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�
$EVWUDFW�
$� RQH�GLPHQVLRQDO� ELRSK\VLFDO� VLPXODWLRQ� PRGHO�� FRPELQLQJ� FURS� JURZWK�� VRLO� ZDWHU�� DQG�
FKHPLFDO� G\QDPLFV�� ZDV� XVHG� WR� LQYHVWLJDWH� WKH� HIIHFWV� RQ� QLWUDWH� OHDFKLQJ� GXH� WR� OLNHO\�
YDULDWLRQV� LQ� ����ZDWHU� DQG� IHUWLOLVHU� DSSOLFDWLRQV�� ���� WKH� LQLWLDO� DPRXQW� DQG� GLVWULEXWLRQ� RI�
PLQHUDO�VRLO�QLWURJHQ��DQG�����VRLO�ZDWHU�KROGLQJ�FDSDFLW\���7KH�DLP�RI�WKH�LQYHVWLJDWLRQ�ZDV�WR�
DVVHVV�ZKDW�OHYHO�RI�DJJUHJDWLRQ�ZDV�DSSURSULDWH�IRU�DWWDLQLQJ�D�UHDVRQDEOH�GHJUHH�RI�DFFXUDF\�
LQ�SUHGLFWLRQ�DW�WKH�SDGGRFN�VFDOH���$Q\�QRQ�OLQHDULW\�LQ�WKH�UHVSRQVH�RI�WKH�FRPELQHG�SODQW±
VRLO�PRGHO�PD\�UHTXLUH�VRPH�GHJUHH�RI�SDUWLWLRQLQJ�DQG�FRPELQDWLRQ�RI�VLPXODWLRQV�WR�SURYLGH�
VXIILFLHQW�DFFXUDF\�LQ�VFDOHG�XS�UHVXOW����
�
7KLV�LQYROYHG�VHOHFWLQJ�D�VHW�RI����FURSSLQJ�VRLO�W\SH�FOLPDWH�VFHQDULRV��WKHQ�GHWHUPLQLQJ�WKH�
OLNHO\�YDULDELOLW\�ZLWKLQ�HDFK�RI�WKHVH�VFHQDULRV�GXH�WR�PHFKDQLFDO�YDULDELOLW\�LQ�IHUWLOLVHU�DQG�
LUULJDWLRQ� DSSOLFDWLRQ�� YDULDELOLW\� LQ� VRLO� K\GUDXOLF� SURSHUWLHV�� DQG� SDWFK�VFDOH� YDULDELOLW\� LQ�
LQLWLDO� QLWUDWH�� ([SHUW� NQRZOHGJH� DQG� H[SHULPHQWDO� GDWD� ZHUH� XVHG� WR� GHULYH� D� OLNHO\�
GLVWULEXWLRQ� IRU� HDFK� RI� WKHVH� IDFWRUV�� 7KUHH� ODQG�XVHV� ZHUH� FRQVLGHUHG�� FURSSLQJ�� PL[HG�
FURS�FRZ��PL[HG�FURS�VKHHS��7KH�PRGHO�ZDV�UXQ������WLPHV�IRU�HDFK�ODQG�XVH� WR�GHWHUPLQH�
WKH�YDULDELOLW\�RI�QLWUDWH�OHDFKHG�ZLWKLQ�D�VLQJOH�SDGGRFN�XQGHU�WKH�GLIIHUHQW�VRLO��FOLPDWH�DQG�
ODQG�XVH�VFHQDULRV����
�
5HVXOWV� VKRZ� WKDW� WKH� UHVSRQVH� LV� QRQ�OLQHDU�ZLWK� VLJQLILFDQW� GLIIHUHQFHV� EHWZHHQ� GHHS� DQG�
VKDOORZ�VRLOV��DQG�ZKHWKHU�WKH�SULRU�ODQG�XVH�LQYROYHG�JUD]LQJ�RU�QRW��3DUWLWLRQLQJ�WKH�SDGGRFN�
LQWR�XULQH�Y��QRQ�XULQH�SDWFKHV�LV�DQ�DSSURSULDWH�ZD\�WR�VFDOH�XS�UHVXOWV�WR�WKH�SDGGRFN��
,QWURGXFWLRQ�
1LWUDWH�LQ�JURXQGZDWHU�LV�UHFRJQLVHG�DV�D�PDMRU�HQYLURQPHQWDO�FRQWDPLQDQW�LQWHUQDWLRQDOO\��,Q�
1HZ�=HDODQG��UHJXODWRU\�DXWKRULWLHV��UHJLRQDO�FRXQFLOV���YHVWHG�ZLWK�UHVSRQVLELOLW\�WR�PDLQWDLQ�
HQYLURQPHQWDO�TXDOLW\��KDYH�IRXQG�QLWUDWH�OHYHOV�LQ�JURXQGZDWHU�DQG�VXUIDFH�ZDWHU�WKDW�H[FHHG�
WKH�DFFHSWDEOH�GULQNLQJ�VWDQGDUG�������PJ�/�12��1���6PLWK�������6HOYDUDMDK�HW�DO���������,W�
LV� EHOLHYHG� WKDW� LQFUHDVHV� LQ� QLWUDWH� DUH� PDLQO\� UHODWHG� WR� QRQ�SRLQW� FRQWDPLQDWLRQ� IURP�
DJULFXOWXUDO� ODQG� XVHV� �%XUGHQ� ������� 5HVHDUFK� LV� WKHUHIRUH� EHLQJ� XQGHUWDNHQ� WR� GHWHUPLQH�
ULVNV�RI�JURXQGZDWHU�SROOXWLRQ�IURP�DJULFXOWXUH��DQG�WR�SURYLGH�D�UDWLRQDOH�IRU�WDUJHWLQJ�ODQG�
XVH�FKDQJH�WR�PLQLPLVH�FRQWDPLQDWLRQ�HIIHFWV�RQ�JURXQGZDWHU��
�
$� ODUJH� QXPEHU� RI� IDFWRUV� DIIHFW� WKH� XOWLPDWH� FRQFHQWUDWLRQ� RI� QLWUDWH� PHDVXUHG� LQ� WKH�
JURXQGZDWHU� DW� DQ\� SDUWLFXODU� SODFH� DQG� WLPH�� 7KH� PDLQ� GRPDLQV� RI� YDULDELOLW\� DIIHFWLQJ�
OHDFKLQJ� WR� JURXQGZDWHU� DUH� ODQG� XVH�� PDQDJHPHQW�� VRLO� W\SH�� FOLPDWH�� DQG� DTXLIHU�
FKDUDFWHULVWLFV�� $V� H[SHULPHQWDO� GDWD� DUH� RQO\� DYDLODEOH� IRU� D� IHZ� FRPELQDWLRQV� RI� WKHVH�
IDFWRUV�� VLPXODWLRQV� PRGHOV� DUH� RIWHQ� GHYHORSHG� DQG� DSSOLHG� IRU� WKH� SXUSRVH� RI� PDNLQJ�
SUHGLFWLRQV�RYHU� ODUJHU�DUHDV��$�PHFKDQLVWLF�DSSURDFK�FDQ�EH�XVHG�ZKHUH�SORW�VFDOH�SURFHVV�
XQGHUVWDQGLQJ�DQG�GDWD�DUH�HQFDSVXODWHG�LQ�D�PRGHO��ZKLFK�LV�WKHQ�VFDOHG�XS�WR�SDGGRFN��IDUP�
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DQG� HYHQWXDOO\� UHJLRQ�� 7KLV� SUHOLPLQDU\� VWXG\� LQYHVWLJDWHV� WKH� HIIHFW� RI� ZLWKLQ�SDGGRFN�
YDULDELOLW\�DQG�LWV�SRWHQWLDO�LPSDFW�RQ�VFDOLQJ�XS��
�
7KH�PRGHO�XVHG�ZDV�GHULYHG�IURP�WKH�ZKHDW�VLPXODWLRQ�PRGHO�6LULXV��-DPLHVRQ�HW�DO������E��
-DPLHVRQ� 	� 6HPHQRY� ������� � 7KLV� XVHV� D� YHUVLRQ� RI� WKH� $GGLVFRWW� DQG�:KLWPRUH� �������
SHUFRODWLRQ� DQG� OHDFKLQJ�PRGHO� WR� GHVFULEH� QLWURJHQ� DQG�ZDWHU�PRYHPHQW� WKURXJK� WKH� VRLO��
DQG�KDV�D�VLPSOLILHG�QLWURJHQ�PLQHUDOLVDWLRQ�PRGHO�ZKHUH�WKH�PLQHUDOLVDWLRQ�UDWH�LV�PRGLILHG�
E\�VRLO�PRLVWXUH��WHPSHUDWXUH�DQG�VRLO�RUJDQLF�1�FRQWHQW���7KH�PRGHO�KDV�EHHQ�ZHOO�YDOLGDWHG�
ERWK� ORFDOO\� �-DPLHVRQ�HW� DO�� ����D�� DQG� LQWHUQDWLRQDOO\� �-DPLHVRQ�	�6HPHQRY�������� �7KH�
PRGHO� ZDV� RULJLQDOO\� GHYHORSHG� WR� VLPXODWH� WKH� JURZWK�� ZDWHU� DQG� 1� UHODWLRQV�� \LHOG� DQG�
TXDOLW\� RI� D� VLQJOH�ZKHDW� FURS� IURP� VRZLQJ�XQWLO� KDUYHVW�� � ,Q�RUGHU� WR�EH� VXLWDEOH� IRU�PRUH�
JHQHUDO� VFHQDULRV�� WKH�PRGHO�ZDV�PRGLILHG� VR� WKDW� LW� FRXOG� VWDUW� RQ� DQ� DUELWUDU\� GDWH� LQ� WKH�
DEVHQFH�RI�DQ\�FURS��IDOORZ�RU�SRVW�FXOWLYDWLRQ��DQG�WR�EH�DEOH�WR�UXQ�SDVW�WKH�KDUYHVW�RI�WKH�
LQLWLDO� FURS� DQG� WR� FRQWLQXH� ZLWK� D� VHFRQG� FURS�� NHHSLQJ� WUDFN� RI� VRLO� ZDWHU� DQG� 1� VWDWXV�
WKURXJKRXW�RQ�D�GDLO\�WLPHVWHS����
0HWKRGV�
$� 0RQWH� &DUOR� DSSURDFK� ZDV� XVHG� WR� VLPXODWH� OLNHO\� YDULDELOLW\� ZLWKLQ� D� SDGGRFN�� 7KLV�
LQYROYHG�VHOHFWLQJ�D�VHW�RI�FURSSLQJ�VFHQDULRV�� WKHQ�GHWHUPLQLQJ�WKH�OLNHO\�YDULDELOLW\�ZLWKLQ�
HDFK�RI� WKHVH� VFHQDULRV�GXH� WR�PHFKDQLFDO�YDULDELOLW\� LQ� IHUWLOLVHU� DQG� LUULJDWLRQ�DSSOLFDWLRQ��
YDULDELOLW\� LQ� VRLO� K\GUDXOLF� SURSHUWLHV�� DQG� SDWFK�VFDOH� YDULDELOLW\� LQ� LQLWLDO� 1�� 7KH� PRGHO�
�YHUVLRQ�0D\�������ZDV�UXQ������WLPHV�IRU�HDFK�RI�WKH�IROORZLQJ�WKUHH�ODQG�XVHV��FURSSLQJ��
PL[HG�FURS� ZLWK� SULRU� JUD]LQJ� E\� FRZV�� PL[HG�FURS� ZLWK� SULRU� JUD]LQJ� E\� VKHHS�� 7KHVH�
VLPXODWLRQV�ZHUH�XVHG�WR�GHWHUPLQH�WKH�YDULDELOLW\�RI�QLWUDWH�OHDFKHG�ZLWKLQ�D�VLQJOH�SDGGRFN�
XQGHU�WKH�GLIIHUHQW�VRLO��FOLPDWH��DQG�ODQG�XVH�VFHQDULRV����
�
7KLUW\�VL[�VFHQDULRV�ZHUH�FKRVHQ�FRYHULQJ�D�UDQJH�RI�FOLPDWH��VRZLQJ�GDWH��VRLO�W\SH�DQG�SULRU�
ODQG� XVH� RSWLRQV�� (DFK� VFHQDULR� ZDV� VLPXODWHG� ZLWK� �� \HDUV� RI� ZKHDW�� 7KH� XQLTXH�
FRPELQDWLRQV� RI� WKH� ER[HV�PDNH� XS� WKH� ��� VFHQDULRV� �)LJ�� ���� (DFK� VFHQDULR�ZDV� VHW� XS� WR�
DFKLHYH�D�UHDVRQDEOH�\LHOG�WKURXJK�RSWLPDO�LUULJDWLRQ�DQG�IHUWLOLVHU�DSSOLFDWLRQV���
�
�
�
�
�
)LJ����7KH�VHW�RI�VRZLQJ�GDWH��FOLPDWH��VRLO��DQG�ODQG�XVH�RSWLRQV�WKDW�PDNH�XS�WKH����VFHQDULRV��

6RLO�YDULDELOLW\��
6RLO� YDULDELOLW\� ZDV� UHSUHVHQWHG� E\� YDULDELOLW\� LQ� KRUL]RQ� WKLFNQHVV�� ZLOWLQJ� SRLQW�� ILHOG�
FDSDFLW\�� DQG� WRWDO� SRURVLW\�� ZLWKLQ� D� JLYHQ� VRLO� W\SH�� 7KHVH� YDULDEOHV� ZHUH� VLPXODWHG� E\�
UDQGRP�VHOHFWLRQ�IURP�D�VPDOO�VHW�RI�SURILOHV�IURP�WKH�&DQWHUEXU\�SODLQV��:HEE�HW�DO����������
)LIWHHQ�SURILOHV�ZHUH�XVHG�IRU�WKH�GHHS�7HPSOHWRQ�VRLO�DQG�WHQ�IRU�WKH�VKDOORZ�(\UH�VRLO��
,UULJDWLRQ�YDULDELOLW\��
:LWKLQ�SDGGRFN� YDULDELOLW\� LQ� LUULJDWLRQ� LV� GXH� WR� RYHUODS� EHWZHHQ� LUULJDWLRQ� VWULSV� DQG�
XQHYHQQHVV�RI�DSSOLFDWLRQ�XQGHU�VSULQNOHUV��7DEOH���JLYHV�WKH�OLNHO\�YDULDELOLW\��'DQ�%ORRPHU�
SHUV��FRPP���� ,W� LV�DVVXPHG� WKDW�PXOWLSOH�DSSOLFDWLRQV�DUH�FRUUHODWHG�GXH� WR�XVH�RI� WKH�VDPH�
ZKHHO� WUDFNV�� L�H�� LI� WKH� ILUVW� DSSOLFDWLRQ� LV� YHU\� ORZ�� WKH� VHFRQG�ZLOO� DOVR�EH�YHU\� ORZ�� HWF��
7KHUHIRUH��WKH�VDPH�UDQGRP�YDOXH�ZDV�XVHG�IRU�ERWK�\HDUV�RI�WKH�VLPXODWLRQ����
�

6RZLQJ�GDWH��
/DWH�0D\�
/DWH�$XJXVW�
�

3ULRU�ODQG�XVH��
&RZ�XULQH�SDWFK�
6KHHS�XULQH�SDWFK�
1RQ�XULQH�SDWFK�

6RLO�W\SH��
7H�'HHS��
(\�6KDOORZ�
�

[� [� [�
&OLPDWH��
1RUPDO����±����
:HW����±����
'U\����±����
�
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)HUWLOLVHU�YDULDELOLW\��
9DULDELOLW\�LV�GXH�WR�XQHYHQQHVV�RI�DSSOLFDWLRQ�E\�IHUWLOLVHU�VSUHDGHUV��7DEOH���JLYHV�WKH�OLNHO\�
YDULDELOLW\� �5XVVHOO� +RUUHOO�� SHUV�� FRPP���� ,W� LV� DVVXPHG� WKDW� PXOWLSOH� DSSOLFDWLRQV� DUH�
FRUUHODWHG� GXH� WR� XVH� RI� WKH� VDPH�ZKHHO� WUDFNV�� L�H�� LI� WKH� ILUVW� DSSOLFDWLRQ� LV� YHU\� ORZ�� WKH�
VHFRQG�ZLOO�DOVR�EH�YHU\�ORZ��HWF��7KHUHIRUH��WKH�VDPH�UDQGRP�YDOXH�ZDV�XVHG�IRU�ERWK�\HDUV�
RI�WKH�VLPXODWLRQ���
�

7DEOH���9DULDELOLW\�RI�DSSOLFDWLRQ�ZLWKLQ�D�SDGGRFN��
$SSOLFDWLRQ� 9DOXH� 3UREDELOLW\�GLVWULEXWLRQ�IXQFWLRQ�
$OO�LUULJDWRUV� ����'8� 7ULDQJOH���������������î�DSSOLFDWLRQ�
8UHD�IHUWLOLVHU� ����&R9� 1����������1����������HWF��
�'8� �GLVWULEXWLRQ�XQLIRUPLW\��&R9� �FRHIILFLHQW�RI�YDULDWLRQ��

,QLWLDO�1�YDULDELOLW\��
7DEOH���UHFRUGV�WKH�UDQJH�RI�QLWURJHQ�ORDGLQJ�XVHG�LQ�VLPXODWLRQV�IRU�SULRU�JUD]LQJ�VFHQDULRV��
%DVHG�RQ�:KLWHKHDG��������XULQH�SDWFKHV�IRU�FRZV�DUH�DVVXPHG�WR�FRPSULVH����RI�D�SDGGRFN�
DW�����NJ�KD��DIWHU�RQH�JUD]LQJ�HYHQW�RI�D�SDVWXUH�RU�JUHHQIHHG�FURS�SULRU�WR�VRZLQJ���8ULQH�
SDWFKHV� IRU� VKHHS� DUH� EDVHG� RQ� SDWFK� GLVWULEXWLRQ� RYHU� ��� PRQWKV¶� JUD]LQJ�� 9DULDELOLW\� LQ�
OHDFKLQJ�LV�UHODWHG�WR�WKH�ODSVH�RI�WLPH�VLQFH�XULQH�ZDV�DGGHG�WR�WKH�VRLO�VXUIDFH��:H�DVVXPHG�
D�EDVHOLQH�YDOXH�RI����NJ�1�KD�IRU�DUHDV�RI�WKH�SDGGRFN�ZLWKRXW�XULQH�SDWFKHV����
�

7DEOH���1LWUDWH�OHYHOV�LQ�XULQH�SDWFKHV�DQG�WKHLU�SURSRUWLRQDO�DUHD�LQ�D�SDGGRFN�
/DQG�XVH� 1�NJ�KD� $UHD���

���� ��
���� ��
���� ��
��� ��

6KHHS�

��� ���
���� ��&RZV� ��� ���

:KHDW� ��� ����
&URS�PDQDJHPHQW�YDULDELOLW\��
&URS�PDQDJHPHQW�YDULDEOHV�DUH�DVVXPHG�WR�EH�VSDWLDOO\�LQYDULDQW�ZLWKLQ�D�SDGGRFN��
5HVXOWV�
3DWFK�VLPXODWLRQV�
7KH�VLPXODWHG�UHVXOWV�RI�OHDFKHG�QLWUDWH�XQGHU�D�XULQH�SDWFK��FRZ�DQG�VKHHS��RU�ZLWK�QR�XULQH�
DUH�JLYHQ�LQ�7DEOH���DQG�)LJ�����1R�RWKHU�ZLWKLQ�SDGGRFN�YDULDELOLW\�LV�VLPXODWHG��7KH�JUDSK�
LQ� SDUWLFXODU� VKRZV� WKH� FOHDU� GLIIHUHQFHV� EHWZHHQ� WKH� GHHS� DQG� VKDOORZ� VRLO� VFHQDULRV�� WKH�
LPSRUWDQFH�RI�LQLWLDO�QLWUDWH�OHYHO��DQG�VRPH�GLIIHUHQFH�GXH�WR�FOLPDWH�RQ�VKDOORZ�VRLOV��
3DGGRFN�VLPXODWLRQV�
7DEOH���VKRZV�WKH�YDULDELOLW\�RI�OHDFKHG�1�LQ�D�SDGGRFN�JUD]HG�E\�FRZV�RU�VKHHS��RU�ZLWK�QR�
DQLPDOV�� 7KH�PHDQ� YDOXH� LV� WKH�PHDQ� DQQXDO� QLWUDWH� OHDFKHG� IURP� WKH�ZKROH� SDGGRFN� �L�H��
LQFOXGLQJ�XULQH�SDWFKHV���
�
�
�
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7DEOH���$PRXQW�RI�OHDFKHG�1��NJ�KD��XQGHU�FRZ�DQG�VKHHS�XULQH�SDWFKHV��DQG�XQGHU�FURSSLQJ�IRU�HDFK�RI�WKH����
VFHQDULRV��L�H��QR�VRLO��IHUWLOLVHU�RU�LUULJDWLRQ�DSSOLFDWLRQ�YDULDELOLW\���

3ULRU�ODQG�XVH� 6RZ�GDWH� 6RLO� &OLPDWH� /HDFKHG�1�\�� /HDFKHG�1�\��
:HW� ������ ����
$YJ� ������ ������'HHS�
'U\� ������ ����
:HW� ������� �������
$YJ� ������� �������

$SULO�
6KDOORZ�

'U\� ������� ����
:HW� ������ ����
$YJ� ������ ����'HHS�
'U\� ������ ����
:HW� ������� �������
$YJ� ������� �������

&RZ�XULQH�SDWFK�
�

$XJXVW�
6KDOORZ�

'U\� ������� ����
:HW� ������ ����
$YJ� ������ ������'HHS�
'U\� ������ ����
:HW� ������ ������
$YJ� ������� ������

$SULO�
6KDOORZ�

'U\� ������ ����
:HW� ������ ����
$YJ� ������ ����'HHS�
'U\� ������ ����
:HW� ������� ������
$YJ� ������� ������

6KHHS�XULQH�SDWFK�

$XJXVW�
6KDOORZ�

'U\� ������� ����
:HW� ������ ����
$YJ� ������ �����'HHS�
'U\� ������ ����
:HW� ������ ������
$YJ� ������ ������

$SULO�
6KDOORZ�

'U\� ������ ����
:HW� ������ ����
$YJ� ������ ����'HHS�
'U\� ������ ����
:HW� ������ ������
$YJ� ������ ������

&URS�
�

$XJXVW�
6KDOORZ�

'U\� ������ ����
�
�
7KHUH�DUH� ODUJH�GLIIHUHQFHV�EHWZHHQ�GHHS�DQG�VKDOORZ�VRLOV� LQ�\HDU����DQG�VPDOO�GLIIHUHQFHV�
EHWZHHQ�SULRU� ODQG�XVH�RQ�VKDOORZ�VRLOV��7KHUH� LV� OLWWOH�GLIIHUHQFH�EHWZHHQ� WKH�PHDQV�RI� WKH�
WKUHH�VFHQDULRV�LQ�WKH�GU\�\HDUV�RU�EHWZHHQ�WKH�GHHS�VRLO�VFHQDULRV��,Q�WKH�ZHWWHU�\HDUV��SULRU�
JUD]LQJ� LQFUHDVHV� OHDFKLQJ� RQ� WKH� VKDOORZ� VRLOV� E\� DSSUR[LPDWHO\� ����� ,Q�<HDU� �� WKH� RQO\�
VXEVWDQWLDO� OHDFKLQJ� LV� LQ� WKH� VKDOORZ� SDGGRFNV� �XQGHU� ZHWWLVK� FRQGLWLRQV�� <HDU� �� RI� WKH�
DYHUDJH�FOLPDWH�VHTXHQFH�ZDV�LQ�IDFW�TXLWH�ZHW�RYHU�ZLQWHU���,Q�DOO�WKH�VFHQDULRV��SULRU�JUD]LQJ�
OHG�WR�D�KXJH�LQFUHDVH�LQ�WKH�UDQJH��
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)LJXUH���VKRZV�WKH�VKDSH�RI�WKH�GLVWULEXWLRQ�RI�QLWUDWH�OHDFKHG�IURP�D�ZKHDW�SDGGRFN�WKDW�ZDV�
SUHYLRXVO\�JUD]HG�E\�FRZV��
�
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�)LJ����9DULDELOLW\�RI�QLWUDWH�OHDFKHG�LQ�<HDUV���DQG���IURP�D�ZKROH�SDGGRFN�JUD]HG�E\�FRZV�SULRU�WR�VRZLQJ��
XQGHU�WKH�YDULRXV�FOLPDWH�DQG�VRLO�VFHQDULRV���
�
7KHVH� KLVWRJUDPV� VKRZ� WKH� OLNHO\� YDULDELOLW\� �GXH� WR� YDULDWLRQ� LQ� IHUWLOLVHU� DQG� LUULJDWLRQ�
DSSOLFDWLRQV�DQG�VRLO�SURSHUWLHV�� LQ�D�VLQJOH�SDGGRFN�RI�ZKHDW�WKDW�KDV�EHHQ�JUD]HG�E\�FRZV�
SULRU�WR�VRZLQJ�LQ�$SULO��(DFK�KLVWRJUDP�UHODWHV�WR�D�FOLPDWH�VRLO�VFHQDULR��$V�H[SHFWHG�WKHUH�
LV�D�VPDOO�DPRXQW�RI�YHU\�KLJK�OHDFKLQJ��XQGHU�WKH�XULQH�SDWFKHV���
�
)LJXUH���VKRZV�WKH�VKDSH�RI�WKH�GLVWULEXWLRQ�RI�QLWUDWH�OHDFKHG�IURP�D�ZKHDW�SDGGRFN�WKDW�ZDV�
SUHYLRXVO\�JUD]HG�IRU�D�\HDU�E\�VKHHS��
�
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�)LJ����9DULDELOLW\�RI�QLWUDWH�OHDFKHG�LQ�<HDUV���DQG���IURP�D�ZKROH�SDGGRFN�JUD]HG�E\�VKHHS�IRU�D�\HDU�SULRU�WR�
VRZLQJ��XQGHU�WKH�YDULRXV�FOLPDWH�DQG�VRLO�VFHQDULRV���
�
$V�EHIRUH�WKHUH�DUH�ODUJH�GLIIHUHQFHV�EHWZHHQ�WKH�VKDOORZ�DQG�GHHS�VRLOV� LQ�WKH�ILUVW�\HDU�RI�
OHDFKLQJ���
�
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QRW� SUHYLRXVO\� JUD]HG�� 8QOLNH� WKH� PL[HG�FURS� VFHQDULRV� �L�H�� )LJV� �� DQG� ���� YDULDELOLW\� LV�
SUHGRPLQDQWO\�ZLWKLQ�����NJ�KD�IRU�DOO�RI�WKH�YDULRXV�FOLPDWH�DQG�VRLO�VFHQDULRV���
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�)LJ����9DULDELOLW\�RI�QLWUDWH�OHDFKHG�LQ�<HDUV���DQG���ZLWKLQ�D�ZKROH�SDGGRFN�RI�ZKHDW�GXH�WR�YDULDELOLW\�RI�VRLO�
SURSHUWLHV�DQG�LQ�IHUWLOLVHU�DQG�LUULJDWLRQ�DSSOLFDWLRQV��XQGHU�WKH�YDULRXV�FOLPDWH�DQG�VRLO�VFHQDULRV���
�
7KH�$XJXVW� VRZLQJ�GDWH� VFHQDULRV� �QRW� VKRZQ�� SURGXFH� VLPLODU� UHVXOWV� WR� WKH�$SULO� VRZLQJ�
GDWH�VFHQDULRV���
'LVFXVVLRQ�
2QH�RI�WKH�EHQHILWV�RI�HPSOR\LQJ�D�0RQWH�&DUOR�DSSURDFK�LV�WKH�PHWKRGLFDO�VLPXODWLRQ�RI�D�
ZLGH�YDULHW\�RI�VFHQDULRV��&KHFNLQJ�WKH�SODXVLELOLW\�RI�WKH�YDULRXV�VLPXODWLRQ�UHVXOWV�FDQ�KHOS�
EXLOG�FRQILGHQFH�LQ�WKH�PRGHO��RU�FRQYHUVHO\�LQGLFDWH�DVSHFWV�RI� WKH�PRGHO�WKDW�QHHG�IXUWKHU�
HYDOXDWLRQ��)RU�H[DPSOH��WKH�VLPLODULW\�RI�WKH�$SULO�DQG�$XJXVW�VRZLQJ�GDWH�UHVXOWV�ZDV�IRXQG�
WR�EH�GXH�WR�LQLWLDO�1�EHLQJ�VHW�DW�WKH�VLPXODWLRQ�VWDUW�GDWH�LQ�)HEUXDU\��7KHUH�LV�QR�SURYLVLRQ�
LQ�WKH�YHUVLRQ�RI�PRGHO�XVHG�KHUH�IRU�WKH�LQLWLDO�1�WR�EH�VHW�RQ�D�VSHFLILF�GDWH�EHIRUH�VRZLQJ�
�H�J���ZKHQ� WKH�SDGGRFN� LV� JUD]HG��ZLWKRXW� FKDQJLQJ� WKH� VLPXODWLRQ� VWDUW� GDWH��7KLV�ZLOO� EH�
FKDQJHG�VR�WKDW�WKLV�VFHQDULR�FDQ�EH�WHVWHG��
�
$V� H[SHFWHG�� WKH� UHVXOWV� VKRZ� WKDW� VRLO� GHSWK� LV� DQ� LPSRUWDQW� IDFWRU� ZKHQ� SUHGLFWLQJ�
OHDFKHG�1��7KH�GUDLQDJH�FXUYH�LV�GHILQHG�RQ�WKH�EDVLV�RI�WKH�IUDFWLRQ�RI�PRELOH�ZDWHU��.T��WKDW�
GUDLQV� HDFK�GD\� �DIWHU�$GGLVFRWW�	�:KLWPRUH� �������$�SUHOLPLQDU\� VHQVLWLYLW\� DQDO\VLV� KDV�
VKRZQ�WKDW�WKLV�GUDLQDJH�SDUDPHWHU�.T�LV�DOVR�DQ�LPSRUWDQW�IDFWRU��,Q�WKLV�VWXG\�.T�ZDV�NHSW�
FRQVWDQW�EHWZHHQ�VRLOV��:RUN� LV�FXUUHQWO\�XQGHUZD\� WR�GHWHUPLQH�DSSURSULDWH�YDOXHV� IRU�.T�
EDVHG�RQ�ZDWHU�UHWHQWLRQ�GDWD�IRU�WKH�YDULRXV�VRLOV�LQ�WKH�DUHD�RI�LQWHUHVW��
�
9DULDELOLW\� LQ� SDGGRFNV� ZLWK� SULRU� JUD]LQJ� E\� FRZV� KDV� D� ELPRGDO� GLVWULEXWLRQ�� 7KH�
GLVWULEXWLRQV� LQ� D� SXUH� FURSSLQJ� SDGGRFN� LQ� \HDU� �� DUH� JHQHUDOO\� V\PPHWULFDO�� DQG� WKRVH� LQ�
SDGGRFNV� JUD]HG� E\� VKHHS� DUH� DV\PPHWULFDO�� 0HDQ� YDOXHV� DUH� JHQHUDOO\� QRW� D� JRRG�
UHSUHVHQWDWLRQ�RI�ELPRGDO�RU�DV\PPHWULFDO�GLVWULEXWLRQV��1RU�DUH�WKH\�QHFHVVDULO\�DSSURSULDWH�
ZKHQ� WKHUH� LV�D�YHU\� ODUJH�UDQJH�RI�YDOXHV�DV� LQ� WKH�PL[HG�FURS�VFHQDULRV�� ,I� WKH�VLPXODWLRQ�
UHVXOWV�DUH�WR�EH�XVHG�IRU�ULVN�DVVHVVPHQW��LW�ZRXOG�EH�PRUH�DSSURSULDWH�WR�XVH�WKH�PD[LPXP�
YDOXH� RU� D� TXDQWLOH� �H�J�� ���� TXDQWLOH��� 6LPLODUO\�� ZKHUH� WKHUH� LV� DQ� DV\PPHWULFDO� RU� QRQ�
OLQHDU� UHVSRQVH�� LW�PD\�EH�PRUH�DSSURSULDWH� WR�VFDOH�XS� OHDFKLQJ�UHVXOWV� WR� WKH�SDGGRFN�DQG�
IDUP�E\�SDUWLWLRQLQJ�WKH�SDGGRFN�DFFRUGLQJ�WR� WKH� ODUJHVW�VRXUFHV�RI�YDULDELOLW\�� LQ� WKLV�FDVH�
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LQWR� XULQH� DQG� QRQ�XULQH� SDWFKHV�� 2QFH� DQ� RXWSXW� GLVWULEXWLRQ� IRU� D� SDGGRFN� KDV� EHHQ�
HVWDEOLVKHG� WKURXJK� VLPXODWLRQ�� WKH�PRVW� DSSURSULDWH� VFDOLQJ� VWUDWHJ\� FDQ� EH� GHWHUPLQHG� E\�
VLPSO\�FRPSDULQJ� WKH�HIIHFW�RI�XVLQJ�PHDQ�YDOXHV�RU�D�SDUWLWLRQLQJ�VWUDWHJ\�ZLWK� WKH�RXWSXW�
GLVWULEXWLRQ��
$FNQRZOHGJHPHQWV�
7KLV� ZRUN� LV� IXQGHG� E\� WKH� )RXQGDWLRQ� IRU� 5HVHDUFK�� 6FLHQFH� DQG� 7HFKQRORJ\� �FRQWUDFW�
&��;�������
5HIHUHQFHV�
$GGLVFRWW�70��:KLWPRUH�$3�������6LPXODWLRQ�RI�VROXWH�OHDFKLQJ�LQ�VRLOV�RI�GLIIHULQJ�

SHUPHDELOLWLHV��6RLO�8VH�DQG�0DQDJHPHQW������±�����
%XUGHQ�5-�������1LWURJHQ�FRQWDPLQDWLRQ�RI�1HZ�=HDODQG�DTXLIHUV��D�UHYLHZ��1HZ�=HDODQG�

-RXUQDO�RI�6FLHQFH��������±�����
-DPLHVRQ�3'��6HPHQRY�0$�������0RGHOOLQJ�QLWURJHQ�XSWDNH�DQG�UHGLVWULEXWLRQ�LQ�ZKHDW���

)LHOG�&URSV�5HVHDUFK�������±����
-DPLHVRQ�3'��3RUWHU�-5��*RXGULDDQ�-��5LWFKLH�-7��YDQ�.HXOHQ�+��6WRO�:�����D��$�FRPSDULVRQ�

RI�WKH�PRGHOV�$)5&:+($7���&(5(6�:KHDW��6LULXV��68&526��DQG�6:+($7�
ZLWK�PHDVXUHPHQWV�IURP�ZKHDW�JURZQ�XQGHU�GURXJKW��)LHOG�&URSV�5HVHDUFK�������±
����

-DPLHVRQ�3'��6HPHQRY�0$��%URRNLQJ�,5��)UDQFLV�*6�����E��6LULXV��D�PHFKDQLVWLF�PRGHO�RI�
ZKHDW�UHVSRQVH�WR�HQYLURQPHQWDO�YDULDWLRQ��(XURSHDQ�-RXUQDO�RI�$JURQRP\�������±
�����

6HOYDUDMDK�1��0DJJV�*5��&UXVK�-5��/HGJDUG�6)�������1LWUDWH�LQ�JURXQGZDWHU�LQ�WKH�:DLNDWR�
UHJLRQ��,Q��&XUULH�/'��/RJDQDWKDQ�3��HGV��7KH�HIILFLHQW�XVH�RI�IHUWLOLVHUV�LQ�D�FKDQJLQJ�
HQYLURQPHQW��UHFRQFLOLQJ�SURGXFWLYLW\�DQG�VXVWDLQDELOLW\��2FFDVLRQDO�5HSRUW�QR�����
)HUWLOL]HU�DQG�/LPH�5HVHDUFK�&HQWUH��3DOPHUVWRQ�1RUWK��3S�����±�����
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