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� 1DWXUDO�PRUWDOLW\�RI �WUHHV�LV�H[WUHPHO\�YDULDEOH�GXH�WR�WKH�XQFHUWDLQW\�DQG�FRPSOH[LW\�RI �WKH�IXQFWLRQLQJ�RI �IRUHVW�
HFRV\VWHPV��7R�RYHUFRPH�WKLV�XQFHUWDLQW\��D�WZR�VWHS�PRUWDOLW\�PRGHO�ZDV�DSSOLHG�IRU�XQWKLQHG�VWDQGV�RI �$FDFLD�
PDQJLXP�VSHFLHV��7KH�PRGHO�ZDV�GHYHORSHG�XVLQJ�GDWD�IURP�O���SHUPDQHQW�VDPSOH�SORWV�PHDVXUHG�SHULRGLFDOO\�DW���\U�
WLPH�LQWHUYDOV�IURP�����\UV�XQWLO������\UV�DIWHU�SODQWLQJ�LQ�6RXWK�6XPDWUD��,QGRQHVLD��7KH�PRGHO�FRQVLVWV�RI �WZR�
FRPSOHPHQWDU\�HTXDWLRQV��7KH�ILUVW�HTXDWLRQ�LV�D�ORJLVWLF�IXQFWLRQ�SUHGLFWLQJ�WKH�SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH�
GHSHQGLQJ�RQ�VWDQG�GHQVLW\��VLWH�LQGH[�DQG�VWDQG�DJH��7KH�VHFRQG�HTXDWLRQ�HVWLPDWHV�WKH�UHGXFWLRQ�LQ�WKH�QXPEHU�RI �
VXUYLYLQJ�VWHPV�REVHUYHG� LQ�D�VWDQG�ZKHUH�QDWXUDO�PRUWDOLW\�RFFXUV��1LQH�HTXDWLRQV�ZHUH�ILWWHG�XVLQJ�GDWD�IURP�
SHUPDQHQW�VDPSOH�SORWV�ZKHUH�WUHHV�GLHG�RYHU�WKH�WLPH�SHULRG�DQG�WKH�EHVW�PRGHO�ZDV�VHOHFWHG��(VWLPDWHV�IURP�WKLV�
VHFRQG�PRGHO�DUH�WKHQ�DGMXVWHG�E\�D�IDFWRU�HTXDO�WR�WKH�SUREDELOLW\�RI �PRUWDOLW\�DSSO\LQJ�WKUHH�GLIIHUHQW�DSSURDFKHV��
SUREDELOLVWLF�WZR�VWHS��GHWHUPLQLVWLF�WKUHVKROG�DQG�VWRFKDVWLF��$OO�PHWKRGV�UHYHDO�QR�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�
REVHUYHG� DQG� WKH� SUHGLFWHG� QXPEHU� RI � VXUYLYLQJ� VWHPV� SHU� KD��7KH� SUREDELOLVWLF� WZR�VWHS� DSSURDFK�� KRZHYHU��
SURGXFHV�PRUH�FRQVLVWHQW�DQG�WKH�PRVW�DFFXUDWH�HVWLPDWHV��7KLV�PHWKRG�VKRXOG�SURYLGH�UHOLDEOH�SUHGLFWLRQ�ZKHQ�LW�LV�
WR�EH�XVHG�LQ�IRUHVW�SURGXFWLYLW\�SUHGLFWLRQ�DQG�PDQDJHPHQW�V\VWHP�IRU�WKH�VSHFLHV��

� .H\ZRUGV��ORJLVWLF�IXQFWLRQ��PDQJLXP��PRUWDOLW\�PRGHO��VWDQG�GHQVLW\��VXUYLYDO�
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0RUWDOLW\�RI �WUHHV�LV�D�QDWXUDO�SURFHVV�WKDW�SOD\V�
LPSRUWDQW� UROHV� LQ� IRUHVW� HFRV\VWHPV� DQG� KDV� D�
VWURQJ� LPSDFW� RQ� VWDQG� SURGXFWLRQ�� 7KLV�
LQIRUPDWLRQ�QHHGV�WR�EH�DFFXUDWHO\�HVWLPDWHG�DV�
IRUHVW� SURGXFWLYLW\�PD\�EH� VHQVLWLYH� WR� SHULRGLF�
ORVW�GXH�WR�PRUWDOLW\��HVSHFLDOO\�RYHU�ORQJHU�SHULRG�
RI �WLPH�ZLWK�FKDQJLQJ�FOLPDWH��=KDQJ� ��������HW�DO
0D� ���������+RZHYHU��QDWXUDO�PRUWDOLW\�RI �WUHHV�HW�DO
LV�H[WUHPHO\�YDULDEOH�DQG�GLIILFXOW�WR�SUHGLFW�GXH�WR�
WKH�XQFHUWDLQW\�DQG�FRPSOH[LW\�RI �WKH�IXQFWLRQLQJ�
RI �IRUHVW�HFRV\VWHPV��0RQVHUXG�DQG�6WHUED�������
)ULGPDQ�	�6WnKO�������0D� �� �������1DWXUDO�HW� DO
PRUWDOLW\�RI �WUHHV�FDQ�EH�GLVWLQJXLVKHG�LQWR�WZR�
W\SHV�� UHJXODU� �QRQ�FDWDVWURSKLF�� DQG� LUUHJXODU�
�FDWDVWURSKLF��PRUWDOLW\��5HJXODU�PRUWDOLWLHV�� FDQ�
EH� GHILQHG� DV� EHLQJ� GXH� WR� VXSSUHVVLRQ� DQG�
FRPSHWLWLRQ�EHWZHHQ�WUHHV�IRU�OLJKW��ZDWHU�DQG�VRLO�
QXWULHQWV�ZLWKLQ�D�VWDQG��ZKLOH�LUUHJXODU�PRUWDOLW\�

LV�FDXVHG�E\�UDQGRP�GLVWXUEDQFHV�RU�KD]DUGV�VXFK�
DV�ILUH��ZLQG��ODQGVOLGH��SHVW�DQG�GLVHDVH�RXWEUHDNV�
�9DQFOD\�������
*HQHUDOO\��RQO\�UHJXODU�PRUWDOLW\�LV�FRQVLGHUHG�

ZKHQ�PRGHOOLQJ�VXUYLYDO�RU�VWDQG�GHQVLW\�DQG�GDWD�
IURP� VDPSOH� SORWV� VKRZLQJ� H[FHVVLYH�PRUWDOLW\�
FDXVHG�E\�FDWDVWURSKLF�HYHQWV�DUH�XVXDOO\�H[FOXGHG�
IURP�DQDO\VHV��$PDWHLV� �������:RROORQV�������HW�DO�
'LpJXH]�$UDQGD� ���������5HJXODU�PRUWDOLW\�LV�HW�DO
PRUH�SUHGLFWDEOH�WKDQ�LUUHJXODU�PRUWDOLW\��0XUW\�
	�0F0XUWULH��������SDUWLFXODUO\�DW�WUHH�DQG�VWDQG�
OHYHOV�� EXW� QRW� QHFHVVDULO\� DW� D� ODQGVFDSH� OHYHO�
�$OHQLXV� ��������HW�DO
,Q�DQ�DWWHPSW�WR�VLPSOLI\�DQ�DSSURDFK�WR�VXFK�D�

FRPSOH[� SKHQRPHQRQ�� PRUWDOLW\� KDV� EHHQ�
FRPPRQO\� PRGHOOHG� ZLWKLQ� LQGLYLGXDO� WUHH� RU�
VWDQG�OHYHO��HLWKHU�DV�UHJXODU�RU�LUUHJXODU�PRUWDOLW\��
0RGHOV�IRU�SUHGLFWLQJ�PRUWDOLW\�RU�VXUYLYDO�KDYH�
EHHQ� GHYHORSHG�� SDUWLFXODUO\� IRU� VRPH� VSHFLHV�
JURZLQJ�LQ�WHPSHUDWH�IRUHVWV��VXFK�DV�3LQXV�WDHGD�
�$YLOD�	�%XUNKDUW�������$PDWHLV�HW�DO��������/HH�	�
&REOH��������3LQXV�HOOLRWWLL��3LHQDDU�	�6KLYHU��������&RUUHVSRQGLQJ�DXWKRU��K�NULVQDZDWL#\DKRR�FR�LG
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%DLOH\�HW�DO��������3LHQDDU�HW�DO���������3LQXV�UDGLDWD�
�:RROORQV� ������ *RQ]iOH]� HW� DO�� ������� 3LQXV�
V\OYHVWULV� �'LpJXH]�$UDQGD� HW� DO�� ������� DQG� 3LFHD�
JODXFD��(YHUW�������<DQJ�HW�DO���������,Q�FRQWUDVW��D�
YHU\� IHZ�PRUWDOLW\�PRGHOV�KDYH�EHHQ�SXEOLVKHG�
IRU�WURSLFDO�SODQWDWLRQ�VSHFLHV��)RUVV�HW�DO��������
,Q� ,QGRQHVLD�� QDWXUDO�PRUWDOLW\� RI � WUHHV� LQ� D�

VWDQG�KDV�XVXDOO\�EHHQ�SUHGLFWHG�VLPSO\�DV�D�PHDQ�
DQQXDO� PRUWDOLW\� UDWH�� $FFXUDWH� SUHGLFWLRQ� RI �
QDWXUDO�PRUWDOLW\�DW�WKH�VWDQG�OHYHO� LV� LPSRUWDQW��
SDUWLFXODUO\� IRU� WURSLFDO� VSHFLHV� VXFK� DV� $FDFLD�
PDQJLXP�ZKLFK�KDV�EHHQ�SODQWHG�ODUJHO\�WR�PHHW�
WKH�GHPDQG�IRU�ZRRG�LQGXVWULHV��7KLV�SUHGLFWLRQ�
VKRXOG�EH�LQFOXGHG�LQ�WKH�PDQDJHPHQW�V\VWHP�WR�
PDLQWDLQ�WKH�IRUHVW�SURGXFWLYLW\�DQG�PLWLJDWH�WKH�
ULVN�RI �SRWHQWLDO�ORVV�GXH�WR�PRUWDOLW\�� HW�DO)RUVV� ��
�������GHYHORSHG�D�PRGHO�IRU�SUHGLFWLQJ�VXUYLYDO�
RI � VSHFLHV�LQ�6RXWK�.DOLPDQWDQ��EXW�LW�$��PDQJLXP�
ZDV�EDVHG�RQ�GDWD�IURP�RQO\�D�VPDOO�QXPEHU�RI �
VHPL�SHUPDQHQW�VDPSOH�SORWV�DQG�FRYHUHG�\RXQJ�
DJHV� RQO\�� 7R� SURYLGH� UHOLDEOH� LQIRUPDWLRQ� IRU�
HVWLPDWLQJ� IRUHVW� SURGXFWLYLW\�� D� PRUH� DFFXUDWH�
PRUWDOLW\�PRGHO�IRU�YDULRXV�VWDQG�FRQGLWLRQV�DQG�
FRYHUV� WKH� ORQJHU� WLPH� SHULRG� QHHGV� WR� EH�
GHYHORSHG�
7KLV� VWXG\� DLPHG� WR� GHYHORS� D� VWDQG� OHYHO�

PRUWDOLW\�PRGHO� IRU� �� RQH�RI � WKH�$FDFLD�PDQJLXP
PRVW� FRPPRQO\� WURSLFDO� VSHFLHV� SODQWHG� LQ�
,QGRQHVLD� �)$2� ������ .ULVQDZDWL� � ������HW� DO
.ULVQDZDWL� �������E\� UHODWLQJ�PRUWDOLW\� WR� VWDQG�
YDULDEOHV�WKDW�DIIHFW�WKH�QDWXUDO�PRUWDOLW\�SURFHVV��
'LIIHUHQW�FDXVHV�RI �PRUWDOLW\�DUH�QRW�VHSDUDWHG�VR�
WKH� PRGHO� FRPELQHV� UHJXODU� PRUWDOLW\� GXH� WR�
VXSSUHVVLRQ�RU�QRUPDO�FRPSHWLWLRQ�DQG�LUUHJXODU�
PRUWDOLW\�IURP�UDQGRP�GLVWXUEDQFHV�
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'DWD�'HVFULSWLRQ

� 'DWD� IRU� WKLV� VWXG\� ZHUH� EDVHG� RQ�
PHDVXUHPHQW� RI � ���� SHUPDQHQW� VDPSOH� SORWV�
HVWDEOLVKHG�VXEMHFWLYHO\�LQ�$��PDQJLXP�XQWKLQQHG�
VWDQGV� LQ� 6RXWK� 6XPDWUD�� ,QGRQHVLD�� 7KH� VWXG\�
DUHD�KDV�D�ORZODQG�KXPLG�HQYLURQPHQW�ZKLFK�ZHOO�
VXLWHG�IRU�JURZLQJ�$��PDQJLXP��7KH�SORWV�DUH�JRRG�
UHSUHVHQWDWLYH�IRU�WKH�VWXG\�VLWH�UHSUHVHQWLQJ�WKH�
UDQJH�RI �DJHV��VWDQG�GHQVLWLHV�DQG�VLWH�TXDOLWLHV��$OO�
SORWV�ZHUH�����KD�LQ�VL]H�EXW�WKHLU�LQLWLDO�SODQWLQJ�
VSDFLQJ�YDULHG��$OPRVW�DOO�RI � WKH�SORWV�ZHUH�UH�
PHDVXUHG�DW���\U�WLPH�LQWHUYDOV�XQWLO������\UV�RI �

DJH��)RU�HDFK�PHDVXUHPHQW��WKH�IROORZLQJ�VWDQG�
YDULDEOHV�ZHUH�FDOFXODWHG��VWDQG�GHQVLW\�LQ�WHUPV�
RI �WRWDO�QXPEHU�RI �VWHPV�SHU�KD��1���EDVDO�DUHD�
SHU� KD� �%��� GRPLQDQW� KHLJKW� �+��� VLWH� LQGH[� �6��
ZKLFK� IROORZV� D� IXQFWLRQ� RI � .ULVQDZDWL� HW� DO��
��������DQG�UHODWLYH�VSDFLQJ�LQGH[��56��ZKLFK�LV�D�
IXQFWLRQ�RI �WKH�QXPEHU�RI �VWHPV�SHU�KD�DQG�WKH�
PHDQ� GRPLQDQW� KHLJKW� �+XVFK� HW� DO�� �������
6XPPDU\� VWDWLVWLFV� LQFOXGLQJ� PHDQ�� PLQLPXP�
�PLQ��� PD[LPXP� �PD[�� DQG� VWDQGDUG� GHYLDWLRQ�
�6'�� RI � WKHVH� YDULDEOHV� IRU� WKH� LQLWLDO�
PHDVXUHPHQW� RI � HDFK� SHULRG� DUH� SUHVHQWHG�
�7DEOH�����7KH�GDWD�ZHUH�VSOLW�UDQGRPO\�LQWR�WZR�
VHW������ZDV�XVHG�IRU�PRGHO�ILWWLQJ�DQG�����ZDV�
XVHG�IRU�PRGHO�YDOLGDWLRQ�
� 3URSRUWLRQ� RI � GHDG� VWHPV� LQ� WKH� SORWV� ZDV�
UHFRUGHG� GXULQJ� WKH� UH�PHDVXUHPHQW� WLPHV��
1DWXUDO�PRUWDOLW\� �DW� OHDVW� RQH� VWHP� G\LQJ� LQ� D�
SORW�� RFFXUUHG� LQ� ������ RI � WKH� PHDVXUHPHQW�
SHULRGV� RI � WKH� ILWWLQJ� SORWV� DQG� ������ IRU� WKH�
YDOLGDWLRQ� SORWV�� )RU� D� IHZ� SORWV� KDYLQJ�
PHDVXUHPHQW� SHULRGV� RI � �� \UV�� GDWD� ZHUH�
WUDQVIRUPHG�LQWR���\U�XVLQJ�OLQHDU�LQWHUSRODWLRQ��
7KH�RYHUDOO�DQQXDO�PRUWDOLW\�UDWHV�RI �DOO�DYDLODEOH�
SORWV�UDQJHG�IURP�����WR�������ZLWK�D�PHDQ�YDOXH�
RI �������+LJK�PRUWDOLW\�RFFXUUHG�PDLQO\�LQ�SORWV�
ZLWK�YHU\�KLJK�VWDQG�GHQVLWLHV��FRQVLVWHQW�ZLWK�LWV�
UHVXOWLQJ�IURP�H[WUHPH�LQWHU�WUHH�FRPSHWLWLRQ�

0RGHOOLQJ�0RUWDOLW\

� $�VWDQG�OHYHO�GLIIHUHQFH�HTXDWLRQ�ZDV�XVHG�DV�
WKH�EDVH�PRGHO�IRU�PRGHOOLQJ�PRUWDOLW\�WR�SUHGLFW�
VWDQG�GHQVLW\�DW�D�VSHFLILHG�SURMHFWLRQ�DJH�

1� I1��$��$��� � ������������������������������������ ���

ZKHUH� �LV�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�DW�1�

DJH� �� �LV�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�DW�$ 1� �

DJH� ��DQG�WKH�GLIIHUHQFH�EHWZHHQ� �DQG� �LV�$ $ $� � �

WKH�SURMHFWLRQ�LQWHUYDO�
� 7KLV� W\SH� RI � HTXDWLRQ� KDV� EHHQ� FRPPRQO\�
XVHG�IRU�SURMHFWLQJ�VWDQG�GHQVLW\�EHFDXVH�RI �LWV�
GHVLUDEOH�SURSHUWLHV��LQFOXGLQJ�FRQVLVWHQF\��SDWK�
LQYDULDQFH� DQG� WKH� DV\PSWRWLF� OLPLW� RI � VWDQG�
GHQVLW\� DSSURDFKLQJ� ]HUR� ZKHQ� WKH� SURMHFWHG�
VWDQG�DJH�� ��EHFRPHV�YHU\�ODUJH��&OXWWHU� ��$ HW�DO�

�������+RZHYHU��:RROORQV��������DUJXHG�WKDW�D�
FRQIOLFW� H[LVWV� EHWZHHQ� WKH� PDWKHPDWLFDO�
FKDUDFWHULVWLFV� RI � WKH� GLIIHUHQFH� HTXDWLRQV� IRU�
VWDQG� GHQVLW\� SURMHFWLRQ� DQG� WKH� GDWD� XVHG� WR�
HVWLPDWH�WKHLU�SDUDPHWHUV��$V�WKH�PRVW�FRPPRQ�
GDWD� XVHG� IRU� HVWLPDWLQJ� PRUWDOLW\� PRGHOV� DUH�

���

0RGHOOLQJ�QDWXUDO�PRUWDOLW\�RI �WURSLFDO�SODQWDWLRQ�VSHFLHV�$FDFLD�PDQJLXP



���

�DEVHQFH� RI � PRUWDOLW\�� RU� �� �SUHVHQFH� RI �
PRUWDOLW\��� 7KH� ORJLVWLF� UHJUHVVLRQ� PRGHO�
�+RVPHU�HW�DO��������&KXWLQDQWDNXO�HW�DO��������ZDV�
DSSOLHG� WR� SUHGLFW� WKH� SUREDELOLW\� RI � PRUWDOLW\�
LQFLGHQFH�
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ZKHUH� � �[�� LV� WKH� SUREDELOLW\� RI � PRUWDOLW\�
LQFLGHQFH� LQ� D� SORW� RYHU� D� ��\U� SHULRG� �DQG� WKH�
SUREDELOLW\� RI �QR�PRUWDOLW\� LV� ��� � �[����[� LV� WKH�
YHFWRU� RI � H[SODQDWRU\� YDULDEOHV� ZKLFK�
FKDUDFWHULVH� WKH� VWDQG� FRQGLWLRQV� DW� WKH� LQLWLDO�
PHDVXUHPHQW��E
�LV�WKH�YHFWRU�RI �SDUDPHWHUV�WR�EH�
HVWLPDWHG��DQG����LV�D�UDQGRP�HUURU�
� 'XH� WR� WKH� ELQDU\� QDWXUH� RI � GHSHQGHQW�
YDULDEOH�� D� ORJLW� WUDQVIRUPDWLRQ� LV� QHHGHG� WR�
HVWLPDWH�WKH�SDUDPHWHUV�

��������������������������������������������������������������������������

� 7KH� H[SODQDWRU\� YDULDEOHV� FRQVLGHUHG� IRU�
LQFOXVLRQ�LQ�WKH�ORJLVWLF�UHJUHVVLRQ�PRGHO��(T����
DUH�VWDQG�DWWULEXWHV�WKDW�SRWHQWLDOO\�LQIOXHQFH�WKH�
OLNHOLKRRG�RI �D�VWHP�GHDWK������VWDQG�GHQVLW\������
VLWH�SURGXFWLYLW\��DQG�����VWDQG�YLWDOLW\��7KH�PRVW�
FRPPRQO\� XVHG� VWDQG� GHQVLW\� PHDVXUH� LV� WKH�
QXPEHU�RI �VWHPV�SHU�KD��1���%XUJPDQ�HW�DO��������
:DQJ�	�+DPLOWRQ�������*RQ]iOH]� HW� DO�� �������
VWDQG�EDVDO� DUHD� �%�� �9DQFOD\�����E��<DQJ� HW� DO��
������'LpJXH]�$UDQGD� HW� DO�� ������� DQG� UHODWLYH�
VSDFLQJ�LQGH[��56���*RQ]iOH]�HW�DO��������=KDR�HW� �
DO���������6LWH�SURGXFWLYLW\��XVXDOO\�FKDUDFWHULVHG�
E\�GRPLQDQW�KHLJKW��+��RU�VLWH�LQGH[��6���KDV�DOVR�
EHHQ� IRXQG� WR� LQIOXHQFH� PRUWDOLW\� �:RROORQV�
������(LG�	�7XKXV�������<DR�HW�DO��������%UDYR�
2YLHGR�HW�DO���������$JH��$��� LV�FRQVLGHUHG�DV�D�
UHDVRQDEOH� PHDVXUH� RI � YLWDOLW\�� SDUWLFXODUO\� LQ�
XQWKLQQHG�VWDQGV��DOVR� LQIOXHQFHV�WKH� OLNHOLKRRG�
RI � D� VWHP� PRUWDOLW\� �*RQ]iOH]� HW� DO�� ������
'LpJXH]�$UDQGD�HW�DO��������=KDR�HW�DO���������$OO�

IURP�UHSHDWHG�PHDVXUHPHQWV�RI �SHUPDQHQW�SORWV��
LQ�VRPH�SORWV�PRUWDOLW\�PD\�QRW�RFFXU��HYHQ�RYHU�
SHULRGV� RI � VHYHUDO� \HDUV� �0RQVHUXG� 	� 6WHUED�
������(LG�	�7XKXV�������)ULGPDQ�	�6WnKO��������
)RU�H[DPSOH��LQ�WKLV�VWXG\�QR�PRUWDOLW\�RFFXUUHG�
EHWZHHQ�WZR�VXFFHVVLYH�PHDVXUHPHQWV�LQ�������
RI �WKH�DYDLODEOH�WLPH�LQWHUYDOV�LQ�WKH�IXOO�GDWD�VHW��,I �
GDWD�IURP�DOO�SORWV�� L�H�� WKRVH�LQ�ZKLFK�PRUWDOLW\�
KDG�QRW�RFFXUUHG�DV�ZHOO�DV�WKRVH�LQ�ZKLFK�LW�KDG�
RFFXUUHG� LQ� WKDW� WLPH� LQWHUYDO��ZHUH� LQFOXGHG� LQ�
PRGHO�GHYHORSPHQW��FHUWDLQ�SUREOHPV�UHODWHG�WR�
WKH�ELQRPLDO�QDWXUH�RI �PRUWDOLW\�DQG�ILWWLQJ�RI �WKH�
DERYH�PRGHO�DUH�OLNHO\�WR�DSSHDU��:RROORQV�������
(LG�	��\HQ��������2Q�WKH�RWKHU�KDQG��LI �RQO\�GDWD�
IURP� WKRVH�SORWV�ZKHUH�PRUWDOLW\� KDG�RFFXUUHG�
ZHUH�XVHG�LQ�PRGHO�GHYHORSPHQW��PRUWDOLW\�ZRXOG�
EH�RYHUHVWLPDWHG�
� 7R� RYHUFRPH� WKHVH� SUREOHPV�� WKLV� VWXG\�
IROORZHG�:RROORQV��������VXJJHVWLRQ�E\�DSSO\LQJ�
D� WZR�VWHS� PRGHOOLQJ� DSSURDFK� VLPLODU� WR� WKH�
GHFLVLRQ� WKHRU\� RU� D� SUREDELOLVWLF� WZR�VWHS�
DSSURDFK� �+DPLOWRQ� 	� %ULFNHOO� ������ IRU�
HVWLPDWLQJ� WKH� GHIHFWLYH� YROXPH� RI � WLPEHU� LQ� D�
VWDQG��,Q�WKH�ILUVW�VWHS��D�PRGHO�LV�ILWWHG�XVLQJ�DOO�
VDPSOH�SORWV�WR�SUHGLFW�WKH�SUREDELOLW\�RI �D�SORW�
H[SHULHQFLQJ�DQ\�PRUWDOLW\��,Q�WKH�VHFRQG�VWHS��D�
PRGHO�WR�HVWLPDWH�WKH�QXPEHU�RI �VXUYLYLQJ�VWHPV�
�VWDQG�GHQVLW\��LV�ILWWHG�RQO\�WR�WKH�VDPSOH�SORWV�LQ�
ZKLFK�VRPH�PRUWDOLW\�KDV�RFFXUUHG��)LQDOO\�� WKH�
HVWLPDWHV� GHULYHG� IURP� WKH� VHFRQG� VWHS� DUH�
DGMXVWHG�E\� D� IDFWRU� HTXDO� WR� WKH�SUREDELOLW\�RI �
PRUWDOLW\�HVWLPDWHG�LQ�WKH�ILUVW�VWHS�WR�SURGXFH�WKH�
RYHUDOO� SUHGLFWLRQ� RI � WKH� QXPEHU� RI � VXUYLYLQJ�
VWHPV�SHU�KD�

3UHGLFWLQJ�SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH

� 7KH� ILUVW� VWHS� LQ� PRGHOOLQJ� PRUWDOLW\� ZDV�
HVWLPDWLQJ�WKH�SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH�
LQ�D�SORW��DW�OHDVW�RQH�VWHP�G\LQJ�LQ�D�SORW��RYHU�D���
\U�SHULRG��,QFLGHQFH�RI �PRUWDOLW\�LV�FRQVLGHUHG�DV�D�
GLVFUHWH�HYHQW�ZLWK�RQO\�WZR�SRVVLEOH�YDOXHV��L�H����

%,27523,$�9RO�����1R���������

7DEOH����6XPPDU\�VWDWLVWLFV�RI �WKH�PDLQ�VWDQG�YDULDEOHV�DW�WKH�LQLWLDO�PHDVXUHPHQW�RI �HDFK�SHULRG

6WDQG�YDULDEOH �
)LWWLQJ�GDWD � � 9DOLGDWLRQ�GDWD �

0HDQ � 0LQ � 0D[ � 6' � �0HDQ �0LQ �0D[ �6'
6WDQG�DJH��\UV� � ��� � ��� � ���� � ��� � ���� � ��� ���� ����
'RPLQDQW�KHLJKW��P� � ���� � ��� � ���� � ��� � ����� � ��� ����� ����
6LWH�LQGH[��P� � ���� � ��� � ���� � ��� � ����� ����� ����� ����
6WDQG�GHQVLW\��VWHPV�KD��� � ��� � ��� � ���� � ��� � ���� � ��� ����� ����
%DVDO�DUHD��P��KD��� � ���� � ��� � ���� � ��� � ����� � ��� ����� ����
5HODWLYH�VSDFLQJ�LQGH[
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WKHVH�YDULDEOHV�DQG�VRPH�FRPELQDWLRQV�RI �WKHP�
ZHUH�LQFOXGHG�IRU�DQDO\VLV�LQ�WKLV�VWXG\�
� 7KH� JHQHUDOL]HG� HVWLPDWLQJ� HTXDWLRQ� �*((��
PHWKRG��6WRNHV�HW�DO��������+RVPHU�HW�DO��������ZDV�
HPSOR\HG�WR�KDQGOH�FRUUHODWHG�GDWD�LQ�WKH�ORJLVWLF�
UHJUHVVLRQ� DQDO\VLV� GXH� WR� VHULDO� FRUUHODWLRQ�
EHWZHHQ�PHDVXUHPHQWV�LQ�WKH�VDPH�SORWV��ZKLFK�
KDV�QRW�EHHQ�DGGUHVVHG�LQ�VRPH�SUHYLRXV�VWXGLHV�
�(LG� 	� �\HQ� ������ :DQJ� 	� +DPLOWRQ� ������
*RQ]iOH]�HW�DO��������'LpJXH]�$UDQGD�HW�DO��������
=KDR�HW�DO���������7KLV�PHWKRG�LV�DQ�H[WHQVLRQ�RI �
JHQHUDOLVHG� OLQHDU� PRGHO� �*/0��� VXLWDEOH� IRU�
ELQRPLDOO\� GLVWULEXWHG� GDWD� ZLWK� UHSHDWHG�
PHDVXUHPHQWV�

(VWLPDWLQJ�VWDQG�GHQVLW\

� 7KH�VHFRQG�VWHS�LQ�PRGHOOLQJ�PRUWDOLW\�ZDV�WR�
GHYHORS�D�PRGHO�WR�HVWLPDWH�VWDQG�GHQVLW\�IRU�D�
VSHFLILHG� SURMHFWLRQ� DJH� XVLQJ� GDWD� IURP� RQO\�
VDPSOH�SORWV�ZKHUH�PRUWDOLW\�KDV�RFFXUUHG�LQ�WKDW�
WLPH� LQWHUYDO�� 6HYHUDO� DOJHEUDLF� GLIIHUHQFH�
HTXDWLRQV�GHULYHG�IURP�IRXU�GLIIHUHQWLDO�HTXDWLRQV�
ZHUH�WHVWHG�LQ�WKLV�VWXG\�DV�FDQGLGDWH�PRGHOV�IRU�
SUHGLFWLQJ�VWDQG�GHQVLW\��7DEOH�����&RPSDULVRQ�RI �
WKH�PRGHO�HVWLPDWHV�ZDV�EDVHG�RQ�JUDSKLFDO�DQG�

QXPHULFDO� DQDO\VHV� RI � UHVLGXDOV�� IROORZLQJ� WKH�
FULWHULD� DV� XVHG� E\� .ULVQDZDWL� HW� DO�� ������� IRU�
PRGHOOLQJ�GRPLQDQW�KHLJKW�DQG�VLWH�LQGH[�IRU�$��
PDQJLXP�

$GMXVWLQJ�WKH�3UHGLFWHG�6WDQG�'HQVLW\

� )LQDO� SUHGLFWLRQ� RI � VWDQG� GHQVLW\� LQYROYHV�
FRPELQLQJ� WKH�PRGHOV� IURP� WKH� WZR�SUHFHGLQJ�
VWHSV� DQG� DGMXVWLQJ� WKH� SUHGLFWHG� VXUYLYDO�� 7KH�
SUHGLFWLRQV�FDQ�EH�FDOFXODWHG�E\�GHWHUPLQLVWLF�DQG�
VWRFKDVWLF� DSSURDFKHV� �:HEHU� HW� DO�� ������
0RQVHUXG�	�6WHUED� �������7KH�PRVW� FRPPRQ�
GHWHUPLQLVWLF� DSSURDFK� LV� EDVHG� RQ� GHFLVLRQ�
WKHRU\� DQG� FDOOHG� D� ´SUREDELOLVWLF� WZR�VWHS�
DSSURDFKµ��+DPLOWRQ�	�%ULFNHOO�������:RROORQV�
�������ZKHUH�WKH�SUHGLFWHG�QXPEHU�RI �VXUYLYLQJ�
VWHPV�SHU�KD��1 ��LV�GHWHUPLQHG�E\�DGM�

��������������������������������������������������������������������������

ZKHUH� �[�� LV� WKH� SUREDELOLW\� RI � PRUWDOLW\�×S
LQFLGHQFH�RYHU�WKH�SHULRG�HVWLPDWHG�E\�WKH�ORJLVWLF�
PRGHO� �(T�����1 � LV� WKH� QXPEHU� RI � VXUYLYLQJ��

VWHPV�SHU�KD�DW�WKH�LQLWLDO�DJH�$ ��DQG� �LV�WKH�� 1�
QXPEHU� RI � VXUYLYLQJ� VWHPV� SHU� KD� DW� WKH�

���

0RGHOOLQJ�QDWXUDO�PRUWDOLW\�RI �WURSLFDO�SODQWDWLRQ�VSHFLHV�$FDFLD�PDQJLXP

7DEOH����'LIIHUHQFH�HTXDWLRQ�IRUPV�RI �VWDQG�PRUWDOLW\�PRGHOV�WHVWHG�LQ�WKLV�VWXG\

1RWHV��$ �LV�LQLWLDO�DJH��\U���$ LV�UH�PHDVXUHPHQW�DJH��\U���1 LV�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�DW�DJH�$ ��1 LV�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�DW�DJH�$ ��� �� �� � �� �

DQG�E ��E DQG�F �DUH�PRGHO�SDUDPHWHUV�WR�EH�HVWLPDWHG�� �� �



���

SUHGLFWLRQ� DJH� $ � SUHGLFWHG� E\� WKH� VHOHFWHG��

PRUWDOLW\�PRGHO��7DEOH����
� $QRWKHU� GHWHUPLQLVWLF� DSSURDFK� LV� WR� XVH� D�
WKUHVKROG�YDOXH�EHWZHHQ���DQG����,I � �[��H[FHHGV�×S
WKH�WKUHVKROG�YDOXH��WKHQ�QDWXUDO�PRUWDOLW\�RFFXUV�
DQG�WKH�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�DW�DJH�
$ �LV�HVWLPDWHG�E\�WKH�DOJHEUDLF�GLIIHUHQFH�IRUP�RI ��

WKH�PRUWDOLW\�PRGHO��RWKHUZLVH�QDWXUDO�PRUWDOLW\�
GRHV�QRW�RFFXU�DQG�WKH�QXPEHU�RI �VXUYLYLQJ�VWHPV�
SHU� KD� DW� DJH�$ � HTXDOV� WKH� LQLWLDO� QXPEHU� RI ��

VXUYLYLQJ�VWHPV�SHU�KD��7KH�PRVW�ORJLFDO�FKRLFH�RI �
D�WKUHVKROG�LV�WKH�DYHUDJH�REVHUYHG�PRUWDOLW\�UDWH�
�0RQVHUXG�	�6WHUED�������ZKLFK��LQ�WKLV�VWXG\�LV�
HTXDO�WR�������
� ,Q� WKH� VWRFKDVWLF� DSSURDFK�� WKH� SUHGLFWHG�
SUREDELOLW\� RI � PRUWDOLW\� LQFLGHQFH� LV� FRPSDUHG�
ZLWK�D�UDQGRP�QXPEHU�EHWZHHQ���DQG����,I �WKH�
UDQGRP� QXPEHU� LV� OHVV� WKDQ� �[��� QDWXUDO�×S
PRUWDOLW\� RFFXUV� DQG� WKH� QXPEHU� RI � VXUYLYLQJ�
VWHPV� SHU� KD� DW� DJH�$ � LV� HVWLPDWHG� XVLQJ� WKH��

DOJHEUDLF�GLIIHUHQFH�IRUP�RI �WKH�PRUWDOLW\�PRGHO��
LI � QRW�� WKHQ� WKH� SUHGLFWLRQ� LV� IRU� QR� QDWXUDO�
PRUWDOLW\�

0RGHO�(YDOXDWLRQ

� 3HUIRUPDQFH� RI � WKH�ZKROH�PRUWDOLW\�PRGHOV�
EDVHG� RQ� WKH� SUREDELOLVWLF� WZR�VWHS� DSSURDFK�
�(T����� WKH� GHWHUPLQLVWLF� WKUHVKROG� DQG� WKH�
VWRFKDVWLF� DSSURDFKHV� ZHUH� HYDOXDWHG� XVLQJ� WKH�
YDOLGDWLRQ�GDWD�VHW��DQG�VFDWWHU�SORWV�RI �REVHUYHG�
DQG�SUHGLFWHG�QXPEHUV�RI �VXUYLYLQJ�VWHPV�SHU�KD�
ZHUH� SURGXFHG� IRU� HDFK�� $� VLPSOH� OLQHDU�
UHJUHVVLRQ�ZDV�ILWWHG�IRU�HDFK�DSSURDFK�DQG�WKH�
FRHIILFLHQWV� RI � GHWHUPLQDWLRQ� ZHUH� XVHG� WR�
FRPSDUH�WKH�REVHUYHG�DQG�WKH�SUHGLFWHG�QXPEHU�
RI �VXUYLYLQJ�VWHPV�SHU�KD��7KH�REVHUYHG��1��DQG�
WKH�SUHGLFWHG�� ��YDOXHV�ZHUH�UHODWHG�IROORZLQJ�1×
WKH� OLQHDU�PRGHO�� �� ,I � WKH�PRUWDOLW\�1EE1��×� 
PRGHO�HVWLPDWHG�WKH�QXPEHU�RI �VXUYLYLQJ�VWHPV�
SHU�KD�FRUUHFWO\��WKH�LQWHUFHSW��E ��VKRXOG�QRW�EH��

VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR�DQG�WKH�VORSH��E ���
VKRXOG�QRW�EH�VLJQLILFDQWO\�GLIIHUHQW�IURP�RQH�

5(68/76�$1'�',6&866,21

0RGHO�IRU�3UHGLFWLQJ�3UREDELOLW\�RI �0RUWDOLW\�

,QFLGHQFH�

� 7KH�SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH�LQ�WKH�
VWDQG�ZDV�ZHOO�H[SODLQHG�E\�D�ORJLVWLF�UHJUHVVLRQ�
PRGHO��7KH�PRGHO�LV�DSSURSULDWH�IRU�GHDOLQJ�ZLWK�
WKH�ELQDU\�QDWXUH�RI �PRUWDOLW\�GDWD��,Q�WKH�ORJLVWLF�
PRGHO� IRU�SUHGLFWLQJ� WKH�SUREDELOLW\�RI �D�VWDQG�
H[SHULHQFLQJ�DQ\�PRUWDOLW\� LQ�D���\U�SHULRG�� WKH�
EHVW� VHW� RI � H[SODQDWRU\� YDULDEOHV� ZDV� VWDQG�
GHQVLW\��VLWH�LQGH[�DQG�VWDQG�DJH��7DEOH�����2WKHU�
YDULDEOHV��EDVDO�DUHD��GRPLQDQW�KHLJKW��ZHUH�DOVR�
WHVWHG�� +RZHYHU�� WKHVH� WZR� YDULDEOHV� ZHUH� OHVV�
VLJQLILFDQW� IRU� SUHGLFWLQJ� WKH� SUREDELOLW\� RI �
PRUWDOLW\�LQFLGHQFH��EDVHG�RQ�WKH�SUREDELOLW\�OHYHO�
RI �������DOORZLQJ�WKHVH�WR�EH�UHPRYHG�IURP�WKH�
PRGHO�� 9DULDELOLW\� RI � WKHVH� YDULDEOHV�� KRZHYHU��
PD\� KDYH� EHHQ� LQFRUSRUDWHG� LQ� WKH� PDLQ�
H[SODQDWRU\�YDULDEOHV�
� 7KH�VHOHFWHG�PRGHO�IRU�SUHGLFWLQJ�SUREDELOLW\�
RI �PRUWDOLW\�LQFLGHQFH�LQ�D�VWDQG�LV�

��������������������������������������������������������������������������

ZKHUH�$ �LV�VWDQG�DJH�DW�WKH�LQLWLDO�PHDVXUHPHQW��

�\U���1 �LV�QXPEHU�RI �VWHPV�SHU�KD�DW�DJH�$ ��DQG�6�� �

LV�VLWH�LQGH[��P��
� 7KH� SRVLWLYH� FRHIILFLHQW� IRU� WKH� QXPEHU� RI �
VWHPV� SHU� KD� �VWDQG� GHQVLW\�� LQGLFDWHV� WKDW� IRU�
VWDQGV�RI �D�JLYHQ�DJH�DQG�VLWH�LQGH[�WKH�SUHGLFWHG�
SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH�LQFUHDVHV�ZLWK�
LQFUHDVLQJ� VWDQG� GHQVLW\� GXH� WR� PRUH� LQWHQVH�
LQWHU�WUHH� FRPSHWLWLRQ�� 7KH� GHJUHH� RI �
FRPSHWLWLRQ�PD\�LQIOXHQFH�WKH�VXUYLYDO�OLNHOLKRRG�
RI � HDFK� LQGLYLGXDO� WUHH�� ,Q� VWDQGV� ZLWK� KLJK�
GHQVLW\��WUHHV�FRPSHWH�IRU�OLPLWHG�SK\VLFDO�VSDFH�
DQG� UHVRXUFHV� VXFK� DV� OLJKW�� ZDWHU� DQG� VRLO�
QXWULHQWV��3HHW�	�&KULVWHQVHQ��������6RPH�WUHHV�
PD\�IDLO�WKH�FRPSHWLWLRQ�DQG�GLH��7KH�LQIOXHQFH�RI �
WKLV�YDULDEOH�ZDV�DOVR�VKRZQ�LQ�RWKHU�VWDQG�RU�WUHH�
PRUWDOLW\�PRGHOV��:RROORQV�������<DR�HW�DO��������

%,27523,$�9RO�����1R���������

7DEOH����3DUDPHWHU�HVWLPDWHV��VWDQGDUG�HUURUV�DQG�UHODWHG�ILW�VWDWLVWLFV�RI �WKH�VHOHFWHG�PRGHO�IRU�SUHGLFWLQJ�WKH�SUREDELOLW\�RI �
PRUWDOLW\�LQFLGHQFH �

9DULDEOH� (VWLPDWH� 6(� :DOG
�

� VWDWLVWLFV �
S�YDOXH �

,QWHUFHSW� ����� ����� ����� � ����� �
6WDQG�GHQVLW\��1��� ������� ������� � ���� � ����� �
6LWH�LQGH[��6�
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� 7KH� SUREDELOLW\� RI � PRUWDOLW\� LQFLGHQFH� LQ� D�
VWDQG�DOVR� WHQGV� WR� LQFUHDVH�ZLWK� LQFUHDVLQJ�VLWH�
LQGH[�� ZKLFK� LV� FRQVLVWHQW� ZLWK� PDQ\� SUHYLRXV�
VWXGLHV��(LG�	�7XKXV�������<DR�HW�DO��������(LG�	�
�\HQ�������'LpJXH]�$UDQGD�HW�DO���������<DR�HW�DO��
�������DQG�<DQJ�HW�DO���������H[SODLQHG�WKDW�IDVWHU�
WUHH�JURZWK�RQ�EHWWHU�VLWHV�PD\�OHDG�WR�PRUH�VHYHUH�
FRPSHWLWLRQ� DQG� LQFUHDVHG� SUREDELOLW\� RI �
PRUWDOLW\�� HVSHFLDOO\� IRU� VPDOO� WUHHV�� 7KH� IDVWHU�
JURZWK� LQ�VWDQG�RI �KLJKHU�VLWH�SURGXFWLYLW\�DOVR�
WULJJHUV�FRPSHWLWLRQ�LQGXFHG�PRUWDOLW\�DW�HDUOLHU�
DJHV��2OLYHU�	�/DUVRQ��������+RZHYHU��9DQFOD\�
������� FULWLFL]HG� WKDW� KLJK� TXDOLW\� VLWHV� VKRXOG�
VXSSRUW� KLJKHU� GHQVLWLHV�� WKHUHIRUH�� VWDQG�
PRUWDOLW\�VKRXOG�EH�ORZHU�IRU�JLYHQ�DJH�DQG�VWDQG�
GHQVLW\�� :RROORQV� ������� DOVR� IRXQG� KLJKHU�
PRUWDOLW\�RQ�ORZHU�SURGXFWLRQ�VLWHV��7KLV�FRXOG�EH�
DWWULEXWHG� WR� WKH� ORZHU�DYDLODELOLW\�RI �ZDWHU�DQG�
FHUWDLQ� QXWULHQWV�� ZKLFK� PLJKW� EH� WKH� FDVH� RQ�
SRRUHU�VLWHV��-XWUDV�HW�DO���������)RU�$��PDQJLXP��
ZDWHU� DYDLODELOLW\�PD\� QRW� EH� D� SUREOHP� DV� WKLV�
VSHFLHV� QRUPDOO\� GHPDQGV� IXOO� OLJKW� IRU� JRRG�
GHYHORSPHQW�DQG�VWXQWHG�ZKHQ�JURZQ� LQ�VKDGH�
�/LP�HW�DO����������,W�PD\�DOVR�EH�SRVVLEOH�WKDW�WKH�
KLJKHU�PRUWDOLW\� RQ� KLJKHU� VLWH� TXDOLW\� DV� EHLQJ�
SDUWO\� DQ� HIIHFW� RI � KLJKHU� ORFDO� FRPSHWLWLRQ��
FRXSOHG�ZLWK�D�VWURQJ�WHQGHQF\�RI �$��PDQJLXP�WR�
SURGXFH� PXOWLSOH� OHDGHUV� UHVXOWLQJ� LQ� VWDQG�
GHQVLWLHV� KLJK� HQRXJK� WR� FDXVH� VHOI�WKLQQLQJ� LQ�
VRPH�SORWV��ZKLFK�FDQQRW�SURSHUO\�EH�DFFRXQWHG�
IRU� E\� UREXVW� VWDQG�OHYHO� PRUWDOLW\� PRGHOV��
,QFRUSRUDWLQJ�VSDWLDO�FRPSHWLWLRQ�PHDVXUHV�PD\�
KHOS� LQ� XQGHUVWDQGLQJ� DQG� PRGHOOLQJ� WKLV�
SKHQRPHQRQ��EXW�LW�LV�EH\RQG�WKH�VFRSH�RI �WKLV�
VWXG\�DV�VSDWLDO�GDWD�DUH�QRW�W\SLFDOO\�DYDLODEOH�LQ�
IRUHVW�LQYHQWRU\�
� 3UREDELOLW\� RI � PRUWDOLW\� LQFLGHQFH� DOVR�
LQFUHDVHV� ZLWK� VWDQG� DJH�� 7KLV� VHHPV� WR� EH�

H[SODLQDEOH�EHFDXVH�WKH�GDWD�ZHUH�IURP�XQWKLQQHG�
VWDQGV��ZKLFK�RIWHQ�H[KLELW� LQFUHDVLQJ�PRUWDOLW\��
SDUWLFXODUO\�DIWHU���\UV�IURP�SODQWLQJ��$ULVPDQ�HW�
DO���������7KLV�UHVXOW�FRPSOLHV�ZLWK�WKH�G\QDPLF�
SURFHVV�RI �WKH�FRPSHWLWLRQ�DQG�QDWXUDO�PRUWDOLW\�
RI �HYHQ�DJHG�VWDQGV��&OXWWHU�HW�DO��������*DGRZ�	�
+XL�������
� 7KH�PHDQ�SUHGLFWHG�SUREDELOLWLHV�RI �PRUWDOLW\�
LQFLGHQFH��DW�OHDVW�RQH�VWHP�G\LQJ�LQ�D�SORW��ZLWK�
UHVSHFW�WR�QXPEHU�RI �VWHPV�SHU�KD��VLWH�LQGH[�DQG�
VWDQG�DJH�LQ�$��PDQJLXP�VWDQGV�JHQHUDOO\�FRLQFLGH�
ZLWK� WKH� PHDQ� REVHUYHG� PRUWDOLW\� ZLWKLQ� HDFK�
FODVV��GHVSLWH�WKH�RFFDVLRQDO�GLVFUHSDQFLHV��)LJXUH�
����7KH�GLIIHUHQFHV�EHWZHHQ�PHDQ�YDOXHV�RI �WKH�
SUHGLFWHG� DQG� WKH� REVHUYHG� SUREDELOLW\� RI �
PRUWDOLW\�PDLQO\�RFFXUUHG�LQ�WKH�VPDOOHVW�DQG�WKH�
ODUJHVW�FODVVHV�RI �HDFK�VWDQG�YDULDEOH��ZKHUH�WKHUH�
ZHUH�VPDOO�QXPEHUV�RI �REVHUYDWLRQV��,UUHJXODU�RU�
VWRFKDVWLF�FRQGLWLRQV�WKDW�PD\�DSSO\�GXULQJ�WKH�
PHDVXUHPHQW�SHULRGV�PD\�KDYH�DOVR�FRQWULEXWHG�
WR� WKH� ORZHU� RU� KLJKHU� SUHGLFWHG� PRUWDOLW\�
LQFLGHQFH�WKDQ�REVHUYHG��)RU�DOO�REVHUYDWLRQV�RI �
DOO� SORWV�� WKH� PHDQ� SUHGLFWHG� SUREDELOLW\� RI �
PRUWDOLW\� LQFLGHQFH�ZDV��������ZKLOH� WKH�DFWXDO�
LQFLGHQFH�ZDV�������

0RGHOV�IRU�3UHGLFWLQJ�6WDQG�'HQVLW\

� 7KH� ILQDO� SDUDPHWHU� HVWLPDWHV� IRU� WKH� QLQH�
ILWWHG�PRGHOV�DV�ZHOO�DV�WKHLU�VWDQGDUG�HUURUV��6(���
W�VWDWLVWLFV��S�YDOXHV�IRU�VLJQLILFDQFH�WHVWLQJ��PRGHO�
URRW�PHDQ�VTXDUHG�HUURU��506(���DQG�DGMXVWHG�

�FRHIILFLHQW�RI �GHWHUPLQDWLRQ��5 ��DUH�SUHVHQWHG�DGM

LQ�7DEOH����$OO�PRGHOV�SURGXFHG�VLPLODU�ILWV�ZLWK�
�YDOXHV� RI �506(� DQG�5 � DOPRVW� LGHQWLFDO�� $OO�DGM

SDUDPHWHU� HVWLPDWHV� ZHUH� IRXQG� WR� EH� KLJKO\�
VLJQLILFDQW� �S� � ������� H[FHSW� IRU�SDUDPHWHU� F � LQ��

0RGHO�0��DQG�SDUDPHWHU�F � LQ�0RGHO�0���7KH��
�

5 �IRU�DOO�PRGHOV�ZHUH�JHQHUDOO\�KLJK��!�������DGM

0RGHOOLQJ�QDWXUDO�PRUWDOLW\�RI �WURSLFDO�SODQWDWLRQ�VSHFLHV�$FDFLD�PDQJLXP

)LJXUH����3UHGLFWHG��OLQH��DQG�REVHUYHG��EDU��SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH�FRPSXWHG�IRU�WKUHH�VWDQG�YDULDEOHV��
QXPEHU�RI �VWHPV�SHU�KD��D���VLWH�LQGH[��E���DQG�VWDQG�DJH��F��



���

FRPSDUHG�ZLWK�RWKHU� VWXGLHV� IRU� VLPLODU�PRGHOV�
�SURGXFLQJ�5 �IRU�RQO\���������)ULGPDQ�	�6WnKO�DGM

������(LG�	��\HQ�������3RWKLHU�	�0DLOO\��������
7KH�506(V�ZHUH�UHODWLYHO\�KLJK�DW�DERXW����VWHPV�
SHU�KD��������RYHU�D�SHULRG�RI �������\UV��7KLV�FDQ�EH�
H[SODLQHG�E\�WKH�RFFXUUHQFH�RI �LUUHJXODU�PRUWDOLW\�
GXULQJ� WKH� PHDVXUHPHQW� SHULRGV� WKDW� PD\� DOVR�
FRQWULEXWH�WR�WKH�PRGHO
V�HUURUV��+RZHYHU��WKLV�LV�
QRW�XQXVXDO�IRU�PRUWDOLW\�PRGHOV�HPSKDVL]LQJ�WKH�
IDFW� WKDW� PRUWDOLW\� LV� D� FRPSOH[� DQG� IDLUO\�
XQSUHGLFWDEOH�SURFHVV�IRU�ZKLFK�WKHUH�DUH�PDQ\�
LQWHUUHODWHG�FDXVHV��:DULQJ�������
� $PRQJ� WKH�PRGHOV� WKDW� GLG� QRW� LQFOXGH� VLWH�
LQGH[� DV� H[SODQDWRU\� YDULDEOH� �0RGHOV�0���0���
0��� 0�� DQG� 0���� 0RGHO� 0��� ZKLFK� DVVXPHV�
PRUWDOLW\� UDWH� LV� D� SRZHU� IXQFWLRQ� RI � DJH�
SHUIRUPHG� VOLJKWO\� EHWWHU� WKDQ� WKH� RWKHUV�� 7KLV�
PRGHO� LV� VLPLODU� WR� 0RGHO� 0�� ZKLFK� ZDV�
UHFRPPHQGHG�E\�:RROORQV��������EXW�KLV�PRGHO�
LQFOXGHG�RQO\�RQH�SDUDPHWHU��0RGHO�0��SURSRVHG�
E\�&OXWWHU�HW�DO���������LQ�ZKLFK�PRUWDOLW\�UDWH�LV�D�
FRQVWDQW�SURSRUWLRQ�IRU�DOO�DJHV��VLWH�LQGLFHV�DQG�
VWDQG�GHQVLWLHV�GRHV�QRW�DSSHDU�WR�EH�VXLWDEOH�WR�
WKLV�VWXG\��,WV�YDOLGDWLRQ�SHUIRUPDQFH�ZDV�LQIHULRU�
WR�DOO�WKH�RWKHUV�
� 7KH�LQFOXVLRQ�RI �VLWH�LQGH[�DV�DQ�H[SODQDWRU\�
YDULDEOH�VOLJKWO\�LPSURYHG�WKH�ILWV�LQ�DOO�PRGHOV�DV�
VKRZQ�E\�0RGHOV�0���0���0��DQG�0���0RGHO�0��
SURSRVHG� E\� %DLOH\� HW� DO�� ������� JHQHUDOO\�

SHUIRUPHG�EHWWHU�WKDQ�0RGHOV�0���0��DQG�0���
$OWKRXJK�0RGHO�0��SURYLGHG�JRRG�ILW��ZKHQ�LW�
ZDV�XVHG�IRU�SURMHFWLQJ�QXPEHU�RI �VWHPV�IURP�
DJH���WR�DJH���\UV�LW�SUHGLFWHG�DQ�LQFUHDVH�LQ�WKH�
QXPEHU� RI � VWHPV� SHU� KD�� ZKLFK� ZDV� FOHDUO\�
LOORJLFDO�� 7KLV� PRGHO� VKRXOG� RQO\� EH� XVHG� IRU�
SURMHFWLQJ�VXUYLYDO�IURP�VWDUWLQJ�DJHV�RI ���\UV�RU�
ODWHU��$� VLPLODU�SUREOHP�RFFXUV� IRU�0RGHOV�0��
DQG� 0��� ZKLFK� DOVR� DVVXPH� PRUWDOLW\� UDWH� LV�
SURSRUWLRQDO�WR�D�K\SHUEROLF�IXQFWLRQ�RI �DJH��'XH�
WR� WKLV� OLPLWDWLRQ�� WKH� PRGHOV� WKDW� DVVXPH�
PRUWDOLW\� UDWH� LV� SURSRUWLRQDO� WR� D� K\SHUEROLF�
IXQFWLRQ�RI �DJH�ZHUH�UHMHFWHG�
� 0RGHOV� WKDW� FRQVLGHU� WKH� UHODWLYH� UDWH� RI �
FKDQJH�LQ�WKH�QXPEHU�RI �VWHPV�LV�SURSRUWLRQDO�WR�
DQ�H[SRQHQWLDO�IXQFWLRQ�RI �DJH��0RGHOV�0��DQG�
0��� SHUIRUPHG�ZRUVW� LQ� WHUPV� RI � RYHUDOO� ELDV��
2QH�RI �WKH�SDUDPHWHU�HVWLPDWHV�RI �HDFK�RI �WKHVH�
PRGHOV� ZDV� DOVR� QRW� VLJQLILFDQW� �S� !� �������
$OWKRXJK�WKLV�W\SH�RI �PRGHO�KDV�EHHQ�VKRZQ�WR�
EH� PRUH� DFFXUDWH� WKDQ� RWKHUV� IRU� 3LQXV� UDGLDWD�
VWDQGV� �*RQ]iOH]� HW� DO�� ������� LW� ZDV� OHVV�
DSSURSULDWH�IRU�$��PDQJLXP�LQ�WKLV�VWXG\�
� ,Q� JHQHUDO�� WKH� PRGHOV� WKDW� FRQVLGHU� WKH�
UHODWLYH�UDWH�RI �FKDQJH�LQ�WKH�QXPEHU�RI �VWHPV�LV�
SURSRUWLRQDO�WR�D�SRZHU�IXQFWLRQ�RI �DJH��0RGHOV�
0���0��DQG�0���VHHP�WR�EH�PRVW�VXLWDEOH��7KHVH�
PRGHOV�EHKDYHG�ORJLFDOO\�DQG�ILWWHG�WKH�GDWD�ZHOO��
6LPLODU�UHVXOWV�ZHUH�UHSRUWHG�E\�'LpJXH]�$UDQGD�

%,27523,$�9RO�����1R���������

7DEOH���� DUDPHWHU�HVWLPDWHV��VWDQGDUG�HUURUV�DQG�UHODWHG�ILW�VWDWLVWLFV�RI �WKH)LQDO�S �ILWWHG�PRGHOV�IRU�SUHGLFWLQJ�VWDQG�GHQVLW\�



���

HW� DO�� ������� IRU� PRUWDOLW\� PRGHO� RI � 3LQXV�
V\OYHVWULV��:LWKLQ�WKLV�JURXS��KRZHYHU��0RGHO�0��
ZKLFK�LQFOXGHV�VLWH�LQGH[�ZDV�WKH�EHVW��7KHUHIRUH��
WKLV�PRGHO�ZDV�VHOHFWHG�IRU�HVWLPDWLQJ�WKH�QXPEHU�
RI �VXUYLYLQJ�VWHPV�SHU�KD�IRU�$��PDQJLXP�VWDQGV�
LQ�WKLV�VWXG\��7KH�ILQDO�PRGHO��ILWWHG�IURP�SORWV�
ZKHUH�PRUWDOLW\�KDV�RFFXUUHG�IURP�WKH�HQWLUH�GDWD�
VHW��LV�

3HUIRUPDQFH�RI �WKH�6HOHFWHG�0RUWDOLW\�0RGHO

� 6FDWWHU� SORWV� RI � WKH� REVHUYHG� DQG� SUHGLFWHG�
YDOXHV�RI �WKH�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�
ZHUH�SURGXFHG�IRU�WKH�WKUHH�GLIIHUHQW�DSSURDFKHV�
DQG� D� VLPSOH� OLQHDU� PRGHO� ZDV� ILWWHG� IRU� HDFK�
�)LJXUH� ���� ,Q� JHQHUDO�� WKH� WKUHH� GLIIHUHQW�
DSSURDFKHV�SURGXFHG�QR�DEHUUDQW�UHVXOWV�DQG�WKH�
FRHIILFLHQWV� RI � GHWHUPLQDWLRQ�ZHUH� YHU\� VLPLODU�
������� �� �������� 7KH� WHVW� DOVR� UHYHDOHG� WKDW� WKH�
SUHGLFWHG�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�RI �
WKH� WKUHH� DSSURDFKHV� ZDV� QRW� VLJQLILFDQWO\�
GLIIHUHQW�IURP�WKH�REVHUYHG�QXPEHU�RI �VXUYLYLQJ�
VWHPV�SHU�KD� �S�!��������$OO� DSSURDFKHV� VKRXOG�
SURYLGH�VDWLVIDFWRU\�SUHGLFWLRQV�RI �WKH�QXPEHU�RI �
VXUYLYLQJ�VWHPV�SHU�KD�
� 7KH�RYHUDOO�ELDVHV�DW�WKH�SURMHFWLRQ�DJHV�ZHUH�
JHQHUDOO\� VPDOO�� DQG� ZHUH� QRW� VLJQLILFDQWO\�
GLIIHUHQW� IURP� ]HUR�� $OO�PHWKRGV� SUHGLFWHG� WKH�
QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�UHDVRQDEO\�ZHOO��
6RPH�GLVFUHSDQFLHV�EHWZHHQ�WKH�REVHUYHG�DQG�WKH�
SUHGLFWHG�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�DW�WKH�
SURMHFWLRQ�DJHV�ZHUH�IRXQG�IRU�WKH�KLJKHVW�GHQVLW\�
FODVV��3UHGLFWLRQ�SUREOHPV�LQ�WKH�KLJKHVW�GHQVLW\�
FODVV�ZHUH�QRW�XQH[SHFWHG�VLQFH�IHZ�VDPSOH�SORWV�
ZHUH�DYDLODEOH�DW�GHQVLWLHV�KLJKHU�WKDQ������VWHPV�
SHU� KD� DQG� WKLV� LV� SUREDEO\� RI � OLWWOH� SUDFWLFDO�
FRQFHUQ�EHFDXVH�VWDQG�GHQVLW\�LQ�RSHUDWLRQDO�$��

PDQJLXP� VWDQGV� W\SLFDOO\� GRHV� QRW� H[FHHG� WKLV�
QXPEHU�

� 7KH�VWDQG�PRUWDOLW\�PRGHOV�GHYHORSHG�LQ�WKLV�
VWXG\� FDQ� EH� XVHG� IRU� SUHGLFWLQJ� VWDQG� GHQVLW\�
WKURXJK� HLWKHU� GHWHUPLQLVWLF� RU� VWRFKDVWLF�
DSSURDFK��'HWHUPLQLVWLF�SUHGLFWLRQ�EDVHG�RQ�WKH�
SUREDELOLVWLF�WZR�VWHS�DSSURDFK�DVVXPHV�WKDW�WKH�
LQFLGHQFH�RI �PRUWDOLW\�RYHU� WKH�SORWV�RU� VWDQGV�
ZLOO� EH� DIIHFWHG� HTXDOO\� DFFRUGLQJ� WR� WKH� VWDQG�
FRQGLWLRQV��7KH�GHWHUPLQLVWLF�XVH�RI �WKH�PRGHO�LQ�
WKLV�ZD\�ZLOO�VPRRWK�YDOXHV�RI �PRUWDOLW\�WUHQG�IRU�
WKH�SORWV�RU�VWDQGV��+RZHYHU��ZLWK�D�UHDVRQDEO\�
ODUJH�QXPEHU�RI �SORWV��WKH�SUHGLFWLRQ�RI �PRUWDOLW\�
ZLOO�VWLOO�EH�XQELDVHG�DW�WKH�VWDQG�OHYHO�RU�HYHQ�DW�
WKH�IRUHVW�OHYHO��(LG�	��\HQ��������7KH�WKUHVKROG�
GHWHUPLQLVWLF� DSSURDFK� ZRXOG� DYRLG� WKLV�
´VPRRWKLQJµ� YDOXHV� EXW� LW� DOZD\V� SURGXFHV� WKH�
VDPH� HVWLPDWH� RI � VWDQG� PRUWDOLW\� IRU� D� IL[HG�
WKUHVKROG�YDOXH��'LpJXH]�$UDQGD�HW�DO��������
� ,Q�UHDO�VLWXDWLRQV��PRUWDOLW\�RFFXUUHQFH�LQ�WKH�
SORWV� KDYLQJ� WKH� VDPH� JURZLQJ� FRQGLWLRQV�PD\�
QRW�EH�WKH�VDPH�GXH�WR�WKH�VWRFKDVWLF�QDWXUH�RI �
WUHH�PRUWDOLW\��,Q�RUGHU�WR�PLPLF�WKH�UHDO�VLWXDWLRQ�
PRUH� FORVHO\�� WKH� PRGHO� PD\� EH� XVHG�
VWRFKDVWLFDOO\��GHVSLWH�LW�LV�KDYLQJ�EHHQ�GHYHORSHG�
IRU� GHWHUPLQLVWLF� XVH�� 7KH� SUREDELOLW\� RI �
PRUWDOLW\�LQFLGHQFH�IRU�D�SDUWLFXODU�SORW�PD\�EH�
SUHGLFWHG� IURP�(T�� ����� DQG� D� UDQGRP�QXPEHU�
GLVWULEXWHG�XQLIRUPO\�EHWZHHQ���DQG���LV�XVHG�WR�
GHWHUPLQH�ZKHWKHU�RU�QRW�WKH�PRUWDOLW\�RFFXUUHG�
LQ�WKH�SORW��7KH�VWRFKDVWLF�DSSURDFK�LV��KRZHYHU��
DQ�DOWHUQDWLYH�WKDW�DOORZV�GLIIHUHQW�HVWLPDWHV�IRU�
WKH�VDPH�VWDQG�GHSHQGLQJ�RQ�WKH�UDQGRP�QXPEHU�
JHQHUDWHG��7KH�XVH�RI �D�UDQGRP�QXPEHU�PD\�EH�D�
UHDVRQDEOH� DSSURDFK� WR� GHDO� ZLWK� WKH� IDFW� WKDW�
PRUWDOLW\� LV� D� VWRFKDVWLF� SKHQRPHQRQ�� 7KLV�
DVVXPSWLRQ� PD\� EH� PRUH� XVHIXO� ZKHQ� WKH�
PRUWDOLW\� PRGHO� LV� XVHG� IRU� ODUJH�VFDOH�
PDQDJHPHQW�VLPXODWLRQ��WDNLQJ�LQWR�DFFRXQW�WKH�
VWRFKDVWLF�QDWXUH�RI �WUHH�GHDWK��:RROORQV�������
� $QRWKHU� DOWHUQDWLYH� LV� WR� ILW� D� PRGHO� IRU�
SUHGLFWLQJ�VWDQG�GHQVLW\�DV�KDV�EHHQ�DSSOLHG�LQ�WKH�

0RGHOOLQJ�QDWXUDO�PRUWDOLW\�RI �WURSLFDO�SODQWDWLRQ�VSHFLHV�$FDFLD�PDQJLXP
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)LJXUH����6FDWWHU�SORWV�RI �REVHUYHG�DQG�SUHGLFWHG�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�XVLQJ�WKUHH�GLIIHUHQW�DSSURDFKHV��
SUREDELOLVWLF�WZR�VWHS�DSSURDFK��D���GHWHUPLQLVWLF�WKUHVKROG�DSSURDFK��E���DQG�VWRFKDVWLF�DSSURDFK��F��



VHFRQG� VWHS� EXW� LQFOXGLQJ� DOO� SORWV� ZLWK� DQG�
ZLWKRXW�PRUWDOLW\�LQFLGHQFH��7KH�XVH�RI �WKLV�RQH�
VWHS�PRGHOOLQJ�DSSURDFK�ILWWHG�WR�DOO�GDWD�PD\�EH�D�
JRRG� DOWHUQDWLYH� ZKHQ� QDWXUDO� PRUWDOLW\� LV�
IUHTXHQW��DV�PD\�RFFXU�LQ�XQWKLQQHG�GHQVH�VWDQGV��
+RZHYHU�� WKLV� DSSURDFK� PD\� FUHDWH� D� SUREOHP�
ZKHQ� QR� DFWXDO� PRUWDOLW\� LV� REVHUYHG� LQ� PDQ\�
SORWV� �:RROORQV� ������(LG�	��\HQ��������7KLV�
DSSURDFK�ZDV�DOVR�WHVWHG�LQ�WKLV�VWXG\��UHVXOWV�QRW�
VKRZQ���EXW�VRPH�GHSDUWXUH�IURP�QRUPDOLW\�DQG�
SUHVHQFH� RI � ODUJH� ELDV� LQ� SUHGLFWLRQ� ZHUH�
LQGLFDWHG��ZKLFK�ZDV�FRQVLVWHQW�ZLWK�WKH�UHVXOW�RI �
:RROORQV
V�VWXG\�
� HW� DO:HEHU� � ������� DQG� 9DQFOD\� �����D��
FRPSDUHG� WKH� GHWHUPLQLVWLF� DQG� VWRFKDVWLF�
DSSURDFKHV�LQ�SUHGLFWLQJ�PRUWDOLW\�DQG�FRXOG�QRW�
ILQG� VLJQLILFDQFH� GLIIHUHQFH� LQ� WKHLU� SUHGLFWLRQV��
+RZHYHU�� %HOFKHU� �� ������� QRWHG� WKDW� D�HW� DO
VWRFKDVWLF� DSSURDFK� W\SLFDOO\� SUHGLFWV� KLJK�
PRUWDOLW\� GXULQJ� VRPH� \HDUV� DQG� YHU\� OLWWOH�
PRUWDOLW\� LQ�RWKHUV��6XFK�SDWWHUQV�PD\�EH�PRUH�
UHSUHVHQWDWLYH� RI � DFWXDO� HYHQWV� RYHU� VKRUW� WLPH�
SHULRGV�� EXW� WKH\� PD\� LQIODWH� WKH� YDULDQFH� RI �
SUHGLFWLRQV�RYHU�ORQJ�SURMHFWLRQ�SHULRGV��3RWKLHU�
	�0DLOO\��������&RQVHTXHQWO\�� WKH�GHWHUPLQLVWLF�
SUHGLFWLRQ� EDVHG� RQ� WKH� SUREDELOLVWLF� WZR�VWHS�
DSSURDFK�ZDV�SUHIHUUHG�WR�D�VWRFKDVWLF�DSSURDFK�
IRU�WKH�DSSOLFDWLRQ�LQ�WKLV�VWXG\��7KLV�DSSURDFK�KDV�
DOVR�EHHQ�VKRZQ�WR�EH�PRVW�DFFXUDWH�DPRQJ�WKH�
WKUHH�DSSURDFKHV�WHVWHG�DQG�WKXV�VKRXOG�SURYLGH�
UHOLDEOH�SUHGLFWLRQ�ZKHQ�LW�LV�WR�EH�XVHG�LQ�IRUHVW�
SURGXFWLYLW\�SUHGLFWLRQ�DQG�PDQDJHPHQW�V\VWHP�

&21&/86,216

� $� WZR�VWHS� PRGHOOLQJ� VWUDWHJ\� ZDV� XVHG� WR�
GHYHORS�D�QDWXUDO�PRUWDOLW\�PRGHO�IRU�$��PDQJLXP�
VWDQGV��7KH�SUREDELOLW\�RI �PRUWDOLW\�LQFLGHQFH�IRU�
��\U�SHULRG�LQ�WKH�ILUVW�VWHS�LV�PDLQO\�LQIOXHQFHG�E\�
VWDQG� GHQVLW\�� VLWH� LQGH[� DQG� VWDQG� DJH�� 7KH�
HVWLPDWHV� RI � WKH� SUREDELOLW\� RI � PRUWDOLW\�
LQFLGHQFH�LQFUHDVH�ZLWK�LQFUHDVLQJ�VWDQG�GHQVLW\��
VLWH�LQGH[�DQG�VWDQG�DJH��$W�WKH�VHFRQG�VWHS��WKH�
EHVW�PRGHO�IRU�HVWLPDWLQJ�VWHP�QXPEHU�UHGXFWLRQ�
GXH�WR�PRUWDOLW\�ZDV�WKH�PRGHO�WKDW�LQFOXGHG�VLWH�
LQGH[�DV�H[SODQDWRU\�YDULDEOH��LQ�ZKLFK�WKH�UHODWLYH�
UDWH� RI � FKDQJH� LQ� WKH� QXPEHU� RI � VWHPV� ZDV�
SURSRUWLRQDO�WR�D�SRZHU�IXQFWLRQ�RI �DJH�
� )URP� WKH� WKUHH� GLIIHUHQW�PHWKRGV� SURSRVHG�
IRU�SURMHFWLQJ�WKH�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�
KD� �L�H�� SUREDELOLVWLF� WZR�VWHS�� GHWHUPLQLVWLF�

WKUHVKROG�DQG�VWRFKDVWLF�DSSURDFKHV���DOO�PHWKRGV�
SURYLGHG�VLPLODU�UHVXOWV�DQG�UHOLDEOH�SUHGLFWLRQV��
1R�LPSRUWDQW�ELDVHV�EHWZHHQ�WKH�REVHUYHG�DQG�
WKH�SUHGLFWHG�QXPEHU�RI �VXUYLYLQJ�VWHPV�SHU�KD�
ZHUH� IRXQG�� )RU� LQFOXVLRQ� LQ� WKH� IRUHVW�
SURGXFWLYLW\� SUHGLFWLRQ� V\VWHP�� KRZHYHU�� WKH�
SUREDELOLVWLF� WZR�VWHS� DSSURDFK� SURGXFHV�
FRQVLVWHQW�DQG�WKH�PRVW�DFFXUDWH�HVWLPDWHV�

$&.12:/('*(0(176

� 7KH� DXWKRU� WKDQNV� WR� WKH� PDQDJHPHQW� DQG�
ILHOG�LQYHQWRU\�WHDP�RI �37�0XVL�+XWDQ�3HUVDGD�
IRU�SURYLGLQJ�DFHVV�WR�SHUPDQHQW�VDPSOH�SORW�GDWD�
IRU�WKLV�VWXG\��7KDQNV�DOVR�WR�UHYLHZHUV�ZKR�KDYH�
SURYLGHG�LQYDOXDEOH�FRPPHQWV�RQ�WKH�HDUOLHU�GUDIW�
RI �WKLV�PDQXVFULSW�

�

5()(5(1&(6

$OHQLXV�9��+|NNl�+��6DOPLQHQ�+��-XWUDV�6��������(YDOXDWLQJ�
HVWLPDWLRQ� PHWKRGV� IRU� ORJLVWLF� UHJUHVVLRQ� LQ�
PRGHOOLQJ� LQGLYLGXDO�WUHH�PRUWDOLW\�� ,Q�� $PDUR�$��
5HHG� '�� 6RDUHV� 3�� HGLWRUV�� 0RGHOOLQJ� IRUHVW�
V\VWHPV�� :DOOLQJIRUG�� &$%� ,QWHUQDWLRQDO�� S� ����
����

$PDWHLV�5/��%XUNKDUW�+(��/LX�-��������0RGHOLQJ�VXUYLYDO�LQ�
MXYHQLOH�DQG�PDWXUH� OREOROO\�SLQH�SODQWDWLRQV��)RU��
(FRO��0DQDJH������������

$ULVPDQ�+��.XULQREX�6��+DUGL\DQWR�(%��������$�VLPSOH�
VWHS�ZLVH� SURFHGXUH� IRU� SUHGLFWLQJ� VWDQG�
GHYHORSPHQW�RI �$FDFLD�PDQJLXP� SODQWDWLRQV�EDVHG�
RQ�WKH�PD[LPXP�VL]H�GHQVLW\�OLQH�LQ�6RXWK�6XPDWUD��
,QGRQHVLD��-��)RU��5HV�������������

$YLOD�2%��%XUNKDUW�+(��������0RGHOLQJ�VXUYLYDO�RI �OREOROO\�
SLQH� WUHHV� LQ� WKLQQHG� DQG� XQWKLQQHG� SODQWDWLRQV��
&DQ��-��)RU��5HV����������������

%DLOH\� 5/�� %RUGHUV� %(�� :DUH� .'�� -RQHV� (3�� ������ $�
FRPSDWLEOH�PRGHO�IRU�VODVK�SLQH�SODQWDWLRQ�VXUYLYDO�
WR�GHQVLW\��DJH��VLWH�LQGH[��DQG�W\SH�DQG�LQWHQVLW\�RI �
WKLQQLQJ��)RU��6FL��������������

%HOFKHU�':��+ROGDZD\�05��%UDQG�*-��������$�GHVFULSWLRQ�
RI � 67(06� �� WKH� VWDQG� DQG� WUHH� HYDOXDWLRQ� DQG�
PRGHOOLQJ�V\VWHP��86'$�)RU��6HUY��*75�1&����

%UDYR�2YLHGR� $�� 6WHUED� +�� 5tR� 0'�� %UDYR� )�� ������
&RPSHWLWLRQ�LQGXFHG�PRUWDOLW\� IRU�0HGLWHUUDQHDQ�
3LQXV� SLQDVWHU� $LW�� DQG� 3�� V\OYHVWULV� /�� )RU�� (FRO��
0DQDJH�������������

%XUJPDQ�0$��,QFROO�:��$GHV�3.��)HUJXVRQ�,��)OHWFKHU�7��
:RKOHUV�$�� ������0RUWDOLW\�PRGHOV� IRU�PRXQWDLQ�
DQG�DOSLQH�DVK��)RU��(FRO��0DQDJH��������������
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&KXWLQDQWDNXO� $�� 0D\HQJ� 0�� 7RQJNXPFKXP� 3�� ������
(VWLPDWLRQ� RI � PRUWDOLW\� ZLWK� PLVVLQJ� GDWD� XVLQJ�
ORJLVWLF� UHJUHVVLRQ�� 6RQJNODQDNDULQ� -�� 6FL�� 7HFKQRO��
������������

&OXWWHU�-/��)RUWVRQ�-&��3LHQDDU�/9��%ULVWHU�*+��%DLOH\�5/��
������7LPEHU�PDQDJHPHQW��D�TXDQWLWDWLYH�DSSURDFK��
1HZ�<RUN��:LOH\�

'LpJXH]�$UDQGD�8��&DVWHGR�'RUDGR�)��ÉOYDUH]�*RQ]iOH]�
-*�� 5RGUtJXH]�6RDOOHLUR� 5�� ������ 0RGHOOLQJ�
PRUWDOLW\�RI �6FRWV�SLQH�� �/���SODQWDWLRQV�3LQXV�V\OYHVWULV
LQ�WKH�QRUWKZHVW�RI �6SDLQ��(XU��-��)RU��5HV�����������
����

(LG�7���\HQ�%�+��������0RGHOV�IRU�SUHGLFWLRQ�RI �PRUWDOLW\�
LQ�HYHQ�DJHG�IRUHVW��6FDQG��-��)RU��5HV������������

(LG�7��7XKXV�(��������0RGHOV�IRU�LQGLYLGXDO�WUHH�PRUWDOLW\�LQ�
1RUZD\��)RU��(FRO��0DQDJH�������������

(YHUW�)��������$�PRGHO�IRU�UHJXODU�PRUWDOLW\�LQ�XQWKLQQHG�
ZKLWH�VSUXFH�SODQWDWLRQV��)RU��&KURQ�����������

)RRG�DQG�$JULFXOWXUH�2UJDQL]DWLRQ��)$2���������7URSLFDO�
IRUHVW�SODQWDWLRQ�DUHDV�GDWD�VHW�E\�'��3DQGH\��)RUHVW�
3ODQWDWLRQV�:RUNLQJ�3DSHU�����5RPH��)$2�

)RUVV�(��*DGRZ�.9��6DERURZVNL�-��������*URZWK�PRGHOV�IRU�
XQWKLQQHG� � SODQWDWLRQV� LQ� 6RXWK�$FDFLD� PDQJLXP
.DOLPDQWDQ��,QGRQHVLD��-��7URS��)RU��6FL�������������

)ULGPDQ� -�� 6WnKO� *�� ������ $� WKUHH�VWHS� DSSURDFK� IRU�
PRGHOOLQJ�WUHH�PRUWDOLW\�LQ�6ZHGLVK�IRUHVWV��6FDQG��-��
)RU��5HV��������������

*DGRZ�.9��+XL�*��������0RGHOOLQJ� IRUHVW�GHYHORSPHQW��
'RUGUHFKW��.OXZHU�$FDGHPLF�3XEOLVKHUV�

*RQ]iOH]�-*$��'RUDGR�)&��*RQ]iOH]�$'5��6iQFKH]�&$/��
*DGRZ�.9��������$�WZR�VWHS�PRUWDOLW\�PRGHO�IRU�
HYHQ�DJHG�VWDQGV�RI � �'�'RQ�LQ�*DOLFLD�3LQXV�UDGLDWD
�1RUWKZHVWHUQ�6SDLQ���$QQ��)RU��6FL��������������

+DPLOWRQ�'$��%ULFNHOO�-(��������0RGHOLQJ�PHWKRGV�IRU�D�
WZR�VWDJH�V\VWHP�ZLWK�FRQWLQXRXV�UHVSRQVHV��&DQ��-��
)RU��5HV����������������

+RVPHU�':��/HPHVKRZ�6��6WXUGLYDQW�5;��������$SSOLHG�
ORJLVWLF�UHJUHVVLRQ��� �HGLWLRQ��1HZ�<RUN��:LOH\�UG

+XVFK�%��%HHUV�7:��.HUVKDZ�-$��������)RUHVW�PHQVXUDWLRQ��
1HZ�-HUVH\��-RKQ�:LOH\�DQG�6RQV�

-XWUDV�6��+|NNl�+��$OHQLXV�9��6DOPLQHQ�+��������0RGHOOLQJ�
PRUWDOLW\�RI �LQGLYLGXDO�WUHHV�LQ�GUDLQHG�SHDWODQG�VLWHV�
LQ�)LQODQG��6LOYD�)HQQ��������������

.ULVQDZDWL�+��������$�FRPSDWLEOH�HVWLPDWLRQ�PRGHO�RI �VWHP�
YROXPH� DQG� WDSHU� IRU� � :LOOG��$FDFLD� PDQJLXP
SODQWDWLRQV��,QGRQ��-��)RU��5HV�����������

.ULVQDZDWL�+��:DQJ�<��$GHV�3.��:LOG�,��������'RPLQDQW�
KHLJKW� DQG� VLWH� LQGH[� PRGHOV� IRU� �$FDFLD� PDQJLXP
:LOOG��SODQWDWLRQV��-�)RU�5HV�������������

.ULVQDZDWL�+��.DOOLR�0��.DQQLQHQ�0��������$FDFLD�PDQJLXP�
:LOOG���HFRORJ\��VLOYLFXOWXUH�DQG�SURGXFWLYLW\��%RJRU��
&,)25�

/DDU� $�� $NoD� $�� ������ )RUHVW� PHQVXUDWLRQ�� *|WWLQJHQ��
&XYLOOLHU�9HUODJ�

/HH�<�-��&REOH�':��������$�VXUYLYDO�PRGHO�IRU�XQWKLQQHG�
OREOROO\� SLQH� SODQWDWLRQV� WKDW� LQFRUSRUDWHV� QRQ�
SODQWHG� WUHH� FRPSHWLWLRQ�� VLWH� TXDOLW\�� DQG�
LQFLGHQFH�RI �IXVLIRUP�UXVW��%LRUHVRXU��7HFKQRO������
��������

/LP� 6&�� *DQ� .6�� &KRR� .7�� ������ 7KH� FKDUDFWHULVWLFV��
SURSHUWLHV� DQG� XVHV� RI � SODQWDWLRQ� WLPEHUV� ��
UXEEHUZRRG�DQG�$FDFLD�PDQJLXP��7LPEHU�7HFK��%XO��
���������

0D�/��/LDQ�-��/LQ�*��&DR�+��+XDQJ�=��*XDQ�'��������)RUHVW�
G\QDPLFV� DQG� LWV� GULYLQJ� IRUFHV� RI � VXE�WURSLFDO�
IRUHVW� LQ� 6RXWK� &KLQD�� 6FL�� 5HS�� ���������
'RL���������VUHS������

0RQVHUXG�5$�� 6WHUED�+�� ������0RGHOLQJ� LQGLYLGXDO� WUHH�
PRUWDOLW\� IRU� $XVWULDQ� IRUHVW� VSHFLHV�� )RU�� (FRO��
0DQDJH���������������

0XUW\� '�� 0F0XUWULH� 5(�� ������ 7KH� GHFOLQH� RI � IRUHVW�
SURGXFWLYLW\�DV�VWDQGV�DJH��D�PRGHO�EDVHG�PHWKRG�
IRU� DQDO\VLQJ� FDXVHV� IRU� WKH�GHFOLQH��(FRO��0RGHO��
�������������

2OLYHU�&'��/DUVRQ�%&��������)RUHVW�VWDQG�G\QDPLFV��1HZ�
<RUN��:LOH\�

3HHW� 5.�� &KULVWHQVHQ� 1/�� ������ &RPSHWLWLRQ� DQG� WUHH�
GHDWK��%LR6FL��������������

3LHQDDU�/9��3DJH�++��5KHQH\�-:��������<LHOG�SUHGLFWLRQ�IRU�
PHFKDQLFDOO\� VLWH�SUHSDUHG� VODVK� SLQH� SODQWDWLRQV��
6RXWK��-��$SSO��)RU��������������

3LHQDDU�/9��6KLYHU�%'��������6XUYLYDO� IXQFWLRQV� IRU� VLWH�
SUHSDUHG�VODVK�SLQH�SODQWDWLRQV�LQ�WKH�IODWZRRGV�RI �
*HRUJLD�DQG�QRUWKHUQ�)ORULGD��6RXWK��-��$SSO��)RU�����
������

3RWKLHU�'��0DLOO\�'��������6WDQG�OHYHO�SUHGLFWLRQ�RI �EDOVDP�
ILU� PRUWDOLW\� LQ� UHODWLRQ� WR� VSUXFH� EXGZRUP�
GHIROLDWLRQ��&DQ��-��)RU��5HV����������������

6WRNHV�0(��'DYLV�&6��.RFK�**��������&DWHJRULFDO�GDWD�
UGDQDO\VLV�XVLQJ�6$6��� �HGLWLRQ��&DU\��6$6�,QVWLWXWH�

,QF�

9DQFOD\�-.������D��&RPSDWLEOH�GHWHUPLQLVWLF�DQG�VWRFKDVWLF�
SUHGLFWLRQV�E\�SUREDELOLVWLF�PRGHOLQJ�RI �LQGLYLGXDO�
WUHHV��)RU��6FL����������������

9DQFOD\� -.�� ����E�� 0RUWDOLW\� IXQFWLRQV� IRU� QRUWK�
4XHHQVODQG�UDLQ�IRUHVWV��-��7URS��)RU��6FL�����������

9DQFOD\� -.�� ������ 0RGHOOLQJ� IRUHVW� JURZWK� DQG� \LHOG��
DSSOLFDWLRQV�WR�PL[HG�WURSLFDO�IRUHVWV��:DOOLQJIRUG��
&$%�,QWHUQDWLRQDO�

:DQJ�<��+DPLOWRQ�)��������3URMHFWLQJ�VWDQG�DWWULEXWHV�RI �
UHJURZWK�DVK�HXFDO\SWV�VDPSOHG�LQ�IRUHVW�LQYHQWRU\��
$XV��)RU�����������

:DULQJ�5�+���������&KDUDFWHULVWLFV�RI �WUHHV�SUHGLVSRVHG�WR�
GLH��%LR6FL��������������

���

0RGHOOLQJ�QDWXUDO�PRUWDOLW\�RI �WURSLFDO�SODQWDWLRQ�VSHFLHV�$FDFLD�PDQJLXP



:HEHU� /�� (N� $5�� 'URHVVOHU� 7'�� ������ &RPSDULVRQ� RI �
VWRFKDVWLF�DQG�GHWHUPLQLVWLF�PRUWDOLW\�HVWLPDWLRQ�LQ�
DQ�LQGLYLGXDO�WUHH�EDVHG�VWDQG�JURZWK�PRGHO��&DQ��-��
)RU��5HV����������������

:RROORQV�5&��������(YHQ�DJHG�VWDQG�PRUWDOLW\�HVWLPDWLRQ�
WKURXJK� D� WZR�VWHS� UHJUHVVLRQ� SURFHVV�� )RU�� (FRO��
0DQDJH���������������

<DQJ�<��7LWXV�6-��+XDQJ�6��������0RGHOLQJ�LQGLYLGXDO�WUHH�
PRUWDOLW\�IRU�ZKLWH�VSUXFH�LQ�$OEHUWD��(FRO��0RGHO��
�������������

<DR�;��7LWXV�6-��0DF'RQDOG�6(��������$�JHQHUDOL]HG�ORJLVWLF�
PRGHO�RI �LQGLYLGXDO�WUHH�PRUWDOLW\�IRU�DVSHQ��ZKLWH�
VSUXFH��DQG�ORGJHSROH�SLQH�LQ�$OEHUWD�PL[HGZRRG�
IRUHVWV��&DQ��-��)RU��5HV��������������

=KDQJ�-��+XDQJ�6��+H�)��������+DOI�FHQWXU\�HYLGHQFH�IURP�
ZHVWHUQ�&DQDGD�VKRZV�IRUHVW�G\QDPLFV�DUH�SULPDULO\�
GULYHQ�E\�FRPSHWLWLRQ�IROORZHG�E\�FOLPDWH��31$6��
ZZZ�SQDV�RUJ�FJL�GRL���������SQDV������������

=KDR�'��%RUGHUV�%(��:DQJ�0��������6XUYLYDO�PRGHO�IRU�
IXVLIRUP�UXVW�LQIHFWHG�OREOROO\�SLQH�SODQWDWLRQV�ZLWK�
DQG� ZLWKRXW� PLG�URWDWLRQ� XQGHUVWRUH\� YHJHWDWLRQ�
FRQWURO��)RU�(FRO�0DQDJH���������������
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