWHQ� UHTXLUHV�

FOHDQLQJ�WKH�VXUURXQGLQJ�YHJHWDWLRQ�WR�OLPLW�WKH�RFFOXVLRQ�RI�WKH�ODVHU�SXOVHV�RULHQWHG�
WR�WKH�IRFDO�WUHH�DQG�WR�HQVXUH�WKH�YLVLELOLW\�RI�WKH�DUWLILFLDO�WDUJHW�EHWZHHQ�WKH�GLIIHUHQW�
ORFDWLRQV� RI� WKH� VFDQQHU� DURXQG� WKH� WUHH� �%DXZHQV� HW� DO��� ������ /DX� HW� DO��� ������
7DNRXGMRX�HW�DO����������7KH�DUWLILFLDO�WDUJHWV�DUH�XVHG�WR�FR�UHJLVWHU��DOLJQ�RU�PHUJH��
WKH�SRLQWFORXGV�IURP�WKH�GLIIHUHQW�VFDQ�ORFDWLRQV��7KH�WLPH�RI�IOLJKW�7/6�WHFKQRORJ\�
LV�UHFRPPHQGHG�IRU�VFDQQLQJ�WKH�OHDI�RQ�FURZQ�SDUW�DV�WKLV�W\SH�RI�GHYLFH�KDV�D�EHWWHU�
VLJQDO�WR�QRLVH�UDWLR��7DEOH�������,QYHUVHO\��SKDVH�VKLIW��Y�V��WLPH�RI�IOLJKW��WHFKQRORJ\�
KDV�JUHDWHU�UDQJLQJ�DPELJXLW\�ZKHQ�LQWHUFHSWLQJ�PXOWLSOH�REMHFWV�ZLWKLQ�WKH�IRRWSULQW�
RI�D�VLQJOH�ODVHU�EHDP��L�H��D�KLJKHU�SRLQW�FORXG�QRLVH�LQ�EUDQFKHV�DQG�OHDYHV�DUHDV��
%DXZHQV�HW�DO���������&DOGHUV�HW�DO����������7KH�FRVW�RI�VXFK�GHYLFH�LV�GHFUHDVLQJ�EXW�
UHPDLQV� KLJK� DQG� WKH�QHHG� IRU� DUWLILFLDO� WDUJHWV� WR� FR�UHJLVWHU� WKH� VFDQV� UHGXFHV� LWV�
HIIHFWLYHQHVV�LQ�WKH�ILHOG��%DXZHQV�HW�DO����������7KH�WLPH�RI�IOLJKW�7/6�WHFKQRORJ\�
LV�QHYHUWKHOHVV�WKH�JROG�VWDQGDUG�IRU�PRGHOOLQJ�WKH�ZKROH�ZRRG\�DERYHJURXQG�YROXPH�
RI�D�WUHH���
� �
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���

3HUVRQDO�ODVHU�VFDQQLQJ�WKH�PRVW�HIIHFWLYH��'�PHDVXUHPHQW�WRRO�DW�WKH�SORW�VWDQG�
OHYHO�
:H�ZRXOG�UHFRPPHQG�IXUWKHU�UHVHDUFK�RQ�WKH�XVH�RI�SHUVRQDO�ODVHU�VFDQQLQJ��3/6���

DV�WKH�+0/6�WHVWHG�LQ�FKDSWHU���LQ�WKH�FRQWH[W�RI�WURSLFDO�IRUHVWV��6LQFH�RXU�IRUHUXQQHU�
VWXG\�� QXPHURXV� VWXG\� VKRZHG� WKH� JUHDW� SRWHQWLDO� RI�3/6� LQ� WHPSHUDWH� DQG�ERUHDO�
IRUHVWV�DW� WKH�SORW� OHYHO� �%DOHQRYLü�HW�DO���������*ROORE�HW�DO���������-XUMHYLü�HW�DO���
�������EXW�DUH�VWLOO�QRWH�WHVWHG�LQ�WURSLFDO�IRUHVWV�WR�RXU�NQRZOHGJH��7KHVH�WRROV�KDYH�
ZLGHU� RSHUDWLRQDO� SHUVSHFWLYHV� WKDQ� 7/6� E\� VLJQLILFDQWO\� UHGXFLQJ� WKH� ILHOG�
DFTXLVLWLRQ�WLPH�DQG�UHGXFLQJ�WKH�RFFOXVLRQ�HIIHFW��7KH�ORZHU�SUHFLVLRQ�RI�WKH�SRLQW�
FORXGV�IURP�3/6�FRPSDUHG�WR�7/6�FRXOG�EH�FRPSHQVDWHG�E\�D�KLJKHU�QXPEHU�RI�VWHPV�
VFDQQHG�� 6LQFH� RXU� VWXG\�� QHZ� GHYLFHV� DUH� DYDLODEOH� DQG� UHPRYH� VRPH� OLPLWDWLRQV�
QRWLFHG�ZLWK�WKH�=(%��GHYLFH�WHVWHG�LQ�WKH�VWXG\�RI�FKDSWHU����)RU�H[DPSOH��WKH�UDQJH�
RI�WKH�ODVHU��PDLQO\�FRPLQJ�IURP�WKH�9/3�SXFN�VHULHV��DUH�QRZ�XS�WR���������P�DQG�
WKH�EHDP�GLYHUJHQFH�LV���PUDG�FRPSDUHG�WR����[���PUDG�IRU�=(%��%DOHQRYLü�HW�DO���
������*ROORE�HW�DO���������-XUMHYLü�HW�DO����������

7DEOH������$GYDQWDJHV�RI�WKH��'�PHDVXUHPHQW�WRROV��&573��&ORVH�UDQJH�
SKRWRJUDPPHWU\��7/6�72)��7HUUHVWULDO�ODVHU�VFDQQLQJ�XVLQJ�WKH�WLPH�RI�IOLJKW�
WHFKQRORJ\��7/6�36��7HUUHVWULDO�ODVHU�VFDQQLQJ�XVLQJ�WKH�SKDVH�VKLIW�WHFKQRORJ\��

3/6��3HUVRQDO�PRELOH�ODVHU�VFDQQLQJ�VXFK�DV�KDQG�KHOG�ODVHU�VFDQQLQJ���

�
'XH�WR�WKH�KLJK�SUREDELOLW\�RI�RFFOXVLRQ�LQ�WKH�FDVH�RI�LUUHJXODUO\�VKDSHG�WUHH�VWHP�

3URVSHFWV�IRU�H[SORLWLQJ�WKHVH�QHZ��'�GDWD�LQ�WURSLFDO�IRUHVW�PRQLWRULQJ�
$�QHZ�PHWULF�VWDQGDUG�PLJKW�HPHUJH�IURP�WKHVH�PHDVXUHPHQW�WRROV�DV�WKH�YROXPH�

RI�WKH�ILYH�ILUVW�PHWHUV�RI�WKH�VWHP�LQVWHDG�RI�WKH�WUDGLWLRQDO�'%+�RU�'320�DV�ZHOO�DV�
FURZQ�PHWULFV��1HZ�DOORPHWULF�PRGHOV�LQFOXGLQJ�WKHVH�PHDVXUHPHQWV�PHWULFV�FRXOG�
WKHQ�EH�XVHG�WR�HVWLPDWH�WRWDO�VWHP�YROXPH�RU�DERYHJURXQG�ELRPDVV�ZLWK�SHUKDSV�D�
KLJKHU�SUHFLVLRQ�WKDQ�FXUUHQW�DOORPHWULF�PRGHOV��*RRGPDQ�HW�DO���������.DQNDUH�HW�
DO��� ������ 3ORWRQ� HW� DO��� ������� )RU� $*%� HVWLPDWHV� RI� WKH� ODUJHU� WUHHV�� WUHH�OHYHO�
VFDQQLQJ�DFTXLVLWLRQ�FRXOG�EH�UHFRPPHQGHG�WR�PRGHO�WKH�WRWDO�DERYHJURXQG�YROXPH�
DQG�FRQYHUW�LW�LQWR�ELRPDVV�XVLQJ�ZHLJKWHG�EDVLF�ZRRG�GHQVLW\��*RQ]DOH]�GH�7DQDJR�
HW�DO���������7DNRXGMRX�HW�DO����������7KH�KLJK�XQFHUWDLQW\�DQG�ELDV�IURP�WKH�FXUUHQW�
SDQWURSLFDO� DOORPHWULF� ELRPDVV� PRGHO� DQG� WKH� LVVXH� RI� WKH� QRQ�VWDQGDUG� SRLQW� RI�
PHDVXUHPHQW�RI�WKH�GLDPHWHU�FRXOG�WKXV�EH�E\SDVVHG���
� �

ƐƚĞŵ�
ůŽǁĞƌ�ƉĂƌƚ

ƐƚĞŵ
ƵƉƉĞƌ�ƉĂƌƚ� �ƌŽǁŶ

�ZdW Ͳ н ннн ннн нн Ͳ�Ͳ�Ͳ ннн Ͳ�Ͳ Ͳ�Ͳ
d>^�dK& ннн Ͳ н Ͳ�Ͳ ннн Ͳ�Ͳ ͲΎͬннн нн нн
d>^�W^ нн Ͳ н Ͳ нн Ͳ�Ͳ ͲΎͬннн нн н
W>^ нͬнн ннн ннн ͲͲ н н ннн ннн Ͳ

dƌĞĞ�ŵŽĚĞůůŝŶŐ
dŽŽů

ZĞĚƵĐĞĚ�
ŽĐĐůƵƐŝŽŶZĂŶŐĞ WƌŝĐĞ WŽŝŶƚ�ĐůŽƵĚ�

ƉƌĞĐŝƐŝŽŶ
WƌĞͲƉƌŽĐĞƐƐŝŶŐ�

ƚŝŵĞ
�ĐƋƵŝƐŝƚŝŽŶ�

ƚŝŵĞ
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������ 7KH� FORVH�UDQJH� �'� PHDVXUHPHQW� WRROV� LQ� RSHUDWLRQDO�
3UHFLVLRQ�)RUHVWU\��
3UHFLVLRQ� IRUHVWU\� OHYHUDJHV� DGYDQFHG� WHFKQRORJ\� VHQVLQJ� DQG� DQDO\WLFDO� WRROV� WR�

VXSSRUW�VLWH�VSHFLILF�HFRQRPLF��HQYLURQPHQWDO��DQG�VXVWDLQDEOH�GHFLVLRQ�PDNLQJ�IRU�
WKH�IRUHVWU\�VHFWRU��%DUH�DQG�'HDQ��������0RVNDO�HW�DO����������7KH�FXUUHQW�PDLQ�FORVH�
UDQJH��'�PHDVXUHPHQW�WRROV�VXFK�DV�WHUUHVWULDO�ODVHU�VFDQQLQJ��PRELOH�ODVHU�VFDQQLQJ��
SHUVRQDO� ODVHU� VFDQQLQJ� �H�J��� +0/6�� RU� FORVH�UDQJH� WHUUHVWULDO� SKRWRJUDPPHWU\�
VKRXOG�EH� ILUVW� VHHQ� DV� D� SUHFLVH� VFLHQWLILF�PHDVXUHPHQW� WRROV��2SHUDWLRQDO�XVHV�RI�
WKHVH� WRROV� LQ� WKH� IRUHVWU\� VHFWRU� DUH� VWLOO� OLPLWHG� DQG� DEVHQW� LQ� WURSLFDO� IRUHVWU\��
1HYHUWKHOHVV��QHZ�VPDUWSKRQH�GHYLFHV�FRPELQLQJ�6I0�SURFHVV�ZLWK�D�EXLOG�LQ�ORZ�
UDQJH�/L'$5�V\VWHP�EULQJ�QHZ�LQVLJKWV��)LJXUH������*ROORE�HW�DO���������0RNURã�HW�
DO����������,QGHHG��WKLV�FXUUHQW�ORZ�FRVW�WHFKQRORJ\�DOORZV�PHDVXULQJ�WKH�ILUVW�WKUHH�WR�
ILYH�PHWHUV�RI�WKH�VWHPV�ZLWK�D�URRW�PHDQ�VTXDUH�HUURU�RI�DURXQG���WR������DQG�D�ELDV�
RI� ���� �*ROORE� HW� DO��� ������ 0RNURã� HW� DO��� ������� ,Q� WURSLFDO� IRUHVWU\�� WKH� QH[W�
JHQHUDWLRQ�RI� VXFK�GHYLFH� FRXOG�EH�XVHG�� IRU� H[DPSOH�� WR�PHDVXUH� WKH�GLDPHWHU�RI�
VWDQGLQJ�LUUHJXODUO\�VKDSHG�WUHH�VWHPV�LQYHQWRULHG�IRU�ORJJLQJ�EXW�KDYLQJ�D�GLDPHWHU�
DERYH�WKH�EXWWUHVVHV�FORVH�WR�WKH�PLQLPXP�ORJJLQJ�GLDPHWHU�DOORZHG�E\�WKH�ODZ�RU�WKH�
IRUHVW�PDQDJHPHQW�SODQ��0HDVXUHPHQWV�ZLWK�VXFK�GHYLFH�ZLOO�DYRLG�D�SRVWHULRUL��DIWHU�
ORJJLQJ�� FKHFN� LQ� WKH� FDVH� RI� D�+320� QRW� UHDFKDEOH� E\�KDQG��$� VFDOLQJ� DOORPHWULF�
PRGHO�FRXOG�DOVR�EH�XVHG�WR�HVWLPDWHV� WKH� WRWDO�VWHP�YROXPH�EDVHG�RQ�WKH�VFDQQHG�
YROXPH�RI�WKH�ILUVW�PHWHUV�RI�WKH�VWHP��

�
)LJXUH�������'�PHDVXUHPHQW�RI�VWHPV�ZLWK�D�VPDUWSKRQH�XVLQJ�VIP�SURFHVV�DQG�

EXLOG�LQ�ORZ�UDQJH�/L'$5�V\VWHP��6FUHHQVKRW�RI�WKUHH�DSSOLFDWLRQV�EXLOW�IRU��'�GDWD�
DFTXLVLWLRQ���D���'�6FDQQHU�$SS���E��3RO\FDP���F��6LWH6FDSH��)LJXUH�IURP�*ROORE�HW�

DO����������
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������7KH�PRGHO�EDVHG�DSSURDFKHV�WR�RYHUFRPH�WKH�FXUUHQW�OLPLWV�
RI��'�PHDVXULQJ�WRROV�
7KH�PRGHO�EDVHG�DSSURDFKHV��YHUVXV�GLUHFW��'�PHDVXUHPHQWV��KDYH�EURDGHU�XVHV�

E\�XVLQJ�LWV�RQ�KLVWRULFDO�DQG�FXUUHQW�IRUHVW�LQYHQWRU\�GDWD��7KH�XVH�RI�D�WDSHU�PRGHO�
FRPSDUHG�WR�HPSLULFDO�VWDWLVWLFDO�PRGHOV��1JRPDQGD�HW�DO���������KDV�WKH�DGYDQWDJH�
WR� EH� OHVV� VHQVLWLYH� WR� ILHOG� SURWRFRO� IRU� PHDVXULQJ� WKH� GLDPHWHU� RI� WUHHV� ZLWK�
LUUHJXODULWLHV�DW�WKH�VWDQGDUG�KHLJKW��H�J��RI�ILHOG�SURWRFROV��'320�PHDVXUHG����RU����
FP����P��RU�HYHQ�PRUH�DERYH� WKH�EXWWUHVVHV���0RUHRYHU�� VLPSOH�PXOWLVSHFLHV� WDSHU�
PRGHOV�FDQ�EH�GHYHORSHG�DQG�EH�SHUIRUPDQW��HYHQ�RQ�PL[HV�RI�WURSLFDO�VSHFLHV�ZLWK�
FRQWUDVWHG�VWHP�LUUHJXODULWLHV��7KH�PDLQ�LPSURYHPHQWV�IRU�WDSHU�PRGHO�ZRXOG�EH�WR�
WHVW� DGGLWLRQDO� FRYDULDWHV� UHODWHG� WR� IXQFWLRQDO� WUDLWV� RI� WKH� LUUHJXODUO\� VKDSHG� WUHH�
VWHPV�� )RU� H[DPSOH��&XVKPDQ� HW� DO�� ������� VKRZ� WKH� VLJQLILFDQW� HIIHFW� RI� DYHUDJH�
VSHFLHV�EDVLF�ZRRG�GHQVLW\�RQ�WKH�SDUDPHWHU�RI�WKHLU�WDSHU�PRGHO��1HYHUWKHOHVV��WKH�
FRUUHODWLRQ�EHWZHHQ�WKH�FRYDULDWHV�DV�ZHOO�DV�EHWZHHQ�WKH�FURVV�VHFWLRQ�PHDVXUHPHQWV�
VKRXOG�EH�FDUHIXOO\�FRQVLGHUHG�WR�DYRLG�RYHUILWWLQJ�HIIHFW�DQG�WKHQ�NHHSLQJ�FRYDULDWHV�
WKDW�PD\�DSSHDU�VWDWLVWLFDOO\�VLJQLILFDQW��$PRQJ�WKH�IXQFWLRQDO�WUDLWV��WKH�JHRPHWU\�RI�
WKH�FURVV�VHFWLRQV�FRXOG�DOVR�EH�IXUWKHU�WHVWHG��
)ROORZLQJ� WKH�PRGHO�EDVHG�DSSURDFK�VWXGLHG� LQ� WKLV� UHVHDUFK��JHQHUDO�RU� VSHFLILF�

WDSHU�PRGHOV�FRXOG�EH�HDVLO\�LQWHJUDWHG�LQWR�DXWRPDWLF�ELRPDVV�HVWLPDWLRQ�URXWLQHV��
VXFK� DV� LQ� WKH�%,20$66�5�SDFNDJH� �5pMRX�0pFKDLQ� HW� DO��� ������� WR� FRUUHFW� WUHH�
GLDPHWHUV�IURP�+320�YDULDWLRQ��7KH�GDWD�UHTXLUHG�IRU�WKLV�FRUUHFWLRQ��+320�DQG�'320��
LV�DOUHDG\�DYDLODEOH� LQ�PDQ\� IRUHVW� LQYHQWRULHV�DQG� WKLV�FRUUHFWLRQ�SURFHGXUH�FRXOG�
WKXV�EH�SHUIRUPHG�ZLWK�QR�DGGLWLRQDO�EXUGHQ�RQ�$*%�PRGHO�HQG�XVHUV��)XUWKHUPRUH��
ZH� FRXOG� UHGXFH� WKH� XQFHUWDLQW\� UHODWHG� WR� +320� KDUPRQL]DWLRQ� E\� PHDVXULQJ�� LQ�
DGGLWLRQ�WR�WKH�+320�DQG�'320��WKH�FLUFXPIHUHQFH�DURXQG�WKH�VWHP�LUUHJXODULWLHV�DW�WKH�
UHIHUHQFH� ���� P� KHLJKW� LQ� IRUHVW� LQYHQWRU\� SORWV�� ,QGHHG�� WKH� PRGHOV� KDYLQJ� WKLV�
DGGLWLRQDO�PHDVXUHPHQW�KDYH�EHWWHU�SHUIRUPDQFHV�WR�HVWLPDWH�'%+¶��1JRPDQGD�HW�DO��
������%DXZHQV�HW�DO���������������
7KH� HUURU� SURSDJDWLRQ� IURP� ILHOG� IRUHVW� LQYHQWRU\� PHDVXUHPHQWV� DQG� $*%�

GHVWUXFWLYH�GDWD�WR�SORW�ELRPDVV�VWRFN�DQG�VWRFN�FKDQJH�HVWLPDWHV�VKRXOG�EH�IXUWKHU�
LQYHVWLJDWHG� DV� ZHOO�� ,QGHHG�� WKH� EHWWHU� DOORPHWULF� UHODWLRQVKLS� EHWZHHQ� $*%� DQG�
'%+¶�WKDQ�$*%�DQG�'320�VKRXOG�EH�WHVWHG�RQ�RWKHU�FRQWUDVWHG�VLWHV���
7KH�WURSLFDO�IRUHVW�ELRPDVV�VWRFNV�DUH�XQGHUHVWLPDWHG�LQ�IRUHVW�LQYHQWRU\�SORWV�ZLWK�

D�KLJK�SURSRUWLRQ�RI�LUUHJXODUO\�VKDSHG�WUHH�VWHPV�DQG��DGGLWLRQDOO\��WKH�FXUUHQW�UHPRWH�
VHQVLQJ�$*%�PRGHOV�V\VWHPDWLFDOO\�XQGHUHVWLPDWH�WKH�$*%�VWRFNV�RI�PRVW�WURSLFDO�
IRUHVWV��$�FDXWLRQ�RQ�WKH�XVH�RI�VXFK�HVWLPDWHV�LQ�WKH�FRQWH[W�RI�,3&&�UHSRUWV�VKRXOG�
WKHQ�EH�QRWLFHG�DQG�WKH�VDPSOLQJ�RI�WURSLFDO�IRUHVW�LQYHQWRU\�SORWV�VKRXOG�EH�LPSURYHG����
,QGHSHQGHQWO\� RI� WKH� LUUHJXODUO\� VKDSHG� WUHH� VWHPV� SUREOHPDWLF�� UHVHDUFK� RQ�

DOORPHWULF� ELRPDVV� PRGHOV� VKRXOG� EH� SXUVXHG� WR�PLQLPL]H� ELDVHV� LQ� WKH� UDQJH� RI�
YDULDEOHV�DQG�PRGHO�SUHGLFWLRQV��)RU�H[DPSOH��ZH�KDYH�KLJKOLJKWHG�WKH�SUREOHP�RI�
RYHUHVWLPDWLQJ�WKH�$*%�RI�VPDOO�WUHHV��'%+������FP��ZKHQ�XVLQJ�WKH�ZLGHO\�XVHG�
SDQWURSLFDO�JHRPHWULFDO�SRZHU�PRGHO�ZLWK�D�ORFDO�PD[LPDO�UHODWLYH�$*%�HUURU�DURXQG�
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���FP�RI�GLDPHWHU��3LFDUG�HW�DO�������E��DOUHDG\�QRWLFHG�WKLV�DQ�HUURU�VL]H�GHSHQGDQW�
DOORPHWU\�ZLWK�D�GLDPHWHU�EUHDNSRLQW� LQ�DOORPHWU\�DW�DOVR����FP��7KLV� LVVXH�KDV�DQ�
LPSRUWDQW�LPSDFW�RQ�SORW�$*%�FKDQJHV�HVWLPDWHV�DQG�WKXV�RQ�WKH�&2��IOX[HV�UHODWHG�
WR�LW�DV�VPDOO�WUHHV�ZHLJKW�VLJQLILFDQWO\�LQ�WKHVH�ELRPDVV�FKDQJHV��5HVHDUFK�LQ�$*%�
DOORPHWU\�VKRXOG�WKHQ�FRQWLQXH�WR�IRFXV�RQ�WKH�VL]H�DQG�RQWRJHQLF�GHSHQGHQFH�RI�$*%�
DOORPHWU\��3LFDUG�HW�DO�������E��3LOOL�HW�DO����������
�

� �
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����� 3UDFWLFDO� UHFRPPHQGDWLRQ� IRU� PHDVXULQJ�
LUUHJXODUO\� VKDSHG� WUHH� VWHPV� LQ� SHUPDQHQW� IRUHVW�
LQYHQWRU\�SORWV�
,Q�WKH�FRQWH[W�RI�ELRPDVV�PRQLWRULQJ�RI�WURSLFDO�IRUHVWV��WKH�JROG�VWDQGDUG�ZRXOG�EH�

WR�VFDQ�WKH�ZKROH�IRUHVW�SORWV��LQFOXGLQJ�UHJXODU�DQG�LUUHJXODU�WUHH�VWHPV��7KH�PDLQ�
DGYDQWDJH�ZRXOG�EH�WR�UHGXFH�WKH�HUURU�SURSDJDWLRQ�LQ�SORW�ELRPDVV�VWRFN�DQG�VWRFN�
FKDQJH�HVWLPDWHV�E\� UHPRYLQJ� WKH�FXUUHQW� LVVXHV�RQ�$*%�DOORPHWULF�PRGHO�HUURUV��
LQFOXGLQJ� WKH� QRQ�VWDQGDUG� SRLQW� RI� PHDVXUHPHQW� LQ� WKH� FDVH� RI� LUUHJXODU� VWHPV��
&XUUHQWO\��LQ�FRPSOH[�PXOWLOD\HUHG�WURSLFDO�IRUHVWV��VXFK�DQ�DSSURDFK�FRQVLVWV�LQ�FR�
UHJLVWHULQJ�PXOWLSOH�7/6�VFDQV�REWDLQHG�RYHU�D�V\VWHPDWLF�VDPSOLQJ�JULG�FRYHULQJ�DQ�
HQWLUH� SORW� �:LONHV� HW� DO��� ������� +RZHYHU�� WKLV� DSSURDFK� JHQHUDWHV� DGGLWLRQDO�
XQFHUWDLQWLHV��VXFK�DV�ODUJH�]RQHV�RI�RFFOXVLRQ�DQG�FR�UHJLVWUDWLRQ�HUURUV��'HPRO�HW�
DO���������FRPSDUHG�WR� WKH� WUHH�FHQWHUHG�VFDQQLQJ�SURWRFRO��8QUHOLDEOH� WUHH�YROXPH�
HVWLPDWLRQV�PD\�UHVXOW�IURP�460�DOJRULWKPV�RU�RWKHU��'�PRGHOOLQJ�PHWKRGV��6WRYDOO�
HW� DO��� ������ DQG� PRUH� VSHFLILFDOO\� IRU� WUHHV� ZLWK� LUUHJXODUO\� VKDSHG� VWHP�� ,Q� RXU�
RSLQLRQ��WKH���KD�SORW�VL]H�WUDGLWLRQDOO\�LQYHQWRULHG�LQ�WURSLFDO�IRUHVW�DQG�VFDQQHG�LQ�
RQFH� �0DUWLQ�'XFXS� HW� DO��� ������ :LONHV� HW� DO��� ������ VKRXOG� EH� VXEGLYLGHG� LQ�
VXEVDPSOH�DUHD�ZKLFK�DUH�LQGHSHQGHQWO\�VFDQQHG�DQG�SHUVRQDO�PRELOH�ODVHU�VFDQQLQJ�
VKRXOG�EH�FRQVLGHUHG�WR�UHGXFH�WKH�RFFOXVLRQ�RQ�WKH�LUUHJXODU�VWHPV��7KH�SURFHVVLQJ�
ZRUNIORZ� RI� SORW� 7/6� GDWD� VWLOO� UHTXLUH� QXPHURXV� PDQXDO� FKHFNV� LQ� GLIIHUHQW�
LQWHUPHGLDWH�SURFHVVLQJ�UHVXOWV��0DUWLQ�'XFXS�HW�DO���������DQG�KLJK�WHFKQLFDO�VNLOOV��
1RWH�WKDW�VFDQQLQJ�D���KD�SORW�W\SLFDOO\�WDNHV�D�WHDP�RI���SHRSOH�EHWZHHQ���DQG���GD\V�
GHSHQGHQW�XSRQ�WRSRJUDSK\�DQG�XQGHUVWRUH\�FRQGLWLRQV��:LONHV�HW�DO����������
7UHH�FHQWHUHG�DSSURDFKHV�KDYH�PRUH�HIIHFWLYH�RSHUDWLRQDO�UHVXOWV�WR�EHWWHU�FRQVLGHU�

LUUHJXODUO\�VKDSHG�WUHH�VWHPV�LQ�IRUHVW�PRQLWRULQJ��7KH�GLIIHUHQW�WUHH�OHYHO�DSSURDFKHV�
GLIIHU�LQ�WKH�OHYHO�RI�FRPSOH[LW\�RI�WKH�GDWD�DFTXLVLWLRQ�DQG�SURFHVVLQJ��)LJXUH��������
7KH�ILUVW�DSSURDFK�WR�FRQVLGHU�WKH�QRQ�VWDQGDUG�PHDVXUHPHQW�KHLJKW�RI�WKH�GLDPHWHU�

XVH�WKH�FRQYHQWLRQDO�IRUHVW�LQYHQWRU\�WUHH�PHDVXUHPHQWV�+320�DQG�'320�LQWR�D�WDSHU�
PRGHO�WR�SUHGLFW�WKH�HTXLYDOHQW�GLDPHWHU�DW�EUHDVW�KHLJKW��'%+¶��%DXZHQV�HW�DO�������
DQG�&XVKPDQ�HW�DO���������7KH�HTXLYDOHQW�GLDPHWHU�LV�WKHQ�XVHG�ZLWK�DQ�DOORPHWULF�
ELRPDVV� PRGHO� FDOLEUDWHG� RQ� EUHDVW�KHLJKW� GLDPHWHU� PHDVXUHPHQWV�� $*%�'%+¶�
DOORPHWULF�PRGHO��$SSURDFK�$�,�ZLWK�WKH�UHVXOWLQJ�$*%�HVWLPDWHV���LQ�)LJXUH�������
%DXZHQV�HW�DO����������,Q�WKH�DEVHQFH�RI�VXFK�DQ�DOORPHWULF�PRGHO��WKH�FXUUHQW�H[LVWLQJ�
DOORPHWULF�PRGHOV��$*%�'320�DOORPHWULF�PRGHO��DV�WKH�&KDYH�HW�DO�������DOORPHWULF�
PRGHO�ZLOO�EH�XVHG�ZLWK�WKH�HVWLPDWHG�'%+¶�LQVWHDG�RI�'320�WR�UHGXFH�WKH�PDJQLWXGH�
RI� WKH� V\VWHPDWLF� HUURU� LQ� DERYHJURXQG� ELRPDVV� HVWLPDWHV� IRU� WKLV� W\SH� RI� WUHHV�
�$SSURDFK� $�,� ZLWK� WKH� UHVXOWLQJ� *%� HVWLPDWHV� �� LQ� )LJXUH� ����� VHH� FKDSWHU� ����
$GGLWLRQDOO\��PHDVXULQJ�WKH�FRQYH[�KXOO�RI�WKH�VWHP�DW�����P�KHLJKW� �'FRQYKXOO�����E\�
VWUHWFKLQJ�WKH�GLDPHWHU�WDSH�DW�WKLV�KHLJKW�ZRXOG�JXDUDQWHH�D�KLJKHU�SUHFLVLRQ��'%+¶�
LV�WKHQ�SUHGLFWHG�ZLWK�D�WDSHU�PRGHO�LQFOXGLQJ�'FRQYKXOO����DV�FRYDULDWH��)L[LQJ�WKH�+320�
DW�����P�DV�UHFRPPHQGHG�E\�3LFDUG�HW�*RXUOHW�)OHXU\��������ZRXOG�DOVR�LQFUHDVH�WKH�
SUHFLVLRQ�RI�WKH�SUHGLFWHG�'%+¶�E\�UHPRYLQJ�WKH�+320�HIIHFW�LQ�WKH�SDUDPHWHU�RI�WKH�
WDSHU�PRGHO��
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,Q� WKH� VHFRQG� DSSURDFK� �DSSURDFK�%��� 7KH� EDVDO� DUHD� DW� ���P� KHLJKW� LV� GLUHFWO\�
PHDVXUHG�E\�XVLQJ�&ORVH�5DQJH�7HUUHVWULDO�3KRWRJUDPPHWU\��&573��RU�DQRWKHU�ODVHU�
VFDQQLQJ� WRRO� �7/6�� 3/6�� RU� QH[W� JHQHUDWLRQ� RI� VPDUWSKRQH� ZLWK� EXLOW�LQ� /L'$5�
VHQVRU���7KH�HTXLYDOHQW�EUHDVW�KHLJKW�GLDPHWHU��'%+¶��LV�WKHQ�GHGXFHG�DQG�XVHG�LQ�
HLWKHU�FXUUHQW�$*%�'320�DOORPHWULF�PRGHO��$*%�HVWLPDWH���LQ�)LJXUH������RU�$*%�
'%+¶�DOORPHWULF�PRGHO��$*%�HVWLPDWH���LQ�)LJXUH�������
�

�
)LJXUH������7UHH�FHQWHUHG�DSSURDFKHV�WR�PDQDJH�WKH�LVVXH�RI�LUUHJXODUO\�VKDSHG�WUHH�
VWHPV�LQ�DERYHJURXQG�ELRPDVV�PRQLWRULQJ�LQ�WURSLFDO�IRUHVW�LQYHQWRU\�SORWV��7KH�
DSSURDFK�$�LV�EDVHG�RQ�FRQYHQWLRQDO�WUHH�PHDVXUHPHQWV�DQG��RSWLRQDOO\��ZLWK�DQ�
DGGLWLRQDO�PHDVXUHPHQW��'FRQYKXOO�����WKH�HTXLYDOHQW�GLDPHWHU�RI�WKH�FRQYH[�KXOO�DW�
���P�KHLJKW��VHH�WH[W�IRU�IXUWKHU�GHWDLOV��LQW�WKH�FDVH�RI�$�,,�DQG�$�,,,��$*%�'320�
DOORPHWULF�PRGHO�LV�WKH�FXUUHQW�FRQYHQWLRQDO�DOORPHWULF�PRGHO�UHTXLULQJ�WKH�VWHP�
GLDPHWHU�'320�DV�RQH�SUHGLFWRU�LQ�WKH�PRGHO��$*%�'%+¶�PRGHO�LV�DV�PRGHO�

FDOLEUDWHG�RQ�'%+�RU�HTXLYDOHQW�'%+�PHDVXUHPHQW�LQVWHDG�RI�'320��7KH�DSSURDFK�
%�LV�EDVHG�RQ�FORVH�UDQJH�WHUUHVWULDO�SKRWRJUDPPHWU\��&573��RU�RWKHU�VFDQQLQJ�
PHWKRGV�WR�H[WUDFW�WKH�'%+¶�RI�WKH�IRFDO�WUHH��,Q�&��WKH�ZKROH�WUHH�LV�VFDQQHG�ZLWK�
7/6�DQG�WKH�ZKROH�DERYHJURXQG�ZRRG\�YROXPH�LV�PRGHOOHG�DQG�FRQYHUWHG�LQWR�
DERYHJURXQG�ELRPDVV�XVLQJ�FRQYHUVLRQ�IDFWRU�EDVHG�RQ�EDVLF�ZRRG�GHQVLW\��7KH�

DFFXUDF\�RI�WKH�DERYHJURXQG�ELRPDVV�HVWLPDWHV�LQFUHDVHV�IURP�WKH�DSSURDFK�$�WR�&��
�
,Q�WKH�DSSURDFK�&��WKH�ZKROH�WUHH�LV�VFDQQHG�ZLWK�7/6��WKH�FXUUHQW�JROG�VWDQGDUG��'�

PHDVXUHPHQW�WRRO�LQ�WKDW�FDVH��7DEOH�������7KH�7/6�SRLQW�FORXG�LV�WKHQ�SURFHVVHG�DQG�
PRGHOOHG�WR�JHW�WKH�DERYHJURXQG�ZRRG\�YROXPH��'X�HW�DO���������+DFNHQEHUJ�HW�DO���
������5DXPRQHQ�HW�DO���������7URFKWD�HW�DO����������7KLV�ZRRG\�YROXPH�LV�WKHQ�VFDOHG�
�H[WUDSRODWHG��LI�VRPH�ZRRG\�SDUWV�DUH�QRW�PRGHOOHG�GXH�WR�WKH�OLPLWDWLRQ�RI�WKH�7/6�
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PHDVXUHPHQWV��H�J���VPDOO�EUDQFKHV��GLDPHWHU�LQIHULRU�WR���±���FP��DQG�OHDYHV���7KH�
ZRRG\� YROXPH� LV� WKHQ� FRQYHUWHG� LQWR� ELRPDVV� XVLQJ� EDVLF� ZRRG� GHQVLW\� PRGHO�
�'HPRO�HW�DO���������0RPR�HW�DO����������7KLV�WKLUG�DSSURDFK�VKRXOG�EH�DSSOLHG�RQ�DOO�
WKH� WUHHV� VXSHULRU� WR�D�GHILQLWH�GLDPHWHU� WKUHVKROG�ZKDWHYHU� WKH�PRUSKRORJ\�RI� WKH�
VWHP� �H�J���� ��� FP��� )RFXVLQJ� RQ� RQO\� VRPH� ODUJH� EXWWUHVVHG� WUHHV� ZLOO� OHDG� WR�
LQFRQVLVWHQW�SRW�OHYHO�ELRPDVV�HVWLPDWHV�DV�VRPH�WUHHV�RI�VLPLODU�GLDPHWHU�VL]H�ZRXOG�
EH�HVWLPDWHG�E\�DQ�$*%�DOORPHWULF�PRGHO�DQG�RWKHU�E\�WKLV�WKLUG�DSSURDFK��7KH�PL[�
RI�GLIIHUHQW�DSSURDFKHV�IRU�ELRPDVV�HVWLPDWH�RI�WUHHV�ZLWK�VLPLODU�GLDPHWHUV�PD\�OHDG�
WR�D�ELDVHG�VDPSOLQJ�VWUDWHJ\�DV�SUHGLFWLRQV�ZLWK�$*%�DOORPHWULF�PRGHOV�DUH�UHOLDEOH�
DW�WKH�SORW�VFDOH�DQG�QRW�DW�WKH�WUHH�VFDOH��&KHQ�HW�DO�����������
7KH�DSSURDFK�$�GRHV�QRW�UHTXLUH�KLJKO\�TXDOLILHG�SHUVRQQHO�LQ�WKH�ILHOG��&RPSDUHG�

WR�FXUUHQW�IRUHVW�LQYHQWRU\�FDPSDLJQ��WKH�H[WUD�WLPH�UHTXLUHG�WR�PHDVXUH�DQ�LUUHJXODU�
VKDSHG�VWHPV�LV�QRW�YHU\�VLJQLILFDQW�LI�D�ODGGHU�ZDV�DOUHDG\�XVHG�LQ�WKH�ILHOG��L�H��OHVV�
WKDQ�ILYH�H[WUD�PLQXWHV�SHU� WUHH��([WUD� WLPH�DQG�RQH�KLJKO\�TXDOLILHG�SHUVRQQHO�DUH�
QHYHUWKHOHVV�UHTXLUHG�WR�GHYHORS�WDSHU�PRGHOV�ZLWK��'�GDWD�DQG�WR�VWDQGDUGL]H�$*%�
PRGHO�IURP�H[LVWLQJ�GHVWUXFWLYH�GDWD��,Q�WKH�RSSRVLWH��WKH�DSSURDFK�&�ZRXOG�UHTXLUH�
RQH�KLJKO\�VNLOOHG�SHUVRQQHO�IRU�ILHOG�GDWD�DFTXLVLWLRQ�DQG�IRU�SURFHVVLQJ�WKH�GDWD�RI�
HDFK�ILHOG�PHDVXUHPHQW�FDPSDLJQV��7ZR�DGGLWLRQDO�SHUVRQV�ZLOO�EH�UHTXLUHG�IRU�WKH�
ILHOG�FDPSDLJQV�WR�FDUU\�WKH�HTXLSPHQW�DQG�IRU�SUHSDULQJ�WKH�VFDQ�DQG�WDUJHW�ORFDWLRQV��
7KH� WLPH� UHTXLUHG� WR� VFDQ� RQH� WUHH� ZLWK� VWHP� LUUHJXODULWLHV� LV� DURXQG� RQH� KRXU�
�%DXZHQV�� SHUVRQDO� FRPPHQW�� DQG� WKH� KXPDQ� DVVLVWHG� SURFHVVLQJ� WLPH� IRU� �'�
PRGHOOLQJ�LV�DURXQG�RQH�KRXU�SHU�WUHH��0DUWLQ�'XFXS�HW�DO����������,Q�WKH�DSSURDFK�%��
OHVV�WKDQ����PLQ�ZRXOG�EH�UHTXLUHG�WR�WDNHV�WKH�LPDJHV�RI�RQH�VWHP�DQG��WKH�UHTXLUHG�
KXPDQ� DVVLVWHG� SURFHVVLQJ� WLPH� ZRXOG� DOVR� EH� DURXQG� ��� PLQXWHV� WR� FOHDQ� WKH�
SRLQWFORXG� DQG� WR� H[WUDFW� WKH� FURVV�VHFWLRQ� DUHD� DW� ���� P� KHLJKW�� :H� VWURQJO\�
UHFRPPHQG�SURFHVVLQJ�WKH�LPDJHV�RI�WKH�DSSURDFK�%�GXULQJ�WKH�ILHOG�FDPSDLJQ�WR�VWDUW�
RYHU�LI�WKH�6I0�SURFHVV�RI�WKH�LPDJHV�IDLOHG���
)LQDOO\��WKH�DSSURDFK�&�RU�VFDQQLQJ�WKH�ZKROH�SORW�ZRXOG�EH�VXJJHVWHG�LQ�VSHFLILF�

VLWH��VXFK�DV�WKH�VR�FDOOHG�VXSHUVLWH��&KDYH�HW�DO���������WR�UHWULHYH�SUHFLVH�WUHH�OHYHO�
PHDVXUHPHQWV�DQG�SORW�ELRPDVV�HVWLPDWHV�IRU�UHPRWH�VHQVLQJ�$*%�PRGHO�FDOLEUDWLRQ��
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���

$FKDUG��)���'H)ULHV��5���(YD��+���+DQVHQ��0���0D\DX[��3���6WLELJ��+��-���������3DQ�
WURSLFDO� PRQLWRULQJ� RI� GHIRUHVWDWLRQ�� (QYLURQ�� 5HV�� /HWW�� ��� ��������
KWWSV���GRL�RUJ������������������������������

$OGHU��'���6\QQRWW��7�-���������3HUPDQHQW�VDPSOH�SORW�WHFKQLTXHV�IRU�PL[HG�WURSLFDO�
IRUHVW��

$YHU\��7�(���$YHU\��7�(���������1DWXUDO�UHVRXUFHV�PHDVXUHPHQWV��
$YLWDELOH�� 9��� +HUROG��0��� +HXYHOLQN�� *�%�0��� /HZLV�� 6�/��� 3KLOOLSV�� 2�/��� $VQHU��

*�3���$UPVWRQ��-���$VKWRQ��3�6���%DQLQ��/���%D\RO��1���%HUU\��1�-���%RHFN[��3���
-RQJ��%�+�-��GH��'H9ULHV��%���*LUDUGLQ��&�$�-���.HDUVOH\��(���/LQGVHOO��-�$���
/RSH]ဨ*RQ]DOH]�� *��� /XFDV�� 5��� 0DOKL�� <��� 0RUHO�� $��� 0LWFKDUG�� (�7�$���
1DJ\��/���4LH��/���4XLQRQHV��0�-���5\DQ��&�0���)HUU\��6�-�:���6XQGHUODQG��7���
/DXULQ��*�9���*DWWL��5�&���9DOHQWLQL��5���9HUEHHFN��+���:LMD\D��$���:LOOFRFN��
6���������$Q� LQWHJUDWHG�SDQ�WURSLFDO�ELRPDVV�PDS�XVLQJ�PXOWLSOH� UHIHUHQFH�
GDWDVHWV�� *ORE�� &KDQJH� %LRO�� ���� ����±������
KWWSV���GRL�RUJ���������JFE�������

%DFFLQL��$���*RHW]��6�-���:DONHU��:�6���/DSRUWH��1�7���6XQ��0���6XOOD�0HQDVKH��'���
+DFNOHU��-���%HFN��3�6�$���'XED\DK��5���)ULHGO��0�$���6DPDQWD��6���+RXJKWRQ��
5�$���������(VWLPDWHG�FDUERQ�GLR[LGH�HPLVVLRQV�IURP�WURSLFDO�GHIRUHVWDWLRQ�
LPSURYHG� E\� FDUERQ�GHQVLW\� PDSV�� 1DW�� &OLP�� &KDQJH� ��� ���±�����
KWWSV���GRL�RUJ���������QFOLPDWH�����

%DOHQRYLü�� ,���/LDQJ��;���-XUMHYLü��/���+\\SSl��-���6HOHWNRYLü��$���.XNNR��$���������
+DQG�+HOG� 3HUVRQDO� /DVHU� 6FDQQLQJ�� &XUUHQW� 6WDWXV� DQG� 3HUVSHFWLYHV� IRU�
)RUHVW� ,QYHQWRU\� $SSOLFDWLRQ�� &URDW�� -�� )RU�� (QJ�� ���� ���±�����
KWWSV���GRL�RUJ���������FURMIH����������

%DQLQ��/���/HZLV��6�/���/RSH]�*RQ]DOH]��*���%DNHU��7�5���4XHVDGD��&�$���&KDR��.��-���
%XUVOHP��'�)���1LOXV��5���$EX�6DOLP��.���.HHOLQJ��+�&���RWKHUV��������7URSLFDO�
IRUHVW�ZRRG�SURGXFWLRQ��D�FURVV�FRQWLQHQWDO�FRPSDULVRQ��-��(FRO�����������±
������

%DUH��%�%���'HDQ��$���������2SHQLQJ�UHPDUNV�DQG�ZHOFRPH�WR�WKH�ILUVW�LQWHUQDWLRQDO�
SUHFLVLRQ�IRUHVWU\�V\PSRVLXP��3UHFLV��)RU�����

%DVWLQ�� -��)��� %DUELHU�� 1��� 5pMRX�0pFKDLQ�� 0��� )D\ROOH�� $��� *RXUOHW�)OHXU\�� 6���
0DQLDWLV��'���'H�+DXOOHYLOOH��7���%D\D��)���%HHFNPDQ��+���%HLQD��'���������
6HHLQJ�&HQWUDO�$IULFDQ�IRUHVWV�WKURXJK�WKHLU�ODUJHVW�WUHHV��6FL��5HS������������

%DXZHQV��6���%DUWKRORPHXV��+���&DOGHUV��.���/HMHXQH��3���������)RUHVW�,QYHQWRU\�ZLWK�
7HUUHVWULDO� /L'$5��$�&RPSDULVRQ� RI� 6WDWLF� DQG�+DQG�+HOG�0RELOH� /DVHU�
6FDQQLQJ��)RUHVWV���������

%DXZHQV��6���)D\ROOH��$���*RXUOHW�)OHXU\��6���1GMHOH��/�0���0HQJDO��&���/HMHXQH��3���
������7HUUHVWULDO�SKRWRJUDPPHWU\��D�QRQ�GHVWUXFWLYH�PHWKRG� IRU�PRGHOOLQJ�
LUUHJXODUO\�VKDSHG�WURSLFDO�WUHH�WUXQNV��0HWKRGV�(FRO��(YRO��������±�����

%DXZHQV��6���3ORWRQ��3���)D\ROOH��$���/LJRW��*���/RXPHWR��-�-���/HMHXQH��3���*RXUOHW�
)OHXU\��6���������$��'�DSSURDFK�WR�PRGHO�WKH�WDSHU�RI�LUUHJXODU�WUHH�VWHPV��
PDNLQJ�SORWV�ELRPDVV�HVWLPDWHV�FRPSDUDEOH� LQ� WURSLFDO�IRUHVWV��(FRO��$SSO��
����H�������

%HO\HD��+�&���������)RUHVW�PHDVXUHPHQW��1HZ�<RUN��



�

�

%ULHQHQ��5�-�:���3KLOOLSV��2�/���)HOGSDXVFK��7�5���*ORRU��(���%DNHU��7�5���/OR\G��-���
/RSH]�*RQ]DOH]�� *��� 0RQWHDJXGR�0HQGR]D�� $��� 0DOKL�� <��� /HZLV�� 6�/���
9iVTXH]�0DUWLQH]��5���$OH[LDGHV��0���ÈOYDUH]�'iYLOD��(���$OYDUH]�/RD\]D��
3���$QGUDGH��$���$UDJmR��/�(�2�&���$UDXMR�0XUDNDPL��$���$UHWV��(�-�0�0���
$UUR\R��/���&��*�$�$���%iQNL��2�6���%DUDORWR��&���%DUURVR��-���%RQDO��'���%RRW��
5�*�$���&DPDUJR��-�/�&���&DVWLOKR��&�9���&KDPD��9���&KDR��.�-���&KDYH��-���
&RPLVNH\�� -�$���&RUQHMR�9DOYHUGH�� )��� GD�&RVWD�� /��� GH�2OLYHLUD�� (�$���'L�
)LRUH��$���(UZLQ��7�/���)DXVHW��6���)RUVWKRIHU��0���*DOEUDLWK��'�5���*UDKDPH��
(�6���*URRW��1���+pUDXOW��%���+LJXFKL��1���+RQRULR�&RURQDGR��(�1���.HHOLQJ��
+���.LOOHHQ��7�-���/DXUDQFH��:�)���/DXUDQFH��6���/LFRQD��-���0DJQXVVHQ��:�(���
0DULPRQ��%�6���0DULPRQ�-XQLRU��%�+���0HQGR]D��&���1HLOO��'�$���1RJXHLUD��
(�0��� 1~xH]�� 3��� 3DOOTXL� &DPDFKR�� 1�&��� 3DUDGD�� $��� 3DUGR�0ROLQD�� *���
3HDFRFN��-���3HxD�&ODURV��0���3LFNDYDQFH��*�&���3LWPDQ��1�&�$���3RRUWHU��/���
3ULHWR��$���4XHVDGD��&�$���5DPtUH]��)���5DPtUH]�$QJXOR��+���5HVWUHSR��=���
5RRSVLQG�� $��� 5XGDV�� $��� 6DORPmR�� 5�3��� 6FKZDU]�� 0��� 6LOYD�� 1��� 6LOYD�
(VSHMR��-�(���6LOYHLUD��0���6WURSS��-���7DOERW��-���WHU�6WHHJH��+���7HUDQ�$JXLODU��
-��� 7HUERUJK�� -��� 7KRPDV�&DHVDU�� 5��� 7ROHGR�� 0��� 7RUHOOR�5DYHQWRV�� 0���
8PHWVX��5�.���YDQ�GHU�+HLMGHQ��*�0�)���YDQ�GHU�+RXW��3���*XLPDUmHV�9LHLUD��
,�&��� 9LHLUD�� 6�$��� 9LODQRYD�� (��� 9RV�� 9�$��� =DJW�� 5�-��� ������ /RQJ�WHUP�
GHFOLQH� RI� WKH� $PD]RQ� FDUERQ� VLQN�� 1DWXUH� ����� ���±�����
KWWSV���GRL�RUJ���������QDWXUH������

%UXFH�� '��� 6FKXPDFKHU�� )�;��� ������ )RUHVW� PHQVXUDWLRQ��0F*UDZ�+LOO� %RRN� &R���
1HZ�<RUN��1<��

%UXJJHPDQ�� '��� 0H\IURLGW�� 3��� /DPELQ�� (�)��� ������ 3URGXFWLRQ� IRUHVWV� DV� D�
FRQVHUYDWLRQ�WRRO��(IIHFWLYHQHVV�RI�&DPHURRQ¶V�ODQG�XVH�]RQLQJ�SROLF\��/DQG�
8VH�3ROLF\��������±�����KWWSV���GRL�RUJ���������M�ODQGXVHSRO�������������

%XWVLF�� 9��� %DXPDQQ�� 0��� 6KRUWODQG�� $��� :DONHU�� 6��� .XHPPHUOH�� 7��� ������
&RQVHUYDWLRQ�DQG�FRQIOLFW�LQ�WKH�'HPRFUDWLF�5HSXEOLF�RI�&RQJR��7KH�LPSDFWV�
RI�ZDUIDUH��PLQLQJ��DQG�SURWHFWHG�DUHDV�RQ�GHIRUHVWDWLRQ��%LRO��&RQVHUY�������
���±�����KWWSV���GRL�RUJ���������M�ELRFRQ�������������

&DLOOLH]��)���$OGHU��'���������)RUHVW�YROXPH�HVWLPDWLRQ�DQG�\LHOG�SUHGLFWLRQ�9RO���
9ROXPH�HVWLPDWLRQ���)�$�2��IRUHVWU\�SDSHU��

&DOGHUV��.���$GDPV��-���$UPVWRQ��-���%DUWKRORPHXV��+���%DXZHQV��6���%HQWOH\��/�3���
&KDYH�� -��� 'DQVRQ�� )�0��� 'HPRO�� 0��� 'LVQH\�� 0��� *DXOWRQ�� 5��� .ULVKQD�
0RRUWK\��6�0���/HYLFN��6�5���6DDULQHQ��1���6FKDDI��&���6WRYDOO��$���7HUU\Q��/���
:LONHV��3���9HUEHHFN��+���������7HUUHVWULDO�ODVHU�VFDQQLQJ�LQ�IRUHVW�HFRORJ\��
([SDQGLQJ� WKH� KRUL]RQ�� 5HPRWH� 6HQV�� (QYLURQ�� ����� ��������
KWWSV���GRL�RUJ���������M�UVH�������������

&KDSPDQ�� &�$��� .DXIPDQ�� /��� &KDSPDQ�� /�-��� ������ %XWWUHVV� IRUPDWLRQ� DQG�
GLUHFWLRQDO�VWUHVV�H[SHULHQFHG�GXULQJ�FULWLFDO�SKDVHV�RI�WUHH�GHYHORSPHQW��-��
7URS��(FRO���������±�����

&KDYH��-���$QGDOR��&���%URZQ��6���&DLUQV��0�$���&KDPEHUV��-�4���(DPXV��'���)|OVWHU��
+��� )URPDUG�� )��� +LJXFKL�� 1��� .LUD�� 7��� RWKHUV�� ������ 7UHH� DOORPHWU\� DQG�
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���

LPSURYHG� HVWLPDWLRQ� RI� FDUERQ� VWRFNV� DQG� EDODQFH� LQ� WURSLFDO� IRUHVWV��
2HFRORJLD��������±����

&KDYH�� -��� &RQGLW�� 5���$JXLODU�� 6���+HUQDQGH]��$��� /DR�� 6��� 3HUH]�� 5��� ������ (UURU�
SURSDJDWLRQ�DQG�VFDOLQJ�IRU�WURSLFDO�IRUHVW�ELRPDVV�HVWLPDWHV��3KLORV��7UDQV��
5��6RF��/RQG��%��%LRO��6FL����������±�����

&KDYH��-���5pMRX�0pFKDLQ��0���%~UTXH]��$���&KLGXPD\R��(���&ROJDQ��0�6���'HOLWWL��
:�%���'XTXH��$���(LG��7���)HDUQVLGH��3�0���*RRGPDQ��5�&���������,PSURYHG�
DOORPHWULF� PRGHOV� WR� HVWLPDWH� WKH� DERYHJURXQG� ELRPDVV� RI� WURSLFDO� WUHHV��
*ORE��&KDQJH�%LRO��

&KHQ�� 4��� 0F5REHUWV�� 5�(��� :DQJ�� &��� 5DGWNH�� 3�-��� ������ )RUHVW� DERYHJURXQG�
ELRPDVV�PDSSLQJ�DQG�HVWLPDWLRQ�DFURVV�PXOWLSOH�VSDWLDO�VFDOHV�XVLQJ�PRGHO�
EDVHG� LQIHUHQFH�� 5HPRWH� 6HQV�� (QYLURQ�� ����� ���±�����
KWWSV���GRL�RUJ���������M�UVH�������������

&KHQ�� 4��� 9DJOLR� /DXULQ��*��� 9DOHQWLQL�� 5��� ������8QFHUWDLQW\� RI� UHPRWHO\� VHQVHG�
DERYHJURXQG�ELRPDVV�RYHU�DQ�$IULFDQ�WURSLFDO�IRUHVW��3URSDJDWLQJ�HUURUV�IURP�
WUHHV� WR� SORWV� WR� SL[HOV�� 5HPRWH� 6HQV�� (QYLURQ�� ����� ���±�����
KWWSV���GRL�RUJ���������M�UVH�������������

&ODUN��'�$���������$UH�WURSLFDO�IRUHVWV�DQ�LPSRUWDQW�FDUERQ�VLQN"�5HDQDO\VLV�RI�WKH�
ORQJ�WHUP�SORW�GDWD��(FRO��$SSO�������±���

&ODUN��'�$���&ODUN��'�%��� ������$VVHVVLQJ� WKH� JURZWK� RI� WURSLFDO� UDLQ� IRUHVW� WUHHV��
LVVXHV�IRU�IRUHVW�PRGHOLQJ�DQG�PDQDJHPHQW��(FRO��$SSO��������±�����

&RQGLW��5���+XEEHOO��6�3���&RQGLW��5���������7URSLFDO�IRUHVW�FHQVXV�SORWV��
&RRPHV��'�$���%XUVOHP��'�)���6LPRQVRQ��:�'���������)RUHVWV�DQG�*OREDO�&KDQJH��

&DPEULGJH�8QLYHUVLW\�3UHVV��
&XVKPDQ��.�&���%XQ\DYHMFKHZLQ��6���&iUGHQDV��'���&RQGLW��5���'DYLHV��6�-���'XTXH��

È��� +XEEHOO�� 6�3��� .LUDWLSUD\RRQ�� 6��� /XP�� 6�.�<��� 0XOOHU�/DQGDX�� +�&���
������ 9DULDWLRQ� LQ� WUXQN� WDSHU� RI� EXWWUHVVHG� WUHHV� ZLWKLQ� DQG� DPRQJ� ILYH�
ORZODQG� WURSLFDO� IRUHVWV�� %LRWURSLFD� ���� ����±������
KWWSV���GRL�RUJ���������EWS�������

&XVKPDQ��.�&���0XOOHU�/DQGDX��+�&���&RQGLW��5�6���+XEEHOO��6�3���������,PSURYLQJ�
HVWLPDWHV� RI� ELRPDVV� FKDQJH� LQ� EXWWUHVVHG� WUHHV� XVLQJ� WUHH� WDSHU� PRGHOV��
0HWKRGV�(FRO��(YRO��

'HDQ�� &��� 5R[EXUJK�� 6��� ������ ,PSURYLQJ� YLVXDOLVDWLRQ� RI� PDWXUH�� KLJK�FDUERQ�
VHTXHVWHULQJ�IRUHVWV��)RU��%LRPHWU\�0RGHO��,QI��6FL�������±����

'HDQ�� &��� 5R[EXUJK�� 6��� 0DFNH\�� %�*��� ������ *URZWK� PRGHOOLQJ� RI� (XFDO\SWXV�
UHJQDQV�IRU�FDUERQ�DFFRXQWLQJ�DW�WKH�ODQGVFDSH�VFDOH��0RGHO��)RU��6\VW����±
����

'HPRO��0���&DOGHUV��.���.ULVKQD�0RRUWK\��6�0���9DQ�GHQ�%XOFNH��-���9HUEHHFN��+���
*LHOHQ��%���������&RQVHTXHQFHV�RI�YHUWLFDO�EDVLF�ZRRG�GHQVLW\�YDULDWLRQ�RQ�
WKH�HVWLPDWLRQ�RI�DERYHJURXQG�ELRPDVV�ZLWK�WHUUHVWULDO�ODVHU�VFDQQLQJ��7UHHV�
�������±�����KWWSV���GRL�RUJ���������V������������������

'HPRO��0���:LONHV��3���5DXPRQHQ��3���.ULVKQD�0RRUWK\��6���&DOGHUV��.���*LHOHQ��%���
9HUEHHFN�� +��� ������ 9ROXPHWULF� RYHUHVWLPDWLRQ� RI� VPDOO� EUDQFKHV� LQ� �'�



�

�

UHFRQVWUXFWLRQV� RI� )UD[LQXV� H[FHOVLRU�� 6LOYD� )HQQ�� ����
KWWSV���GRL�RUJ����������VI�������

'X��6���/LQGHQEHUJK��5���/HGRX[��+���6WRWHU�� -���1DQ��/��� ������$G7UHH��$FFXUDWH��
'HWDLOHG��DQG�$XWRPDWLF�0RGHOOLQJ�RI�/DVHU�6FDQQHG�7UHHV��5HPRWH�6HQV��
����������KWWSV���GRL�RUJ���������UV���������

)DQJ�� 5��� 6WULPEX�� %�0��� ������ 6WHP� 0HDVXUHPHQWV� DQG� 7DSHU� 0RGHOLQJ� 8VLQJ�
3KRWRJUDPPHWULF� 3RLQW� &ORXGV�� 5HPRWH� 6HQV�� ��� �����
KWWSV���GRL�RUJ���������UV��������

)D\ROOH�� $��� 'RXFHW�� -��/��� *LOOHW�� -��)��� %RXUODQG�� 1��� /HMHXQH�� 3��� ����D�� 7UHH�
DOORPHWU\�LQ�&HQWUDO�$IULFD��7HVWLQJ�WKH�YDOLGLW\�RI�SDQWURSLFDO�PXOWL�VSHFLHV�
DOORPHWULF� HTXDWLRQV� IRU� HVWLPDWLQJ� ELRPDVV� DQG� FDUERQ� VWRFNV�� )RU�� (FRO��
0DQDJ���������±����

)D\ROOH��$���5RQGHX[�� -���'RXFHW�� -��/���(UQVW��*���%RXLVVRX��&���4XHYDXYLOOHUV��6���
%RXUODQG��1���)HWHNH��)���/HMHXQH��3�������E��5pYLVHU�OHV�WDULIV�GH�FXEDJH�SRXU�
PLHX[�JpUHU�OHV�IRUrWV�GX�&DPHURXQ��%RLV�)RU��7URS���������±����

)RUEHV��5�'���0H\HU��$�%���������)RUHVWU\�KDQGERRN��)RU��+DQGE��
)ULHGOLQJVWHLQ�� 3��� -RQHV��0�:���2¶6XOOLYDQ��0���$QGUHZ��5�0���+DXFN�� -��� 3HWHUV��

*�3��� 3HWHUV�� :��� 3RQJUDW]�� -��� 6LWFK�� 6��� 4XpUp�� &�/��� %DNNHU�� '�&�(���
&DQDGHOO��-�*���&LDLV��3���-DFNVRQ��5�%���$QWKRQL��3���%DUEHUR��/���%DVWRV��$���
%DVWULNRY��9���%HFNHU��0���%RSS��/���%XLWHQKXLV��(���&KDQGUD��1���&KHYDOOLHU��
)���&KLQL��/�3���&XUULH��.�,���)HHO\��5�$���*HKOHQ��0���*LOILOODQ��'���*NULW]DOLV��
7���*ROO��'�6���*UXEHU��1���*XWHNXQVW��6���+DUULV��,���+DYHUG��9���+RXJKWRQ��
5�$���+XUWW��*��� ,O\LQD��7��� -DLQ��$�.��� -RHW]MHU��(���.DSODQ�� -�2���.DWR��(���
.OHLQ� *ROGHZLMN�� .��� .RUVEDNNHQ�� -�,��� /DQGVFK�W]HU�� 3��� /DXYVHW�� 6�.���
/HIqYUH��1���/HQWRQ��$���/LHQHUW��6���/RPEDUGR]]L��'���0DUODQG��*���0F*XLUH��
3�&���0HOWRQ��-�5���0HW]O��1���0XQUR��'�5���1DEHO��-�(�0�6���1DNDRND��6��,���
1HLOO��&���2PDU��$�0���2QR��7���3HUHJRQ��$���3LHUURW��'���3RXOWHU��%���5HKGHU��
*���5HVSODQG\��/���5REHUWVRQ��(���5|GHQEHFN��&���6pIpULDQ��5���6FKZLQJHU��-���
6PLWK��1���7DQV��3�3���7LDQ��+���7LOEURRN��%���7XELHOOR��)�1���:HUI��*�5��YDQ�
GHU��:LOWVKLUH��$�-���=DHKOH��6���������*OREDO�&DUERQ�%XGJHW�������(DUWK�6\VW��
6FL��'DWD���������±������KWWSV���GRL�RUJ���������HVVG��������������

*ROORE��&���5LWWHU��7���.UD�QLW]HU��5���7RFNQHU��$���1RWKGXUIW��$���������0HDVXUHPHQW�
RI�)RUHVW�,QYHQWRU\�3DUDPHWHUV�ZLWK�$SSOH�L3DG�3UR�DQG�,QWHJUDWHG�/L'$5�
7HFKQRORJ\��5HPRWH�6HQV������������KWWSV���GRL�RUJ���������UV���������

*ROORE��&���5LWWHU��7���1RWKGXUIW��$���������)RUHVW� ,QYHQWRU\�ZLWK�/RQJ�5DQJH�DQG�
+LJK�6SHHG�3HUVRQDO�/DVHU�6FDQQLQJ��3/6��DQG�6LPXOWDQHRXV�/RFDOL]DWLRQ�
DQG� 0DSSLQJ� �6/$0�� 7HFKQRORJ\�� 5HPRWH� 6HQV�� ���� ������
KWWSV���GRL�RUJ���������UV���������

*RQ]DOH]� GH� 7DQDJR�� -��� /DX�� $��� %DUWKRORPHXV�� +��� +HUROG�� 0��� $YLWDELOH�� 9���
5DXPRQHQ��3���0DUWLXV��&���*RRGPDQ��5�&���'LVQH\��0���0DQXUL��6���������
(VWLPDWLRQ�RI� DERYH�JURXQG�ELRPDVV� RI� ODUJH� WURSLFDO� WUHHV�ZLWK� WHUUHVWULDO�
/L'$5��0HWKRGV�(FRO��(YRO��������±�����

*RXUOHW�)OHXU\��6���0RUWLHU��)���)D\ROOH��$���%D\D��)���2XpGUDRJR��'���%pQpGHW��)���
3LFDUG��1���������7URSLFDO�IRUHVW�UHFRYHU\�IURP�ORJJLQJ��D����\HDU�VLOYLFXOWXUDO�
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H[SHULPHQW� IURP� &HQWUDO� $IULFD�� 3KLORV�� 7UDQV�� 5�� 6RF�� %� %LRO�� 6FL�� �����
����������

+DFNHQEHUJ�� -��� 6SLHFNHU�� +��� &DOGHUV�� .��� 'LVQH\�� 0��� 5DXPRQHQ�� 3��� ������
6LPSOH7UHH²DQ� HIILFLHQW� RSHQ� VRXUFH� WRRO� WR� EXLOG� WUHH�PRGHOV� IURP�7/6�
FORXGV��)RUHVWV��������±������

+HQU\�� 0��� %HVQDUG�� $��� $VDQWH�� :�$��� (VKXQ�� -��� $GX�%UHGX�� 6��� 9DOHQWLQL�� 5���
%HUQRX[��0��� 6DLQW�$QGUH�� /��� ������:RRG� GHQVLW\�� SK\WRPDVV� YDULDWLRQV�
ZLWKLQ�DQG�DPRQJ�WUHHV��DQG�DOORPHWULF�HTXDWLRQV�LQ�D�WURSLFDO�UDLQIRUHVW�RI�
$IULFD��)RU��(FRO��0DQDJ�����������±������

+XEDX�� :��� /HZLV�� 6�/��� 3KLOOLSV�� 2�/��� $IIXP�%DIIRH�� .��� %HHFNPDQ�� +��� &XQt�
6DQFKH]��$���'DQLHOV��$�.���(ZDQJR��&�(�1���)DXVHW��6���0XNLQ]L��-�0���6KHLO��
'���6RQNp��%���6XOOLYDQ��0�-�3���6XQGHUODQG��7�&�+���7DHGRXPJ��+���7KRPDV��
6�&���:KLWH��/�-�7���$EHUQHWK\��.�$���$GX�%UHGX��6���$PDQL��&�$���%DNHU��
7�5���%DQLQ��/�)���%D\D��)���%HJQH��6�.���%HQQHWW��$�&���%HQHGHW��)���%LWDULKR��
5��� %RFNR�� <�(��� %RHFN[�� 3��� %RXQGMD�� 3��� %ULHQHQ�� 5�-�:��� %UQFLF�� 7���
&KH]HDX[�� (��� &KX\RQJ�� *�%��� &ODUN�� &�-��� &ROOLQV�� 0��� &RPLVNH\�� -�$���
&RRPHV��'�$���'DUJLH��*�&���GH�+DXOOHYLOOH��7���.DPGHP��0�1�'���'RXFHW��
-��/��� (VTXLYHO�0XHOEHUW�� $��� )HOGSDXVFK�� 7�5��� )RIDQDK�� $��� )ROL�� (�*���
*LOSLQ��0���*ORRU��(���*RQPDGMH��&���*RXUOHW�)OHXU\��6���+DOO��-�6���+DPLOWRQ��
$�&��� +DUULV�� '�-��� +DUW�� 7�%��� +RFNHPED�� 0�%�1��� +ODGLN�� $��� ,IR�� 6�$���
-HIIHU\��.�-���-XFNHU��7���<DNXVX��(�.���.HDUVOH\��(���.HQIDFN��'���.RFK��$���
/HDO��0�(��� /HYHVOH\�� $��� /LQGVHOO�� -�$��� /LVLQJR�� -��� /RSH]�*RQ]DOH]�� *���
/RYHWW�� -�&���0DNDQD�� -��5���0DOKL��<���0DUVKDOO��$�5���0DUWLQ�� -���0DUWLQ��
(�+���0ED\X��)�0���0HGMLEH��9�3���0LKLQGRX��9���0LWFKDUG��(�7�$���0RRUH��
6��� 0XQLVKL�� 3�.�7��� %HQJRQH�� 1�1��� 2MR�� /��� 2QGR�� )�(��� 3HK�� .�6��+���
3LFNDYDQFH��*�&���3RXOVHQ��$�'���3RXOVHQ��-�5���4LH��/���5HLWVPD��-���5RYHUR��
)��� 6ZDLQH�� 0�'��� 7DOERW�� -��� 7DSOLQ�� -��� 7D\ORU�� '�0��� 7KRPDV�� '�:���
7RLUDPEH��%���0XNHQGL��-�7���7XDJEHQ��'���8PXQD\��3�0���YDQ�GHU�+HLMGHQ��
*�0�)���9HUEHHFN��+���9OHPLQFN[��-���:LOOFRFN��6���:|OO��+���:RRGV��-�7���
=HPDJKR�� /��� ������ $V\QFKURQRXV� FDUERQ� VLQN� VDWXUDWLRQ� LQ� $IULFDQ� DQG�
$PD]RQLDQ� WURSLFDO� IRUHVWV�� 1DWXUH� ����� ��±����
KWWSV���GRL�RUJ���������V�����������������

+XPPHO��)�&���������&RGH�RI�VDPSOH�SORW�SURFHGXUH��+�0�6�2���/RQGRQ��
-LD��*���6KHYOLDNRYD��(���$UWD[R��3���'H�1REOHW�'XFRXGUp��1���+RXJKWRQ��5���+RXVH��

-��� .LWDMLPD�� .��� /HQQDUG�� &��� 3RSS�� $��� 6LULQ�� $��� ������ /DQG±&OLPDWH�
,QWHUDFWLRQV��&OLPDWH�&KDQJH�DQG�/DQG��$Q�,3&&�6SHFLDO�5HSRUW�RQ�&OLPDWH�
&KDQJH��'HVHUWLILFDWLRQ��/DQG�'HJUDGDWLRQ��6XVWDLQDEOH�/DQG�0DQDJHPHQW��
)RRG� 6HFXULW\�� DQG� *UHHQKRXVH� *DV� )OX[HV� LQ� 7HUUHVWULDO� (FRV\VWHPV��
6SULQJHU��%HUOLQ��

-XUMHYLü��/���/LDQJ��;���*DãSDURYLü��0���%DOHQRYLü�� ,��������� ,V� ILHOG�PHDVXUHG� WUHH�
KHLJKW� DV� UHOLDEOH� DV�EHOLHYHG� ±�3DUW� ,,��$�FRPSDULVRQ� VWXG\�RI� WUHH�KHLJKW�
HVWLPDWHV� IURP� FRQYHQWLRQDO� ILHOG� PHDVXUHPHQW� DQG� ORZ�FRVW� FORVH�UDQJH�
UHPRWH�VHQVLQJ�LQ�D�GHFLGXRXV�IRUHVW��,6356�-��3KRWRJUDPP��5HPRWH�6HQV��
��������±�����KWWSV���GRL�RUJ���������M�LVSUVMSUV�������������



�

�

.DQNDUH��9���+RORSDLQHQ��0���9DVWDUDQWD��0���3XWWRQHQ��(���<X��;���+\\SSl��-���9DDMD��
0���+\\SSl��+���$OKR�� 3��� ������ ,QGLYLGXDO� WUHH� ELRPDVV� HVWLPDWLRQ� XVLQJ�
WHUUHVWULDO� ODVHU� VFDQQLQJ�� ,6356�-��3KRWRJUDPP��5HPRWH�6HQV��������±����
KWWSV���GRL�RUJ���������M�LVSUVMSUV�������������

/DX�� $��� &DOGHUV�� .��� %DUWKRORPHXV�� +��� 0DUWLXV�� &��� 5DXPRQHQ�� 3��� +HUROG�� 0���
9LFDUL�� 0��� 6XNKGHR�� +��� 6LQJK�� -��� *RRGPDQ�� 5�&��� ������ 7UHH� %LRPDVV�
(TXDWLRQV�IURP�7HUUHVWULDO�/L'$5��$�&DVH�6WXG\�LQ�*X\DQD��)RUHVWV����������

/H�4XpUp��&���$QGUHZ��5�0���)ULHGOLQJVWHLQ��3���6LWFK��6���3RQJUDW]��-���0DQQLQJ��$�&���
.RUVEDNNHQ�� -�,��� 3HWHUV��*�3���&DQDGHOO�� -�*��� -DFNVRQ��5�%���%RGHQ��7�$���
7DQV��3�3���$QGUHZV��2�'���$URUD��9�.���%DNNHU��'�&�(���%DUEHUR��/���%HFNHU��
0���%HWWV��5�$���%RSS��/���&KHYDOOLHU��)���&KLQL��/�3���&LDLV��3���&RVFD��&�(���
&URVV��-���&XUULH��.���*DVVHU��7���+DUULV��,���+DXFN��-���+DYHUG��9���+RXJKWRQ��
5�$��� +XQW�� &�:��� +XUWW�� *��� ,O\LQD�� 7��� -DLQ�� $�.��� .DWR�� (��� .DXW]�� 0���
.HHOLQJ�� 5�)��� .OHLQ� *ROGHZLMN�� .��� .|UW]LQJHU�� $��� /DQGVFK�W]HU�� 3���
/HIqYUH��1���/HQWRQ��$���/LHQHUW��6���/LPD�� ,���/RPEDUGR]]L��'���0HW]O��1���
0LOOHUR��)���0RQWHLUR��3�0�6���0XQUR��'�5���1DEHO�� -�(�0�6���1DNDRND��6���
1RMLUL��<���3DGtQ��;�$���3HUHJRQ��$���3IHLO��%���3LHUURW��'���3RXOWHU��%���5HKGHU��
*��� 5HLPHU�� -��� 5|GHQEHFN�� &��� 6FKZLQJHU�� -��� 6pIpULDQ�� 5��� 6NMHOYDQ�� ,���
6WRFNHU��%�'���7LDQ��+���7LOEURRN��%���YDQ�GHU�/DDQ�/XLMN[��,�7���YDQ�GHU�:HUI��
*�5���YDQ�+HXYHQ��6���9LRY\��1���9XLFKDUG��1���:DONHU��$�3���:DWVRQ��$�-���
:LOWVKLUH��$�-���=DHKOH��6���=KX��'���������*OREDO�&DUERQ�%XGJHW�������(DUWK�
6\VW��6FL��'DWD�'LVFXVV���±����KWWSV���GRL�RUJ�/H�4XpUp��&����$QGUHZ��5��0����
)ULHGOLQJVWHLQ��3����6LWFK��6����3RQJUDW]��-����0DQQLQJ��$��&����.RUVEDNNHQ��-��,��
��3HWHUV��*��3����&DQDGHOO��-��*����-DFNVRQ��5��%����%RGHQ��7��$����7DQV��3��3����
$QGUHZV��2��'����$URUD��9��.����%DNNHU��'��&��(����%DUEHUR��/����%HFNHU��0����
%HWWV��5��$����%RSS��/����&KHYDOOLHU��)����&KLQL��/��3����&LDLV��3����&RVFD��&��(����
&URVV�� -�� �� &XUULH�� .�� �� *DVVHU�� 7�� �� +DUULV�� ,�� �� +DXFN�� -�� � 25&,'��
KWWSV���RUFLG�RUJ��������������������� �KWWSV���RUFLG�RUJ����������������
����!��+DYHUG��9����+RXJKWRQ��5��$����+XQW��&��:����+XUWW��*����,O\LQD��7����
-DLQ��$��.�� ��.DWR��(�� ��.DXW]��0�� ��.HHOLQJ��5��)�� ��.OHLQ�*ROGHZLMN��.�� ��
.|UW]LQJHU��$�� ��/DQGVFK�W]HU��3�� ��/HIqYUH��1�� ��/HQWRQ��$�� ��/LHQHUW��6�� ��
/LPD�� ,�� ��/RPEDUGR]]L��'�� ��0HW]O��1�� ��0LOOHUR��)�� ��0RQWHLUR��3��0��6�� ��
0XQUR��'��5����1DEHO��-��(��0��6����1DNDRND��6��L����1RMLUL��<����3DGtQ��;��$����
3HUHJRQ��$�� ��3IHLO��%�� ��3LHUURW��'�� ��3RXOWHU��%�� ��5HKGHU��*�� ��5HLPHU��-�� ��
5|GHQEHFN��&����6FKZLQJHU��-����6pIpULDQ��5����6NMHOYDQ��,����6WRFNHU��%��'����
7LDQ��+����7LOEURRN��%����YDQ�GHU�/DDQ�/XLMN[��,��7����YDQ�GHU�:HUI��*��5����YDQ�
+HXYHQ�� 6�� �� 9LRY\�� 1�� �� 9XLFKDUG�� 1�� ��:DONHU�� $�� 3�� ��:DWVRQ�� $�� -�� ��
:LOWVKLUH��$��-����=DHKOH��6���DQG�=KX��'��������������*OREDO�&DUERQ�%XGJHW�
����� � �� � � � � � (DUWK� 6\VWHP� 6FLHQFH� 'DWD� 'LVFXVVLRQV�� � � � � SS�� ����� ������
GRL�KWWSV���GRL�RUJ���������HVVG���������� �KWWSV���GRL�RUJ���������HVVG�
��������!����KGO�������HSLF���D�������D�H��DE��D�D�����EEE���G���

/HWRX]H\��5���������0DQXHO�GH�ERWDQLTXH�WURSLFDOH²$IULTXH�WURSLFDOH��1RJHQW�6XU�
0DUQH�&HQW��7HFK��)RU��7URS��7RPHV����
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/HZLV�� 6�/���/RSH]�*RQ]DOH]��*��� 6RQNp��%���$IIXP�%DIIRH��.���%DNHU��7�5���2MR��
/�2��� 3KLOOLSV�� 2�/��� 5HLWVPD�� -�0��� :KLWH�� /��� &RPLVNH\�� -�$��� ������
,QFUHDVLQJ�FDUERQ�VWRUDJH�LQ�LQWDFW�$IULFDQ�WURSLFDO�IRUHVWV��1DWXUH����������±
������

/HZLV��6�/���0DVOLQ��0�$���������'HILQLQJ�WKH�$QWKURSRFHQH��1DWXUH���������±�����
KWWSV���GRL�RUJ���������QDWXUH������

/LJRW��*���*RXUOHWဨ)OHXU\��6���2XpGUDRJR��'��<���0RULQ��;���%DXZHQV��6���%D\D��)���
%URVWDX[��<���'RXFHW�� -��/���)D\ROOH��$���������7KH� OLPLWHG�FRQWULEXWLRQ�RI�
ODUJH� WUHHV� WR� DQQXDO� ELRPDVV� SURGXFWLRQ� LQ� DQ� ROG�JURZWK� WURSLFDO� IRUHVW��
(FRO��$SSO����������±������KWWSV���GRL�RUJ���������HDS������

/XW]��-�$���/DUVRQ��$�-���6ZDQVRQ��0�(���)UHXQG��-�$���������(FRORJLFDO�,PSRUWDQFH�
RI�/DUJH�'LDPHWHU�7UHHV�LQ�D�7HPSHUDWH�0L[HG�&RQLIHU�)RUHVW��3/26�21(�
���H�������KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������

0DUWLQ�'XFXS��2���0RIDFN��*���,,��:DQJ��'���5DXPRQHQ��3���3ORWRQ��3���6RQNp��%���
%DUELHU�� 1��� &RXWHURQ�� 3��� 3pOLVVLHU�� 5��� ������ (YDOXDWLRQ� RI� DXWRPDWHG�
SLSHOLQHV�IRU�WUHH�DQG�SORW�PHWULF�HVWLPDWLRQ�IURP�7/6�GDWD�LQ�WURSLFDO�IRUHVW�
DUHDV��$QQ��%RW����������±�����KWWSV���GRL�RUJ���������DRE�PFDE����

0F'RZHOO�� 1�*��� $OOHQ�� &�'��� $QGHUVRQ�7HL[HLUD�� .��� $XNHPD�� %�+��� %RQG�
/DPEHUW\�� %��� &KLQL�� /��� &ODUN�� -�6��� 'LHW]H��0��� *URVVLRUG�� &��� +DQEXU\�
%URZQ��$���������3HUYDVLYH�VKLIWV� LQ� IRUHVW�G\QDPLFV� LQ�D�FKDQJLQJ�ZRUOG��
6FLHQFH������

0HWFDOI��&�-�(���&ODUN��-�6���&ODUN��'�$���������7UHH�JURZWK�LQIHUHQFH�DQG�SUHGLFWLRQ�
ZKHQ� WKH� SRLQW� RI� PHDVXUHPHQW� FKDQJHV�� PRGHOOLQJ� DURXQG� EXWWUHVVHV� LQ�
WURSLFDO�IRUHVWV��-��7URS��(FRO�������±����

0LWFKDUG�� (�7��� 6DDWFKL�� 6�6��� %DFFLQL�� $��� $VQHU�� *�3��� *RHW]�� 6�-��� +DUULV�� 1�/���
%URZQ�� 6��� ������ 8QFHUWDLQW\� LQ� WKH� VSDWLDO� GLVWULEXWLRQ� RI� WURSLFDO� IRUHVW�
ELRPDVV��D�FRPSDULVRQ�RI�SDQ�WURSLFDO�PDSV��&DUERQ�%DODQFH�0DQDJ���������

0LWFKDUG��(�7�$���������7KH�WURSLFDO�IRUHVW�FDUERQ�F\FOH�DQG�FOLPDWH�FKDQJH��1DWXUH�
��������±�����KWWSV���GRL�RUJ���������V�����������������

0RNURã��0���0LNLWD��7���6LQJK��$���7RPDãWtN��-���&KXGi��-���:ĊĪ\N��3���.XåHOND��.���
6XURYê�� 3��� .OLPiQHN��0��� =LĊED�.XODZLN�� .��� %REURZVNL�� 5��� /LDQJ�� ;���
������ 1RYHO� ORZ�FRVW� PRELOH� PDSSLQJ� V\VWHPV� IRU� IRUHVW� LQYHQWRULHV� DV�
WHUUHVWULDO�ODVHU�VFDQQLQJ�DOWHUQDWLYHV��,QW��-��$SSO��(DUWK�2EV��*HRLQIRUPDWLRQ�
�������������KWWSV���GRL�RUJ���������M�MDJ�������������

0ROWR��4���5RVVL��9���%ODQF��/��� ������(UURU� SURSDJDWLRQ� LQ� ELRPDVV� HVWLPDWLRQ� LQ�
WURSLFDO�IRUHVWV��0HWKRGV�(FRO��(YRO��������±�����

0RPR�� 6�7��� 3ORWRQ�� 3��� 0DUWLQ�'XFXS�� 2��� /HKQHEDFK�� 5��� )RUWXQHO�� &��� 6DJDQJ��
/�%�7���%R\HPED��)���&RXWHURQ��3��� )D\ROOH��$���/LEDODK��0���/RXPHWR�� -���
0HGMLEH��9���1JRPDQGD��$���2ELDQJ��'���3pOLVVLHU��5���5RVVL��9���<RQJR��2���
6RQNp�� %��� %DUELHU�� 1��� ������ /HYHUDJLQJ� 6LJQDWXUHV� RI� 3ODQW� )XQFWLRQDO�
6WUDWHJLHV� LQ� :RRG� 'HQVLW\� 3URILOHV� RI� $IULFDQ� 7UHHV� WR� &RUUHFW� 0DVV�
(VWLPDWLRQV� )URP� 7HUUHVWULDO� /DVHU� 'DWD�� 6FL�� 5HS�� ���� ������
KWWSV���GRL�RUJ���������V����������������Z�



�

�

0RVNDO��/�0���(UGRG\��7���.DWR��$���5LFKDUGVRQ��-���=KHQJ��*���%ULJJV��'���������/LGDU�
DSSOLFDWLRQV�LQ�SUHFLVLRQ�IRUHVWU\��3URF��6LOYLODVHU����±�����

0RXWLQKR��3���*XHUUD��5���$]HYHGR�5DPRV��&���������$FKLHYLQJ�]HUR�GHIRUHVWDWLRQ�LQ�
WKH� %UD]LOLDQ� $PD]RQ�� :KDW� LV� PLVVLQJ"� (OHP� 6FL� $QWK� ��� ��������
KWWSV���GRL�RUJ����������MRXUQDO�HOHPHQWD��������

0XOOHU�/DQGDX��+�&���'HWWR��0���&KLVKROP��5�$���+XEEHOO��6�3���&RQGLW��5��� ������
'HWHFWLQJ�DQG�SURMHFWLQJ�FKDQJHV�LQ�IRUHVW�ELRPDVV�IURP�SORW�GDWD��)RU��*ORE��
&KDQJH�&RRPHV�%XUVOHP�')53�6LPRQVHQ�:'(GV�&DPE��8QLY��3UHVV�&DPE��
���±�����

1JRPDQGD��$���0DYRXURXORX��4�0���2ELDQJ��1�/�(���,SRQJD��'�0���0DYRXQJRX��-��
)��� /pSHQJXp�� 1��� 3LFDUG�� 1��� 0EDWFKL�� %��� ������ 'HULYDWLRQ� RI� GLDPHWHU�
PHDVXUHPHQWV�IRU�EXWWUHVVHG�WUHHV��DQ�H[DPSOH�IURP�*DERQ��-��7URS��(FRO������
���±�����

1RJXHLUD��(�0���1HOVRQ��%�:���)HDUQVLGH��3�0���������9ROXPH�DQG�ELRPDVV�RI�WUHHV�
LQ�FHQWUDO�$PD]RQLD��LQIOXHQFH�RI�LUUHJXODUO\�VKDSHG�DQG�KROORZ�WUXQNV��)RU��
(FRO��0DQDJ���������±����

1|ONH��1���)HKUPDQQ��/���,�1HQJDK��6�-���7LU\DQD��7���6HLGHO��'���.OHLQQ��&���������2Q�
WKH� JHRPHWU\� DQG� DOORPHWU\� RI� ELJ�EXWWUHVVHG� WUHHV�D� FKDOOHQJH� IRU� IRUHVW�
PRQLWRULQJ��QHZ�LQVLJKWV�IURP��'�PRGHOLQJ�ZLWK�WHUUHVWULDO�ODVHU�VFDQQLQJ��
,)RUHVW�%LRJHRVFLHQFHV�)RU�������

3DQ��<���%LUGVH\��5�$���)DQJ��-���+RXJKWRQ��5���.DXSSL��3�(���.XU]��:�$���3KLOOLSV��
2�/���6KYLGHQNR��$���/HZLV��6�/���&DQDGHOO��-�*���������$�ODUJH�DQG�SHUVLVWHQW�
FDUERQ�VLQN�LQ�WKH�ZRUOG¶V�IRUHVWV��6FLHQFH���������±�����

3IHLIHU��1���:LQWHUKDOGHU��'���������0RGHOOLQJ�RI�WUHH�FURVV�VHFWLRQV�IURP�WHUUHVWULDO�
ODVHU�VFDQQLQJ�GDWD�ZLWK�IUHH�IRUP�FXUYHV��,QW��$UFK��3KRWRJUDPP��5HPRWH�
6HQV��6SDW��,QI��6FL������:���

3KLOOLSV��2�/���$UDJmR��/�(���/HZLV��6�/���)LVKHU��-�%���/OR\G��-���/ySH]�*RQ]iOH]��*���
0DOKL�� <��� 0RQWHDJXGR�� $��� 3HDFRFN�� -��� 4XHVDGD�� &�$��� ������ 'URXJKW�
VHQVLWLYLW\�RI�WKH�$PD]RQ�UDLQIRUHVW��6FLHQFH����������±������

3KLOOLSV��2�/���%DNHU��7�5���%ULHQHQ��5���)HOGSDXVFK��7�5���������)LHOG�PDQXDO�IRU�SORW�
HVWDEOLVKPHQW� DQG� UHPHDVXUHPHQW�� 85/� +WWSZZZ� *HRJ� /HHGV� $F�
8NSURMHFWVUDLQIRU��

3KLOOLSV��2�/���/HZLV��6�/��� ������(YDOXDWLQJ� WKH� WURSLFDO� IRUHVW� FDUERQ� VLQN��*ORE��
&KDQJH�%LRO����������±������

3LFDUG��1��� %R\HPED�%RVHOD�� )��� 5RVVL��9��� ����D��5HGXFLQJ� WKH� HUURU� LQ� ELRPDVV�
HVWLPDWHV�VWURQJO\�GHSHQGV�RQ�PRGHO�VHOHFWLRQ��$QQ��)RU��6FL���������±�����
KWWSV���GRL�RUJ���������V�����������������

3LFDUG�� 1��� *RXUOHW�)OHXU\�� 6��� ������ 0DQXHO� GH� UpIpUHQFH� SRXU� O¶LQVWDOODWLRQ� GH�
GLVSRVLWLIV�SHUPDQHQWV�HQ�IRUrW�GH�SURGXFWLRQ�GDQV�OH�%DVVLQ�GX�&RQJR��

3LFDUG��1���5XWLVKDXVHU��(���3ORWRQ��3���1JRPDQGD��$���+HQU\��0�������E��6KRXOG�WUHH�
ELRPDVV� DOORPHWU\� EH� UHVWULFWHG� WR� SRZHU�PRGHOV"� )RU�� (FRO��0DQDJ�� �����
���±�����KWWSV���GRL�RUJ���������M�IRUHFR�������������
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3LOOL�� 5��� $QIRGLOOR�� 7��� &DUUHU�� 0��� ������ 7RZDUGV� D� IXQFWLRQDO� DQG� VLPSOLILHG�
DOORPHWU\� IRU� HVWLPDWLQJ� IRUHVW� ELRPDVV�� )RU�� (FRO��0DQDJ�� ����� ���±�����
KWWSV���GRL�RUJ���������M�IRUHFR�������������

3OXPSWUH��$�-���������7KH�LPSRUWDQFH�RI��VHHG�WUHHV��IRU�WKH�QDWXUDO�UHJHQHUDWLRQ�RI�
VHOHFWLYHO\�ORJJHG�WURSLFDO�IRUHVW��&RPPRQZ��)RU��5HY�����±�����

4XpUp�� &�/��� 5DXSDFK�� 0�5��� &DQDGHOO�� -�*��� 0DUODQG�� *��� %RSS�� /��� &LDLV�� 3���
&RQZD\��7�-���'RQH\��6�&���)HHO\��5�$���)RVWHU��3���)ULHGOLQJVWHLQ��3���*XUQH\��
.���+RXJKWRQ��5�$���+RXVH��-�,���+XQWLQJIRUG��&���/HY\��3�(���/RPDV��0�5���
0DMNXW��-���0HW]O��1���2PHWWR��-�3���3HWHUV��*�3���3UHQWLFH�� ,�&���5DQGHUVRQ��
-�7���5XQQLQJ��6�:���6DUPLHQWR��-�/���6FKXVWHU��8���6LWFK��6���7DNDKDVKL��7���
9LRY\��1���:HUI��*�5��YDQ�GHU��:RRGZDUG��)�,���������7UHQGV�LQ�WKH�VRXUFHV�
DQG� VLQNV� RI� FDUERQ� GLR[LGH�� 1DW�� *HRVFL�� ��� ���±�����
KWWSV���GRL�RUJ���������QJHR����

5DXPRQHQ�� 3��� .DDVDODLQHQ�� 0��� cNHUEORP�� 0��� .DDVDODLQHQ�� 6��� .DDUWLQHQ�� +���
9DVWDUDQWD��0���+RORSDLQHQ��0���'LVQH\��0���/HZLV��3���������)DVW�$XWRPDWLF�
3UHFLVLRQ�7UHH�0RGHOV�IURP�7HUUHVWULDO�/DVHU�6FDQQHU�'DWD��5HPRWH�6HQV�����
���±�����KWWSV���GRL�RUJ���������UV��������

5pMRX�0pFKDLQ��0���7DQJX\��$���3LSRQLRW��&���&KDYH��-���+pUDXOW��%���������ELRPDVV��
DQ� U� SDFNDJH� IRU� HVWLPDWLQJ� DERYH�JURXQG� ELRPDVV� DQG� LWV� XQFHUWDLQW\� LQ�
WURSLFDO�IRUHVWV��0HWKRGV�(FRO��(YRO���������±������

5RQGHX[��-���������/D�PHVXUH�GHV�DUEUHV�HW�GHV�SHXSOHPHQWV�IRUHVWLHUV��/HV�SUHVVHV�
DJURQRPLTXHV�GH�*HPEORX[��

5RZODQG��/���GD�&RVWD��$�&�/���*DOEUDLWK��'�5���2OLYHLUD��5�6���%LQNV��2�-���2OLYHLUD��
$�� D��5��� 3XOOHQ��$�0���'RXJKW\��&�(���0HWFDOIH��'�%���9DVFRQFHORV�� 6�6���
)HUUHLUD��/�9���0DOKL��<���*UDFH��-���0HQFXFFLQL��0���0HLU��3���������'HDWK�
IURP� GURXJKW� LQ� WURSLFDO� IRUHVWV� LV� WULJJHUHG� E\� K\GUDXOLFV� QRW� FDUERQ�
VWDUYDWLRQ��1DWXUH���������±�����KWWSV���GRL�RUJ���������QDWXUH������

6DDWFKL��6�6���+DUULV��1�/���%URZQ��6���/HIVN\��0���0LWFKDUG��(�7���6DODV��:���=XWWD��
%�5���%XHUPDQQ��:���/HZLV��6�/���+DJHQ��6���������%HQFKPDUN�PDS�RI�IRUHVW�
FDUERQ�VWRFNV� LQ� WURSLFDO� UHJLRQV�DFURVV� WKUHH�FRQWLQHQWV��3URF��1DWO��$FDG��
6FL�����������±������

6OLN�� -�:���3DROL��*���0F*XLUH��.���$PDUDO�� ,���%DUURVR�� -���%DVWLDQ��0���%ODQF��/���
%RQJHUV�� )��� %RXQGMD�� 3��� &ODUN�� &��� ������ /DUJH� WUHHV� GULYH� IRUHVW�
DERYHJURXQG�ELRPDVV�YDULDWLRQ� LQ�PRLVW� ORZODQG�IRUHVWV�DFURVV� WKH� WURSLFV��
*ORE��(FRO��%LRJHRJU����������±������

6WRYDOO��$�(�/���$QGHUVRQ�7HL[HLUD��.�-���6KXJDUW��+�+���������$VVHVVLQJ�WHUUHVWULDO�
ODVHU�VFDQQLQJ�IRU�GHYHORSLQJ�QRQ�GHVWUXFWLYH�ELRPDVV�DOORPHWU\��)RU��(FRO��
0DQDJ����������±�����KWWSV���GRL�RUJ���������M�IRUHFR�������������

6ZDLQH��0�'���/LHEHUPDQ��'���3XW]��)�(���������7KH�G\QDPLFV�RI�WUHH�SRSXODWLRQV�LQ�
WURSLFDO�IRUHVW��D�UHYLHZ��-��7URS��(FRO��������±�����

7DNRXGMRX��6�0���3ORWRQ��3���6RQNp��%���+DFNHQEHUJ��-���*ULIIRQ��6���&ROLJQ\��)��GH��
.DPGHP��1�*���/LEDODK��0���0RIDFN��*�,���0RJXpGHF��*�/��� 3pOLVVLHU��5���
%DUELHU�� 1��� ������ 8VLQJ� WHUUHVWULDO� ODVHU� VFDQQLQJ� GDWD� WR� HVWLPDWH� ODUJH�
WURSLFDO� WUHHV�ELRPDVV�DQG�FDOLEUDWH� DOORPHWULF�PRGHOV��$�FRPSDULVRQ�ZLWK�



�

�

WUDGLWLRQDO� GHVWUXFWLYH� DSSURDFK�� 0HWKRGV� (FRO�� (YRO�� ��� ���±�����
KWWSV���GRL�RUJ�����������������;�������

7DOERW��-���/HZLV��6�/���/RSH]�*RQ]DOH]��*���%ULHQHQ��5�-���0RQWHDJXGR��$���%DNHU��
7�5���)HOGSDXVFK��7�5���0DOKL��<���9DQGHUZHO��0���0XUDNDPL��$�$���������
0HWKRGV�WR�HVWLPDWH�DERYHJURXQG�ZRRG�SURGXFWLYLW\�IURP�ORQJ�WHUP�IRUHVW�
LQYHQWRU\�SORWV��)RU��(FRO��0DQDJ���������±����

7DR��6���/DEULqUH��1���&DOGHUV��.���)LVFKHU��)�-���5DX��(��3���3ODLVDQFH��/���&KDYH��-���
������0DSSLQJ�WURSLFDO�IRUHVW�WUHHV�DFURVV�ODUJH�DUHDV�ZLWK�OLJKWZHLJKW�FRVW�
HIIHFWLYH� WHUUHVWULDO� ODVHU� VFDQQLQJ�� $QQ�� )RU�� 6FL�� ���� �����
KWWSV���GRL�RUJ���������V������������������

7KRPSVRQ�� -���3URFWRU�� -���9LDQD��9���0LOOLNHQ��:���5DWWHU�� -�$���6FRWW��'�$���������
(FRORJLFDO� VWXGLHV� RQ� D� ORZODQG� HYHUJUHHQ� UDLQ� IRUHVW� RQ� 0DUDFD� ,VODQG��
5RUDLPD��%UD]LO��,��3K\VLFDO�HQYLURQPHQW��IRUHVW�VWUXFWXUH�DQG�OHDI�FKHPLVWU\��
-��(FRO�����±�����

7URFKWD�� -���.UĤþHN��0���9UãND�� 7���.UiO��.��� ������ �'�)RUHVW��$Q� DSSOLFDWLRQ� IRU�
GHVFULSWLRQV�RI� WKUHH�GLPHQVLRQDO� IRUHVW�VWUXFWXUHV�XVLQJ� WHUUHVWULDO�/L'$5��
3/26�21(�����H���������KWWSV���GRL�RUJ���������MRXUQDO�SRQH���������

9LWRXVHN�� 3�0��� ������ *OREDO� HQYLURQPHQWDO� FKDQJH�� DQ� LQWURGXFWLRQ�� $QQX�� 5HY��
(FRO��6\VW�������±����

9LWRXVHN�� 3�0��� (KUOLFK�� 3�5��� (KUOLFK�� $�+��� 0DWVRQ�� 3�$��� ������ +XPDQ�
DSSURSULDWLRQ�RI�WKH�SURGXFWV�RI�SKRWRV\QWKHVLV��%LR6FLHQFH��������±�����

:LONHV�� 3��� /DX�� $��� 'LVQH\�� 0��� &DOGHUV�� .��� %XUW�� $��� *RQ]DOH]� GH� 7DQDJR�� -���
%DUWKRORPHXV�� +��� %UHGH�� %��� +HUROG�� 0��� ������ 'DWD� DFTXLVLWLRQ�
FRQVLGHUDWLRQV�IRU�7HUUHVWULDO�/DVHU�6FDQQLQJ�RI� IRUHVW�SORWV��5HPRWH�6HQV��
(QYLURQ����������±�����KWWSV���GRL�RUJ���������M�UVH�������������

=DULQ��'�-���+DUULV��1�/���%DFFLQL��$���$NVHQRY��'���+DQVHQ��0�&���$]HYHGRဨ5DPRV��
&���$]HYHGR��7���0DUJRQR��%�$���$OHQFDU��$�&���*DEULV��&���$OOHJUHWWL��$���
3RWDSRY�� 3��� )DULQD�� 0��� :DONHU�� :�6��� 6KHYDGH�� 9�6��� /RERGD�� 7�9���
7XUXEDQRYD��6���7\XNDYLQD��$��� ������&DQ�FDUERQ�HPLVVLRQV� IURP� WURSLFDO�
GHIRUHVWDWLRQ�GURS�E\�����LQ���\HDUV"�*ORE��&KDQJH�%LRO����������±������
KWWSV���GRL�RUJ���������JFE�������

=KDR��)���*XR��4���.HOO\��0���������$OORPHWULF�HTXDWLRQ�FKRLFH�LPSDFWV�OLGDU�EDVHG�
IRUHVW�ELRPDVV�HVWLPDWHV��$�FDVH�VWXG\�IURP�WKH�6LHUUD�1DWLRQDO�)RUHVW��&$��
$JULF�� )RU�� 0HWHRURO�� ����� ��±����
KWWSV���GRL�RUJ���������M�DJUIRUPHW�������������

=KL\XDQ��+���<RQJ��7���;LDREDR��'���0LQ��&��� ������%XWWUHVV� WUHHV� LQ� D����KHFWDUH�
WURSLFDO�GLSWHURFDUS�UDLQIRUHVW�LQ�;LVKXDQJEDQQD��6:�&KLQD��-��3ODQW�(FRO�����
���±�����

=RONRV�� 6�*��� *RHW]�� 6�-��� 'XED\DK�� 5��� ������ $� PHWD�DQDO\VLV� RI� WHUUHVWULDO�
DERYHJURXQG�ELRPDVV�HVWLPDWLRQ�XVLQJ� OLGDU� UHPRWH�VHQVLQJ��5HPRWH�6HQV��
(QYLURQ����������±�����KWWSV���GRL�RUJ���������M�UVH�������������
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� �



�

�

$SSHQGL[���±�6XSSOHPHQWDU\�LQIRUPDWLRQ�RI�VFLHQWLILF�
SDSHU�RI�FKDSWHU����7HUUHVWULDO�SKRWRJUDPPHWU\��D�QRQ�
GHVWUXFWLYH� PHWKRG� IRU� PRGHOOLQJ� LUUHJXODUO\� VKDSHG�
WURSLFDO�WUHH�WUXQNV�
6,����'HVFULSWLRQ�RI�WKH�/RXQGRXQJRX�VLWH��5HSXEOLF�RI�&RQJR���
7KH�PHWKRGRORJ\�ZDV� H[WHQGHG� WR� ��� WUHHV� ORFDWHG� LQ� RQH�RI� ����KD�RI� WKH� WZR�

'\Q$I)RU� 3HUPDPHQW� 6DPSOH� 3ORWV� �363�� RI� /RXQGRXQJRX�� 7KH� 363� DUH� LQ� WKH�

ORJJLQJ� FRQFHVVLRQ� RI� &,%� LQ� WKH� QRUWK� RI� WKH� 5HSXEOLF� RI� &RQJR� �)LJXUH� 6����

)ROORZLQJ� .|SSHQ±*HLJHU� FODVVLILFDWLRQ�� WKH� UHJLRQ� LV� LQ� WKH� $P�W\SH� WURSLFDO�

UDLQIRUHVW�FOLPDWH��$QQXDO�UDLQIDOO�LV�EHWZHHQ������PP�SHU�\HDU�DQG������PP�SHU�

\HDU�IROORZLQJ�WKH�WZR�FORVHVW�ZHDWKHU�VWDWLRQV�;'ŝůůĞƚ͕�ϮϬϭϯͿ��7KHUH�LV�RQH�GU\�VHDVRQ�

EHWZHHQ� 'HFHPEHU� DQG� )HEUXDU\� �PRQWKO\� SUHFLSLWDWLRQ� LQIHULRU� WR� ��� PP���

7HPSHUDWXUHV�DUH�KLJK�DQG�FRQVWDQW�WKURXJKRXW�WKH�\HDU�ZLWK�D�PLQLPXP�RI��������

�����&�LQ�-XO\�DQG�D�PD[LPXP�RI������������&�LQ�0DUFK��7KH�DOWLWXGH�LQ�/RXQGRXQJRX�

363¶V�YDULHV�IURP�����P�WR����P�DQG�WKH�VRLO�LV�PDLQO\�D�;DQWKLF�$FULVRO�;&ƌĞǇĐŽŶ͕�

ϮϬϭϰͿ��9HJHWDWLRQ�LQ�WKH�UHJLRQ�RI�/RXQGRXQJRX�LV�FKDUDFWHUL]HG�E\�D�PRLVW�IRUHVW�RI�

WUDQVLWLRQ�EHWZHHQ�HYHUJUHHQ�IRUHVW�DQG�VHPL�GHFLGXRXV�IRUHVWV�DQG�ZLWK�IUDJPHQWV�RI�

VZDPS�IRUHVW�;&ĂǇŽůůĞ�Ğƚ�Ăů͕͘�ϮϬϭϰĂ͕�ϮϬϭϰďͿ��
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)LJ��6���/RFDWLRQ�RI�WKH�WZR�DGMDFHQW�'\Q$I)RU�3HUPDQHQW�6DPSOH�RI�/RXQGRXQJRX�LQ�WKH�1RUWK�RI�
WKH�5HSXEOLF�RI�&RQJR��9HJHWDWLRQ�PDS�VRXUFH��)D\ROOH�HW�DO��;ϮϬϭϰĂͿ���
�
�
5HIHUHQFHV��
�
>Ă�ŵŝƐĞ�ă�ũŽƵƌ�ĂƵƚŽŵĂƚŝƋƵĞ�ĚĞƐ�ĐŝƚĂƚŝŽŶƐ�ĞƐƚ�ĚĠƐĂĐƚŝǀĠĞ͘�WŽƵƌ�ǀŽŝƌ�ůĂ�ďŝďůŝŽŐƌĂƉŚŝĞ͕�

ĐůŝƋƵĞǌ�ƐƵƌ��ĐƚƵĂůŝƐĞƌ�ĚĂŶƐ�ůΖŽŶŐůĞƚ��ŽƚĞƌŽ͘�

6,� ��� 0HWKRGRORJ\� DQG� YDOLGDWLRQ� RI� WKH� SKRWRJUDPPHWULF�
SURFHVV��
$GGLWLRQDO� LQIRUPDWLRQ� RQ� WKH� SKRWRJUDPPHWULF� PHWKRGRORJ\�� LPDJH�

DFTXLVLWLRQ�LQ�WKH�ILHOG�



�

�

�
)LJ��6�����)RFDO�EXWWUHVVHG�WUHHV�ZLWK�VXUURXQGLQJ�YHJHWDWLRQ�WKDW�OLPLWV�WKH�SKRWRJUDPPHWULF�SURFHVV��
7KH�ZKLWH�SDQHO�LV�D�SDQHO�ZLWK�FRGHG�WDUJHWV�ZKLFK�DUH�DXWRPDWLFDOO\�GHWHFWHG�E\�WKH�SKRWRJUDPPHWULF�

VRIWZDUH�3KRWRVFDQ��
�

�
)LJ��6�����)RFDO�EXWWUHVVHG�WUHH�ZLWK� WKH�VPDOO�YHJHWDWLRQ�DQG�WKH� OLDQD�UHPRYHG��)RXU�SDQHOV�ZLWK�

FRGHG�WDUJHWV�ZHUH�SRVLWLRQHG�LQ�WKH�IRXU�FDUGLQDO�SRLQWV�WR�DGG�DUWLILFLDO�WLH�SRLQWV�LQ�WKH�SKRWRJUDPPHWULF�
SURFHVV��7KH�SDQHO�IURP�WKH�VRXWK�ZDV�XVHG�DV�WKH�PHWULF�UHIHUHQFH��RQH�YHUWLFDO�OLQH�RI�WKH�FRGHG�WDUJHW�
ZDV�FRQVLGHUHG�DV�WKH�]�D[LV���7KH�GLVWDQFH�EHWZHHQ�WKH�KLJKHVW�FRGHG�WDUJHWV�RI�WKH�UHIHUHQFH�SDQHO�DQG�
WKH�JURXQG�ZDV�PHDVXUHG�WR�GHGXFH�WKH�KHLJKW�RI�WKH�FRGHG�WDUJHWV��
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�
)LJ��6�����&URVV�FRQYHUJHQW�LPDJH�DFTXLVLWLRQ�

�
9DOLGDWLRQ�PHWKRG��UHFWLILHG�LPDJHV�RI�WKH�FURVV�VHFWLRQV�

�
)LJ��6�����&URVV�VHFWLRQV�RI�LUUHJXODU�VWHPV��$��5HFWLILHG�LPDJH�RYHUODSSHG�ZLWK�WKH�GLJLWL]HG�FRQWRXU�

RI�WKH�FURVV�VHFWLRQ��7KH�UHFWLILFDWLRQ�RI�WKH�LPDJH�LV�D�SURMHFWLYH�WUDQVIRUPDWLRQ�EDVHG�RQ�WKH�����FP�[�
���FP�3OH[LJODV�JULG�ZLWK���FP�[���FP�JUDGXDWLRQV�SRVLWLRQHG�RQ�WKH�FURVV�VHFWLRQ��%��&HQWHU�FRPSXWHG�
E\�H[WUDFWLQJ�WKH�IDUWKHVW�ORFDWLRQ�ZLWKLQ�WKH�SRO\JRQ��UHG�LQ�WKH�FURVV�VHFWLRQV���
�
4XDOLW\�DQDO\VLV�RI�WKH�GHVWUXFWLYH�YDOLGDWLRQ�PHWKRG�
$�FRPSDULVRQ�EHWZHHQ�WZR�SHUSHQGLFXODU�OHQJWKV��GLDPHWHUV��PHDVXUHG�ZLWK�D�WDSH�

LQ� WKH� ILHOG� DQG� WKH�PHDVXUHPHQW� RI� WKH� VDPH�GLVWDQFH�RQ� WKH� UHFWLILHG� LPDJH�ZDV�
FDUULHG�RXW�WR�HVWLPDWH�WKH�DFFXUDF\�RI�WKH�GHVWUXFWLYH�PHWKRG��7KH�GLVWDQFHV�PHDVXUHG�
RQ� WKH� UHFWLILHG� LPDJHV� ZHUH� ZLWKLQ� WKH� SUHFLVLRQ� RI� WKH� WDSH� XVHG� IRU� GLVWDQFH�
PHDVXUHPHQW��ELDV�RI�������FP�DQG�506(�RI������FP���7KH�GHVWUXFWLYH�PHWKRG�ZDV�
IRXQG�WR�EH�FRQVLVWHQW�DV�D�UHIHUHQFH�IRU�WKH�TXDOLW\�HYDOXDWLRQ�RI�WKH��'�PRGHO��
�
�
�
�
�



�

�

5HVXOWV�RI�WKH�FDOLEUDWLRQ�WUHHV�

�
)LJ��6�����$��&URVV�VHFWLRQV�DORQJ�WKH�VWHP�RI�WKH�WKUHH�FDOLEUDWLRQ�WUHHV��%��'LDPHWHU�YDULDWLRQ�DORQJ�

WKH�VWHP��ZLWK�WKH�GLDPHWHU�H[SUHVVHG�DV�WKH�GLDPHWHU�RI�D�FLUFXODU�GLVF�ZLWK�WKH�VDPH�DUHD�DV�WKH�EDVDO�
DUHD�RI�WKH�FURVV�VHFWLRQ��'DUHD���%ODFN�SRLQWV�ZHUH�PHDVXUHG�IURP�WKH�FURVV�VHFWLRQ�GLJLWL]HG�RQ�

UHFWLILHG�LPDJHV�RI�ORJ�VHFWLRQV��GHVWUXFWLYH�VDPSOHV���
�
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�
)LJ��6�����'LDPHWHU�YDULDWLRQ�DORQJ�WKH�VWHP�RI�WKH�WKUHH�WUHHV�VWXGLHG��DFFRUGLQJ�WR�GLIIHUHQW�

GLDPHWHU�PHDVXUHPHQW�PHWKRGV��GLDPHWHUV�GHGXFHG�IURP�WKH�DUHD�RI�WKH�FURVV�VHFWLRQV��'DUHD���DQG�
GLDPHWHUV�HVWLPDWHG�ZLWK�WKH�FRQYH[�KXOO�RI�WKH�FURVV�VHFWLRQV��'FRQY+XOO���7KH�IUDFWLRQDO�EDVDO�DUHD�
GHILFLW�LV�DOVR�GLVSOD\HG�ZLWK�KHLJKW��'H%$���%ODFN�GRWV�UHSUHVHQW�WKH�SRVLWLRQ�RI�WKH�UHIHUHQFH�GLDPHWHU�
'$%��&URVV�VHFWLRQV�ZLWK�D�'H%$�EHORZ�WKH������UHIHUHQFH�YDOXH��KRUL]RQWDO�GRWWHG�OLQH��LV�FRQVLGHUHG�

DV�D�FLUFXODU�FURVV�VHFWLRQ���&URVV�VHFWLRQV�DORQJ�WKH�VWHP�DUH�DOVR�LOOXVWUDWHG��
�

� �



�

�

6,� ��� 320�GHILQLWLRQ�� IRUPDWWLQJ� ELRPDVV� GDWD� DQG� 'DUHD���� �LH�
'%+¶��ILHOG�YDULDEOH�UHODWLRQVKLSV�
4XDQWLWDWLYH�GHILQLWLRQ�RI�WKH�SRLQW�RI�PHDVXUHPHQW��320��
7KH�UHODWLYH�GLIIHUHQFH�EHWZHHQ�'&RQY+XOO�DQG�'DUHD����GHFUHDVHV�ZLWK�WKH�KHLJKW�RI�WKH�

EXWWUHVVHG�WUHHV��7KH�WKUHVKROG�RI����IRU�WKH�UHODWLYH�GLIIHUHQFH�EHWZHHQ�'&RQY+XOO�DQG�
'DUHD���� OHDGV�WR�D�PHDQ�KHLJKW�RI����FP�XQGHU�WKH�KLJKHVW�EXWWUHVV�PHDVXUHG�LQ�WKH�
ILHOG�DQG�ZLWK�D�PHDQ�'H%$�RI�����������RI� WKH� WUHHV� UHDFKHG� WKLV� WKUHVKROG���7KH�
WKUHVKROG�RI����OHDGV�WR�D�VLPLODU�KHLJKW�WKDQ�WKH�EXWWUHVV�KHLJKW��PHDQ�GLIIHUHQFH�RI�
��FP��ZLWK�D�PHDQ�'H%$�RI�������EXW�RQO\������RI�WKH�WUHHV�UHDFKHG�WKLV�ODVW�WKUHVKROG��
7KH�����WKUHVKROG�LV�HQFRXQWHUHG�IRU�DOO� WKH� WUHHV�DQG�RQ�DYHUDJH��'H%$LV�HTXDO� WR�
������
�
7DEOH�6�����'HILQLWLRQ�RI�WKH�320�E\�YDU\LQJ�WKH�WKUHVKROG��LH�YDU\LQJ�WKH�UHODWLYH�GLIIHUHQFH�EHWZHHQ�

WKH�'&RQY+XOO�DQG�'DUHD����WR�������������������������������'H%$����LV�WKH�'H%$�DW�����P�KHLJKW��'H%$EXW�
LV�WKH�'H%$�HQFRXQWHUG�MXVW�DERYH�WKH�KLJKHVW�EXWWUHVV��'H%$320�LV�WKH�'H%$�DW�WKH�SRLQW�RI�PHDVXUHPHQW�
RI�WKH�'$%��'H%$L��LV�WKH�'H%$�DW�WKH�KHLJKW�ZKHUH�GLIIHUHQFH�EHWZHHQ�'&RQY+XOO�DQG�'DUHD����LV�L����+EXW�
LV� WKH� KHLJKW� RI� WKH� KLJKHVW� EXWWUHVV� �P��� +'$%� LV� WKH� KHLJKW� ZKHUH� '$%� LV�PHDVXUHG�� G+L� LV� WKH�
GLIIHUHQFH�EHWZHHQ�+EXW��PHDVXUHG�LQ�WKH�ILHOG��DQG�WKH�KHLJKW�ZKHUH�GLIIHUHQFH�EHWZHHQ�'&RQY+XOO�DQG�
'DUHD�LV�L����

�
�
�
�

��
�ĞůƚŝƐ�ŵŝůĚďƌĂĞĚŝŝ� �ŶƚĂŶĚŽƉŚƌĂŐŵĂ�ĐǇůŝŶĚƌŝĐƵŵ� �ŽƚŚ�ƐƉĞĐŝĞƐ�

Ŷ� DŝŶͲŵĂǆ� DĞĂŶ� �s�;йͿ� Ŷ� DŝŶͲŵĂǆ� ŵĞĂŶ� �s�;йͿ� Ŷ� DŝŶͲŵĂǆ� DĞĂŶ� �s�;йͿ�
�Ğ��ϭϯϬ� ϭϯ� Ϭ͘ϬϱͲϬ͘ϳϵ� Ϭ͘ϱϬ� ϱϴ� ϭϲ� Ϭ͘ϬϯͲϬ͘ϳϮ� Ϭ͘ϯϱ� ϲϮ� Ϯϵ� Ϭ͘ϬϯͲϬ͘ϳϵ� Ϭ͘ϰϮ� ϲϮ�
�Ğ��ďƵƚ� ϭϯ� Ϭ͘ϬϰͲϬ͘ϱϰ� Ϭ͘ϭϳ� ϵϰ� ϭϲ� Ϭ͘ϬϭͲϬ͘Ϯϱ� Ϭ͘Ϭϴ� ϴϴ� Ϯϵ� Ϭ͘ϬϭͲϬ͘ϱϰ� Ϭ͘ϭϮ� ϭϬϮ�
�Ğ��WKD� ϭϯ� Ϭ͘ϬϱͲϬ͘ϮϮ� Ϭ͘ϭϭ� ϲϬ� ϭϲ� Ϭ͘ϬϭͲϬ͘ϭϯ� Ϭ͘Ϭϲ� ϲϴ� Ϯϵ� Ϭ͘ϬϭͲϬ͘ϮϮ� Ϭ͘Ϭϴ� ϳϬ�
�Ğ��ϭ� ϭ� Ϭ͘ϱϰͲϬ͘ϱϰ� Ϭ͘ϱϰ� E�� ϴ� Ϭ͘ϬϮͲϬ͘Ϭϰ� Ϭ͘ϬϮ� ϯϬ� ϵ� Ϭ͘ϬϮͲϬ͘ϱϰ� Ϭ͘Ϭϴ� Ϯϭϰ�
�Ğ��Ϯ� ϳ� Ϭ͘ϬϰͲϬ͘ϭϱ� Ϭ͘Ϭϲ� ϳϯ� ϭϰ� Ϭ͘ϬϯͲϬ͘ϭϭ� Ϭ͘Ϭϱ� ϰϬ� Ϯϭ� Ϭ͘ϬϯͲϬ͘ϭϱ� Ϭ͘Ϭϱ� ϱϲ�
�Ğ��ϯ� ϭϮ� Ϭ͘ϬϱͲϬ͘ϭϰ� Ϭ͘Ϭϳ� ϯϱ� ϭϱ� Ϭ͘ϬϱͲϬ͘ϭϭ� Ϭ͘Ϭϳ� Ϯϭ� Ϯϳ� Ϭ͘ϬϱͲϬ͘ϭϰ� Ϭ͘Ϭϳ� Ϯϴ�
�Ğ��ϰ� ϭϮ� Ϭ͘ϬϲͲϬ͘ϭϳ� Ϭ͘ϭϬ� ϯϱ� ϭϲ� Ϭ͘ϬϳͲϬ͘Ϯϱ� Ϭ͘ϭϬ� ϰϲ� Ϯϴ� Ϭ͘ϬϲͲϬ͘Ϯϱ� Ϭ͘ϭϬ� ϰϭ�
�Ğ��ϱ� ϭϯ� Ϭ͘ϬϵͲϬ͘Ϯ� Ϭ͘ϭϮ� Ϯϴ� ϭϲ� Ϭ͘ϬϴͲϬ͘Ϯϭ� Ϭ͘ϭϮ� Ϯϵ� Ϯϵ� Ϭ͘ϬϴͲϬ͘Ϯϭ� Ϭ͘ϭϮ� Ϯϴ�
�Ğ��ϳ� ϭϯ� Ϭ͘ϭϮͲϬ͘ϭϴ� Ϭ͘ϭϰ� ϭϯ� ϭϲ� Ϭ͘ϭϮͲϬ͘Ϯϵ� Ϭ͘ϭϱ� Ϯϳ� Ϯϵ� Ϭ͘ϭϮͲϬ͘Ϯϵ� Ϭ͘ϭϱ� Ϯϯ�
�Ğ��ϭϬ� ϭϯ� Ϭ͘ϭϱͲϬ͘ϱϳ� Ϭ͘Ϯϯ� ϰϴ� ϭϲ� Ϭ͘ϭϮͲϬ͘ϯϭ� Ϭ͘Ϯϭ� ϮϬ� Ϯϵ� Ϭ͘ϭϮͲϬ͘ϱϳ� Ϭ͘ϮϮ� ϯϲ�
,ďƵƚ� ϭϯ� ϭͲϱ� ϯ͘Ϯ� ϰϰ� ϭϲ� ϭ͘ϲͲϳ͘Ϯ� ϰ͘Ϯ� ϰϮ� Ϯϵ� ϭͲϳ͘Ϯ� ϯ͘ϳ� ϰϱ�
,���� ϭϯ� ϭ͘ϲͲϱ͘ϱ� ϯ͘ϳ� ϯϳ� ϭϲ� Ϯ͘ϬͲϳ͘ϴ� ϱ͘Ϭ� ϯϲ� Ϯϵ� ϭ͘ϲͲϳ͘ϴ� ϰ͘ϰ� ϯϵ�
Ě,ϭ� ϭ� ϭ͘ϲͲϭ͘ϲ� ϭ͘ϲϬ� E�� ϴ� ͲϬ͘ϳͲϮ͘Ϯ� Ϭ͘ϱϯ� ϭϲϱ� ϵ� ͲϬ͘ϳͲϮ͘Ϯ� Ϭ͘ϲϰ� ϭϯϳ�
Ě,Ϯ� ϳ� ͲϬ͘ϳͲϭ͘ϰ� Ϭ͘ϲϯ� ϭϭϲ� ϭϰ� Ͳϭ͘ϰͲϭ͘ϰ� ͲϬ͘ϭϵ� ͲϯϴϮ� Ϯϭ� Ͳϭ͘ϰͲϭ͘ϰ� Ϭ͘Ϭϵ� ϵϯϱ�
Ě,ϯ� ϭϮ� ͲϬ͘ϵͲϭ͘ϰ� Ϭ͘ϯϲ� ϭϴϳ� ϭϱ� Ͳϭ͘ϴͲϬ͘ϯ� ͲϬ͘ϳϭ� Ͳϵϭ� Ϯϳ� Ͳϭ͘ϴͲϭ͘ϰ� ͲϬ͘Ϯϯ� ͲϯϲϬ�
Ě,ϰ� ϭϮ� Ͳϭ͘ϭͲϭ͘ϯ� ͲϬ͘Ϭϰ� Ͳϭϰϱϲ� ϭϲ� ͲϮͲͲϬ͘ϭ� ͲϬ͘ϵϰ� Ͳϲϯ� Ϯϴ� ͲϮͲϭ͘ϯ� ͲϬ͘ϱϱ� Ͳϭϯϰ�
Ě,ϱ� ϭϯ� Ͳϭ͘ϮͲϭ͘ϰ� ͲϬ͘Ϭϴ� Ͳϵϲϭ� ϭϲ� ͲϮ͘ϭͲͲϬ͘ϰ� Ͳϭ͘ϭϳ� Ͳϰϱ� Ϯϵ� ͲϮ͘ϭͲϭ͘ϰ� ͲϬ͘ϲϴ� ͲϭϮϮ�
Ě,ϳ� ϭϯ� Ͳϭ͘ϰͲϬ͘ϲ� ͲϬ͘ϰϱ� ͲϭϮϮ� ϭϲ� ͲϮ͘ϱͲͲϬ͘ϳ� Ͳϭ͘ϰϴ� Ͳϰϭ� Ϯϵ� ͲϮ͘ϱͲϬ͘ϲ� Ͳϭ͘ϬϮ� Ͳϳϲ�
Ě,ϭϬ� ϭϯ� Ͳϭ͘ϴͲͲϬ͘Ϯ� ͲϬ͘ϴϯ� Ͳϲϯ� ϭϲ� ͲϮ͘ϴͲͲϭ� Ͳϭ͘ϵϬ� Ͳϯϯ� Ϯϵ� ͲϮ͘ϴͲͲϬ͘Ϯ� Ͳϭ͘ϰϮ� Ͳϱϱ�
�
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$QDO\VLV�RQ�WKH�EHVW�WUHH�VL]H�SUHGLFWRU�
)RUPDWWLQJ�WKH�ELRPDVV�GDWD�
7KH�DQDO\VLV�RI�WKH�VWDQGDUGL]HG�SUHGLFWRUV�LV�EDVHG�RQ�WKH�ELRPDVV�PHDVXUHPHQWV�

RI� ��� (QWDQGRSKUDJPD� F\OLQGULFXP� IURP� WKH� )D\ROOH� HW� DO�� ������� GDWDVHW�� 7KH�
HTXLYDOHQW�GLDPHWHU�WR�WKH�EDVDO�DUHD�DQG�WKH�SHULPHWHU�RI�WKH�FRQYH[�KXOO�DW�����P�
KLJK� �UHVSHFWLYHO\� 'DUHD���� DQG� 'FRQY+XOO����� ZHUH� QRW� PHDVXUHG� IRU� WKH� WUHHV� ZLWK�
EXWWUHVVHV�DW����P�KHLJKW��EXW�WKHVH�PHDVXUHPHQWV�ZHUH�DYDLODEOH�DW�WKH�VWXPS�KHLJKW�
�PHDQ�VWXPS�KHLJKW�����FP���7KH�FURVV�VHFWLRQV�RI�WKH�VWXPSV�ZHUH�SKRWRJUDSKHG�ZLWK�
D� SOH[LJODV� JULG� RI� �� FP� [� �� FP� JUDGXDWLRQV� DV� ZH� SHUIRUPHG� WR� YDOLGDWH� RXU�
SKRWRJUDPPHWULF�FURVV�VHFWLRQV�PHDVXUHPHQWV��GDWD�6����'DUHD����DQG�'FRQY+XOO����RI�WKH�
ELRPDVV� WUHHV� ZHUH� HVWLPDWHG� RQ� WKH� EDVLV� RI� WKH� VWXPS� PHDVXUHPHQWV� DQG� WKH�
PRGLILHG�WDSHU�PRGHO�RI�0HWFDOI�HW�DO���������HTXDWLRQ�6,��������
ܦ ൌ ሺܦͳ͵Ͳ െ ሻܤܣܦ ή �݁ିమሺିଵǤଷሻ  �ܤܣܦ � � � �(T��6,�����

ZLWK� 'L� WKH� HTXLYDOHQW� GLDPHWHU� �'DUHD� RU� 'FRQY+XOO�� �LQ� FP�� DW� KHLJKW� KL� RI� WKH�
EXWWUHVVHG�SDUW�RI�WKH�VWHP��LQ�P���'����WKH�HTXLYDOHQW�GLDPHWHU�DW�����P�KHLJKW�LQ�FP�
�'DUHD����RU�'FRQY+XOO����� �LQ�FP���'$%�� WKH�GLDPHWHU�DERYH�WKH�EXWWUHVVHV�DQG�E�� LV�D�
SDUDPHWHU���
7KH�PRGLILHG� WDSHU�PRGHO�RI�0HWFDOI� HW� DO�� �������GRHV�QRW� LQWHQG� WR�EH� D� WDSHU�

PRGHO�IRU�WKH�ZKROH�VWHP��EXW�D�PRGHO�WR�HVWLPDWH�'DUHD����DQG�'FRQY+XOO����RQ�WKH�EDVLV�
RI� WKH� VWXPS�PHDVXUHPHQWV� RI� WKH� ���(QWDQGRSKUDJPD� F\OLQGULFXP�ZLWK� ELRPDVV�
PHDVXUHPHQWV��)LJ��6�������
7KH�SDUDPHWHU�E��KDV�EHHQ�HVWLPDWHG�ZLWK�WKH����SKRWRJUDPPHWULFV�GDWD�IURP�&RQJR�

E\� ILWWLQJ�D�QRQOLQHDU�PL[HG�HIIHFWV�PRGHO�ZLWK� WKH�VSHFLHV�DV� IL[HG�HIIHFW�DQG� WKH�
LQGLYLGXDO�WUHHV�DV�UDQGRP�IDFWRU��SDFNDJH�QOPH�RI�5���:LWK�WKH�'DUHD�SKRWRJUDPPHWULF�
GDWDVHW�� ZH� IRXQG� D� VLJQLILFDQW� HIIHFW� RI� WKH� VSHFLHV� IRU� WKH� SDUDPHWHU� E�� �&��
PLOGEUDHGLL� KDV� DQ� LQWHUFHSW� ZLWK� S �� DQG� (�� F\OLQGULFXP� ZLWK� S � ������ DQG� D�
FRQVLGHUDEOH�LQWUDVSHFLILF�YDULDWLRQ��)LJ��6������7KH�VDPH�SURFHGXUH�ZDV�SHUIRUPHG�
ZLWK�WKH�'FRQY+XOO�GDWD���
�
$V�WKH�HVWLPDWLRQ�RI�WKH�SDUDPHWHU�E��IRU�'DUHD�GDWD�LV�VLJQLILFDQWO\�GLIIHUHQW�IRU�WKH�

WZR� VSHFLHV�� ZH� RQO\� DQDO\]HG� WKH� UHODWLRQVKLS� EHWZHHQ� E�� DQG� WKH� PHDVXUDEOH�
SDUDPHWHUV� '$%�� +'$%� DQG� 'FRQY+XOO���� IRU� (QWDQGRSKUDJDPD� F\OLQGULFXP�� 7KH�
YDULDWLRQ� RI� E�� ZDV� EHVW� H[SODLQHG� E\� D� PRGHO� PE�� WKDW� LQFOXGHV� WKH� HTXLYDOHQW�
GLDPHWHU�RI�WKH�FRQYH[�KXOO�DURXQG�WKH�EXWWUHVVHV�DW�����KHLJKW��'FRQY+XOOH�����DQG�WKH�
KHLJKW�ZKHUH�'$%�LV�PHDVXUHG��+'$%���$V�WKH�FRQYH[�KXOO�DURXQG�WKH�EXWWUHVVHV�DW�
���� KHLJKW� ZDV� QRW� PHDVXUHG� EXW� HVWLPDWHG� IRU� WKH� UHIHUHQFH� ELRPDVV� WUHHV�� ZH�
SUHIHUUHG�WR�XVH�WKH�PRGHO�PE��ZLWK�RQO\�RQH�YDULDEOH�ZKLFK�ZDV�PHDVXUHG��+'$%��
PE�� LV� WKH� VHFRQG�PRGHO�ZLWK� WKH� ORZHVW�$,&�DQG�DOO� WKH� FRHIILFLHQW� VLJQLILFDQWO\�
GLIIHUHQW�WR�]HUR��7KH�VDPH�SURFHGXUH�ZDV�SHUIRUPHG�ZLWK�WKH�'FRQY+XOO�GDWD��
�



�

�

�
)LJ�6�����7DSHU�GDWD�IURP�WKH��'�PRGHOV�IRU�WKH����&��PLOGEUDHGLL�DQG����(��F\OLQGULFXP�WUHHV��7KH�

PRGLILHG�WDSHU�PRGHO�RI�0HWFDOI�HW�DO���������ZDV�ILWWHG�ZLWK�'DUHD�RI�WKH�EXWWUHVVHG�SDUW�RI�WKH�VWHP��GDUN�
SLQN�GDVKHG�OLQHV��DQG�WKH�WDSHU�PRGHO�RI�0HWFDOI�HW�DO���������ZDV�ILWWHG�ZLWK�D�VXEVHW�RI�'DUHD�GDWD�DERYH�
EXWWUHVVHV��EHWZHHQ�+'$%�DQG���P��RUDQJH�GDVKHG�OLQHV��IROORZLQJ�WKH�ILHOG�SURWRFRO�RI�&XVKPDQ�HW�DO��
�������IRU�WKH�WUHHV�KLJKOLJKWHG�LQ�)LJ�����%ODFN�GRWV�FRUUHVSRQG�WR�WKH�SRVLWLRQ�RI�WKH�GLDPHWHU�DERYH�
EXWWUHVVHV��'$%��DV�ZHOO�DV�WKH�LQWHUVHFWLRQ�EHWZHHQ�WKH�VROLG�DQG�GRWWHG�OLQHV��

�
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�
)LJ��6�����6FDWWHUSORW�EHWZHHQ�WKH�WDSHU�SDUDPHWHU�E��IRU�'DUHD�HVWLPDWHV�DQG��D��WKH�HTXLYDOHQW�GLDPHWHU�

RI�WKH�EDVDO�DUHD�DW�����P�KHLJKW��'DUHD������E��WKH�HTXLYDOHQW�GLDPHWHU�RI�WKH�FRQYH[�KXOO�DURXQG�WKH�
EXWWUHVVHV�DW�����P�KHLJKW��'FRQY+XOO������F��WKH�GLDPHWHU�DERYH�WKH�EXWWUHVVHV��'$%��DQG��G��WKH�KHLJKW�
RI�PHDVXUHPHQW�RI�WKH�'$%��+'$%��7KH�KRUL]RQWDO�EOXH�GDVKHG�OLQH��DW�\ ��������LV�WKH�PHDQ�YDOXH�RI�
E�� IRU� &HOWLV� PLOGEUDHGLL� DQG� WKH� PDJHQWD� GDVKHG� OLQH�� DW� \ � ������� LV� WKH� PHDQ� YDOXH� RI� E�� IRU�
(QWDQGRSKUDJDPD�F\OLQGULFXP��

�
�
7DEOH�6�����$,&�YDOXHV�IRU�DOWHUQDWLYH�PRGHOV�IRU�DPRQJ�WUHH�YDULDWLRQ�LQ�WDSHU�SDUDPHWHU�RI�DOO�WKH�

���(��&\OLQGULFXP�ZLWK�SKRWRJUDPPHWULF�PHDVXUHPHQWV���7KH�FROXPQ�³DOO�SDUDP��3�������´�VSHFLILHV�LI�
DOO�WKH�FRHIILFLHQWV�RI�WKH�SDUDPHWHUV�RI�WKH�PRGHOV�ZHUH�VWDWLVWLFDOO\�VLJQLILFDQW��

�

DŽĚĞůƐ�
sĂƌŝĂďůĞƐ�

�/�� ĚĨ�
�ůů�

ƉĂƌĂŵ͘�
WфϬ͘Ϭϱ�^ƉĞĐŝĞƐ� ���� ,���� �ĐŽŶǀ,ƵůůϭϯϬ�

ŵďϭ� � ǆ� ǆ� ǆ� ϳ͘ϴϬ� ϱ� ��
ŵďϮ� � ǆ� ǆ� � ϭϭ͘Ϯϴ� ϰ� ��
ŵďϯ� � � ǆ� ǆ� ϳ͘ϭϭ� ϰ� ǆ�
ŵďϰ� � ǆ� � ǆ� ϵ͘ϲϯ� ϰ� ��
ŵďϱ� � � ǆ� � ϭϬ͘ϲϭ� ϯ� ǆ�
ŵďϲ� � ǆ� � � Ϯϯ͘ϳϰ� ϯ� ǆ�
ŵďϳ� � � � ǆ� ϭϬ͘ϴϲ� ϯ� ǆ�
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5HODWLRQVKLSV�EHWZHHQ�'DUHD����DQG�HDV\�WR�PHDVXUH�ILHOG�YDULDEOHV�
7DEOH�6�����%,&�YDOXHV�IRU�WKH�EHVW�PRGHOV�ILQG�ZLWK�WKH�OHDSV�SDFNDJH�RI�5����

�
� �

DŽĚĞů�
Eƌ�ŽĨ�

ǀĂƌŝĂďůĞƐ� �ĐŽŶǀ,ƵůůϭϯϬ� ���� ,����
�ĐŽŶǀ,ƵůůϭϯϬ͗�

����
�ĐŽŶǀ,ƵůůϭϯϬ͗�
,���� ���͗,����

�ĐŽŶǀ,ƵůůϭϯϬ͗�
���͗,���� �/�� ZϸĂĚũ�

ŵĚϭ� ϯ� ����������� y� ���� �������������������� y� y� ������������������������������������
ŵĚϮ� ϰ� ����������� y� y� �������������������� y� y� ������������������������Ͳϳϲ͘Ϭ� Ϭ͘ϵϴϳ�
ŵĚϯ� ϰ� ����������� y� ���� �������������������� y� y� y� Ͳϳϱ͘ϯ� Ϭ͘ϵϴϳ�
ŵĚϰ� ϰ� ����������� y� ���� y� y� y� ������������������������Ͳϳϱ͘Ϯ� Ϭ͘ϵϴϳ�
ŵĚϱ� Ϯ� y� y� �� �� �� �� ������������������������������������
ŵĚϲ� ϱ� ����������� y� y� �������������������� y� y� y� Ͳϳϯ͘ϳ� Ϭ͘ϵϴϳ�
ŵĚϳ� ϱ� ����������� y� y� y� y� y� ������������������������Ͳϳϯ͘ϯ� Ϭ͘ϵϴϳ�
ŵĚϴ� ϱ� y� y� y� �������������������� y� y� ������������������������ͲϳϮ͘ϱ� Ϭ͘ϵϴϳ�
ŵĚϵ� ϯ� y� y� ���� �������������������� ���������������� y� ������������������������Ͳϳϭ͘ϱ� Ϭ͘ϵϴϰ�
ŵĚϭϬ� ϲ� y� y� y� y� y� y� ������������������������Ͳϳϭ͘Ϯ� Ϭ͘ϵϴϳ�
ŵĚϭϭ� ϯ� y� y� ���� �������������������� ���������������� ������������ y� Ͳϳϭ͘ϭ� Ϭ͘ϵϴϰ�
ŵĚϭϮ� ϲ� y� y� y� �������������������� y� y� y� ͲϳϬ͘ϳ� Ϭ͘ϵϴϳ�
ŵĚϭϯ� ϲ� ����������� y� y� y� y� y� y� ͲϳϬ͘Ϯ� Ϭ͘ϵϴϳ�
ŵĚϭϰ� ϳ� y� y� y� y� y� y� y� Ͳϲϳ͘ϳ� Ϭ͘ϵϴϳ�
ŵĚϭϱ� Ϯ� �� y� �� �� y� �� ������������������������Ͳϲϭ͘ϵ� Ϭ͘ϵϳϳ�
ŵĚϭϲ� Ϯ� �� y� �� y� �� �� ������������������������Ͳϱϵ͘ϭ� Ϭ͘ϵϳϱ�
ŵĚϭϳ� ϭ� �� y� �� �� �� �� ������������������������Ͳϱϭ͘ϯ� Ϭ͘ϵϲϲ�
ŵĚϭϴ� ϭ� �� �� �� y� �� �� ������������������������Ͳϯϭ͘ϱ� Ϭ͘ϵϯϴ�
ŵĚϭϵ� ϭ� y� �� �� �� �� �� ������������������������ͲϬ͘Ϯ� Ϭ͘ϴϰϭ�

�
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$SSHQGL[� �� �� 6XSSOHPHQWDU\� LQIRUPDWLRQ� RI� WKH�
VFLHQWLILF� SDSHU� RI� FKDSWHU� ��� )RUHVW� ,QYHQWRU\� ZLWK�
7HUUHVWULDO�/L'$5��$�&RPSDULVRQ�RI�6WDWLF�DQG�D�+DQG�
+HOG�0RELOH�/DVHU�6FDQQLQJ�

����ȱŗǱȱ�������ȱ��ȱ��������ȱ
���ȱ�����ȱ ����ȱŘǱȱ����Ȭ����ȱ��ȱ�����ȱ

����ȱřǱȱ������Ȭ����ȱ��ȱ�����ȱ ����ȱŚǱȱ����Ȭ����ȱ��ȱ�������ȱ

����ȱśǱȱ����Ȭ����ȱ��ȱ������ȱ
����ȱŜǱȱ����Ȭ����ȱ��ȱ���ȱ���ȱ

����ȱ
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����ȱŝǱȱ������Ȭ����ȱ�ȱ�����ȱ ����ȱŞǱȱ����Ȭ����ȱ��ȱ������ȱ

����ȱşǱȱ����Ȭ����ȱ��ȱ������ȱ ����ȱŗŖǱȱ������Ȭ����ȱ��ȱ�����ȱ

��ȱ������ȱ

������ȱ��ǯȱ������ȱ��ȱ���ȱŗŖȱ�������ȱ�����ȱ�������ǯȱ
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���ȱ��
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�����ȱ����ȱ���ȱ��
ȱ����������ȱǻ�ȱƽȱ��������Ǽǯȱ���ȱ����ȱ������ȱ�¢���ȱ���ȱ�����������ȱǻ�Ǽǰȱ����������ȱǻ�Ǽȱ���ȱ��¡��ȱǻ�Ǽǯȱ���ȱ
�����ȱ��ȱ���ȱ�����ȱ��ȱ��ȱ�������ȱ��ȱ���ȱ������ȱ��£�ȱǻ�Ǳȱ���������ǰȱ�Ǳȱ������ȱ���ȱ�Ǳȱ������Ǽǯȱ�
�ȱ��ȱ���ȱ������ȱ��ȱ�����ȱ���ȱ�������ǯȱ
����ȱ ��ȱ ���ȱ ��������ȱ������ȱ ǻ��Ǳȱ���������ǰȱ��Ǳȱ ������ȱ ����ǰȱ���Ǳȱ��������ȱ������ȱ �����ȱ ��������ȱ���ȱ
���Ǳȱ����Ȭ����ȱ
������ȱ �����ȱ ��������Ǽǯȱ ����ǯȱ ��ȱ ���ȱ ����ȱ ��ȱ �����ȱ ��������ȱ ������ȱ ���������ȱ ���ȱ����ǯȱ Ƹȱ������ȱ ��ȱ ���ȱ ����������ȱ ��ȱ �����ȱ
������������¢ȱ��������ǯȱ
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����¢ȱ ����ȱ
ǻ�Ǽȱ

����ȱ
ǻ�Ǽȱ

������ȱ
�¢��ȱ �������ȱ ��£�ȱǻ��Ǽȱ �
�ȱ ����ȱ

���������ȱ ��
ȱ

�������ȱ ����ǯȱ
����Ƹȱ
������ȱ �������ȱ ����ȱǻ��Ǽȱ

����ȱȱ
ǻ��Ǽȱ

�������ȱ��ȱ��ǯǰȱ
ŘŖŖřȱ

ŗȱ ŘŞȱ �ȱ Ȧȱ ǅŖǯŗŘȱǻ�ǯǼȱ ǅŘřřȱ Śȱ��ȱ ������ȱƸȱŘ�Ȭ�����
����ȱ
���������ȱƸȱ�������ȱ������ȱ

Ȧȱ şřȱ ŗǯřȱ�ȱ������ȱ
�������ȱ

ŗǯŝȱ Ȧȱ

�����ȱ���ȱ
��������ǰȱŘŖŖŚȱ

ŗȱ śŖȱȱ
ǻŗŗȱ�Ǽȱ

�ȱǻ���Ǽȱ �����ȱǻŚŗƖǼȱ ǅŖǯŖşȱǻ�Ǽȱ śśśǯŜȱ
��ȱ

�������ȱ��ȱ��ǯȱǽŜǾȱ������ȱ
Ȧȱ ŘŘȱ

������ȱ�������ȱ
ƺŖǯŝśȱ řǯŚŞȱ

śȱ��ȱ Ȧȱ śŘȱ ŖǯřŘȱ řǯŘŘȱ


��������ȱ��ȱ��ǯǰȱ
ŘŖŖŚȱ Řȱ ŗřŞȱ �ȱǭȱ�ȱ Ȧȱ ŖǯŗŘȱǻ�Ǽȱ ŚŜśȮŜŜŗȱ śȱ��ȱ

Ř�Ȭ�����ȱ��� ����ȱŗȱ���ȱŝȱ�ȱ
Ƹȱ������ȱ���������ȱ şŝǯŗȱ Ȧȱ

������ȱ
�¡��������ȱ���ȱ
�¢������ȱ�������ȱ
ǻŗǯŘśȱǭȱŗǯŝśȱ�Ǽȱ

Ȧȱ Ȧȱ

�������ȱ��ȱ��ǯǰȱŘŖŖŜȱ Ȧȱ Ŝśȱ Ȧȱ Ȧȱ ȱ Ȧȱ Řȱ��ȱ ��ȱ�������ȱ��ȱŗǯřȱ�ȱƸȱ�������ȱ
������ȱ şŝȮŗŖŖȱ Ȧȱ ŗǯřȱ�ȱ������ȱ

�������ȱ Ŗǯşȱ ŗǯśȱ

�������ȱ��ȱ��ǯǰȱ
ŘŖŖŝȱ

Řŗȱ śŚŝȱ �ȱǭȱ�ȱ ȱ ŖǯŖŝȱǻ�ǯǼȱ Ȧȱ ��ȱ �������ȱ��ȱǽŚŞǾȱƸȱ�����ȱ
������¢ȱ������ȱ����¢���ȱ

Ȧȱ şŝǯŚȱ Ȧȱ Ȧȱ Ȧȱ

����ȱ��ȱ��ǯǰȱŘŖŖŞȱ
Śȱ

ŞŘȱ �ȱǻŗȱ�Ǽȱ
����¢Ȧȱ
����ȱ ŖǯŖŝȱǻ�ǯǼȱ ŘŗŘȮŚŗŖȱ

��ȱ
�������ȱ��ȱǽŗŚǾȱ Ȧȱ

şŝǯśȱ �������ȱ��ȱǽŚŞǾȱ ƺŖǯŜŝȮŗǯśŞȱ ŗǯŞȮřǯŘśȱ

ŗȱ �����ȱ řȱ��ȱ ȱ ȱ Ȧȱ ŗǯśȱ
�����¢ǰȱŘŖŖŞȱ şȱ ŘŘŖȱ �ȱǻ��Ǽȱ ����ȱ ŖǯŖŚȱǻ�ǯǼȱ Ȧȱ Řȱ��ȱ �������ȱ��ȱǽŗŚǾȱ şřȱ şřȱ �������ȱ��ȱǽŚŞǾȱ ƺŖǯŜȱ ȱ

��������ȱ��ȱ��ǯǰȱ
ŘŖŖŞȱ

ŗȱ ŗŖŘȱ �ȱǻ��Ǽȱ Ȧȱ Ŗǯŝşȱǻ�ǯǼȱ ŗřŖȱ ��ȱ �����ȱ��ȱ���ȱ�����ȱ���ȱ
��������¢ȱ������ȱ������ȱ

Ȧȱ ŚŖǯŘȱ Ȧȱ Ȧȱ Ȧȱ

�����¢ȱ���ȱ����¢ǰȱ
ŘŖŖşȱ

ŗȱ Řŗřȱ �ȱ Ȧȱ ŖǯŘŞȱǻ�ǯǼȱ ŝśřȱ ��ȱ Ř�Ȭ�����ȱ����������ȱƸȱ������ȱ
������ȱ�������ȱ

Şŗȱ ŝŘǯřȱ ������ȱ������ȱ
�������ȱ ƺŖǯŞȱ ŚǯŘȱ

Şŗȱ ŝŘǯřȱ
����¢ȱ������ȱ

�������ȱ ƺŗǯŜȱ řǯŚȱ

Şŗȱ ŜŘǯşȱ �¢������ȱ�������ȱ Ŗǯśȱ ŝȱ

�����¢ȱ��ȱ��ǯǰȱ
ŘŖŖşȱ ŗȱ Şȱ�ȱ �ȱ ����ȱ ŖǯŖśȱǻ�ǯǼȱ ŗŗřŗȱ Śȱ��ȱ

��ȱ�������ȱ��ȱŗǯřȱ�ȱƸȱ
����ȱ
���������ȱ���������ȱ

Ȧȱ Ȧȱ

����ȱ

���������ȱ ƺŗǯŜȱ Řǯřȱ

Ȧȱ Ȧȱ
�¢������ȱ�����ȱ
������ȱ�������ȱ ƺřǯŚȱ řǯŜȱ

Ȧȱ Ȧȱ ������ȱ�����ȱ
������ȱ�������ȱ

ƺŗǯŝȱ ŗǯşȱ

�����¢ȱ��ȱ��ǯǰȱ
ŘŖŗŖȱ

ŗŞȱ şśŞȱ
ǻǅřŚŖȱ
�Ǽȱ

�ȱǻ��Ǽȱ ����ȱ Ŗǯŗȱǻ�ǯǼȱ ŘŖŝȮśŝŖȱ
��ȱ

�������ȱ��ȱŗŚȱ
ŜŞȱ śşȱ

ŗǯřȱ�ȱ������ȱ
�������ȱ��ȱ

��������ȱ�������ȱ
ƺŖǯřȮƺŗǯşȱ Ȧȱśȱ��ȱ ŗŖŖȱ şşȱ ȱ

ŗśȱ �ȱǻ��Ǽȱ ����ȱ ŖǯŖřȮŖǯŗřȱǻ�ǯǼȱ ŗśřȮřŘŜȱ
��ȱ

�������ȱ��ȱŗŚȱ
ŞŜȱ ŞŘȱ ȱ

Řȱ��ȱ şşȱ şŞȱ ȱ
�����������ǰȱ Řȱ ŘŜŗȱ �ȱ�ȱǻŗȱ��Ǽȱ Ȧȱ ŖǯŚşȱǻ�Ǽȱ ŘśśȮŘřŚŖȱ śȱ��ȱ �������ȱ��ȱ
��������ȱ ŞŖȱǻŗŖŖȱ Ȧȱ �¢������ȱ�������ȱ ŖǯřȮŖǯŚȱ Ȧȱ
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ŞŖƖȱȱ
ǀśȱ��ȱ

Ȧȱ

������ȱ��ȱ��ǯǰȱŘŖŗŗȱ Řȱ ŗśŝȱ �ȱ ����ȱ Ŗǯŗřȱǭȱȱ
Ŗǯŝşȱǻ�ǯǼȱ ŗŘŚȦŚŝŝȱ ��ȱ ��������¢ȱ����������ȱƸȱ

��¡����ȱ��������¢ȱ�����ȱ Ȧȱ śŚȦŜŞȱ ȱ Ȧȱ Ȧȱ

�����ȱ��ȱ��ǯǰȱŘŖŗŘȱ şȱ Ȧȱ ȱ ȱ ŖǯŖřȱǻ�ǯǼȱ śŖşȮŗŚřŘȱ ��ȱ
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��������ȱǻ����������ǼȱƸȱ
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Ȧȱ ŝřȱ ȱ Ȧȱ Ȧȱ

�����ȱ��ȱ��ǯǰȱŘŖŗřȱ śȱ ŗŘŞȱ �ȱ��ȱ�ȱ Ȧȱ ŖǯŖřȱǻ�ǯǼȱ ŜŖśȮŗŘŗŖȱ
��ȱ �������ȱ��ȱǽśřǾȱ Ȧȱ ŝřǯŚȱ �¢������ȱ�������ȱ Ŗǯřśȱ ŖǯŝŚȮ

ŘǯŚŗȱ

Śȱ���ȱ �������ȱ��ȱǽśřǾȱƸȱ�� ȱ
������������ȱ������ȱ

Ȧȱ şśǯřȱ �¢������ȱ�������ȱ ŖǯŚŝȱ ŖǯşȮŗǯşȱ

��������ȱ��ȱ��ǯǰȱ
ŘŖŗřȱ

Řȱ ŗŚşȱ �ȱǭ�ȱ ������ȱ�����ȱȱ
ǻŜȱǭȱŗŗƖǼȱ

ǅŖǯśȱǻ�Ǽȱ śŝşȮŗŖřŘȱ
��ȱ �������ȱ��ȱ�������ȱ���ȱ

����ǰȱŘŖŖśȱǻ�����������ȱ
����������ȱ��ȱ�����ȱ�����Ǽȱ

Ȧȱ ŞŚȮŞśȱ ������ȱ�������ȱ
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ƺŖǯŖŝȮŖǯśŗȱ ŗǯřşȮ
ŘǯŚřȱ

Ŝȱ��ȱ Ȧȱ Ȧȱ ŖȮƺŖǯřŘȱ ŖǯŜŚȮ
ŗǯŗśȱ

�������ȱ��ȱ��ǯǰȱ
ŘŖŗřȱ Şȱ Ȧȱ Ȧȱ Ȧȱ ŖǯŖřȮŖǯŖŝȱǻ�Ǽȱ Ȧȱ

��ȱ
������ȱ

ŞŞȱ Ȧȱ Ȧȱ Ȧȱ Ȧȱ
Śȱ��ȱ şŚȱ Ȧȱ Ȧȱ Ȧȱ Ȧȱ

���������ȱ��ȱ��ǯǰȱ
ŘŖŗŚȱ ŗŞȱ şşśȱ �ȱ�ȱ Ȧȱ ŖǯŖŝȱǻ�ǯǼȱ ŚśŘȮŗŗŜŖȱ ǁřȱ��ȱ
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ȱ Ȧȱ Ȧȱ Ȧȱ Ȧȱ

��������ȱ��ȱ��ǯǰȱ
ŘŖŗŚȱ

ŝȱ ŘŜŞȱ
�ȱ

�����ȱȱ
ǻŗśƖȮŘśƖǼȱ ŖǯŖŝȱǻ�ǯǼȱ

śřŞȮŝŖŝȱ řȱ��ȱ
�������ȱ��ȱǽŗŚǾȱ

Ȧȱ ŞŖǯŝȱ
Ȧȱ

Ȧȱ Ȧȱ
şȱ řŞŞȱ ŚŜŞȮŜřŝȱ řȱ��ȱ Ȧȱ ŞŜǯŘȱ Ȧȱ Ȧȱ

�����ȱ��ȱ��ǯǰȱŘŖŗŚȱ ŗȱ ŚŜȱ �ȱ �����ȱǻŗśƖǼȱ ŖǯŘȱǻ�ǯǼȱ ŘśŖȱ ���ȱ �������ȱ��ȱǽśŚǾȱ���ȱ���ȱ şŜȱ ŞŘǯŜȱ �¢������ȱ�������ȱ ŗǯŗȱ śǯŖŜȱ
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